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Ketamine-induced apoptosis in the mouse
cerebral cortex follows similar characteristic
of physiological apoptosis and can be
regulated by neuronal activity
Qi Wang1, Feng-yan Shen2, Rong Zou3, Jing-jing Zheng4, Xiang Yu3* and Ying-wei Wang2*

Abstract

The effects of general anesthetics on inducing neuronal apoptosis during early brain development are well-documented.
However, since physiological apoptosis also occurs during this developmental window, it is important to determine
whether anesthesia-induced apoptosis targets the same cell population as physiological apoptosis or different cell types
altogether. To provide an adequate plane of surgery, ketamine was co-administered with dexmedetomidine. The
apoptotic neurons in the mouse primary somatosensory cortex (S1) were quantitated by immunohistochemistry. To
explore the effect of neural activity on ketamine-induced apoptosis, the approaches of Designer Receptors Exclusively
Activated by Designer Drugs (DREADDs) and an environmental enrichment (EE) were performed. Ketamine-induced
apoptosis in S1 is most prominent at postnatal days 5 and 7 (P5 – P7), and becomes insignificant by P12. Physiological
and ketamine-induced apoptosis follow similar developmental patterns, mostly comprised of layer V pyramidal neurons
at P5 and shifting to mostly layer II to IV GABAergic neurons by P9. Changes in neuronal activity induced by the
DREADD system bidirectionally regulated the pattern of ketamine-induced apoptosis, with reduced activity inducing
increased apoptosis and shifting the lamination pattern to a more immature form. Importantly, rearing mice in an EE
significantly reduced the magnitude of ketamine-induced apoptosis and shifted its developmental pattern to a more
mature form. Together, these results demonstrate that lamination pattern and cell-type dependent vulnerability to
ketamine-induced apoptosis follow the physiological apoptosis pattern and are age- and activity-dependent. Naturally
elevating neuronal activity is a possible method for reducing the adverse effects of general anesthesia.
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Introduction
The potential adverse effects of general anesthetics on
the developing brain is an area of major concern for an-
esthesiologists, surgeons and parents [1–4]. Follow-up
studies in patients showed correlations between expos-
ure to general anesthetics at a young age (before the age
of 3 or 4) and deficits in learning, motor, language or
cognition-related function [1, 5–8]. Consistently, studies

in developing rodent and non-human primates have
shown that general anesthetics can induce significant
neuronal apoptosis, alter synaptic transmission and plas-
ticity, and lead to deficits in learning-related behaviors
[7–12]. These results all point to greater vulnerability of
the developing brain to the effects of general anesthetics.
However, since surgery at young ages is sometime un-
avoidable, a better understanding of how anesthetics act
on the developing brain may help towards reducing their
adverse effects.
A well-described effect of general anesthetics is indu-

cing neuronal apoptosis [3, 8, 9, 12]. Apoptosis, a form
of programmed cell death, is a process by which cells,
upon intrinsic or extrinsic signaling, undergo a charac-
teristic program to actively mediate their own demise
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[13–15]. In the developing cerebral cortex, physiological
apoptosis mostly occurs during the brain growth spurt
[16–18]. In rodents, the number of apoptotic neurons in
the cerebral cortex peaks during the first postnatal week
and becomes essentially undetectable by the end of the
third postnatal week [18–20]. Interestingly, peak vulner-
ability to anesthesia-induced apoptosis also occurs dur-
ing this time window [3, 7, 17].
Ketamine, a general anesthetic widely used in pediatric

surgery, was first shown to induce widespread apoptosis
in multiple brain regions of neonatal rats [18]. A variety
of general anesthetics have subsequently been shown to
have similar effects [3, 8, 9, 12]. The similarity in the
time course of physiological and anesthesia-induced
apoptosis suggests potential common regulatory mecha-
nisms. To investigate whether this might be the case, we
comprehensively examined the effect of ketamine ad-
ministration on the pattern of neuronal apoptosis in
neonatal mice. Moreover, since ketamine mediates its ef-
fects primarily by blocking N-Methyl-D-aspartic acid
(NMDA) receptors, and the NMDA receptor antagonist
MK-801 has also been shown to induce apoptosis [18],
we next investigated the effect of neuronal activity on
the ketamine-induced apoptosis using the Designer Recep-
tors Exclusively Activated by Designer Drugs (DREADD)
system and environmental enrichment (EE).

Materials and methods
Animals and experimental procedures
C57BL/6 mice of postnatal ages 5 to 12 (P5– P12) were
used. All animal procedures complied with the animal
care standards set forth by the US National Institutes of
Health and were approved by the Institutional Animal
Care and Use Committee of the Institute of Neuroscience,
Chinese Academy of Sciences, and Shanghai Jiaotong
University. All mice were reared on a 12 h light/12 h
dark cycle in temperature- and humidity-controlled rooms.
Both male and female mice were used. GAD67-GFP mice
were gifts of Prof. Yuchio Yanagawa of Gunma University
in Japan [21].

Anesthesia
Littermate pups were randomly assigned to control or
anesthesia groups. Control pups were intraperitoneally
injected with phosphate-buffered saline (PBS). Pups in
the anesthesia groups were intraperitoneally injected
with ketamine (Gutian Pharmaceuticals, Fujian, China),
dexmedetomidine (Guorui Pharmaceuticals, Sichuan, China),
a selective agonist of α2-adrenergic receptors [22, 23] or
ketamine plus dexmedetomidine. The ketamine plus
dexmedetomidine combination was used, because when
pups were anesthetized with the relatively low dose of
30 mg/kg ketamine, they displayed constant paddling
motion with their limbs, for nearly 1 h after ketamine

injection. When the ketamine dosage was increased to
90 mg/kg, the paddling motions were significantly re-
duced, but the pups’ arterial partial pressure of oxygen
(PaO2) and oxygen saturation (SaO2) were significantly
lower than normal level, indicating that this dose was
too high for maintaining normal oxygenation and res-
piration (Additional file 2: Table S1). To provide an ad-
equate surgical plane of anesthesia, while maintaining
normal oxygenation, we combined ketamine (30 mg/kg)
with dexmedetomidine (20 μg/kg), as is commonly used
in surgery, especially for children [24–26]. The injection
volume was 12 μl/g for all experiments. After saline or
drug administration, pups from the control and anesthe-
tized groups were housed in temperature-controlled
chambers (each group individually) to maintain their body
temperature at 37 °C. In early experiments, an additional
control group (PBS#) consisting of pups returned to the
dams immediately after PBS injection was also included.
No significant differences were observed between PBS and
PBS# groups. Unless otherwise stated, 30 mg/kg ketamine,
in combination with 20 μg/kg dexmedetomidine was used.
For experiments using GAD67-GFP mice, 60 mg/kg keta-
mine, in combination with 20 μg/kg dexmedetomidine
was used, to obtain a higher number of cleaved caspase-3-
positive (CC3+) cells.

Immunohistochemistry, image acquisition and analysis
Six hours following saline or anesthesia injections, all
pups were deeply anaesthetized with 0.7% sodium pento-
barbital and perfused with 0.9% saline, followed by 4%
paraformaldehyde (PFA) in PBS. Brains were dissected
and post-fixed in 4% PFA/PBS for 4–6 h at 4 °C, and
equilibrated in 30% sucrose. Coronal sections (30 μm)
containing the primary somatosensory cortex (S1) were
cut with a Leica CM1950 cryostat (Wetzlar, Germany),
and every 5th section was immunostained. Sections were
incubated in blocking solution containing 5% bovine
serum albumin (BSA) and 0.5% Triton X-100 for 2 h at
37 °C. Primary rabbit monoclonal antibody against cleaved
caspase-3 (CC3, 9661 L, 1:400; Cell Signaling Technology,
Beverly, MA, USA) was applied overnight in 0.3% BSA at
4 °C. After washing 3 times in PBS, sections were incu-
bated in Alexa Fluor-conjugated (488 or 568 nm) second-
ary antibody at 1:500 (Thermo Fisher Scientific, Waltham,
MA, USA) for 2 h at 37 °C. Nuclei were labeled with
TO-PRO-3 (TOPRO, T3605, 1:10,000; Thermo Fisher
Scientific) for 30 min at 37 °C. NeuroTrace 640/660
deep-red fluorescent Nissl staining (N21483, 1:500; Thermo
Fisher Scientific) was used to label the cell body of neurons.
For quantitation of the number of CC3+cells, images

were acquired with a Zeiss Pascal confocal microscope
(Jena, Germany) and a 10× Fluor objective (N.A. = 0.5),
or a Nikon NiE-A1 plus confocal microscope (Tokyo,
Japan) and a 10× Fluor objective (N.A. = 0.45), both with
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a Z-step of 5 μm. Ten S1-containing sections, covering
the entire S1 region, were imaged per pup. To quantitate
co-localization between CC3+cells and GAD67-GFP, im-
ages were acquired with a Nikon NiE-A1 plus confocal
microscope with a 40× Plan Fluor oil immersion object-
ive (N.A. = 1.3), at a Z-step of 0.6 μm. Images showing
co-localization between CC3+ cells and fluorescent
markers were acquired with a Nikon NiE-A1 plus confocal
microscope and a 20× Fluor objective (N.A. = 0.75), at a
Z-step of 2 μm.
Images were analyzed blinded to the experimental con-

dition using ImageProPlus software (Media-Cybernetics,
Rockville, MD, USA). Cells were considered to be CC3+ if
they were above threshold size and displayed detectable
cellular outline. TOPRO staining was used to quantitate
image area and help define cortical lamination. For analysis
of co-localization between CC3 and GAD67-GFP, all layers
of Z-stacks were individually examined to ensure that co-
localization was bona fide. Approximately 40 CC3+ cells
were imaged and analyzed per pup. For analysis of the pro-
portion of CC3+ cells with Nissl or mCitrine, all images
were thresholded before counting, and co-localization was
defined as overlap between the thresholded areas. Ten
image frames were analyzed per pup in all experiments.
Brain slices from control and anesthetized mice from each
experiment were co-processed for all immunostaining,
imaging and analysis steps.

Arterial blood gas measurements
Arterial blood gas was measured in P7 pups at 0.5 h or
2.5 h following ketamine anesthesia. Arterial blood was
obtained by transcardiac aspiration from the left ventricle
using a heparinized 32-gauge hypodermic needle. pH,
partial pressure of carbon dioxide (PaCO2), PaO2, SaO2,
and HCO3

− concentration were measured immediately
after arterial blood collection, using a portable clinical
analyzer (ABL800FLEX, Radiometer, Copenhagen, Denmark).

In vivo stereotaxic injections and clozapine-N-oxide
treatment
P0 pups were anesthetized by cooling on ice. Adeno-
associated viruses (AAVs, type 2/8, 2–5 × 1012 TU/ml,
packaged by Obio Technology, Shanghai, China) were
injected bilaterally into S1 at a speed of 0.1 μl/min; 1 μl
AAV was injected per hemisphere, as previously de-
scribed [27]. pAAV-hSyn-HA-hM3D(Gq)-IRES-mCitrine
(AAV-hM3Dq-mCitrine; Addgene plasmid 50,463) and
pAAV-hSyn-HA-hM4D (Gi)-IRES-mCitrine (AAV-hM4Di-
mCitrine; Addgene plasmid 50,464) were gifts of Prof.
Bryan Roth, University of North Carolina [28]. Pups were
returned to dams after fully awaking from anesthesia. From
P5 to P9, littermates expressing hM3Dq-mCitrine or
hM4Di-mCitrine were randomly assigned to clozapine-
N-oxide (CNO, 1 mg/kg, 12 μl/g) or saline vehicle

(12 μl/g) groups and intraperitoneally injected twice
per day.

Environmental enrichment paradigm
The EE paradigm for neonatal mice was as previously
described [27, 29, 30]. Briefly, pregnant dams (1 for
control; 2 for EE) were randomly assigned to standard
control or EE housing at embryonic days 16–20 (E16–20).
Control cages are standard mice cages, while EE cages
are larger cages containing objects of various shapes and
textures, repositioned daily and completely substituted
weekly. EE cages had twice as many pups as control cages
at all times to ensure increased social interactions.

Statistical analysis
Statistical analyses were performed using Graph Pad Prism
5 (Graph Pad Software, La Jolla, CA, USA). Unpaired t-test
(comparing two conditions), one-way ANOVA (comparing
three or more conditions) followed by Dunnett’s (all condi-
tions compared to control) or Turkey’s (when comparisons
between conditions were necessary) multiple comparisons
test, and two-way ANOVA (for comparing two independ-
ent variables) followed by Bonferroni’s multiple compari-
sons test were used for assessing statistical significance, as
specified in figure legends. Data are shown as mean ± SEM.
All conditions statistically different from control are indi-
cated. *P < 0.05; **P < 0.01; ***P < 0.001.

Results
The magnitude and laminar pattern of ketamine-induced
neuronal apoptosis in S1 are age-dependent
Previous studies on the time course of physiological and
ketamine-induced apoptosis in the rodent cerebral cor-
tex suggested that it mostly occurred during the first few
weeks of postnatal development [18]. To define this win-
dow more precisely, mice pups of ages P5, P7, P9 and
P12 were randomly assigned to receive a single i.p. injec-
tion of PBS, 30 mg/kg of ketamine (Keta), 20 μg/kg of
dexmedetomidine (Dex) or the two drugs combined
(Keta + Dex).
Six hours after injections, pups were perfused and the

extent of apoptosis was quantified. Caspase-3 is a key
mediator of apoptosis, whose cleavage and activation is
often defined as the point of no return for a cell’s com-
mitment to the cell death program [31–33]. Thus, CC3
is commonly used as a marker for apoptotic cells [34].
We quantified the number of CC3+ cells in the mouse S1,
a brain region that undergoes rapid activity-dependent de-
velopment during the first two postnatal weeks [35, 36].
In control PBS and PBS# groups, the number of CC3+

cells was highest during P5 – P9, and was reduced to neg-
ligible levels by P12 (Fig. 1a, b). The PBS and PBS# groups
differed in whether pups stayed away from or together
with their mothers during the post-injection window
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(see Methods for details). Since no significant differ-
ences were detected between these groups, and anes-
thetized mice need to be kept away from their mothers
before fully awakening, the PBS control was used in all
subsequent experiments. Ketamine injection significantly
increased the number of CC3+ cells in S1 from P5 to P9,
as compared to control PBS injected pups (P5, PBS:
4.17 ± 0.48 /mm2, Keta: 9.75 ± 1.13 /mm2, P < 0.01; P7,
PBS: 4.62 ± 0.43 /mm2, Keta: 9.08 ± 0.55 /mm2, P < 0.001;
P9, PBS: 2.87 ± 0.28 /mm2, Keta: 6.27 ± 0.52/mm2,
P < 0.001; Fig. 1a, b). The extent of apoptosis was further
increased in pups injected with ketamine plus dexmedeto-
midine (P5, PBS: 4.17 ± 0.48 /mm2, Keta + Dex:
13.28 ± 1.38 /mm2, P < 0.001; P7, PBS: 4.62 ± 0.43/mm2,
Keta + Dex: 12.65 ± 0.77/mm2, P < 0.001; P9, PBS:
2.87 ± 0.28/mm2, Keta + Dex: 8.14 ± 0.55/mm2, P < 0.001;
Fig. 1a, b), likely due to increased depth of anesthesia. In-
jection of dexmedetomidine alone did not increase the
number of CC3+ cells, as compared to PBS injection alone
(Fig. 1a, b). By P12, the number of CC3+ cells was low in
all conditions and was not significantly different between
conditions (Fig. 1a, b). Thus in all subsequent experi-
ments, we focused on the P5 to P9 age range.
To investigate if the laminar pattern of apoptotic cells

changed during development, we quantitated the propor-
tion of CC3+ cells in different cortical layers. The results
showed that at P5, CC3+ cells were mostly localized to
layer V (PBS: 72.50 ± 5.28%, Keta: 63.49 ± 5.57%, Keta +
Dex: 72.56 ± 3.48%, P > 0.05), while at P9 and P12, CC3+

cells mostly localized to layers II – IV (P9, PBS:
69.22 ± 5.31%, Keta: 76.95 ± 3.15%, Keta + Dex:
71.55 ± 3.77%, P > 0.05; Fig. 1a–f ). P7 was somewhat in
between, with individual pups displaying P5 or P9 lamin-
ation patterns or sometimes a mix of the two (Fig. 1a, d).
Across all ages, the PBS control, ketamine and keta-

mine plus dexmedetomidine groups had similar patterns
of CC3+ cells across cortical layers, suggesting that
ketamine-induced anesthesia did not alter the physio-
logical pattern of apoptosis during development. To bet-
ter visualize developmental changes in the pattern of

apoptosis, we also plotted the proportion of CC3+ cells
across ages. A significant shift from layer V to layers II -
IV CC3+ cells was observed for the P5 to P7 transition,
and still further for the P7 to P9 transition, independent
of whether the mice were anesthetized (Fig. 1g). For all
ages and conditions, a small proportion of CC3+ cells
was observed in layers I and VI, but the percentage did
not change with age or treatment condition (Fig. 1).
The use of 30 mg/kg ketamine plus 20 μg/kg dexme-

detomidine was initially selected, because in our hands,
it is the minimal dose required for fully anesthetizing
young mice. To further characterize the effect of keta-
mine at apoptosis, P7 pups were administered with keta-
mine at the doses of 30 mg/kg, 60 mg/kg or 90 mg/kg,
with or without dexmedetomidine (20 μg/kg). The
number of CC3+ cells increased with ketamine dosage,
plateauing out by 90 mg/kg ketamine. Co-administration
of dexmedetomidine abolished paddling movements in
pups, and when combined with the lower doses of 30 and
60 mg/kg ketamine, also increased the number of CC3+

cells as compared with ketamine alone, consistent with it
increasing the depth of anesthesia (Fig. 2a, b; please also
see Discussion). Importantly, the laminar pattern of
ketamine-induced neuronal apoptosis was not affected by
drug dosage (Fig. 2c).
To ensure that the level of ketamine and dexmedeto-

midine used in our experiments did not induce hypoxia
or hypercapnia, we measured arterial blood gas parame-
ters of P7 ketamine treated mice at 0.5 h or 2.5 h post-
injections. We found that injections of 30 or 60 mg/kg
ketamine, alone or in combination with dexmedetomi-
dine, did not significantly influence arterial blood levels
of PaCO2, PaO2, SaO2, pH or HCO3

− (Additional file 2:
Table S1). When 90 mg/kg ketamine was used in com-
bination with dexmedetomidine, both pH and SaO2 were
significantly reduced, suggesting that pups could not
maintain normal respiration and oxygenation under
these conditions (Additional file 2: Table S1). In all sub-
sequent experiments, 30 mg/kg or 60 mg/kg ketamine,
in combination with dexmedetomidine, was used.

(See figure on previous page.)
Fig. 1 During development, ketamine-induced apoptosis follows the lamination pattern of physiological apoptosis. a Representative confocal images
of coronal S1 sections immunolabelled for CC3 (green), and co-stained for nuclei with TOPRO (red) to visualize cortical lamination. Age and treatment
conditions as indicated. Cortical layers are indicated by Roman numerals, and borders between cortical layers marked using dotted lines. Scale bar is
200 μm. b Quantitation of the number of CC3+ cells per mm2 S1, age and treatment conditions as indicated. PBS and PBS# conditions respectively
represent pups injected with PBS and kept away from or together with their mothers during the experiment. Dex, Keta and Keta + Dex respectively
represent pups injected with dexmedetomidine, ketamine or ketamine plus dexmedetomidine. All conditions compared to PBS condition of the same
age, **P < 0.01, ***P < 0.001, using one-way ANOVA followed by Dunnett’s multiple comparisons test. (c-f) Distribution of the proportion of CC3+ cells in
different cortical layers at P5 (c), P7 (d), P9 (e) and P12 (f). In all age groups, the percentage of CC3+ neurons in layers II – IV, layer V, or other layers (layer I
and layer VI) in the Keta group or Keta + Dex group were not significantly different from that of the PBS control group. P > 0.05, using two-way ANOVA
followed by Bonferroni post hoc tests. (g) Replot of the data presented in (c-f) for the PBS, Keta, and Keta + Dex groups, showing developmental changes
in apoptosis pattern. **P < 0.01, ***P < 0.001, using two-way ANOVA followed by Bonferroni post hoc tests. 3–5 mice were used per condition, 10 brain
slices from each mouse were quantitated. Data are shown as the mean ± SEM
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Changes in the vulnerability of GABAergic neurons to
apoptosis during development
Having shown that the laminar pattern of physiological
and ketamine-induced apoptosis changed during devel-
opment, we next asked if the cell-type vulnerability to
apoptosis was also developmentally regulated. We

noticed that at P5, most CC3+ cells in layer V exhibited
typical pyramidal neuron morphology, with a triangular
cells body and a long apical dendrite (Fig. 3a). By P9,
however, mostly CC3+ cells were found in layers II and
IV and were not pyramidal-like (Fig. 3b). We thus asked
if these cells were GABAergic interneurons, and tested
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our hypothesis using GAD67-GFP transgenic mice [21].
Consistent with our initial observations, at P5, less than
one third of apoptotic neurons were GAD67-positive
(GAD67+) interneurons (PBS: 22.61 ± 4.67%, Keta:
27.09 ± 3.74%, Keta + Dex: 19.69 ± 5.27%; Fig. 3a, c),
and no significant differences were observed between
PBS, ketamine and ketamine plus dexmedetomidine
groups (P > 0.05; Fig. 3a, c). By P9, however, the majority
of CC3+ cells were GAD67-GFP+ interneurons (PBS:
70.33 ± 0.88%, Keta: 71.31 ± 8.75%, Keta + Dex:
83.24 ± 7.36%; Fig. 3b, c), also with no significant differ-
ences between treatment groups (P > 0.05). When neu-
rons were subdivided into layers II – IV and layer V,
these differences were maintained (Fig. 3d, e). In layers I
and VI, GAD67-GFP+ cells were almost exclusively
GAD67-GFP+ at both P5 and P9, but given the small

number of CC3+ cells in these layers, they did not con-
tribute significantly to the total (Fig. 3f ). Not only the
proportion of CC3+GAD67+ neurons increased from P5
to P9 (Fig. 3a-c), the number of apoptotic GABAergic
neurons also increased (P5 vs P9: PBS, 0.94 ± 0.11/mm2

vs 2.02 ± 0.20/mm2, P < 0.05; Keta, 3.69 ± 0.32/mm2 vs
7.11 ± 0.53 /mm2, P < 0.01; Keta + Dex, 4.27 ± 0.33/
mm2 vs 8.35 ± 0.75/mm2, P < 0.01; N = 4–6 mice per
condition; two-way ANOVA followed by Bonferroni post
hoc tests).
Together, these results demonstrate that the cell-

type specificity of physiological and ketamine-induced
apoptosis in the S1 was age-dependent, with the ma-
jority of apoptotic neurons being pyramidal neurons at
P5, and being GABAergic interneurons at P9. Ketamine
treatment did not significantly affect the developmental
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switch in the vulnerability to apoptosis of different cell
types.

Neuronal activity bidirectionally regulates ketamine-
induced neuronal apoptosis
Previous studies have shown that systemic injection of
the NMDA receptor antagonists MK801, phencyclidine
(PCP) or carboxypiperazin-4-yl-propyl-1-phosphonic acid
(CPP) significantly increased apoptosis in rodent pups
[18, 37], suggesting an important role of neuronal activ-
ity in regulating apoptosis. Since systemic drug admin-
istration can have complex effects on the activity of
neural circuits, we examined whether reducing the ac-
tivity of individual neurons in S1 using the DREADD
system [38], affected their chances of undergoing

apoptosis. hM4Di is a G-protein-coupled receptor acti-
vated exclusively by its synthetic ligand CNO, and func-
tions by activating G protein-coupled inwardly rectifying
K+ channels to reduce neuronal spiking [39, 40]. AAV-
hM4Di-mCitrine were injected into the S1 of P0 mice,
followed by i.p. injections of CNO or vehicle from P5 to
P9, and the number of CC3+ cells was quantitated at P9
(Fig. 4a). AAV-hM4Di-mCitrine expression was detected
in approximately 15% of Nissl+ cells, and there were no
significant differences between treatment conditions (PBS,
vehicle: 15.93 ± 1.33%, CNO: 15.73 ± 1.30%; Keta + Dex,
vehicle: 12.89 ± 1.01%, CNO: 15.31 ± 1.68%; P > 0.05,
two-way ANOVA followed by Bonferroni’s multiple com-
parisons test; Additional file 1: Figure S1A). Similar num-
ber of CC3+ cells in AAV-hM4Di-mCitrine expressing S1
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regions were present in PBS injected mice, whether
they were treated with CNO or vehicle (Fig. 4b, c). For
mice injected with ketamine plus dexmedetomidine,
however, CNO treatment induced a dramatic increase
in the number of CC3+ cells (vehicle: 14.55 ± 1.86/mm2,
CNO: 100.84 ± 8.85/mm2, P < 0.001, Fig. 4b, c). Similar
increases were found when cells double labelled with
hM4Di-mCitrine+ and CC3+ were quantitated (vehicle:
0.62 ± 0.12%, CNO: 7.23 ± 0.65%, P < 0.001; Fig. 4d).
Quantifying the number of CC3+ cells that were not
hM4Di+ (Keta + Dex, vehicle: 11.95 ± 1.38/mm2, CNO:
62.55 ± 4.81/mm2, P < 0.001, unpaired t-test), we found
that they were also significantly increased, suggesting that
hM4Di expression increased the likelihood of neighboring
cells undergoing apoptosis, possibly through effects on the
local network activity.
Reducing neuronal activity through hM4Di expression

also significantly altered the laminar distribution of
CC3+ cells, reducing the proportion of layer II – IV
cells (vehicle: 49.71 ± 3.33%, CNO: 28.66 ± 1.67%,
P < 0.001; Fig. 4e) and increasing the proportion of
layer V cells (vehicle: 28.53 ± 3.19%, CNO: 65.63 ± 1.91%,
P < 0.001; Fig. 4e). The laminar pattern in the CNO
treated, hM4Di+ group resembles that at the earlier devel-
opmental stage of P5 (Fig. 1a, c). Together these results
demonstrate that reducing neuronal activity significantly
increased ketamine-induced neuronal apoptosis and shifted
the laminar pattern of apoptosis towards a more immature
pattern.
An immediately arising question is whether increasing

neuronal activity could reduce apoptosis. To examine
this, we used another member of the DREADD toolbox,
hM3Dq [38, 41, 42], which upon CNO activation, acti-
vates the Gq pathway to increase intracellular calcium
release and promote neuronal firing [42, 43]. Using a
protocol similar to the previous experiment (Fig. 5a),
AAV-hM3Dq-mCitrine expression was detected in ap-
proximately 10% of Nissl+ cells and there were no sig-
nificant differences between treatment conditions (PBS,
vehicle: 8.77 ± 0.65%, CNO: 9.02 ± 0.61%; Keta + Dex,
vehicle: 7.80 ± 0.47%, CNO: 9.33 ± 0.57%; P > 0.05; two-
way ANOVA followed by Bonferroni’s multiple compari-
sons test; Additional file 1: Figure S1B). AAV-hM3Dq-
mCitrine expression also did not significantly affect
neuronal apoptosis in control PBS injected mice at P9
(Fig. 5b, c). Upon ketamine plus dexmedetomidine treat-
ment, however, significantly reduced neuronal apoptosis
was observed in hM3Dq expressing mice treated with
CNO (vehicle: 14.64 ± 1.37/mm2, CNO: 10.42 ± 1.10/mm2,
P < 0.01; Fig. 5b, c). Consistently, in the ketamine group,
the apoptotic proportion of hM3Dq-expressing neurons
also trended towards reduction in the CNO-treated group
(Fig. 5b, d). The laminar distribution of apoptotic neurons
was not affected (Fig. 5e), consistent with similar laminar

patterning of apoptotic cells between P9 and P12 mice
(Fig. 1e, f ).

Environmental enrichment reduced ketamine-induced
apoptosis in S1
The weak effect of hM3Dq on reducing neuronal apop-
tosis could be because the experiments were carried out
at P9, when the apoptosis rate has dropped below its
peak level. However, due to the time required for AAV
expression, it was not possible to move the time window
forward. We thus used an alternative approach, that of
rearing mice in an EE. In previous work, we showed that
EE rearing from the time of birth (please see Methods
section for details) can significantly increase neuronal
activity and excitatory synaptic transmission in the cere-
bral cortex and hippocampus by as early as P7 [27, 29].
Here, using the same paradigm, we found that EE rear-
ing from birth significantly reduced the number of CC3+

cells in P7 mice, independent of whether they were
injected with PBS (Ctrl: 5.31 ± 0.39 /mm2, EE: 2.77 ± 0.26/
mm2, P < 0.001; Fig. 6a, c) or ketamine plus dexmedetomi-
dine (Ctrl: 15.16 ± 0.69/mm2, EE: 7.13 ± 0.37/mm2,
P < 0.001; Fig. 6a, c). Furthermore, the laminar pattern of
apoptotic cells also shifted towards a more mature pheno-
types, with a significant increase in the proportion of layer
II – IV cells and a reduction in the proportion of layer V
cells (Fig. 6d). When the same experiments were per-
formed in P9 mice, EE rearing reduced the number of
CC3+ cells in both PBS (Ctrl: 4.03 ± 0.28 /mm2, EE:
2.31 ± 0.22/mm2, P < 0.001; Fig. 6b, e) and ketamine
treated (Ctrl: 8.00 ± 0.53/mm2, EE: 3.69 ± 0.38/mm2,
P < 0.001; Fig. 6b, e) mice. Similar to the results of the
hM3Dq experiment, the laminar pattern of apoptotic
cells at P9, already displaying the more mature form,
was not significantly affected (Fig. 6f ). Together, these
results demonstrate that naturally increasing neuronal
activity through EE rearing significantly reduced the
magnitude of both physiological and ketamine-induced
neuronal apoptosis in S1 of P7 and P9 mice, and shifted
the distribution of apoptotic cells to the more mature
laminar pattern.
Since the cell-type specificity of apoptosis, in addition

to its laminar patterning, also changed during develop-
ment, we next assayed the effect of EE rearing on the
proportion of GABAergic CC3+ cells using GAD67-GFP
transgenic mice reared in EE from birth until P7. We
found that EE rearing significantly increased the propor-
tion of cells co-labelling with CC3+ and GAD67-GFP+ in
both PBS (Ctrl: 34.12 ± 2.49%, EE: 75.39 ± 6.45%,
P < 0.001; Fig. 7a, b) and ketamine plus dexmedetomi-
dine treatment groups (Ctrl: 42.10 ± 7.19%, EE:
73.00 ± 6.62%, P < 0.01; Fig. 7a, b). The proportions of
apoptotic GAD67+ interneurons in layers II – IV and
layer V were also increased in EE mice (Fig. 7c, d). In
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layers I and VI, all apoptotic neurons were GAD67+ in-
terneurons in both control and EE reared mice (Fig. 7e).
The proportion of apoptotic GAD67-GFP+ neurons in
P7 EE mice is very similar to that observed in P9 control
mice (Fig. 3). Despite the proportion of CC3+GAD67+

neurons in total CC3+ increased by EE rearing, the num-
ber of apoptotic GAD67+ interneurons did not signifi-
cantly changed (Ctrl vs EE: PBS, 2.17 ± 0.15/mm2 vs
2.52 ± 0.24 /mm2, P > 0.05; Keta + Dex, 7.63 ± 0.34/
mm2 vs 6.35 ± 0.32/mm2, P > 0.05; N = 3–5 mice per
condition; two-way ANOVA followed by Bonferroni post
hoc tests). So, the increase of the proportion of CC3

+GAD67+neurons by EE might be attributed to the re-
duction of apoptotic pyramidal neurons rather than
GAD67+ interneurons. Together, these results demon-
strate that EE rearing reduced the magnitude of both
physiological and ketamine-induced neuronal apoptosis
in S1 at P7 and P9 and shift the pattern of apoptosis to a
more mature form.

Discussion
According to the clinical investigations, the adverse ef-
fect of general anesthetics on the central nervous system
(CNS) is still controversial [44–46]. However, the
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evidences from animal studies are conclusive, and it de-
pends on the dose of anesthetics, duration or frequency
of anesthesia [47, 48]. Although the experimental condi-
tion in animal studies cannot totally accord with clinical
investigations, the potential hazard of general anesthetics
to human should not be ignored. Previous studies have
been demonstrated that repeated treatment of ketamine
resulted in neurotoxicity/neuroapoptosis in the neonatal
CNS [18, 47]. We found that even a single treatment of
ketamine could induce cortical apoptosis and it was dose
dependent. Moreover, our results indicated that
ketamine-induced cortical apoptosis in a dose dependent
manner, and it followed a very similar time course to
that of physiological apoptosis. Many (approximate 70%)
neurons are eliminated during normal brain development,
and such physiological apoptosis is critical for the estab-
lishment of normal structure of CNS [49]. However, a
hypernomic neuronal apoptosis may cause a major disrup-
tion in brain development with the potential to perman-
ently shape behavior and cognitive ability [50]. We found
that elevating neuronal activity is a possible method for re-
ducing such adverse effect of ketamine.

Ketamine-induced apoptosis follows a similar pattern to
physiological apoptosis
In the current study, we comprehensively analyzed the
developmental time course of physiological and ketamine-
induced apoptosis in mouse S1 and showed that they
followed similar developmental patterns, peaking during
P5 – P7, and shifting from primarily layer V pyramidal
neurons at P5 to mostly GABAergic interneurons in layers
II – IV at P9 (Figs. 1, and 3). By P12, both physiological
and ketamine-induced and were not significantly different
from each other (Fig. 1).
Previous studies investigating developmental changes

in cell numbers in the cerebral cortex reported most sig-
nificant changes in cortical layers II – IV during P5 –
P10 [18, 19] while those examining ketamine-induced
apoptosis using CC3 reported high levels of apoptosis in
layer II [51]. However, these studies did not assay
whether the apoptotic layer II – IV neurons were pyram-
idal or GABAergic, nor did they quantify whether the
number of apoptotic cells in different layers changed
during development. In terms of the number of
GABAergic cells undergoing apoptosis, previous report
showed that under physiological conditions, this process
peaked around P7 [20], but did not describe its layer-
specific changes during development. Our results add to
existing knowledge by showing that physiological and
ketamine-induced apoptosis follow similar patterns, as
assayed by multiple parameters, including developmental
time course, lamination and cell-type specificity. While
the similarity does not negate potential adverse effects of
anesthesia-induced apoptosis on neural circuit formation

and function, they do suggest potentially similar under-
lying mechanisms.
In terms of dosage, the combination of 30 mg/kg keta-

mine and 20 μg/kg dexmedetomidine provided an ad-
equate surgical plane of anesthesia, typically for 2–3 h,
while maintaining normal oxygenation and respiration
(Additional file 2: Table S1). Under these conditions, the
number of CC3+ cells is about 2.8 fold that of physio-
logical apoptosis at P7. Given that 12.94 ± 0.68 CC3+

cells per mm2 is less than 1% of cells in the brain
(1716.47 ± 37.78/mm2 at P7), the long-lasting physio-
logical consequences of one-time, low dose anesthesia
are likely to be limited. When the ketamine dose was in-
creased to 60 or 90 mg/kg, more CC3+ cells were de-
tected, with the maximum level reached at 60 mg/kg
ketamine plus 20 μg/kg dexmedetomidine (21.67 ± 1.66
cells/mm2, 4.67 fold compared to control; Fig. 2).
When ketamine was administered alone, paddling limb

movements were observed, with higher occurrences at
lower doses. To provide an adequate plane of surgery,
dexmedetomidine was co-administered at 20 μg/kg. At
both 30 and 60 mg/kg ketamine, co-administration with
dexmedetomidine increased the number of CC3+ cells
(Fig. 2). Dexmedetomidine, when administered alone,
has no significant effect on apoptosis (Fig. 1). These
results differ from previous reports showing that co-
administration with dexmedetomidine reduced isoflurane-
induced neuronal apoptosis in neonatal rats [52, 53]. One
possible explanation for this difference is that ketamine
functions by inhibiting NMDA receptors, while isoflurane
mainly activates GABAA receptors. Differences in the
main mechanisms of action of these drugs may affect how
they interact with other agents. Our result suggest that ef-
fects of co-administration with dexmedetomidine needs to
be examined for individual anesthetic agents. In the case
of ketamine, although co-administration with dexmedeto-
midine increased apoptosis, the extent is still significantly
lower than the higher doses of ketamine that would be
necessary for maintaining an adequate plane of surgery
(Fig. 2).

Activity-dependence of ketamine-induced apoptosis
In further experiments, we demonstrated that neuronal
activity bidirectionally regulated the pattern of ketamine-
induced apoptosis (Figs. 4, and 5) and that naturally
increasing neuronal activity through EE significantly
reduced the level of ketamine-induced apoptosis and
shifted its pattern to a more mature form (Figs. 6, and 7).
Here, we showed that manipulating the activity of cortical
neurons using the DREADD system bidirectionally regu-
lated their susceptibility to ketamine-induced apoptosis,
both in terms of CC3+ cell number and lamination
pattern. When neuronal activity was reduced using
AAV-hM4Di-mCitrine, apoptosis rate in both hM4Di-
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expressing and neighboring non-expressing neurons
were increased, suggesting that both cell autonomous
and non-cell autonomous mechanisms likely contribute. In
contrast to ketamine-induced apoptosis, the DREADD sys-
tem did not significantly alter the magnitude and lamin-
ation pattern of physiological apoptosis (Figs. 4, and 5).
However, the activity-dependency of physiological apop-
tosis has been previously demonstrated using systemic in-
jections of NMDA receptor inhibitors MK-801, PCP and
CPP, which significantly increased apoptosis in rodent pups
[18, 38], and when naturally increasing neuronal activity
through EE, the level of both physiological and ketamine-
induced apoptosis were significantly reduced, and the
apoptotic patterns were similarly shifted to a more mature
form (Figs. 6, and 7). So, we supposed that the DREADD
system which locally altered neuronal activity in S1 might
not be as strong as EE to impact the level of physiological
neuronal apoptosis, but it could alter the threshold of the
neurons to ketamine-induced apoptosis.
In all experiments, a shift of the lamination pattern of

CC3+ cells from mostly layer V pyramidal neurons at P5
(or lowered activity) to mostly layers II – IV GABAergic
neurons (or elevated activity) could be observed. What
physiological mechanism or process could underlie this
developmental change? The cortical plate is formed by
migrated neurons in an inside-out manner [53–56], with
earlier generated neurons occupying the deeper layers of
the cortex and later generated neurons migrating beyond
them to form the upper layers. Therefore, neurons in
the upper layers are generally less mature than those in
the deeper layers of the cerebral cortex. The apoptosis
pattern we observed is consistent with developmental
age, in that deep layer neurons are more vulnerable at
earlier ages.
The more intriguing and harder-to-explain shift is that

from mostly glutamatergic pyramidal neurons at P5 to
mostly GABAergic neurons at P9. Since GABAergic
neurons need to travel longer distances and undergo
both tangential and radial migration to reach the cerebral
cortex [53–57], the exact age correspondence between
pyramidal and GABAergic neurons in each cortical layer
is difficult to determine. In general terms, however, early-
born medial ganglionic eminence (MGE) cells mostly
populate deep layers (V – VI), while later born MGE cells
mostly populate superficial layers (II – IV) [58], consistent
with the inside-out development of the cerebral cortex.
Recent studies suggest that deep and superficial layer neu-
rons may derive from distinct groups of progenitor cells,
both for pyramidal and GABAergic neurons [58]. Accord-
ing to this hypothesis, it is possible that deep layer pyram-
idal neurons and superficial GABAergic neurons may be
more vulnerable to apoptosis, through intrinsically deter-
mined developmental mechanisms. Recent experiments
showed that transplanted GABAergic neurons underwent

apoptosis according to their own developmental age, ra-
ther than the age of the recipient cortex [20, 59, 60]. Fur-
thermore, the apoptosis rate of neither transplanted nor
endogenous GABAergic neurons varied with the number
of transplanted cells, suggesting that intrinsic develop-
mental programs, rather than extrinsic competition-based
mechanisms, regulated apoptosis of GABAergic neurons
[20, 59]. We surmise that the same intrinsic programs
may also regulate the apoptosis of pyramidal neurons, and
ketamine may augment the normal developmental pro-
graming by lowering the threshold of the intrinsic apop-
totic program.

Enrichment protected neurons from ketamine-induced
apoptosis
An important result of our study is that EE rearing from
birth significantly reduced the level of both physiological
and ketamine-induced apoptosis and shifted the apoptotic
pattern to a more mature one (Figs. 5, and 6). EE para-
digms use a combination of complex in animate and social
stimulations to promote brain development and plasticity
in rodents [61]. Previous studies have shown that EE rear-
ing can elicit structural and functional changes in the ner-
vous system, as well as rescue functional deficits in
various neurological disorders [61–64]. In previous work,
we showed that EE rearing from birth can promote gluta-
matergic and GABAergic synaptic transmission, as well as
increase cortical and hippocampal levels of brain-derived
neurotrophic factor (BDNF), as early as P7 [27, 29]. These
molecular and cellular changes could provide mechanistic
bases for the observed maturation in lamination pattern
of physiological and ketamine-induced apoptosis.
Since surgery and anesthesia are sometime unavoidable

in young children, our results suggest that increased natural
sensory stimulation through EE before and after surgery
may significantly reduce the adverse effects of anesthesia
on increasing apoptosis. Based on our understanding of the
effects of EE, its beneficial effects likely also extend to other
aspects of brain development and function.

Additional files

Additional file 1: Figure S1. Expression of AAV in S1 was not significantly
different in each group. (A) Proportion of Nissl+ cells that are hM4Di-mCitrine+,
conditions as indicated. n.s., not significant, using two-way ANOVA followed
by Bonferroni post hoc test. 3 mice were used per condition. (B) Proportion of
Nissl+ cells that are hM3Dq-mCitrine+, conditions as indicated. n.s., not
significant, using two-way ANOVA followed by Bonferroni post hoc test.
4 mice were used per condition. Data are shown as the mean ± SEM.
(PDF 72 kb)

Additional file 2: Table S1. Arterial blood gas analysis of P7 mice.
(DOCX 16 kb)

Abbreviations
BDNF: Brain-derived neurotrophic factor; BSA: Bovine serum albumin;
CC3: Cleaved caspase-3; CNO: Clozapine-N-oxide; CNS: Central nervous

Wang et al. Molecular Brain  (2017) 10:24 Page 13 of 15

dx.doi.org/10.1186/s13041-017-0302-2
dx.doi.org/10.1186/s13041-017-0302-2


system; CPP: Carboxypiperazin-4-yl-propyl-1-phosphonic acid;
Dex: dexmedetomidine; DREADDs: Designer receptors exclusively activated
by designer drugs; E: Embryonic days; EE: Environmental enrichment;
Keta: ketamine; MGE: Medial ganglionic eminence; NMDA: N-Methyl-D-
aspartic acid; P: Postnatal ages; PaCO2: Partial pressure of carbon dioxide;
PaO2: Pressure of oxygen; PBS: Phosphate-buffered saline; PCP: Phencyclidine;
PFA: Paraformaldehyde; S1: Somatosensory cortex; SaO2: Oxygen saturation

Acknowledgements
We thank Prof. Yuchio Yanagawa (Gunma University, Japan) for the GAD67-GFP
transgenic mice and Prof. Bryan Roth (University of North Carolina) for constructs.
We thank WY Miao and SJ Huang for technical advice and assistance, as well as
other members of the Yu laboratory for suggestions and comments.

Funding
This work was supported by the National Natural Science Funds of China
(81,671,058 to Y.W.), the Science & Technology Commission of Shanghai
Municipality (14XD1402900 to Y.W., and 16XD1404800 to X.Y.), the State Key
Laboratory of Neuroscience (SKLN-201404 to Y.W.) and the Scientific
Research Projects supported by Huashan Hospital, Fudan University
(2016QD04 to F.S.).

Availability of data and materials
Not applicable.

Authors’ contributions
WQ, XY, and YWW, designed research; WQ, FYS, RZ, and JJZ, performed
research; WQ and FYS analyzed data; WQ, XY, and YWW wrote the paper. All
the authors read and approved the final manuscript.

Competing interests
The authors declare no competing financial interests.

Consent for publication
Not applicable.

Ethics approval and consent to participate
All experiments were performed under protocols approved by the Institutional
Animal Care and Use Committee of the Institute of Neuroscience, Chinese
Academy of Sciences, and Shanghai Jiaotong University.

Author details
1Department of Anesthesiology and Intensive Care Medicine, Xinhua
Hospital, College of Medicine, Shanghai Jiaotong University, Shanghai
200092, China. 2Department of Anesthesiology, Huashan Hospital, Fudan
University, Shanghai 200040, China. 3Institute of Neuroscience and State Key
Laboratory of Neuroscience, CAS Center for Excellence in Brain Science and
Intelligence Technology, Shanghai Institutes for Biological Sciences, Chinese
Academy of Sciences, Shanghai 200031, China. 4Shanghai Information Center
for Life Sciences, Shanghai Institutes for Biological Sciences, Chinese
Academy of Sciences, Shanghai 200031, China.

Received: 2 February 2017 Accepted: 5 June 2017

References
1. Jevtovic-Todorovic V. Functional implications of an early exposure to

general anesthesia: Are we changing the behavior of our children? Mol
Neurobiol. 2013;48:288–93.

2. Servick K. Biomedical research. Researchers struggle to gauge risks of
childhood anesthesia. Science. 2014;346:1161–2.

3. Jevtovic-Todorovic V, Absalom AR, Blomgren K, Brambrink A, Crosby G,
Culley DJ, et al. Anaesthetic neurotoxicity and neuroplasticity: An expert
group report and statement based on the BJA Salzburg seminar. Br J
Anaesth. 2013;111:143–51.

4. Nasr VG, Davis JM. Anesthetic use in newborn infants: The urgent need for
rigorous evaluation. Pediatr Res. 2015;78:2–6.

5. Olsen EA, Brambrink AM. Anesthetic neurotoxicity in the newborn and
infant. Curr Opin Anaesthesiol. 2013;26:535–42.

6. Sinner B, Becke K, Engelhard K. General anaesthetics and the developing
brain: An overview. Anaesthesia. 2014;69:1009–22.

7. Wilder RT. Is there any relationship between long-term behavior
disturbance and early exposure to anesthesia? Curr Opin Anaesthesiol.
2010;23:332–6.

8. Lin EP, Soriano SG, Loepke AW. Anesthetic neurotoxicity. Anesthesiol Clin.
2014;32:133–55.

9. Istaphanous GK, Loepke AW. General anesthetics and the developing brain.
Curr Opin Anaesthesiol. 2009;22:368–73.

10. Jevtovic-Todorovic V, Olney JW. PRO: Anesthesia-induced developmental
neuroapoptosis: Status of the evidence. Anesth Analg. 2008;106:1659–63.

11. Wagner M, Ryu YK, Smith SC, Patel P, Mintz CD. Review: Effects of
anesthetics on brain circuit formation. J Neurosurg Anesthesiol. 2014;26:
358–62.

12. Creeley CE, Olney JW. The young: Neuroapoptosis induced by anesthetics
and what to do about it. Anesth Analg. 2010;110:442–8.

13. Elmore S. Apoptosis: A review of programmed cell death. Toxicol Pathol.
2007;35:495–516.

14. Bayir H, Kagan VE. Bench-to-bedside review: Mitochondrial injury, oxidative
stress and apoptosis–there is nothing more practical than a good theory.
Crit Care. 2008;12:206.

15. Yamaguchi Y, Miura M. Programmed cell death in neurodevelopment. Dev
Cell. 2015;32:478–90.

16. Naruse I, Keino H. Apoptosis in the developing CNS. Prog Neurobiol.
1995;47:135–55.

17. Nikolic M, Gardner HA, Tucker KL. Postnatal neuronal apoptosis in the
cerebral cortex: Physiological and pathophysiological mechanisms.
Neuroscience. 2013;254:369–78.

18. Ikonomidou C, Bosch F, Miksa M, Bittigau P, Vockler J, Dikranian K, et al.
Blockade of NMDA receptors and apoptotic neurodegeneration in the
developing brain. Science. 1999;283:70–4.

19. Ferrer I, Soriano E, del Rio JA, Alcantara S, Auladell C. Cell death and
removal in the cerebral cortex during development. Prog Neurobiol.
1992;39:1–43.

20. Southwell DG, Paredes MF, Galvao RP, Jones DL, Froemke RC, Sebe JY, et al.
Intrinsically determined cell death of developing cortical interneurons.
Nature. 2012;491:109–13.

21. Tamamaki N, Yanagawa Y, Tomioka R, Miyazaki J, Obata K, Kaneko T. Green
fluorescent protein expression and colocalization with calretinin,
parvalbumin, and somatostatin in the GAD67-GFP knock-in mouse. J Comp
Neurol. 2003;467:60–79.

22. Cormack JR, Orme RM, Costello TG. The role of alpha2-agonists in
neurosurgery. J Clin Neurosci. 2005;12:375–8.

23. Ramsay MA, Luterman DL. Dexmedetomidine as a total intravenous
anesthetic agent. Anesthesiology. 2004;101:787–90.

24. Mahmoud M, Tyler T, Sadhasivam S. Dexmedetomidine and ketamine
for large anterior mediastinal mass biopsy. Paediatr Anaesth.
2008;18:1011–3.

25. Ulgey A, Aksu R, Bicer C, Akin A, Altuntas R, Esmaoglu A, et al. Is the
addition of dexmedetomidine to a ketamine-propofol combination in
pediatric cardiac catheterization sedation useful? Pediatr Cardiol.
2012;33:770–4.

26. Goyal R. Total intravenous anesthesia with dexmedetomidine and ketamine
in children. Paediatr Anaesth. 2015;25:756–7.

27. Zheng JJ, Li SJ, Zhang XD, Miao WY, Zhang D, Yao H, et al. Oxytocin
mediates early experience-dependent cross-modal plasticity in the sensory
cortices. Nat Neurosci. 2014;17:391–9.

28. Krashes MJ, Koda S, Ye C, Rogan SC, Adams AC, Cusher DS, et al. Rapid,
reversible activation of AgRP neurons drives feeding behavior in mice. J Clin
Invest. 2011;121:1424–8.

29. He S, Ma J, Liu N, Yu X. Early enriched environment promotes neonatal
GABAergic neurotransmission and accelerates synapse maturation. J Neurosci.
2010;30:7910–6.

30. Liu N, He S, Yu X. Early natural stimulation through environmental
enrichment accelerates neuronal development in the mouse dentate gyrus.
PLoS One. 2012;7:e30803.

31. Nicholson DW, Thornberry NA. Apoptosis. Life and death decisions. Science.
2003;299:214–5.

32. Creagh EM, Martin SJ. Caspases: cellular demolition experts. Biochem Soc
Trans. 2001;29:696–702.

33. Earnshaw WC, Martins LM, Kaufmann SH. Mammalian caspases: Structure,
activation, substrates, and functions during apoptosis. Annu Rev Biochem.
1999;68:383–424.

Wang et al. Molecular Brain  (2017) 10:24 Page 14 of 15



34. Brambrink AM, Evers AS, Avidan MS, Farber NB, Smith DJ, Zhang X, et al.
Isoflurane-induced neuroapoptosis in the neonatal rhesus macaque brain.
Anesthesiology. 2010;112:834–41.

35. Fox K, Wong RO. A comparison of experience-dependent plasticity in the
visual and somatosensory systems. Neuron. 2005;48:465–77.

36. Feldman DE, Brecht M. Map plasticity in somatosensory cortex. Science.
2005;310:810–5.

37. Wang CZ, Johnson KM. The role of caspase-3 activation in phencyclidine-
induced neuronal death in postnatal rats. Neuropsychopharmacology.
2007;32:1178–94.

38. Urban DJ, Roth BL. DREADDs (designer receptors exclusively activated by
designer drugs): Chemogenetic tools with therapeutic utility. Annu Rev
Pharmacol Toxicol. 2015;55:399–417.

39. Katzel D, Nicholson E, Schorge S, Walker MC, Kullmann DM. Chemical-
genetic attenuation of focal neocortical seizures. Nat Commun. 2014;5:3847.

40. Ferguson SM, Eskenazi D, Ishikawa M, Wanat MJ, Phillips PE, Dong Y, et al.
Transient neuronal inhibition reveals opposing roles of indirect and direct
pathways in sensitization. Nat Neurosci. 2011;14:22–4.

41. Kong D, Tong Q, Ye C, Koda S, Fuller PM, Krashes MJ, et al. GABAergic RIP-
Cre neurons in the arcuate nucleus selectively regulate energy expenditure.
Cell. 2012;151:645–57.

42. Alexander GM, Rogan SC, Abbas AI, Armbruster BN, Pei Y, Allen JA, et al.
Remote control of neuronal activity in transgenic mice expressing evolved
G protein-coupled receptors. Neuron. 2009;63:27–39.

43. Garner AR, Rowland DC, Hwang SY, Baumgaertel K, Roth BL, Kentros C, et al.
Generation of a synthetic memory trace. Science. 2012;335:1513–6.

44. Wilder RT, Flick RP, Sprung J, Katusic SK, Barbaresi WJ, Mickelson C, et al.
Early exposure to anesthesia and learning disabilities in a population-based
birth cohort. Anesthesiology. 2009;110:796–804.

45. Davidson AJ, Disma N, de Graaff JC, Withington DE, Dorris L, Bell G, et al.
Neurodevelopmental outcome at 2 years of age after general anaesthesia
and awake-regional anaesthesia in infancy (GAS): An international
multicentre, randomised controlled trial. Lancet. 2016;387:239–50.

46. Lin EP, Lee JR, Lee CS, Deng M, Loepke AW. Do anesthetics harm the
developing human brain? An integrative analysis of animal and human
studies. Neurotoxicol Teratol. 2016;60:117–28.

47. Scallet AC, Schmued LC, Slikker W Jr, Grunberg N, Faustino PJ, Davis H, et al.
Developmental neurotoxicity of ketamine: Morphometric confirmation,
exposure parameters, and multiple fluorescent labeling of apoptotic
neurons. Toxicol Sci. 2004;81:364–70.

48. Slikker W Jr, Zou X, Hotchkiss CE, Divine RL, Sadovova N, Twaddle NC, et al.
Ketamine-induced neuronal cell death in the perinatal rhesus monkey.
Toxicol Sci. 2007;98:145–58.

49. Kuida K, Zheng TS, Na S, Kuan C, Yang D, Karasuyama H, et al. Decreased
apoptosis in the brain and premature lethality in CPP32-deficient mice.
Nature. 1996;384:368–72.

50. Creeley CE. From drug-induced developmental Neuroapoptosis to Pediatric
Anesthetic neurotoxicity-where are we now? Brain Sci 2016;6:1–12.

51. Young C, Jevtovic-Todorovic V, Qin YQ, Tenkova T, Wang H, Labruyere J, et
al. Potential of ketamine and midazolam, individually or in combination, to
induce apoptotic neurodegeneration in the infant mouse brain. Br J
Pharmacol. 2005;146:189–97.

52. Sanders RD, Xu J, Shu Y, Januszewski A, Halder S, Fidalgo A, et al.
Dexmedetomidine attenuates isoflurane-induced neurocognitive
impairment in neonatal rats. Anesthesiology. 2009;110:1077–85.

53. Li Y, Zeng M, Chen W, Liu C, Wang F, Han X, et al. Dexmedetomidine
reduces isoflurane-induced neuroapoptosis partly by preserving PI3K/Akt
pathway in the hippocampus of neonatal rats. PLoS One. 2014;9:e93639.

54. Parnavelas JG. The origin and migration of cortical neurones: New vistas.
Trends Neurosci. 2000;23:126–31.

55. Wonders CP, Anderson SA. The origin and specification of cortical
interneurons. Nat Rev Neurosci. 2006;7:687–96.

56. Kriegstein AR, Noctor SC. Patterns of neuronal migration in the embryonic
cortex. Trends Neurosci. 2004;27:392–9.

57. Fishell G. Perspectives on the developmental origins of cortical interneuron
diversity. Novartis Found Symp. 2007;288:21–35. discussion -44, 96-8

58. Bartolini G, Ciceri G, Marin O. Integration of GABAergic interneurons
into cortical cell assemblies: Lessons from embryos and adults. Neuron.
2013;79:849–64.

59. Southwell DG, Nicholas CR, Basbaum AI, Stryker MP, Kriegstein AR,
Rubenstein JL, et al. Interneurons from embryonic development to cell-based
therapy. Science. 2014;344:1240622.

60. Song J, Christian KM, Ming GL, Song H. Life or death: Developing cortical
interneurons make their own decision. EMBO J. 2012;31:4373–4.

61. Rosenzweig MR, Bennett EL. Psychobiology of plasticity: Effects of training
and experience on brain and behavior. Behav Brain Res. 1996;78:57–65.

62. Sale A, Berardi N, Maffei L. Environment and brain plasticity: Towards an
endogenous pharmacotherapy. Physiol Rev. 2014;94:189–234.

63. Nithianantharajah J, Hannan AJ. Enriched environments, experience-
dependent plasticity and disorders of the nervous system. Nat Rev Neurosci.
2006;7:697–709.

64. van Praag H, Kempermann G, Gage FH. Neural consequences of
environmental enrichment. Nat Rev Neurosci. 2000;1:191–8.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Wang et al. Molecular Brain  (2017) 10:24 Page 15 of 15


	Abstract
	Introduction
	Materials and methods
	Animals and experimental procedures
	Anesthesia
	Immunohistochemistry, image acquisition and analysis
	Arterial blood gas measurements
	In vivo stereotaxic injections and clozapine-N-oxide treatment
	Environmental enrichment paradigm
	Statistical analysis

	Results
	The magnitude and laminar pattern of ketamine-induced neuronal apoptosis in S1 are age-dependent
	Changes in the vulnerability of GABAergic neurons to apoptosis during development
	Neuronal activity bidirectionally regulates ketamine-induced neuronal apoptosis
	Environmental enrichment reduced ketamine-induced apoptosis in S1

	Discussion
	Ketamine-induced apoptosis follows a similar pattern to physiological apoptosis
	Activity-dependence of ketamine-induced apoptosis
	Enrichment protected neurons from ketamine-induced apoptosis

	Additional files
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	Author details
	References

