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Abstract
The neonatal exposure to general anesthetics has been associated with neuronal apoptosis and dendritic spines morphologic
changes in the developing brain. Ketamine, a noncompetitive N-methyl-D-aspartate (NMDA) receptor antagonist, is widely used
in pediatric patients to induce general anesthesia, analgesia, and perioperative sedation. In the present study, we investigated
short- and long-term effects of a single ketamine (20 mg/kg, s.c.) neonatal exposure at postnatal day 7 in rats on the hippocampal
and frontal cortical cellular viability. Additionally, putative neurochemical alterations and neurobehavioral impairments were
evaluated in the adulthood. Ketamine neonatal administration selectively decreased cellular viability in the hippocampus, but not
in the frontal cortex, 24 h after the treatment. Interestingly, a single ketamine neonatal exposure prevented the vulnerability to
glutamate-induced neurotoxicity in the frontal cortex of adult rats. No short- or long-term damage to cellular membranes, as an
indicative of cell death, was observed in hippocampal or cortical slices. However, ketamine induced a long-term increase in
hippocampal glutamate uptake. Regarding behavioral analysis, neonatal ketamine exposure did not alter locomotor activity and
anxiety-related parameters evaluated in the open-field test. However, ketamine administration disrupted the hippocampal-
dependent object recognition ability of adult rats, while improved the motor coordination addressed on the rotarod. These
findings indicate that a single neonatal ketamine exposure induces a short-term reduction in the hippocampal, but not in cortical,
cellular viability, and long-term alterations in hippocampal glutamate transport, improvement on motor performance, and short-
term recognition memory impairment.
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Introduction

The acute and long-term consequences of children exposure to
general anesthetics remain a debatable issue. On one side,
there is the concern regarding the potential risks of
anesthetic-induced brain damage, mainly in early stages of
central nervous system (CNS) development (Davidson
2011). On the other hand, it is noted that the use of anesthetics
in major surgery is obligatory and beneficial against pain and
stress, which are also per se harmful to neurodevelopment
(Yan and Jiang 2014). Preclinical studies have associated the
exposure to these drugs with some degree of neuronal apopto-
sis and changes in morphology of dendritic spines in the de-
veloping brain (Briner et al. 2010; Yon et al. 2005).
Additionally, clinical evidence shows that children up to
2 years old subjected to procedures requiring anesthesia could
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display some persistent neurobehavioral impairments such as
attention-deficit//hyperactivity disorder and learning disabil-
ities (Flick et al. 2011; Sprung et al. 2012). These effects have
been reported for most of the volatile anesthetics as well as for
ketamine and propofol (Davidson 2011).

Ketamine (6)-2-(2-chlorophenyl)-2-(methylamino)cyclo-
hexanone, a noncompetitive glutamate N-methyl-D-aspartate
(NMDA) receptor antagonist, is widely used in pediatric pa-
tients to induce general anesthesia, analgesia, and periopera-
tive sedation (Yan and Jiang 2014). Ikonomidou et al. (1999)
first described the link between NMDA receptor antagonism
and neurotoxicity in the early stages of CNS development.
NMDA receptors are involved in the regulation of dendritic
growth, neuronal development, and circuit establishment by
mediating synaptic activity (Gambrill and Barria 2011).

Current findings suggest that ketamine-induced neurotoxic-
ity presents a dose- and time-dependent profile. For instance,
apoptosis was found in the frontal cortex and hippocampus of
postnatal day (PND) 7 rats that received 5 or 6 ketamine injec-
tions at a dose of 20 mg/kg (Soriano et al. 2010; Zou et al.
2009). Moreover, persistent cognitive deficits were observed
both in PND7 rats subjected to repetitive administration of ke-
tamine and in PNDs 5 and 6 Rhesus monkeys exposed to intra-
venous ketamine anesthesia for 24 h (Huang et al. 2012; Paule
et al. 2011). However, the effects of a single dose of ketamine
on the CNS in development and its possible long-term function-
al and neurobehavioral impairments remain unclear.

Therefore, this study aimed to investigate the cellular via-
bility, functionality, and putative susceptibility to glutamate
excitotoxicity of hippocampus and frontal cortex of neonatal
rats (PND7) exposed to a single dose of ketamine (20 mg/kg)
in a short- and long-term evaluation. In addition, neurobehav-
ioral parameters related to anxiety, spatial short-term memory,
and locomotor activity were evaluated in adulthood.

Material and Methods

Animals

All experimental procedures involving the animals were per-
formed in accordance with National Institute of Health Guide
for the Care and Use of Laboratory Animals (NIH
Publications, 8th edition, 2011) and were designed to mini-
mize suffering and limit the number of animals used. The
experiments were performed after approval of the protocol
by the local Institutional Ethics Committee for Animal
Research (CEUA/UFSC PP955). Dams were monitored, and
the day of birth of pups noted. Wistar rat pups (from the
Federal University of Santa Catarina breeding colony) were
randomly assigned to treatment groups and were maintained
with their dams in sets of four females and four males at
PND2. On PND7, rats were randomly assigned to saline or

ketamine groups. For all experimental interventions, care was
taken to minimize the duration of maternal separation and
handling of pups, and this was the same for both control and
treatment groups. The animals were maintained in an air-
conditioned room at 22 ± 2 °C on a 12 h light/dark cycle
(lights on at 7:00 a.m.). Rats were housed to a maximum of
6 in plastic cages with food and water ad libitum, with pups
weaned into same-sex cages at PND21, and maintained until
PND65. All manipulations were carried out between 9:00 and
16:00 h.

Experimental Design

The experimental protocol conducted in the present study is
summarized in Fig. 1. Rats were divided in two groups, saline
and ketamine. Animals at PND7 received saline (0.9% NaCl,
vehicle, 10 mL/kg) or ketamine (20 mg/kg, 10 mL/kg) by
subcutaneous route using a 0.3-mL syringe with a 30-gauge
needle. Animals were returned to their dam after injection.
Two protocols were carried out independently: short- and
long-term protocols. In the short-term protocol (n = 3–4 ani-
mals per group), the rats were killed by decapitation 24 h after
saline or ketamine injection (PND8) (Fig. 1a). Moreover, rats
from long-term protocol (10 animals per group) were main-
tained with their dam until weaning and subjected from
PND60 to behavioral tests. At PND65, the animals were killed
by decapitation (Fig. 1b). Hippocampi and frontal cortices
were removed in both protocols and the biochemical analyses
were performed.

Chemicals

(RS)-2-(2-chlorophenyl)-2-methylamino-cyclohexan-1-one
(ketamine hydrochloride) and 3-(4,5-dimethylthiazol-2-yl)-
2,5 diphenyltetrazolium bromide (MTT) were obtained from
Sigma-Aldrich Chemical Co (MO, USA). L-[3H]glutamate
(31.0 Ci/mmol) was obtained from GE-Healthcare (UK). All
other reagents were of analytical grade.

Biochemical Analyses

Preparation and Incubation of Hippocampal and Frontal
Cortical Slices

Hippocampi and frontal cortices were placed in an ice-cold
Krebs–Ringer bicarbonate buffer (KRB) containing the fol-
lowing, in mM: 122 NaCl, 3 KCl, 1.2 MgSO4, 1.3 CaCl2,
0.4 KH2PO4, 25 NaHCO3, and 10 D-glucose. The buffer
was bubbled with 95% O2–5% CO2 up to pH 7.4 (Dal-Cim
et al. 2013). Slices (0.4 mm) were prepared using a McIlwain
Tissue Chopper, separated in KRB at 4 °C, using a soft brush.
Immediately after sectioning, slices were transferred to a 24-
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well plate and were maintained in KRB at 37 °C for 30 min to
recover from slicing trauma (pre-incubation period).

Glutamate Toxicity

A previously established protocol of evaluation of glutamate
toxicity in vitro was used (Ludka et al. 2016; Molz et al. 2011;
Molz et al. 2009). After pre-incubation period, slices were
exposed to 10 mM glutamate (in KRB) for 1 h. The medium
was then removed, and slices were maintained during 4 h in
nutritive incubation medium (NIM) composed of 50% KRB,
50% Dulbecco’s modified Eagle’s medium (DMEM, Gibco),
20 mM HEPES, at 37 °C in a CO2 atmosphere. The slices
corresponding to the control groups were incubated only in
KRB solution for 1 h and then maintained in the NIM, to
preserve slice viability in a medium similar to the physiolog-
ical conditions.

Cellular Viability

The ability of cells to reduce MTTwas used to determine the
cellular viability as previously described (Mosmann 1983).
Slices from hippocampus and frontal cortex were incubated
with MTT (0.5 mg/mL) in KRB for 30 min at 37 °C. The
tetrazolium ring of MTT can be cleaved by active dehydroge-
nases to produce a precipitated formazan which reduction can
be used as an index of cellular viability. The medium was
withdrawn and precipitated formazan was solubilized with
dimethyl sulfoxide (DMSO) and quantified spectrophotomet-
rically at a wavelength of 540 nm.

Propidium Iodide Incorporation

Propidium iodide (PI) incorporation is a parameter to evaluate
cellular membrane damage as an indicative of cell death. Cell
damage was assessed by evaluating the uptake of the fluores-
cent exclusion dye, PI, which is a polar compound that enters
only cells with damaged membranes. Once inside the cells, PI
complexes with DNA and emits an intense red fluorescence
(630 nm) when excited by green light (495 nm). Hippocampal
and frontal cortical slices were prepared and incubated with PI
(7 μg/mL) for 30min at 37 °C, and then washed with KRB for
analysis on fluorescence microplate reader (TECAN)
(Piermartiri et al. 2009).

L-[3H]Glutamate Uptake

L-[3H]glutamate uptake into hippocampal and frontal cortical
slices was evaluated as previously described (Molz et al.
2009). Slices were prepared and incubated in KRB for
30 min at 37 °C in order to normalize to physiological condi-
tions. Hippocampal and frontal cortical slices were then
washed for 15 min at 37 °C in a Hank’s balanced salt solution
(HBSS), composition in mM: 1.29 CaCl2, 136.9 NaCl, 5.36
KCl, 0.65 MgSO4, 0.27 Na2HPO4, 1.1 KH2PO4, and 5
HEPES. Uptake was assessed by adding 0.33 μCi/
mL L-[3H]glutamate in the presence of 100 μM unlabeled
glutamate in a final volume of 300 μL. Incubation was
stopped immediately after 7 min by discarding the incubation
medium, and slices were submitted to two ice-cold washes
with 1 mLHBSS. Slices were solubilized by adding a solution

Fig. 1 Schematic representation of experimental procedure protocols.
Rats at PND7 received saline or ketamine at a dose of 20 mg/kg by
subcutaneous route. a Short-term protocol: biochemical analyses in hip-
pocampal and frontal cortical slices were performed 24 h after the

ketamine treatment (PND8). b Long-term protocol: behavioral tests be-
gan at PND60. At PND65, biochemical assays were carried out in the
hippocampal and frontal cortical slices
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with 0.1% NaOH/0.01% SDS and incubated overnight.
Aliquots of slice lysates were taken for determination of the
intracellular content of L-[3H]glutamate by scintillation
counting. Sodium-independent uptake was determined by
using choline chloride, instead of sodium chloride in the
HBSS buffer. Unspecific sodium-independent uptake was
subtracted from total uptake to obtain the specific sodium-
dependent glutamate uptake. Results were obtained and pre-
sented as nmol of L-[3H]glutamate taken up per milligram of
protein per minute.

Protein Measurement

Protein content was evaluated by the method of Lowry et al.
(1951), using bovine serum albumin (Sigma-Aldrich Chemical
Co, MO, USA) as standard.

Behavioral Tests

Behavioral tests were carried out from PND60 to PND64 ac-
cording to the sequence shown in Fig. 1b. All tests were per-
formed between 9:00 and 14:00 h, and theywere scored by the
same rater in an observation sound-attenuated room under
low-intensity light (12 lx), where the rats had been habituated
for at least 1 h before the beginning of the tests. Behavior was
monitored through a video camera positioned above the appa-
ratuses and the videos were later analyzed with the ANY
Maze® video tracking system (Stoelting Co., Wood Dale,
IL, USA). The apparatuses were cleaned with 10% ethanol
between animals to avoid odor cues.

Open Field

Spontaneous locomotor activity was assessed in the open
field apparatus. Rats were placed in the center of a wooden
arena (100 × 100 cm, gray walls and gray floor) and
allowed to freely explore it during 10 min. The total dis-
tance traveled and the average speed as indicators of spon-
taneous locomotor activity. The time spent in the center of
the open field was used as a measure of anxiety-like be-
havior (Walsh and Cummins 1976).

Rotarod

The balance and motor coordination of rats were addressed in
the accelerating rotarod apparatus (Insight Scientific
Equipments, Ribeirão Preto, SP, Brazil). Rotarod apparatus
consists of a grooved metal roller (6 cm in diameter) separated
by 9-cm-wide compartments, elevated 16 cm. First, a habitu-
ation session was performed, in which each rat remained on
the apparatus (absent rotation) for 30 s. Rats were permitted as
many trials as necessary to reach this criterion. Next, a training
session was performed, in which the animals had three trials to

stay for 90 s on the rotating apparatus (5 rpm). Those animals
that were able to perform for 90 s during the training session
were chosen for the experiment. During the test session (per-
formed 30 min after training), the starting speed was 5 rpm
and it was increased by 0.1 rev/s over a maximal period of
300 s, and the latency to fall (in seconds) from the accelerating
rotarod was determined (Jiang et al. 2004).

Novel Object Recognition Task

The short-term recognition memory was addressed in novel
object recognition task, performed as previously described by
Abe et al. (2004). The task consists of three phases: habitua-
tion, training, and test phases. The habituation phase consisted
of 2 days before testing, which all rats were allowed to explore
the open field arena for 15 min once a day. The habituation
phase aims to reduce stress, anxiety, and environmental ex-
ploration of animals on test day. The training and testing
phases occurred 24 h after the last habituation day, during
3 min each, separated by an interval of 30 min to evaluate
the short-term memory. The time spent by animals investigat-
ing each object in both phases was recorded. In the training
phase, rats were exposed to two identical objects (A1 and A2)
for 3 min. These objects were fixed in opposite corners 20 cm
away from walls and 60 cm apart from each other. In the test
phase, rats were exposed for 3 min to one of the familiar
objects and the other was replaced by a new object (B), which
had a similar shape and size with different color.

Statistical Analysis

The results are presented as the mean ± SEM. Comparisons
between saline and ketamine groups were performed by the
Student’s t test. Data from cell viability evaluation were ana-
lyzed by two-way ANOVA followed by post hoc of Newman-
Keuls. Additionally, we used a t test to compare the percentage
of recognition against a hypothetical value of 50% in the novel
object recognition task. Probability values less than 0.05 (P <
0.05) were considered as statistically significant. Statistical
analysis was performed using the GraphPad Prism 6.0
(GraphPad, San Diego, CA, USA) and Statistica 13.0 soft-
ware’s (StatSoft Inc., La Jolla, CA, USA).

Results

Effects of a Single Neonatal Ketamine Exposure
on Cellular Viability Following In Vitro Glutamate
Challenge in the Hippocampus and Frontal Cortex
of Neonatal and Adult Rats

Neonatal rats (PND7) were subjected to ketamine (20 mg/kg,
s.c.), and at PND8, their hippocampi and frontal cortices
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were obtained, sliced, and assessed for cellular viability.
Moreover, the response of the brain slices to glutamate
excitotoxicity also was evaluated. As expected, the hippo-
campal and frontal cortical slices of neonatal rats (PND8)
showed tolerance to glutamate-induced excitotoxicity
(Fig. 2a, b). However, two-way ANOVA revealed a per se
effect of a single ketamine neonatal exposure on the cellular
viability in the hippocampus of these animals [F(1,12) =
28.021; P= 0.0002]. Twenty-four hours after ketamine treat-
ment (PND8), a reduced hippocampal cellular viability as
compared to slices from saline-treated group was observed
(Fig. 2a). On the other hand, cellular viability of the frontal
cortical slices was altered by neither ketamine neonatal treat-
ment nor in vitro glutamate challenge in the short-term pro-
tocol (Fig. 2b).

In contrast, hippocampal and frontal cortical slices ob-
tained from adult rats (PND65) exhibited marked suscep-
tibility to glutamatergic excitotoxicity (Fig. 2c, d). Thus, in
vitro glutamate challenge decreased hippocampal viability
in both control and ketamine-treated groups [F(1,12) =
30.375; P = 0.00005] (Fig. 2c). Two-way ANOVA re-
vealed that a single ketamine neonatal exposure did not
modify the cellular toxicity evoked by glutamate on hippo-
campal slices of adult rats. Furthermore, glutamate also

decreased the cellular viability in the frontal cortices slices
from control (saline-treated) adult rats [F(1,12) = 9.279; P =
0.0082]. The neonatal ketamine treatment did not alter the
cellular viability in comparison to slices from saline-
treated group in PND65. However, a single ketamine neo-
natal exposure (PND7) attenuated the glutamate-induced
decrease on cellular viability in frontal cortical slices ob-
tained from PND65 rats (Fig. 2d).

Effects of a Single Neonatal Ketamine Exposure on PI
Incorporation in the Hippocampus and Frontal Cortex
of Neonatal and Adult Rats

The PI incorporation, which is a marker of damaged cellu-
lar membranes, was evaluated in hippocampal and frontal
cortical slices obtained from neonatal (PND8) and adult
rats (PND65), following ketamine exposure. Student’s t
test indicated that a single neonatal ketamine exposure
did not increase PI incorporation in both hippocampus
and frontal cortex slices obtained from PND8 or PND65
rats (Fig. 3). This is suggestive that a single neonatal keta-
mine exposure does not come with short- or long-term
gross damage in brain slices.

Fig. 2 Cellular viability evaluation in hippocampal and frontal cortical
slices from neonatal and adult rats subjected to a single ketamine neonatal
exposure. Cellular viability at PND8 of a hippocampal and b frontal
cortical slices obtained from saline- or ketamine-treated rats. c

Hippocampal and d frontal cortical slices viability of rats at PND65.
Data are presented as means ± SEM of 4–5 animals per group. *P <
0.05 as compared to control group (two-way ANOVA followed by post
hoc of Newman-Keuls)
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Effects of a Single Neonatal Ketamine Exposure
on L-[3H]Glutamate Uptake in the Hippocampus
and Frontal Cortex of Neonatal and Adult Rats

Figure 4 shows the effects of a single neonatal ketamine
exposure on L-[3H]glutamate uptake into hippocampal
and frontal cortices slices from PND8 and PND65 rats.
Student’s t test indicated that ketamine neonatal exposure
did not alter the Na+-dependent L-[3H]glutamate uptake in
PND8 rats. Regarding adult rats, Student’s t test revealed
that ketamine administration increased hippocampal Na+-
dependent L-[3H]glutamate uptake [t(6) = 3.365; P =
0.015] (Fig. 4c). Ketamine also seems to alter frontal cor-
tical L-[3H]glutamate uptake, although it did not reach
statistical significance (Fig. 4d).

Long-Term Neurobehavioral Effects of a Single
Neonatal Ketamine Exposure

Adult rats subjected to ketamine neonatal treatment
displayed behavioral alterations on the motor performance
and cognitive function. Open field test was carried out in
order to verify putative changes on spontaneously locomo-
tor activity and anxiety-like behaviors of the animals
(PND60). No significant alterations were observed in the
parameters analyzed: total distance traveled, mean speed,
and central time (Table 1). Conversely, Student’s t test in-
dicated significant difference in the rotarod test. A single
ketamine neonatal exposure induced an increase of the la-
tency to fall of rotarod as compared to those of the saline
group (PND62) [t(18) = 2.164; P = 0.044], indicating an im-
provement in the balance and motor coordination (Fig. 5).

Fig. 3 Evaluation of cellular membrane damage due to propidium iodide
(PI) incorporation in hippocampal and frontal cortical slices from neona-
tal and adult rats subjected to a single ketamine neonatal exposure. PI
incorporation in a hippocampal and b frontal cortical slices of rats at

PND8. Cellular membrane damage evaluated in c hippocampal and d
frontal cortical slices from adult rats subjected to a single ketamine neo-
natal exposure. Data are presented as means ± SEM of 3–5 animals per
group (Student’s t test)
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Regarding to the cognitive function, short-term recognition
memory was evaluated by the novel object recognition task, at
PND62. As illustrated in Fig. 6a, the two identical objects (A1
and A2) were equally explored in the training phase.
Remarkably, a significant difference was found between the

percentage of recognition of saline group and hypothetical
value of 50% in the test phase [t(6) = 3.664; P = 0.0105], indi-
cating that these animals spent more time exploring the novel
object. This difference was not observed in the ketamine
group, demonstrating a short-term memory impairment in-
duced by a single ketamine neonatal exposure (Fig. 6b).

Discussion

Our data revealed that a single ketamine administration
(20 mg/kg, s.c.) at PND7 decreased the hippocampal cellular
viability at 24 h after its administration as well as increased
L-[3H]glutamate uptake in this brain structure in the adulthood
(PND65). On the other hand, a single ketamine neonatal

Fig. 4 Evaluation of glutamate uptake into hippocampal and frontal
cortical slices from adult rats subjected to a single ketamine neonatal
exposure. Na+-dependent L-[3H] glutamate uptake in the a hippocampus
and b frontal cortex slices of rats at PND8. c Hippocampal and d frontal

cortical Na+-dependent L-[3H] glutamate uptake in slices from rats at
PND65 subjected to a single ketamine neonatal exposure. Data are
presented as means ± SEM of 3–5 animals per group. *P < 0.05 as
compared to saline group (Student’s t test)

Table 1 Long-term effects of a single ketamine neonatal exposure on
spontaneous locomotor activity and anxiety-like behaviors evaluated in
the open field test

Distance (m) Mean speed (m/s) Central time (s)

Saline 37.89 ± 2.94 0.046 ± 0.004 30.27 ± 8.53

Ketamine 40.68 ± 3.54 0.057 ± 0.007 30.18 ± 6.21

Data are presented asmeans ± SEMof 10 animals per group (Student’s t test)
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administration prevented glutamate-induced excitotoxicity in
the frontal cortex of adult rats. These neural consequences of
ketamine exposure were accompanied by an improvement in
the balance and motor coordination and by short-term recog-
nition memory impairment.

Slices obtained from control neonatal rats (PND8) are less
susceptible to in vitro glutamate challenge than slices from
adult brains, as evidenced by lack of cellular viability reduc-
tion. Glutamatergic receptors and transporter expression are
developmentally regulated, and their immature expression and
distribution in neonatal brain avoid excitotoxic events (Dumas
2005; Hestrin 1992; Yuan and Bellone 2013). In contrast,
developing brain is particularly sensitive to agents reducing
the glutamatergic neurotransmission (e.g., NMDA receptor
antagonists) during synaptogenesis, also known as brain’s
growth spurt (BGS) period. This period begins at mid-
gestation and remains for 2 to 3 years of age in humans and
happens during the first 2 to 3 weeks after birth in rodents (Liu
et al. 2011; Rice and Barone 2000; Sun 2010). During the
BGS period, NMDA receptors are overexpressed and pyrami-
dal neurons of CA1 area show enhanced sensibility (Hamon
and Heinemann 1988). NMDA receptor subunit composition
also suffers changes during the development, leading to mod-
ifications in their functional proprieties (Lecointre et al. 2015).
Additionally, the stage of brain and the dose and/or duration of
exposure are critical factors for neurotoxic action of general
anesthetics (Wang 2012). Moreover, development of CNS
happens heterogeneously in different brain regions, changing
their vulnerability to neurotoxic agents (Zhao et al. 2016).

Corroborating early findings, the current data indicates that
hippocampus and frontal cortex were differentially affected by a
single ketamine exposure at PND7. The hippocampi from neo-
natal rats were susceptible to neurotoxicity induced by ketamine
administration while the frontal cortex was not affected. It is
believed that this regional discrepancy may be linked to
ketamine-induced neurotoxic effects on neuroplasticity and syn-
aptogenesis (Jevtovic-Todorovic et al. 2013; Zhao et al. 2016).

However, this early exposure of frontal cortex to ketamine
resulted in long-lasting changes in this brain region. In fact, it
is interesting to see that a single ketamine neonatal exposure
promoted a preconditioning-like effect against glutamate-
induced toxicity in the frontal cortex. Preconditioning was
firstly described by Janoff (1964) to explain the tolerance
response of an organism to lethal stress induced by prior ex-
posure to low doses of toxic agents or stimuli. Therefore, a
sublethal insult can activate endogenous protective mecha-
nisms, which confer a state of cellular protection against sub-
sequent damaging insults (Constantino et al. 2014). Herein, it
is feasible that ketamine neonatal exposure acted as a sublethal
insult that induced subsequent in vitro glutamate challenge
tolerance in the frontal cortex. Although the increased gluta-
mate uptake seen in frontal cortical slices exposed to ketamine
was not statistically significant, we cannot exclude its contri-
bution to the glutamate tolerance observed herein. Moreover,
ketamine exposure could also be triggering changes in
NMDA subunit density as previously shown. For example,
Lecointre et al. (2015) described an age-dependent vulnerabil-
ity of cerebral cortex to ketamine injection. These authors

Fig. 5 Motor performance evaluation in adult rats subjected to a single
ketamine neonatal exposure. Latency to fall of rod in the rotarod test of
adult rats (PND62) subjected to ketamine neonatal exposure. Data are
presented as means ± SEM of 10 animals per group. *P < 0.05 as
compared to saline group (Student’s t test)

Fig. 6 Short-termmemory evaluation in the novel object recognition task
in adult rats (at PND62) subjected to a single ketamine neonatal exposure.
a Exploration time of the identical objects (a1 and a2) in the training
phase. b Percentage of the novel object recognition in the test phase.
Data are demonstrated as means ± SEM of 6–7 animals per group. *P <
0.05 as compared to hypothetical value of 50% (Student’s t test)
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reported a decrease in the GluN2A-NMDA receptor subunit
expression in cortical layers I to IV, and an increase in all
NMDA receptor subunit expression in deeper layers (V-VI)
24 h after mice were exposed to a single ketamine injection
(40 mg/kg, s.c.) at PNDs 5 and 10, respectively. In this way,
the decrease in cortical GluN2A-NMDA receptor subunit
levels could impair the developmental switch, in which
GluN2B is progressively replaced by GluN2A-NMDA sub-
unit around PND5/6 (Paoletti et al. 2013). Of note, GluN2A-
NMDA receptor subunit may mediate the neuronal survival
(Liu et al. 2007).

Even though ketamine induced hippocampal susceptibility
during neonatal period, no indicative of cellular membrane
damage at PND8 and PND65 were evidenced. This is sugges-
tive that ketamine induced a decrease in hippocampal cellular
metabolic activity which was reversible and did not translate
into cell death.

However, changes in the hippocampal glutamate uptake in
the adulthood were observed after the single neonatal ketamine
exposure. Glutamate uptake was evaluated as an indicative of
short- and long-term glutamatergic neurotransmission func-
tionality or changes following neonatal ketamine exposure.
Hippocampal slices from ketamine-treated rats demonstrated
increased Na+-dependent glutamate uptake. Astrocytic gluta-
mate transporters, GLAST and GLT-1, represent the main glu-
tamate transporters, being their activities essential for mainte-
nance of low extracellular glutamate concentrations and also
favors glutamate turnover to neurons (Robinson and Jackson
2016). Herein, a single neonatal ketamine administration was
effective in increasing glutamate uptake in adult hippocampal
slices, but not in hippocampal slices from young rats (PND8).
However, whether this ketamine-induced change in the hippo-
campal glutamate uptake is linked to avoiding excitotoxic
events, such as chronic receptor activation and their consequent
desensitization, remains to be identified. Nonetheless, this in-
crease in hippocampal glutamate uptake was not sufficient to
prevent exogenous glutamate-induced (in vitro glutamate chal-
lenge) loss of cellular viability. Interestingly, no significant
alterations were observed in cortical glutamate uptake. A re-
cent study showed that repeated ketamine administration
(30 mg/kg for 5 days) promoted an increased synaptic gluta-
mate release in the cortex and a decreased expression of GLT-1
(Lisek et al. 2017), suggesting that glutamate transport alter-
ations may represent a novel mechanism of ketamine actions.
Similarly, we also found alterations in glutamate transport, de-
spite of the differences in ketamine administration protocols
and brain regions affected.

Regarding behavioral analyses, adult rats subjected to a
single neonatal ketamine exposure displayed improvement
on motor performance and short-term recognition memory
impairment. As mentioned previously, the BGS is a specifi-
cally vulnerable period during neonatal brain development in
which novel sensory and motor faculties are acquired and

result in a peak in spontaneous behavior (Bolles and Woods
1964). In this way, changes to the course of the BGS can affect
the structural and functional integrity of different areas at dif-
ferent times with putative consequences for neuronal circuitry
in development and, eventually, translating into behavioral
changes in adulthood (Chen et al. 1999; Olney et al. 2000).

Long-term effects manifested as cognitive deficits and
induction of hyperactive phenotype have also been found
in adult animals after ketamine neonatal exposure
(Fredriksson and Archer 2003; Fredriksson and Archer
2004; Lecointre et al. 2015; Paule et al. 2011). In this
sense, it has been proposed that the repetitive exposure to
anesthetics during the neurodevelopment may increase the
risk of developing attention-deficit/hyperactivity disorder
(ADHD) (Sprung et al. 2012).

In the present study, we demonstrated that the single keta-
mine exposure (20 mg/kg, s.c.) at PND7 induces hyperactivity
assessed by locomotor performance on the rotarod apparatus.
According to our data, hyperlocomotion was also found in
ketamine-treated mice at PND 2 or 10 (Fredriksson and
Archer 2003; Fredriksson and Archer 2004; Lecointre et al.
2015). In addition, Rhodes et al. (2003) have reported that
frontal and sensory cortices are implicated in sensorimotor
integration and coordination during motor control of daily
functional activities and that hippocampus modulates the run-
ning intensity. Thus, the motor alterations here reported could
be, at least in part, related to hippocampal and frontal cortical
susceptibility to a single ketamine neonatal injection observed
at PND8. Nonetheless, other brain areas involved in the reg-
ulation of locomotor activity, such as substantia nigra, puta-
men, caudate, thalamus, and cerebellum, may be also affected
by ketamine neonatal treatment (Ikonomidou et al. 1999;
Young et al. 2005). Moreover, these motor alterations came
without alterations in spontaneous locomotor activity as
assessed in the open field apparatus.

Moreover, acute hippocampal susceptibility promoted by a
single ketamine neonatal administration may be also associat-
ed to short-term memory deficit exhibited by the ketamine
group in the novel object recognition test. Of note, to the best
of our knowledge, this is the first evidence that mnemonic
process in adulthood rat can be impaired by a single ketamine
neonatal exposure at PND7. Additionally, mice subjected to
postnatal ketamine exposure (50 mg/kg, s.c.) at PND10 also
showed cognitive deficits in the radial arm maze and circular
swim maze (Fredriksson and Archer 2004). Persistent cogni-
tive decline following to repetitive neonatal exposure of keta-
mine both in rats and primates already were been described
(Huang et al. 2012; Paule et al. 2011). Lastly, clinical data
indicate the association between the general anesthetics use
in the early life and the appearance of late-onset learning dis-
abilities (Ing et al. 2012; Kalkman et al. 2009).

In conclusion, the current data indicate that a single neonatal
ketamine exposure at PND7 promotes an acute reduction in
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hippocampal, but not in cortical slice viability. It also reveals a
hippocampal susceptibility to glutamate challenge and in-
creased glutamate uptake in adulthood. Moreover, it is sug-
gested that hippocampal and cortical alterations may be linked,
at least in part, with the enhancement of motor performance
and short-term memory impairment in adulthood. Due to these
long-term consequences, a careful evaluation of the benefit/risk
ratio should be realized before the ketamine use in neonates.
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