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Ketamine destabilizes growth of dendritic spines in developing
hippocampal neurons in vitro via a Rho-dependent mechanism
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Abstract. The safety of anesthetics on the developing brain
has caused concern. Ketamine, an N-methyl-D-aspartate
receptor antagonist, is widely used as a general pediatric
anesthetic. Recent studies suggested that ketamine alters the
plasticity of dendritic spines in the developing brain and may
be an important contributing factor to learning and cognitive
impairment. However, the underlying molecular mechanism
remains poorly understood. Therefore, the aim of the present
study was to investigate the effect of ketamine on the plas-
ticity of dendritic spines in cultured hippocampal neurons
and the potential underlying mechanisms. After 5 days
in vitro, rat hippocampal neurons were exposed to different
concentrations (100, 300 and 500 M) of ketamine for 6 h.
Ketamine decreased the number and length of dendritic spines
in a dose-dependent manner. Ketamine at a concentration of
300 M caused an upregulation of transforming protein RhoA
(RhoA) and Rho-associated kinase (ROCK) protein. These
effects were inhibited by the ROCK inhibitor Y27632. These
results suggested that ketamine induces loss and shortening of
dendritic spines in hippocampal neurons via activation of the
RhoA/ROCK signaling pathway.

Introduction

There is growing concern regarding the safety of anesthetics
on the developing brain. Previous studies demonstrated that
early post-natal anesthesia has neurotoxic effects in rodents
and other animals (1,2). Anesthesia of children aged <3 years
old in surgery increases the risk of learning and memory
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impairment (3). The use of ketamine is well established in
pediatric anesthesia and it is used for induction and mainte-
nance of anesthesia (4,5). An increasing number of studies
demonstrated that ketamine causes anesthetic neurotoxicity.
Previous studies in rodent and primate models have confirmed
that ketamine anesthesia during critical periods of brain
development may result in functional deficits (6,7).

Dendritic spines are the anatomical locus of the majority
of excitatory synapses in the central nervous system (8).
Dendritic spines arise as small protrusions from the dendritic
shaft of various types of neuron and receive inputs from
excitatory axons (9). Alterations in the morphology and
number of dendritic spines are associated with alterations in
synaptic efficacy, learning and memory, and other cognitive
processes (10,11). Previous studies demonstrated that ketamine
causes learning and behavioral impairment, primarily due
to a reduction in synaptic structural plasticity (12,13). The
present study investigated the underlying mechanism by
which ketamine affects synaptogenesis in early developing
hippocampal neurons of rats.

Transforming protein RhoA (RhoA) guanosine triphos-
phate hydrolases (GTPases) and their downstream signals
are critical in the association of neuronal activity with
various forms of neuronal plasticity (14,15). Volatile anes-
thetics lead to neuronal apoptosis and length-shortening
of dendritic protrusions by activating RhoA in developing
neurons (16,17). In the present study, it was hypothesized
that ketamine may alter the number and length of dendritic
spines in early developing hippocampal neurons via activa-
tion of the RhoA/Rho-associated kinase (ROCK) signaling
pathway.

Materials and methods

Ethics statement. The Institutional Animal Care and Use
Committee of Hebei Medical University (Shijiazhuang, China)
specifically approved the present study. All of the animals
were handled according to this approved protocol.

Animals. A total of eight 24 h postnatal Sprague-Dawley rats,
weighing 4.5~6.5 g, were provided by the Laboratory Animal
Center of Hebei Medical University (Hebei, China). Animals
were kept in a 40-60% humidity and temperature-controlled
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(22-23°C) room under a 12-h light/dark cycle (light on
at 7:00 AM); standard rat chow and water were available
ad libitum. Housing was provided with appropriate tactile,
olfactory, visual, and auditory stimuli.

Primary neuron cultures. The rats were quickly decapitated
and their brains were aseptically dissected and immersed in
ice-cold dissecting solution, consisting of Hanks' Balanced
Salt Solution. Bilateral hippocampal tissues were exposed
and removed from the 24-h post-natal Sprague-Dawley rats
and subsequently disinfected with 75% alcohol. Subsequent
to the removal of blood vessels and meninges, the hippo-
campal tissues were cut into pieces that were as small as
possible. These pieces were centrifuged for 100 x g and
5 min at room temperature. Subsequent to discarding the
supernatant, Accutase® (Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) was added to the hippocampal tissues
at a volume of 3:1. The samples were placed in an incubator
for 10-20 min for digestion. The tissues were vortexed
numerous times during the digestion and Dulbecco's modi-
fied Eagle's medium (DMEM) with 10% fetal bovine serum
(FBS; Gibco; Thermo Fisher Scientific, Inc.) was added to
terminate the digestion process. The tissues were thoroughly
dispersed by pipetting and subsequently filtered through a
200-mesh copper filter. The filtered cells were collected
and centrifuged at 100 x g for 5 min at room temperature.
Subsequently, the supernatant was discarded, DMEM with
10% FBS was added, and the cells were dispersed in order
to obtain a cell suspension. Cells (1x10° cells/well) were
plated in 6-well plates for 24 h. The culture medium was
replaced with neurobasal medium (Invitrogen; Thermo
Fisher Scientific, Inc.) containing 1% N2 and 2% B27. Half
of the culture medium was changed every two days. Cells
were cultured at 37°C in a 5% CO, incubator.

Immunofluorescence procedures and purity identifica-
tion. Cells were fixed with 4% formaldehyde for at room
temperature for 30 min. The cells were then incubated with
5% goat serum (Novus Biologicals, LLC, Littleton, CO, USA)
at room temperature for 10 min and immunostained with
microtubule-associated protein 2 (MAP2; cat. no. 554002,
1:50; BD Biosciences, Franklin Lakes, NJ, USA) antibody
at 4°C overnight, followed by incubation with goat anti-mouse
immunoglobulin G secondary antibody (cat. no. NBP2-44080,
1:50, Novus Biologicals, Colorado, USA) at room temperature
for 45 min. The nuclei were stained with DAPI (Enzo Life
Sciences, Inc., Farmingdale, NY, USA) at room temperature
for 30 min. Images of each slide were captured using a Zeiss
Axiovert Upright Fluorescence microscope (magnification,
x40 and x200; Zeiss AG, Oberkochen, Germany) and fluores-
cent intensity was quantified using Image Pro Plus version 6.0
(Media Cybernetics, Inc., Rockville, MD, USA). The purity
of neurons (%) was calculated as follows: (Number of MAP2
positive cells/number of DAPI positive cells) x100.

Celltreatmentwithreagents. Afterculturingfor5days,cells were
exposed to control (PBS), ketamine (100, 300 and 500 yM),
10 uM Y27632 (ScienCell Research Laboratories, Inc., San
Diego, CA, USA) or ketamine and Y27632 at 5 days in vitro
(DIV). After treatment for 6 h, cells were washed with PBS
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and subsequently incubated for 5 min at 37°C with Vybrant™
CM-Dil Cell-Labeling solution (cat. no. V22888; Thermo
Fisher Scientific, Inc.). Cells were fixed with 4% formal-
dehyde at room temperature for 30 min. Following rinsing,
slides were mounted for imaging. Fluorescence images were
captured using confocal microscopy (magnification, x400 and
x1,000; Nikon Corporation, Tokyo, Japan). Vybrant™ CM-Dil
Cell-Labeling solution-stained fluorescence images appeared
in red or, following transformation using Image-J version 2.0
software (National Institutes of Health, Bethesda, MD, USA),
in black and white.

Analysis of spine density. All dendrite and spine tracing was
performed by an investigator, who was blind to the experi-
mental treatment group. Fluorescence images were captured
using confocal microscopy (magnification, x400 and x1,000;
Nikon Corporation). Analysis of spine plasticity was performed
using ImageJ software, as previously described (17). Dendrite
segments located distal to the first branch point from the cell
soma and including the most distally-located dendritic segments
(2-5 per neuron) were randomly selected for analysis. For each
examined neuron, one 100-xm long segment from a second- or
third-order dendrite (protruding from its parent apical dendrite)
was selected for spine density quantification (18). For spine
length quantification, length was determined as the distance
between the base and top of the spine head.

Western blot analysis. Cells were harvested 6 h after treat-
ment with reagents and lysed in a buffer containing 50 mM
Tris-HCI (pH 7.5), 150 mM NaCl, 2 mM EDTA, 1% Triton,
1 mM PMSF and Protease Inhibitor Cocktail (1:50; Beyotime
Institute of Biotechnology, Shanghai, China) for 20 min on
ice. Lysates were separated by centrifugation at 15,000 x g
at 4°C for 20 min. Supernatants were collected and the protein
concentrations were determined by a Bradford assay. Proteins
(150 pg) were subjected to electrophoresis on 12% SDS-PAGE
and were subsequently transferred to polyvinylidene difluoride
membranes. Membranes were blocked in Tris-buffered saline
(pH 7.4) with 5% non-fat dry milk at room temperature for
1 h, and probed with primary antibodies at 4°C overnight. The
following antibodies were used: RhoA (cat.no.ab187027; 1:500),
ROCK (cat. no. ab71598; 1:500) and p-actin (cat. no. ab8226;
1:500; Abcam, Cambridge, UK). Then, the cells were washed
with TBST three times for 10 min each and then incubated
with peroxidase-labeled affinity purified antibody to Rabbit
IgG (cat. no. ZDR-5306; OriGene Technologies, Inc., Beijing,
China) or peroxidase-labeled affinity purified antibody to
Mouse IgG (cat. no. ZDR-5307; OriGene Technologies, Inc.,
Beijing, China) at room temperature for 2 h. Blots were
detected using an enhanced chemiluminescence plus system
(MiniChemi 610 Plus; 304002L; Beijing Sage Creation Science
Co., Ltd., Beijing, China). Quantification (sageCapture3.0,
Service For Life Science) of the western blots was conducted
using sageCapture version 3.0 (Beijing Sage Creation Science
Co., Ltd.,).

Statistical analysis. All experiments were repeated three times.
Statistical analysis was performed using GraphPad Prism
version 5.0 software (GraphPad Software, Inc., La Jolla, CA,
USA). All data are presented as the mean + standard error of
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Figure 1. Morphology and purity of hippocampal neurons cultured in vitro. (A) Morphology of hippocampal neurons at various time points.
(B) Immunofluorescence in 7 DIV hippocampal neurons. Neurons were stained with MAP2 and DAPI, and images are merged. Neurons were observed
using an inversion fluorescence microscope and representative images at (Ba) magnification x40 and (Bb) magnification x200 are presented. MAP2, micro-

tubule-associated protein 2.

the mean. The density and mean length of dendritic spines were
analyzed with one-way analysis of variance. Post hoc individual
means comparisons were performed using the LSD-t-test. P<0.05
was considered to indicate a statistically significant difference.

Results

Morphology and purity of hippocampal neurons. Cells cultured
in vitro adhered to the surface and demonstrated a spindle
shape. At 3 DIV, the neurons were typically spindle-shaped
and developed into a sparse network that primarily formed an
in vitro neural network. After 7 DIV, the network and effec-
tive synaptic connections formed by axons and dendrites were
enhanced (Fig. 1A). The purity of hippocampal neurons was
subsequently determined. The microtubule-associated protein
MAP2 preferentially localizes to dendrites; however, not to
axons, and is a useful marker for dendrites in cell culture (19).In
total, 91% of the cells were identified as neurons, demonstrated
by MAP2 staining (Fig. 1B).

Ketamine decreases the density and length of dendritic
spines in a dose-dependent manner. The effects of ketamine
on the length and density of dendritic spines were assessed.
At 5 DIV, hippocampal neurons were treated with different
concentrations (100, 300 and 500 uM) of ketamine for
6 h. Representative images of dendritic spines in vehicle
(unexposed) or ketamine-exposed neurons are presented
in Fig. 2A. Ketamine caused a dose-dependent decrease in
the number and length of dendritic spines (Fig. 2B and C).
There was no significant difference between the 100 xM
ketamine-exposure group (number, 36.47+8.23; length,
45.87+5.01 ym) and control cells (number, 40.88+7.61;
length, 47.69+4.28 ym). Concentrations of 300 and 500 xM
ketamine significantly decreased the density and length of

dendritic spines (number, 20.31+5.87, length, 30.71+5.52 pm;
and number, 7.23+2.01; length, 10.68+3.53 ym, respectively;
P<0.05) compared with the control. Furthermore, 500 xM
ketamine significantly decreased the number and length of
dendritic spines compared with 300 xM ketamine (P<0.05).
These results suggested that ketamine decreases the density
and length of dendritic spines in a dose-dependent manner.

ROCK inhibitor attenuates ketamine-induced dendritic spine
loss and length-shortening. During early development, acti-
vation of the RhoA-ROCK pathway is involved in immature
dendritic protrusions on hippocampal neurons (20). Therefore,
the role of the RhoA-ROCK pathway in ketamine-induced
dendritic spine loss and length-shortening was investigated in
the present study. Neurons treated with ketamine for 5 DIV
were incubated in the presence of 10 uM Y27632, a specific
inhibitor of ROCK (21). Ketamine upregulated RhoA and
ROCK protein expression levels, whereas, Y27632 attenuated
the expression of ROCK (Fig. 3A). The number and length
of dendritic spines differed among the four groups. Neurons
treated with ketamine had fewer (15.57+6.23) and shorter
length (20.01+3.87 ym) dendritic spines compared with the
control neurons (number, 40.65+5.78; length, 50.78+6.38 pm).
Treatment with Y27632 in the presence of ketamine signifi-
cantly prevented dendritic spine loss and length-shortening
(number, 28.67+5.83; length, 34.89+4.87 ym). Compared
with the control group, the neurons treated with Y27632
demonstrated no significant difference in number or length of
dendritic spines (Fig. 3B-D).

Discussion

The results of the present study suggested that early exposure of
rat hippocampal neurons to ketamine substantially decreases
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Figure 2. Ketamine reduces the density and alters the mean length of dendritic spines. At 5 days in vitro, rat hippocampal neurons were exposed to different
concentrations (100, 300 and 500 xM) of ketamine for 6 h. (A) Representative images demonstrating the dendritic arbor development of a control neuron and
of a neuron treated with ketamine. Neurons were exposed to different concentrations of ketamine. White arrows indicate dendritic spines. (B) Number of
dendritic spines per 100 ym. (C) Dendritic spine length. n=10. Magnification, x400 and x1,000. "P<0.05, “P<0.01 vs. vehicle; “P<0.05 vs. 300 uM ketamine.

the density and length of dendritic spines. The selective
ROCK inhibitor Y27632 partly attenuates the effects induced
by ketamine, suggesting that the RhoA/ROCK signaling
pathway is involved in ketamine-induced neurotoxicity in the
developing brain.

A previous study demonstrated that in rats the blood
concentration of ketamine was ~20 yM and the brain plasma
ratio of ketamine was 6.5:1 (22), thus, 100-300 yM ketamine
is clinically relevant (blood concentration of ketamine was
~20 uM and the brain plasma ratio of ketamine was 6.5:1,
(20x6.5=130 yM). A high concentration of ketamine has
been widely used in a large number of in vitro experiments
to investigate its mechanisms of neurotoxicity (23-25). In the
present study, concentrations of ketamine ranging between
100 and 500 M were selected.

Previous studies demonstrated that the impact of
ketamine on dendritic spines is dependent on develop-
mental age. Exposure to ketamine decreases the density of
synapses or spines in the hippocampus of neonatal rodents
at 5-13 days post-natal (12). Treatment of mouse hippo-
campal neurons with ketamine for 5 h at 15 and 30 days
post-natal caused an age-dependent significant increase in
dendritic spine density (26). These previous studies identi-
fied a mechanism for the modulation of synaptogenesis
via modulation of the excitation/inhibition balance by
ketamine. In the present study, rats were sacrificed 24 h
post-natal. At 5 DIV, neurons treated with ketamine for 6 h
exhibited a decrease in dendritic spine density and mean
length in a dose-dependent manner, which is consistent
with the results of a previous study (12). This suggested

that ketamine impairs the morphology of dendritic spines
during early post-natal development.

The small GTPase Rho is critical in regulating actin
remodeling in dendritic spines (27). RhoA regulates matura-
tion of adhesions and the postsynaptic density of dendritic
spines (28). Activation of RhoA/ROCK signaling leads to
dendritic spine shrinkage and synapse loss (29). Conversely,
blocking activation of ROCK induces novel, long spines and
protrusive motility (30). In the present study, ketamine induced
upregulation of RhoA and ROCK protein expression levels.
Furthermore, Y27632, an inhibitor of ROCK, attenuated
dendritic spine loss and length-shortening, suggesting that the
mechanism of ketamine anesthetic neurotoxicity is partly via
activation of the RhoA/ROCK signaling pathway. A previous
study demonstrated that the anesthetic agent isoflurane desta-
bilizes spine actin, which results in alterations to dendritic
spine morphology and number (31). Zimering et al (17)
additionally observed that sevoflurane causes actin depoly-
merization, leading to reversible length-shortening of dendritic
protrusions through a mechanism involving activation of
RhoA/ROCK signaling. Ketamine is commonly used as an
intravenous general anesthetic for pediatric patients. These
results are consistent with the possibility that activation of the
RhoA/ROCK signaling pathway is one of the mechanisms of
the neurotoxicity of ketamine when used as an anesthetic.

The ROCK inhibitor Y27632 has been demonstrated to
strongly stimulate neurite outgrowth (32). A previous study
identified that treatment of 13 DIV hippocampal neurons with
100 uM Y27632 for 3 days increased the density and length of
dendritic spines of cultured neurons (33). Swanger et al (21)
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Figure 3. ROCK Y27632 prevents ketamine-induced dendritic spine loss and shortening in 5 DIV hippocampal neurons. The 5 DIV rat hippocampal neurons
were exposed to Y27632 (10 uM), ketamine (300 M) or ketamine (300 M) and Y27632 (10 uM) for 6 h. (A) Ketamine (300 #M) induced upregulation
of RhoA and ROCK compared with the control group. ROCK protein expression levels were attenuated by co-incubating ketamine-exposed neurons with
Y27632. (B) Representative dendritic arbor development and spine images of neurons treated with control, Y27632, ketamine or ketamine plus Y27632. White
arrows indicate dendritic spines. (C) Number of dendritic spines per 100 gm. (D) Dendritic spine length. n=10. Magnification, x400 and x1,000. “P<0.01,
“"P<0.001 vs. control; “P<0.05, ”P<0.01 vs. ketamine. RhoA, transforming protein RhoA; ROCK, Rho-associated kinase; DIV, days in vitro.

demonstrated that exposure of 16-17 DIV neurons to 10 M
Y27632 altered the morphology of dendritic spines. In the
present study, an increase in number and length of dendritic
spines was not observed following treatment of 5 DIV neurons
with 10 uM Y27632 for 6 h, which may be due to the rela-
tively fewer developing neurons or the low concentration of
Y27632. Y27632 in the presence of ketamine attenuated
the dendritic spine loss and length-shortening induced by
ketamine. Therefore, it was hypothesized that in addition to
the RhoA/ROCK signaling pathway, there are other molecular
mechanisms involved in the synaptic structural plasticity
induced by ketamine.

Previous studies demonstrated that there are a number
of possible mechanisms by which ketamine induces neuro-
toxicity in the developing brain, including suppression of
phosphorylated (p)-protein kinase Cy and p-extracellular
signal-regulated kinase (34), upregulation of neuronal
microRNA 124 (35), inhibition of the frequency and amplitude

of calcium oscillations (36), decrease in glycogen synthase
kinase-3f3 phosphorylation (37), and activation of the phos-
phoinositide 3-kinase/protein kinase B signaling pathways.
However, there are fewer studies focused on the effect of
ketamine on hippocampal dendritic spines. The present
study has identified another mechanism whereby ketamine
affects the plasticity of hippocampal dendritic spines and may
contribute to neurotoxicity in the developing brain.

The present study has a number of limitations. Exposure
to anesthetics transiently affects the dynamics of dendritic
spines, and dendritic protrusion loss and shrinkage are
reversible (17,31,38). The present study was based on
single time-point observations; it is not known whether
ketamine-induced effects on the morphology and number of
dendritic spines may be attenuated upon ketamine elimination.
Repeated exposure to ketamine during early development
impairs motor learning and learning-dependent plasticity of
dendritic spines later in life (13). The in vitro model used in the
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present study only demonstrated that ketamine decreases the
number and length of dendritic spines. Further experiments
on animals are required to investigate the possible effects of
ketamine on behavior.

In summary, the present study demonstrated that exposure
to ketamine during the period of rapid synaptogenesis
causes loss and length-shortening of dendritic spines in
cultured rat hippocampal neurons. Inhibition of ROCK
by Y27632 attenuates the effects of ketamine on dendritic
spines. The present novel data suggested that ketamine
affects the formation of synapses partly through the
RhoA/ROCK signaling pathway. Therefore, further studies
on the RhoA/ROCK signaling pathways in ketamine-induced
neurotoxicity in children are required.
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