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HDAC6 is critical for ketamine-induced impairment of
dendritic and spine growth in GABAergic projection neurons
Xuan Li1, Hexige Saiyin2, Jian-hua Zhou1, Qiong Yu1 and Wei-min Liang1

Ketamine is widely used in infants and children for anesthesia; both anesthetic and sub-anesthetic doses of ketamine have been
reported to preferentially inhibit the GABAergic neurons. Medium spiny neurons (MSNs), the GABAergic projection neurons in the
striatum, are vulnerable to anesthetic exposure in the newborn brain. Growth of dendrites requires a deacetylase to remove acetyl
from tubulin in the growth cone to destabilize the tubulin. Histone deacetylase 6 (HDAC6) affects microtubule dynamics, which are
involved in neurite elongation. In this study we used a human induced pluripotent stem cells (iPSCs)-derived striatal GABA neuron
system to investigate the effects of ketamine on HDAC6 and the morphological development of MSNs. We showed that exposure
to ketamine (1–500 μM) decreased dendritic growth, dendrite branches, and dendritic spine density in MSNs in a time- and
concentration-dependent manner. We revealed that ketamine treatment concentration-dependently inhibited the expression of
HDAC6 or aberrantly translocated HDAC6 into the nucleus. Ketamine inhibition on HDAC6 resulted in α-tubulin hyperacetylation,
consequently increasing the stability of microtubules and delaying the dendritic growth of MSNs. Finally, we showed that the
effects of a single-dose exposure on MSNs were reversible and lasted for at least 10 days. This study reveals a novel role of HDAC6
as a regulator for ketamine-induced deficits in the morphological development of MSNs and provides an innovative method for
prevention and treatment with respect to ketamine clinical applications.
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INTRODUCTION
Ketamine, a noncompetitive N-methyl-D-aspartate receptor
(NMDAR) antagonist, is widely used as an anesthetic in children
and adults [1]. Emerging evidence indicates that ketamine exerts
antidepressant [2], analgesic [3], and sedative effects [4] at sub-
anesthetic doses. Ketamine regulates dendrites and their
synapses, which are plastic anatomical structures in neurons, to
affect neuronal activity [5, 6]. However, the extent to which
ketamine exposure affects dendrites and dendritic spines in
human neurons, especially inhibitory GABAergic neurons, is
unknown.
Medium spiny neurons (MSNs), which make up a set of

GABAergic projection neurons, have multiple extremely long
dendrites and many spines in the striatum [7]. Anomalies in MSNs,
including dendritic and spine abnormalities, can cause neuropsy-
chiatric diseases or neurodevelopmental disorders, such as
intellectual disability, schizophrenia, epilepsy, mental retardation,
and autism [8]. In the newborn brain, these neurons are prone to
death or malfunction upon anesthetic exposure [9]; neuronal
malfunction refers to abnormalities in dendrites and spines
[10, 11]. Excitotoxin exposure causes the disassembly of micro-
tubules and alters cellular morphology and motility, tubulin
stability, and dendritic development in neurons [12]. Microtubules,

the cytoskeletal components of dendrites, are dynamic polymers
comprised of α and β tubulin that support the function and
structure of dendritic arborization [13]. Acetylation of α-tubulin,
which forms stable microtubules, is absent in the neuronal growth
cone [14]. The growth of dendrites requires a deacetylase to
remove acetyl from tubulin to destabilize tubulin. Histone
deacetylase 6 (HDAC6), a cytoplasmic deacetylase, deacetylates
acetylated α-tubulin in microtubules, destabilizing microtubule
assembly [15]. Loss of or a reduction in HDAC6 leads to
hyperacetylation of α-tubulin, which impedes the dynamics of
microtubules [16].
NMDA receptors, which mediate excitotoxic effects, are

enriched in GABAergic projection neurons [17]. Injection of
quinolinic acid, an NMDA receptor agonist, into the striatum leads
to selective loss of striatal GABAergic projection neurons without
significantly affecting somatostatin-positive and cholinergic inter-
neurons [18]. NMDA receptor blockade also reduces the prolifera-
tion of GABAergic projection neurons in vivo and in vitro [19].
Administration of ketamine to Huntington patients has shown
that at the median dose, ketamine causes a specific decline in
memory and verbal fluency and that at higher sub-anesthetic
doses, ketamine induces a significant increase in psychiatric
symptoms and impairment of eye movements [20]. Collectively,
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these previous findings imply that GABAergic neurons might be
selectively vulnerable to NMDA receptor blockade.
Here, we aimed to test the role of HDAC6 in the effects of

ketamine on dendritic and spine growth in MSNs using a human
induced pluripotent stem cell (iPSC)-derived neuron system that
mimics neuronal development of the human brain [21, 22]. Our
data revealed that ketamine exposure inhibits the growth of
dendrites and dendritic spines of cultured MSNs. Furthermore,
ketamine reversibly suppresses the expression of HDAC6 and
aberrantly translocates HDAC6 to the nucleus. The failure of
HDAC6 to regulate the deacetylation of α-tubulin may contribute
to ketamine-induced disruption of dendrite and spine growth
in MSNs.

MATERIALS AND METHODS
Cell culture
iPSCs between passages 15–35 and the H9 cell line were cultured
as previously described with modifications [23]. Briefly, the cells
were maintained on Matrigel or Vitronectin-coated (Corning
Inc., Corning, NY, USA) plates in E8 medium (Gibco, Carlsbad,
CA, USA) in an incubator at a constant temperature and humidity
(37 °C/5% CO2).

Differentiation of iPSCs into GABAergic neurons
Striatal GABAergic neuron induction was performed according to
a previously described protocol with minimal modifications [24]. In
brief, our neural differentiation protocol followed a chemical
recipe for the generation of committed striatal lateral ganglionic
eminence-like progenitors and MSNs. In the first stage, iPSCs were
digested using Dispase (1.0 U/mL) (Invitrogen, Carlsbad, CA, USA)
for 3–5min and then transferred to ultra-low-attachment dishes.
The medium consisted of a 1:1 ratio of E8 and neural induction
medium. After 24 h, the medium was changed to neural induction
medium containing the SMAD inhibitors LDN193189 (100 nM,
Stemgent, MA, USA) and SB431542 (10 μM, Amateksci, NY, USA).
Next, embryoid bodies (EBs) were transferred to attachment
dishes (Corning Inc., Corning, NY) containing neural induction
medium on day 7. Then, the middle rosette cells were gently
removed and transferred to ultra-low-attachment dishes contain-
ing neural differentiation medium on day 14. Sonic hedgehog
(SHH, 200 ng/mL, Research and Development) or its small
molecular agonist purmorphamine (PUR) (0.65 μM, Calbiochem,
San Diego, CA, USA) was added on days 10–25 to induce
differentiation into ventral GABAergic progenitors. Neural pro-
genitor clusters were dissociated with Accutase (1 U/mL, Invitro-
gen, Carlsbad, CA, USA) at 37 °C for 5 min and then placed on
polyornithine/laminin-coated coverslips in neural differentiation
medium in the presence of a set of trophic factors on day 26.

Ketamine administration
Cultured neurons grown on coated coverslips or plates were
exposed to increasing doses (1, 10, 50, 100, and 500 μM) of
ketamine for 1, 8, and 24 h to examine the effects of ketamine on
the dendritic growth of the neurons. The vehicle group was
treated with DMSO or saline mixed with culture medium. The
medium was replaced at the end of the treatment period, and the
neurons were transferred to an incubator and cultured for 48 h
before subsequent morphological analyses.

Immunofluorescence staining
After ketamine treatment, the cultured cells were fixed in 4% ice-
cold paraformaldehyde for 15 min, rinsed with PBS, permeabilized
with 0.2% Triton X-100 for 20min, and incubated in blocking
buffer (10% donkey serum) for 60 min at room temperature. Then,
the cells were incubated overnight with the following primary
antibodies: mouse anti-TUJ1 (1:1000, T8660, Sigma, MO,
USA), rabbit anti-GABA (1:10000, A2052, Sigma, MO, USA), mouse

anti-GABA (1:1000, A0310, Sigma, MO, USA), rabbit anti-GAD65/67
(1:1000, LV1422966, Millipore, MA, USA), rabbit anti-DARPP-32
(1:1000, AB1656, Chemicon, Japan), and rabbit anti-HDAC6 (1:500,
7558 s, Cell Signaling Technology, MA, USA) at 4 °C. Fluorescent-
conjugated secondary antibodies were added to detect the
primary antibodies for 60 min at room temperature. The cell
nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI,
1:2000, D9542, Sigma, MO, USA). Images were obtained using a
Leica SP8 confocal microscope (Leica Microsystems, Japan). Cell
counts and morphological analyses were performed using Fiji
(ImageJ) software. Morphological analysis was performed to assess
the dendritic length, number of dendritic branches, and dendritic
spine density of 30, 40, and 30 cells, respectively, obtained from
three coverslips per treatment group. The simple dendrite tracer
was later analyzed using a plugin in Fiji (ImageJ) software.
Morphologically, axons were observed as thinner, elongated
processes with a smooth surface. Dendrites were shorter
processes with a rough surface due to spines or other contacts.
During counting, we excluded thinner projections with smooth
surfaces. Data were obtained from five fields for each culture
condition from three independent experiments.

TUNEL assay
Cell death following ketamine treatment was detected using the
TUNEL assay. According to the manufacturer’s instructions, the
Click-iTTM Plus TUNEL Assay (Invitrogen, Carlsbad, CA, USA) was
used to detect apoptotic cells in culture. Notably, the assay was
performed after immunofluorescence staining. Briefly, coverslips
were incubated with 50 μL TdT reaction mixture for 60 min at
37 °C and washed twice with 3% BSA in PBS. Click-iT™ Plus TUNEL
reaction cocktail was added for an additional 30 min at 37 °C, and
each coverslip was washed with 3% BSA in PBS. Finally, the
coverslips were used for immunofluorescence staining. The data
are shown in the Supplementary materials.

Western blot analysis
The cultured cells were subjected to Western blot analysis after
exposure to ketamine. The cells were lysed using ice-cold RIPA
buffer and a mixture of protein phosphatase and proteinase
inhibitors and centrifuged at 4 °C. Cytoplasmic and nuclear
proteins were separated using the Tissue Protein Extraction Kit
(Boster Biological Technology, CA, USA) according to the
manufacturer’s instructions. Equal amounts of proteins were
subjected to 8% or 12% SDS-PAGE, and the following steps were
performed according to the protocol as described in our previous
studies. The following primary antibodies were used at the
indicated concentrations: acetyl-α-tubulin (1:1000, T6793, Sigma,
MO, USA), α-tubulin (1:10,000, 3837T, Cell Signaling Technology,
MA, USA), β-actin (1:5000, BM0627, Boster Biological Technology,
CA, USA), HDAC6 (1:1000, 7558s, Cell Signaling Technology, MA,
USA) and H3 (1:2000, 4499s, Cell Signaling Technology, MA, USA).
The immunoreactive bands were analyzed using plugins in Fiji
(ImageJ) software. Representative Western blotting bands from
three independent experiments are shown.

Pharmacological manipulation
Cells were treated with tubastatin A, a highly selective HDAC6
inhibitor, or ACY-1215, an HDAC6 inhibitor, dissolved in DMSO.
The cells were treated with 0.1 μM tubastatin A (ApexBio
Technology, USA) or ACY-1215 (ApexBio Technology, USA). The
health of cells treated with tubastatin A or ACY-1215 was not
significantly different from that of the vehicle-treated control cells,
as determined using the TUNEL assay.

Quantitative real-time PCR
Total RNA was extracted from iPSC-derived striatal GABAergic
neurons using the RNeasy Micro Kit (Qiagen, Germany) according
to the manufacturer’s instructions. The quantity and purity of the
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RNA were assessed using a Nanodrop spectrophotometer. The
RNA was reverse-transcribed using a First-Strand cDNA synthesis
kit (Thermo Scientific, Carlsbad, CA, USA), and quantitative (q)PCR
was performed using Fast SYBR Green PCR Master Mix. The
primers used in this study were as follows: HDAC6: 5′-CGG
AGGGTCCTTATCGTAGA-3′ and 5′-GTAGCGGTGGATGGAGAAAT-3′;
β-actin: 5′-AGCAGAAGTGCGAAGAGGAGGTC-3′ and 5′-GGAAAGA
AAGTGCGTTGTGCGGTAG-3′. The ratio of the expression of the
gene of interest and the expression of β-actin as a housekeeping
gene was calculated using the ΔΔCT method.

Statistical analysis
All statistical analyses were performed and all graphical repre-
sentations were produced using GraphPad Prism 7.0 software. The
data are expressed as the mean ± SEM unless otherwise specified.
Structural plasticity parameter data (dendrite length, dendrite
branches, and dendritic spine) and immunofluorescence data
were tested for normality, both as crude data. Differences
between vehicle and ketamine exposure conditions were analyzed
using one-way or two-way analysis of variance followed by
Bonferroni’s post hoc test for multiple comparisons. Each
measurement was assessed at least in triplicate. P < 0.05 was
considered significant.

RESULTS
Characterization of iPSC-derived MSNs
Using an iPSC line derived from the fibroblasts of a healthy male,
we obtained enriched striatal GABA neurons by combining PUR
with SHH. These neurons passed through the four developmental

stages of brain development (Fig. 1a). We measured dendrite
outgrowth and observed that the dendrites of the neurons
rapidly expanded during development (Fig. 1b). Costaining for
DARPP32 and TUJ1 (Fig. 1c) and for MSN and pan-neuronal
markers revealed that TUJ1+ cells accounted for 90% of the
total cell population, while DARPP32+ and TUJ1+ cells
accounted for 85% of TUJ1+ cells (Fig. 1d). Mature MSNs secrete
inhibitory neurotransmitters (GABA). To determine whether the
DARPP32+ and TUJ1+ cells expressed GABA, we stained these
cells with DARPP32, GAD65/67, and GABA antibodies and
observed that DARPP32+ and GAD65/67+ neurons both expressed
GABA (Fig. 1c). These findings illustrate that this system is a
suitable tool for studying the effects of ketamine on GABAergic
neurons.

Ketamine exposure inhibits dendrite extension and branching of
MSNs
To test the effects of ketamine on striatal GABA neurons, neurons
were plated in a dish for 24 h and exposed to various doses of
ketamine ranging from 1 to 500 μM for 1, 8, or 24 h (Fig. 2a). After
exposure to ketamine, the culture medium containing ketamine
was replaced with ketamine-free medium. We cultured ketamine-
exposed neurons in ketamine-free medium for an additional 48 h
and fixed and stained the cells to assess dendrites and spines.
Neurons from both the vehicle and ketamine groups exhibited
radially extended dendrites and formed complex, branching
dendritic structures (Fig. 2b). We observed that ketamine affected
the growth and branching of the dendrites of GABA+ and TUJ1+

MSNs in a dose- and time-dependent manner (Fig. 2c). Exposure
to various concentrations of ketamine for a short period did not

Fig. 1 Differentiation and characterization of striatal GABA neurons. a Schematic overview of differentiation strategies involving a four
developmental stage protocol used to obtain striatal MSNs. b Quantitative assessment of dendritic development in terms of total dendritic
length and dendrite number after cell plating (n= 10). c Immunofluorescence images of markers of various stages of differentiation. TUJ1,
DARPP32, GABA, and GAD65/67 were used to stain striatal GABA neurons, and DAPI was used to stain the nucleus. Scale bar= 50 μm.
d Quantification of the expression of markers of various differentiation stages. Efficiencies are presented as the percentage of positive cells ±
SEM in all fields counted (n= 3). EB embryoid body, NE neurosphere, SHH sonic hedgehog, PUR purmorphamine, MSNs medium
spiny neurons.
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affect dendritic growth (Fig. 2d). However, dendritic length and
dendritic number were significantly reduced in the group exposed
to 500 μM ketamine for 8 h compared to the vehicle group
(Fig. 2e). Exposure to 50, 100, or 500 μM ketamine for 24 h also
significantly decreased dendritic growth (Fig. 2f). Consistent with
the data from iPSC-derived MSNs, 24 h of exposure to 100 μM
ketamine, but not 10 μM ketamine, also reduced dendritic growth
of H9-derived MSNs (Supplementary Fig. S1a, b). Ketamine
exposure decreased the percentage of MSNs in a time- and
dose-dependent manner (Fig. 2c). Thus, we hypothesized that
ketamine exposure might specifically induce apoptosis of MSNs.
To assess apoptosis of MSNs, the cells were subjected to
TUNEL staining before immunostaining with GABA+ and TUJ1+

antibodies (Fig. 3a). We found that apoptosis of MSNs was
significantly higher in the group exposed to 500 μM ketamine for
8 h or 24 h than in the vehicle group (Fig. 3b), while exposure to
50 or 100 μM ketamine for different times (1, 8, or 24 h) did not
specifically reduce the percentage of MSNs (Fig. 3c). Overall, these
data indicate that ketamine exposure affects the dendritic growth
and branching of MSNs but does not specifically induce MSN
death.

Ketamine exposure delays maturation of the dendritic spines of
MSNs
Dendritic spines, bulbous protrusions that form synapses with
other neurons, are the primary indicators or neuronal maturation.
To investigate the impact of ketamine on the maturation of MSNs,
we analyzed the dendritic spine density of MSNs following
ketamine exposure. We exposed neurons to 1–500 μM ketamine
for 1, 8, or 24 h and then cultured them in fresh ketamine-free
media culture for an additional 48 h. After fixation and staining
with GABA and TUJ1 antibodies, we examined dendritic spines by
high-resolution scanning microscopy and counted the shafts of
the dendritic protrusions (Fig. 4a). Our data revealed that the spine
density of the group exposed to 500 μM ketamine for 1 h was
lower than that of the vehicle group (Fig. 4b). The number of
dendritic spines was significantly decreased in the groups
exposed to 100 and 500 μM ketamine for 8 h compared to the
vehicle group (Fig. 4c). Furthermore, exposure to 50, 100, and 500
μM ketamine for 24 h dramatically decreased dendritic spine
density (Fig. 4d). Consistent with the data from iPSC-derived
neurons, 24 h of exposure to 100 μM ketamine, but not 10 μM
ketamine, also reduced the spine density of immature H9-derived

Fig. 2 Effects of ketamine on MSN dendritic growth. a Schematic and timeline of the experiments. b Representative images of selective
markers of striatal MSNs. Color legend: green, GABA; red, TUJ1; blue, DAPI. Scale bar= 50 μm. c Comparison of the morphology of MSNs in the
vehicle and ketamine groups after 1, 8, and 24 h of exposure. The box shows magnified and traced neurons in each group. Scale bar= 50 μm.
d–f Morphometric assessment of MSNs 48 h after ketamine (1–500 μM) or vehicle treatment for 1 h (d), 8 h (e), or 24 h (f). Two structural
plasticity parameters were measured, namely, total dendritic length and dendrite number. In all panels, the data are expressed as the mean ±
SEM; ns not significant; *P < 0.05 vs. the vehicle group.
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MSNs (Supplementary Fig. S1c, d). Taken together, these results
demonstrate that ketamine treatment blocks or delays dendritic
maturation in MSNs.

Ketamine induces HDAC6 inhibition, mediating aberrant dendritic
maturation in MSNs
HDAC6, a cytoplasmic deacetylase enzyme, deacetylates α-tubulin,
stabilizing assembled microtubules during dendritic extension
[25]. Immunostaining of MSNs with an HDAC6 antibody showed
that HDAC6 localized to the cytoplasm, but not the nuclei, of
GABA+ and TUJ1+ MSNs (Fig. 5a). To detect the transcription and
protein expression of HDAC6 and the level of acetylated α-tubulin
after exposure to ketamine, we detected mRNA levels by RT-PCR
and protein expression by Western blotting. The expression of
HDAC6 was dose-dependently decreased, while the acetylation
of α-tubulin was increased, in response to ketamine exposure for
24 h (Fig. 5b, c). RT-PCR analysis showed that 100 μM ketamine
exposure mediated significant decreases in the mRNA levels of
HDAC6 (Fig. 5d). HDAC6 shuttles between the nucleus and
cytoplasm under different stimuli [26]. We assessed HDAC6 levels
in the cytoplasm and nucleus by Western blotting after isolation of
cytoplasmic and nuclear protein fractions (Fig. 5e) and observed
that cytoplasmic HDAC6 expression was significantly decreased in
the ketamine-treated group compared to the vehicle group
(Fig. 5f). In contrast, nuclear HDAC6 expression in the ketamine-
exposed group was significantly higher than that in the control
group (Fig. 5g).
To evaluate the role of HDAC6 in dendritic and spine growth in

iPSC-derived MSNs, we exposed these neurons to tubastatin A, a
highly selective HDAC6 inhibitor, or ACY-1215, an HDAC6 inhibitor,
for 24 h (Fig. 5h). We analyzed dendritic and spine growth by
costaining with GABA and TUJ1 antibodies (Fig. 5i). Total dendritic
length, the number of dendritic branches, and spine density in
immature MSNs were significant reduced in the tubastatin A and

ACY-1215 groups compared to the vehicle group (Fig. 5j, k). The
effects of tubastatin A and ACY-1215 on the dendrites and spines
of MSNs were nearly identical to those of ketamine (Fig. 5k).
Collectively, these results reveal that ketamine inhibits and
induces the translocation of HDAC6 from the cytoplasm to the
nucleus, which is mediated by hyperacetylation of α-tubulin,
eventually reducing the dynamic flexibility of microtubules and
impairing the dendritic growth of MSNs.

The effect of a single dose of ketamine on the maturation of MSNs
is transiently and reversibly mediated via HDAC6
Ketamine exposure delays or inhibits dendritic growth and spine
maturation in MSNs. However, whether a single dose of ketamine
exerts a long-term effect on human MSNs is unknown. To answer
this question, we assessed dendritic growth in GABA+ and TUJ1+

MSNs 35, 40, and 45 days after a single exposure to ketamine
(Fig. 6a, b). Our data revealed that exposure to an apoptotic dose
(500 μM) of ketamine had long-term effects on MSNs that lasted
for 15 days and that the total dendritic length and number of
primary dendrites in 500 μM ketamine-treated MSNs were still
lower than those in the control group at day 45 (Fig. 6c–e).
However, the effect of exposure to nonapoptotic doses (50 or 100
μM) of ketamine on MSNs was diminished by 45 days (Fig. 6e). The
lower the dose of ketamine, the shorter its effect on MSNs. These
data indicate that the effect of exposure to a low dose of ketamine
on MSNs is both transient and reversible.
To further examine whether exposure to a single dose of

ketamine exerts long-term effects on HDAC6 and α-tubulin
acetylation in MSNs, we detected the levels of HDAC6 and α-
tubulin acetylation in both the total and cytoplasmic/nuclear
protein fractions by Western blotting (Fig. 6f). The results showed
that exposure to a single dose (100 μM) of ketamine significantly
decreased the total expression of HDAC6 and that this decrease
lasted for ~5 days, at which point the expression of HDAC6

Fig. 3 Assessment of MSN apoptosis after ketamine exposure. a Immunofluorescence images of TUNEL staining. The box show TUNEL-
positive cells costained with GABA, TUJ1, and DAPI. b Comparison of MSN apoptosis between the vehicle group and ketamine groups after 8
and 24 h of exposure. Scale bar= 50 μm. c Quantification of apoptosis of GABA neurons and the percentage of GABA- and TUJ1-positive
neurons in each group (n= 10). The data are expressed as the mean ± SEM; ns not significant; *P < 0.05 vs. the vehicle group.
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increased. Changes in acetylated tubulin levels were inversely
correlated with changes in HDAC6 expression in MSNs (Fig. 6g).
Cytoplasmic levels of HDAC6 in MSNs were also decreased in a
time-dependent manner after exposure to a single dose of
ketamine, while nuclear HDAC6 expression increased until day 45
(Fig. 6h, i). In summary, the effects of a single dose of ketamine on
MSNs are reversible and lasts for at least 10 days, and these effects
may depend on a decrease in HDAC6 or translocation of HDAC6
into the nucleus, leading to decreased deacetylation of α-tubulin
in MSNs.

DISCUSSION
Using in vitro models of human iPSC-derived striatal MSNs, we
demonstrated that a single exposure to ketamine time- and dose-
dependently impaired morphological development, as deter-
mined by reductions in dendritic growth, dendrite number, and
dendritic spine density. Decreases in HDAC6 expression or
mislocalization of HDAC6 induced by ketamine resulted in
hyperacetylated α-tubulin, leading to increased stability of

microtubules and delayed dendritic growth in MSNs. Furthermore,
the effect of a single exposure of ketamine on MSNs was
reversible and lasted for a limited period, and these effects may
have been dependent on decreases in HDAC6 levels or transloca-
tion of HDAC6, which consequently increased the stability of
microtubules and delayed dendritic growth in MSNs. The current
study investigated the role of HDAC6 and ketamine’s impact on
the morphological development of MSNs, and our results suggest
that failure of HDAC6 to regulate deacetylation of α-tubulin may
contribute to ketamine-induced impairment of dendritic growth
in MSNs.
Ketamine is a desirable anesthetic drug that is commonly used

in infants and young children [27]. Clinically, ketamine levels in the
cerebrospinal fluid reach ~100 μM for anesthesia induction and
15–20 μM for maintenance of anesthesia [28–30]. Neural toxicity
of ketamine has been reported in both human and mouse
neurons following exposure to concentrations of 100–500 μM for
6–24 h [31–33]. Recent studies reported that the total dose of
propofol can be reduced by the addition of ketamine, leading to
stable hemodynamics and faster postanesthetic recovery

Fig. 4 Effects of ketamine on dendritic spine maturation in MSNs. a Representative images and enlarged insets showing isolated dendritic
branches from GABA- and TUJ1-positive neurons used to analyze dendritic spines. Scale bar= 10 μm. b–d Comparison of dendritic spine
morphology in the vehicle group and the groups treated with various doses of ketamine or for 1 h (b), 8 h (c), and 24 h (d). Scale bar= 5 μm.
Morphometric assessment of the number of dendritic spines observed in each group. The data are expressed as the mean ± SEM; *P < 0.05 vs.
the vehicle group.
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Fig. 5 HDAC6 dysfunction mediates aberrant dendritic maturation in MSNs. a Immunofluorescence labeling of HDAC6 in GABA+ and
TUJ1+ MSNs. Scale bar= 10 μm. b Cultured MSNs treated with various doses of ketamine or vehicle for 24 h were subjected to Western
blotting with antibodies against total HDAC6, acetyl-α-tubulin and α-tubulin. β-Actin was used as an internal reference. c The expression of
total HDAC6 and acetyl-α-tubulin was calculated (n= 3). d Quantitative real-time PCR (RT-PCR) analysis of HDAC6 expression in the 100 μM
ketamine-treated and vehicle groups (n= 3). e Cultured MSNs treated with 50 or 100 μM ketamine or vehicle for 24 h were subjected to
Western blotting with antibodies against HDAC6. α-Tubulin was used as a control for cytoplasmic proteins, while H3 was used as a control for
nuclear proteins. The expression of HDAC6 in the cytoplasmic (f) and nuclear (g) fractions was calculated. h Schematic and timeline of the
experiments. i Comparison of MSN morphology between the vehicle group, HDAC6 inhibitor (tubastatin A and ACY-1215)-treated groups, and
ketamine (100 μM)-treated group. The concentrations of tubastatin A and ACY-1215 were 0.1 μM. Scale bar= 10 μm. j Comparison of MSN
spines in each group. Scale bar= 5 μm. k Morphometric assessment of dendritic length, dendrite number, and dendritic spine density. The
data are expressed as the mean ± SEM; ns not significant; *P < 0.05 vs. the vehicle group.
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Fig. 6 Lasting effect of a single dose of ketamine on dendritic growth in MSNs. a Schematic and timeline of the experiments.
Morphological analyses were performed on days 35, 40, and 45 after exposure to ketamine. b Comparison of MSN morphology between the
vehicle- and ketamine-treated groups. The box shows magnified and traced neurons in each group. Scale bar= 50 μm. c–e Morphometric
assessment of MSNs was performed on day 35 (c), day 40 (d), and day 45 (e) after ketamine treatment. Two structural plasticity parameters
were measured, namely, total dendritic length, and dendrite number. f Cultured MSNs treated with 100 μM ketamine or vehicle for 24 h were
subjected to Western blotting with antibodies against total HDAC6, acetyl-α-tubulin and α-tubulin at different time points. β-Actin was used as
an internal reference. g The expression of total HDAC6 and acetyl-α-tubulin was calculated (n= 3). h Cultured MSNs treated with 100 μM
ketamine or vehicle for 24 h were subjected to Western blotting with antibodies against HDAC6. α-Tubulin was used as a control for
cytoplasmic proteins, while H3 was used as a control for nuclear proteins. i The expression of HDAC6 in the cytosol and nucleus was
calculated. The data are expressed as the mean ± SEM (n= 3); *P < 0.05 vs. the vehicle group.
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following both short and long surgeries in pediatric patients
[34, 35]. Moreover, ketamine provides effective analgesia [36] and
safe sedation [37] in children with acute life-threatening injuries.
These studies indicate that ketamine can be used at higher doses
for longer durations in children. Our results show that only high
concentrations of ketamine or long exposure to the drug increases
apoptosis of MSNs, suggesting that ketamine may be relatively
safe for routine clinical use. However, single exposure to 100 μM
ketamine for 8 or 24 h delayed dendritic outgrowth, indicating
that it may damage the developing brain upon overdose or long-
term use in children.
Previous studies have demonstrated that GABAergic neurons are

vulnerable to ketamine exposure due to their higher frequency of
firing than pyramidal neurons [38]. A single dose of 0.01 μg/mL
ketamine impairs dendritic arbor development in GABAergic
interneurons, including dendritic retraction and branching point
elimination [10]. During cortical maturation, ketamine exposure
persistently affects the integration of GABAergic neurons by
reducing their survival and differentiation [11, 39], further affecting
the establishment of neuronal networks. Ketamine also acts as a
potent caspase-3 activator in immature GABAergic neurons [40],
indicating that ketamine might induce apoptosis of GABAergic
neurons. In the current study, we demonstrated that ketamine
decreases growth and branching of dendrites in a dose- and time-
dependent manner but does not specifically induce death of MSNs.
Early exposure to general anesthetics can alter the number of

dendritic spines, and these effects depend on the stage of brain
development [41, 42]. Application of 100mg/kg ketamine to
neonatal mice decreases dendritic spine density in the hippocampal
CA1 region [43]. Moreover, ketamine reduces the number and
length of dendritic spines in cultured rat hippocampal neurons in a
dose-dependent manner [44]. Consistently, we found that ketamine
reduced the dendritic spine density of immature MSNs in a time-
and dose-dependent manner. Moreover, reductions in total
dendritic length, the number of dendritic branches, and dendritic
spine density indicate the structural plasticity and maturation of
neurons [45]. These findings suggest that morphological maturation
of MSNs is negatively regulated in response to ketamine.
HDAC6 regulates synaptic activity and is involved in neural

development and neurodegenerative diseases. Unlike other HDACs,
HDAC6 primarily resides in the cytoplasm and modulates a variety of
nonhistone substrates [46]. α-Tubulin, one of the building blocks of
microtubules, is a substrate of HDAC6 [47]. Stable microtubules are
acetylated in neurons. HDAC6 inhibition reduces the growth rate of
microtubules [25, 48] and slows axonal growth [49]. Sheu et al.
observed a similar phenomenon in newly generated neurons in
mice; dysfunction of HDAC6 led to hyperacetylation of α-tubulin and
resulted in reduced dendritic growth after ischemia [50]. Our results
showed that HDAC6 was primarily localized in the cytoplasm of
MSNs. Translocation of HDAC6 to the nucleus and decreases in
HDAC6 levels in response to ketamine exposure may have
contributed to the hyperacetylation of α-tubulin. In addition,
pharmacological suppression of HDAC6 reduced the growth of
MSN dendrites and spines. Thus, altering microtubule stability and
dynamics after HDAC6 inhibition is involved in ketamine-induced
impairment of dendritic and spine growth in MSNs.
We found that the impact of ketamine was reversible and lasted

for a limited period of time. Furthermore, the reversible changes in
acetylated tubulin levels were inversely correlated with changes in
HDAC6 expressing in MSNs. These findings suggest that HDAC6
activity is necessary for dendritic growth in MSNs. The changes in
acetylated tubulin levels after HDAC6 inhibition may explain the lack
of dendritic growth and spine density induced by ketamine
exposure. However, other cellular mechanisms might synergistically
regulate ketamine’s effects on the dendrites and spines of MNSs. For
example, previous reports indicate that the downregulation of GSK-
3β rescues ketamine-induced neurotoxicity by preventing neurite
degeneration [51]. Activation of the RhoA/Rho-associated kinase

(ROCK) signaling pathway is involved in dendritic spine loss and
shortening in hippocampal neurons after ketamine treatment [44].
Finally, how ketamine exposure decreases HDAC6 expression and
the association between ketamine and the HDAC6/α-tubulin path-
way and other pathways in MSNs need to be further clarified.
iPSCs are heterogeneous [52, 53]. We used MSNs derived from

iPSCs from a healthy male and H9 cells to examine the effects of
ketamine on dendrites and spines. However, our findings do not
necessarily indicate that ketamine universally affects the growth of
dendrites and spines. Therefore, exploring ketamine’s effects on
MSNs from other iPSC lines with different origins, including
lymphocytes and epithelia, is necessary. The loss of GABAergic
projection neurons is a pathological characteristic of Huntington’s
disease (HD) [54]. Administration of intermediate or high doses of
ketamine to HD patients exacerbate the symptoms of the patients
[20]. Elucidating the effect of ketamine on developing or mature
MSNs in HD patients might provide more insight into ketamine’s
role in MSN pathology and development. GABAergic neurons and
glutamatergic neurons act in coordination to regulate excitability
in the human brain. In this study, we did not examine the effects
of ketamine on glutamatergic neurons. Exposure to sub-anesthetic
doses of ketamine increases dendritic spine density and dendritic
arborization in mature human dopaminergic neurons [55]. These
data imply that ketamine affects the development of both
GABAergic neurons and glutamatergic neurons. However, keta-
mine’s effects on glutamatergic neuronal development remain
unclear. In the future, exploring ketamine’s effects on glutama-
tergic neurons derived from iPSCs might provide more insight into
ketamine’s role in developing and mature human neurons.
In conclusion, exposure to a single dose of ketamine impaired

the morphological maturation of MSNs in both a dose- and time-
dependent manner, reducing dendritic growth, dendrite number,
and dendritic spine density. Inhibition of HDAC6 and its aberrant
nuclear translocation induced by ketamine mediated hyperacety-
lation of α-tubulin, which may have reduced the dynamic
flexibility of microtubules and ultimately delayed dendritic growth
in MSNs. Moreover, the reduction in HDAC6 expression, nuclear
translocation of HDAC6 and hyperacetylation of α-tubulin were
reversible, suggesting that the effects of ketamine on dendritic
growth in MSNs are transient. Our findings reveal that HDAC6 is
a regulator of ketamine-induced impairment of dendritic and
spine growth in human MSNs and new intervention pathways and
targets underlying the preventive and treatment effects of
ketamine are expected to be identified in the clinic.
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