
ORIGINAL ARTICLE

Neonatal Exposure to Anesthesia Leads to Cognitive Deficits in Old
Age: Prevention with Intranasal Administration of Insulin in Mice

Chun-Ling Dai1 & Hengchang Li1,2 & Xin Hu1
& Jin Zhang1,3

& Fei Liu1
& Khalid Iqbal1 & Cheng-Xin Gong1

Received: 24 February 2020 /Revised: 9 April 2020 /Accepted: 1 May 2020
# Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract
Recent pre-clinical and clinical studies suggest that general anesthesia in infants and children may increase the risk of learning
disabilities. Currently, there is no treatment for preventing anesthesia-induced neurotoxicity and potential long-term functional
impairment. Animal studies have shown that neonatal exposure to anesthesia can induce acute neurotoxicity and long-term
behavioral changes that can be detected a few months later. It is currently unknown whether neonatal exposure, especially
repeated exposures, to general anesthesia can induce or increase the risk for cognitive impairment during aging. Here, we report
that repeated exposures of neonatal mice (P7–9 days old) to anesthesia with sevoflurane (3 h/day for 3 days) led to cognitive
impairment that was detectable at the age of 18–19 months, as assessed by using novel object recognition, Morris water maze,
and fear conditioning tests. The repeated neonatal exposures to anesthesia did not result in detectable alterations in neurobehav-
ioral development, in tau phosphorylation, or in the levels of synaptic proteins in the aged mouse brains. Importantly, we found
that treatment with intranasal insulin prior to anesthesia exposure can prevent mice from anesthesia-induced cognitive impair-
ment. These results suggest that neonatal exposure to general anesthesia could increase the risk for cognitive impairment during
aging. This study also supports pre-treatment with intranasal administration of insulin to be a simple, effective approach to
prevent infants and children from the increased risk for age-related cognitive impairment induced by neonatal exposure to general
anesthesia.

Keywords Developing brain . Anesthesia . Sevoflurane . Insulin . Neuroprotection . Aging

Introduction

Exposure of young animals, including both rodents and non-
human primates, to general anesthesia causes apoptosis
(Brambrink et al. 2012; Creeley et al. 2013; Li et al. 2019a;
Yon et al. 2005; Zou et al. 2011), impaired synaptic

development (Briner et al. 2011; Zou et al. 2011), reduction
of neurogenesis (Kang et al. 2017; Zhu et al. 2010), increased
reactive oxygen species and mitochondrial dysfunction
(Boscolo et al. 2012; Sanchez et al. 2011), and neuroinflam-
mation in the brain (Shen et al. 2013). Anesthesia-induced
neurotoxicity in the immature brain could lead to abnormal
brain development, which may contribute to cognitive impair-
ment in old age (Jevtovic-Todorovic et al. 2013; Paule et al.
2011). Studies have demonstrated that exposure of animals to
anesthesia in the early postnatal period can cause long-term
cognitive dysfunction that is detectable at the young adult age
in rodents (Fredriksson et al. 2004, 2007; Jevtovic-Todorovic
et al. 2003, 2013; Li et al. 2019a; Maloney et al. 2019;
Stratmann et al. 2010). It is not known whether neonatal ex-
posure to anesthesia can increase the risk for cognitive impair-
ment during aging.

Pre-clinical studies have raised concerns about whether the
neurotoxicity and long-term cognitive impairment induced by
early exposure of young animals to general anesthesia also
occur in young children when they have surgery. Millions of
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children prior to the age of 5 years undergo general anesthesia
each year in the USA (Sun et al. 2016a). If exposures to gen-
eral anesthesia cause long-term neurodevelopmental risks in
healthy children, it is urgent to develop an approach to prevent
the side effects of anesthesia in the children. Recently, several
epidemiological studies suggested that multiple exposures to
general anesthesia before the age of 4 years could be detri-
mental to cognitive development and could accelerate cogni-
tive decline in the elderly (Hu et al. 2017; Wilder et al. 2009).
To date, there is no effective treatment that can prevent
anesthesia-induced neurotoxicity and behavioral deficiencies
later in life.

Recent studies have suggested that insulin can regulate
neuronal proliferation and differentiation, promote neurite
outgrowth, prevent neuronal apoptosis, and protect neurons
against oxidative stress (Chen et al. 2014a). Insulin also reg-
ulates neural plasticity and plays an important role in memory
and cognitive function (Blazquez et al. 2014; Zhao et al.
2004). Human clinical trials have shown that intranasal deliv-
ery of insulin, which is safe and bypasses the blood-brain
barrier to deliver insulin directly into the brain (Hanson and
Frey 2008), improves cognitive function in healthy adults
(Benedict et al. 2004, 2007, 2008; Hallschmid et al. 2008;
Krug et al. 2010), in memory-impaired older individuals
(Claxton et al. 2015; Reger et al. 2006, 2008a), and in indi-
viduals in the early stage of Alzheimer’s disease (Claxton
et al. 2013, 2015; Craft et al. 2012, 2017; Reger et al.
2008a,b). Intranasal insulin also ameliorates clinically rele-
vant functional improvement in Parkinson disease patients
(Novak et al. 2019). In recent studies, we found that intranasal
administration of insulin can prevent anesthesia-induced brain
changes and cognitive impairment in adult and aged mice
(Chen et al. 2014b, 2017; Zhang et al. 2016). We also found
that repeated exposures of neonatal mice to sevoflurane led to
acute neuronal apoptosis and to a decrease in brain levels of
postsynaptic density 95 (PSD95) as well as mild behavioral
abnormalities that can be detectable 1–4 months later and that
intranasal administration of insulin prior to anesthesia can
prevent the anesthesia-induced abnormal biochemical chang-
es and cognitive dysfunction (Li et al. 2019a). The present
study was undertaken to investigate whether repeated expo-
sure of neonatal mice to anesthesia with sevoflurane impairs
neurobehavioral development and causes any cognitive dys-
function during aging and whether intranasal administration
of insulin can protect the mice from anesthesia-induced long-
term damages.

Sevoflurane is the most commonly used inhalation anes-
thetic for pediatric anesthesia. In the present study, we found
that exposure of neonatal mice to sevoflurane caused cogni-
tive impairment that was detectable at the age of 18 months
and that pre-treatment with a single dose of intranasal insulin
prevented the anesthesia-induced cognitive impairment dur-
ing aging.

Materials and Methods

Antibodies and Reagents

Primary antibodies used in this study are listed in Table 1.
Humulin R (U-100) was purchased from Eli Lilly Company
(Indianapolis, IN, USA). Chemicals and other reagents were
purchased from Sigma-Aldrich (St. Louis, MO, USA) unless
otherwise noted.

Mice

C57BL/6 mice were initially obtained from the Jackson
Laboratory (New Harbor, ME, USA). The mice were bred in
our air-conditioned animal facility and housed with a 12/12-h
light/dark cycle and with ad libitum access to food and water.
Animal studies were approved by the Institutional Animal
Care and Use Committee (IACUC) of the New York State
Institute for Basic Research in Developmental and
Disabilities (Staten Island, NY, USA) and were conducted
according to the US PHS NIH guidelines.

Animal Treatment

Induction of anesthesia was carried out as previously de-
scribed (Li et al. 2019a). Briefly, neonatal mice at the age of
postnatal (P) day 7 were placed in an anesthesia chamber
(25 cm × 15 cm × 13 cm) filled with 5% sevoflurane in a mix-
ture of O2 and N2 (50/50%). The sevoflurane concentration
was reduced to 3% after a 3-min induction period and main-
tained for 3 h. The air flow rate was 0.9–1.0 l/min during
anesthesia. A small Petri dish of water was placed in the an-
esthesia chamber to maintain moisture. At the end of anesthe-
sia, the sevoflurane was turned off, and the mouse pups were
kept in the same chamber with O2 and N2 to allow their re-
covery from anesthesia, and then the mouse pups were
returned to their parents’ cages. A warm pad was placed in
the anesthesia chamber to maintain the body temperature at
35–36 °C during the procedure. Neonatal mice used as con-
trols were placed in the chamber filled with a mixture of O2

and N2 (50/50%), but with no sevoflurane for the same pe-
riods of time as the anesthetized group. This procedure of
anesthesia was repeated for two more consecutive days.

The neonatal mice received a total of 7.0 μl insulin (0.14 U/
mouse) or saline treatment through intranasal delivery 30 min
before the beginning of each anesthesia (Fig. 1), as previously
reported (Li et al. 2019a). Briefly, the P7–9 mouse pups were
held in a supine position in hand, and 1.0μl insulin or saline was
delivered into the left side nare using a 2.5-μl Eppendorf pipette.
The pups were given 15–20 s to allow the fluid to be taken into
the nose before the administration was repeated six times.

Neonatal mice (P7, male) from various litters were random-
ly assigned into four groups: (1) control (Con) group that
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received intranasal administration of saline instead of insulin
and were not anesthetized, (2) anesthesia (Anes) group that
received intranasal saline followed by anesthesia with
sevoflurane, (3) anesthesia plus insulin (Anes + Ins) group
that received both, and (4) control insulin (Ins) group that
received insulin but not sevoflurane. Mouse pups at the age
of P7 with body weight less than 2.2 g were excluded from the
study. A separate batch of mice randomly grouped into three
groups (Con, Anes, and Anes + Ins) were employed to assess
neurodevelopmental milestones (Fig. 1b). To eliminate any
potential bias caused by litter variations, similar numbers of
mouse pups from each litter were assigned to each group, and
each group included pups from multiple litters.

Pre-weaning Assessment of Neurobehavioral
Development

Newborn mice were weighed daily during P7–9 and
then every other two days to P24. Developmental mile-
stones, including eye opening, air righting, ear twitch
reflex, and auditory startle, were examined daily from

P7, as described previously (Kazim et al. 2017;
Tamashiro et al. 2000).

Behavioral Tests

Behavioral tests including open field, novel object recognition
test, Morris water maze, and fear conditioning were carried
out from less-stress tests to more-stress tests at the indicated
ages in Fig. 1a.

Open Field Test

Open field test was used to assess simultaneously locomotion,
exploration, and anxiety in rodents (Walsh and Cummins
1976) and was conducted as previously described (Li et al.
2019a). The animals were transferred to the test room for
habituation for 1 h before starting the test. Each mouse was
placed in the open field arena (made of opaque white plastic
material, 50 cm × 50 cm × 40 cm) and allowed to explore in
the arena for 15 min. The distance travelled (meters) in the
open field arena and the central area (10 cm × 10 cm) and the

Fig. 1 Schematic of animal studies. a P7 neonatal mice were randomly
assigned to four groups: (1) control (Con), (2) intranasal administration of
saline followed by 3-h anesthesia with 3% sevoflurane starting 30 min
after saline administration (Anes), (3) intranasal administration of insulin
followed by 3-h anesthesia with 3% sevoflurane starting 30 min after
insulin administration (Anes + Ins), and (4) intranasal administration
insulin only (Ins). The behavioral tests, including open field (OF), novel

object recognition (NOR), Morris water maze (MWM), and fear condi-
tioning (FC), were conducted at the indicated ages. All animals were
sacrificed at the age of 564 days. b A separate batch of mice, including
Con , Anes , and Anes + Ins groups , was employed fo r
neurodevelopmental milestone assessment from P7 to P24, and the mice
were euthanized at P25

Table 1 Primary antibodies used
in this study Antibody Type Specificity Phosphorylation

sites
Source/reference

R134d Poly- Tau Dai et al. (2017); Tatebayashi et al.
(1999)

pS199 Poly- P-tau Ser199 Invitrogen

AT8 Mono- P-tau Ser202/Thr205 Invitrogen

PHF-1 Mono- P-tau Ser396/404 P. Davies (Greenberg et al. 1992)

Synapsin-1 Poly- Synapsin-1 Santa Cruz Biotechnology

Synaptophysin Mono- Synaptophysin Millipore

PSD95 Mono- PSD95 Cell Signaling Technology

GAPDH Poly- GAPDH Sigma-Aldrich
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entries and time spent in the central area were automatically
recorded by a video tracking system (Any Maze version 4.5
software, Stoelting Co., Wood Dale, IL, USA).

One-Trial Novel Object Recognition Task

One-trial novel object recognition test was performed as de-
scribed previously (Dai et al. 2017; Li et al. 2019a). Briefly,
testing consisted of a habituation phase, a sample phase, and a
test phase. Following initial exposure, four additional 10-min
daily habituation sessions were performed for mice to become
familiar with the apparatus (50 cm × 50 cm × 40 cm) and the
surrounding environment. On the fifth day, each mouse was

first submitted to the sample phase, when two identical objects
were placed in a symmetric position from the center of the
arena. The mouse was allowed to freely explore the objects for
5 min. After a 20-min delay during which the mouse was
returned to its home cage, the animal was re-introduced
in the arena to perform the test phase. The mouse was
then exposed to two objects for another 5 min: a famil-
iar object (previously presented during the sample
phase) and a novel object of similar size with a familiar
one but of different color and shape. Data were collect-
ed using a video tracking system (Any Maze version
4.5 software). Object discrimination index during the
test phase was calculated as follows:

Discrimination index ¼ time spent exploring the novel objectð Þ= time spent exploring both old and new objectsð Þ½ � � 100%

Morris Water Maze Task

The Morris water maze (MWM) task was used to evaluate
spatial learning and memory of the mice (D’Hooge and De
Deyn 2001; Dai et al. 2017; Morris et al. 1982). The test was
performed in a white circular pool with a 180-cm-diameter
filled with water tinted with non-toxic white dye and main-
tained at room temperature (20 ± 1 °C). The maze was divided
into two virtual principal axes, with each line bisecting the
maze perpendicular to the other one to divide the maze into
four equal quadrants. The end of each line demarcated four
cardinal points: east, south, west, and north. A platform was
positioned in the middle of one of the quadrants, submerged
0.5 cm below water surface. Each mouse performed four trials
per day for four consecutive days from semi-random start
positions (Vorhees and Williams 2006) to find the hidden
platform. Each trial was terminated as soon as the mouse
climbed onto the hidden platform. If a mouse failed to find
the platform within 90 s, it was gently guided to the platform.
At the end of each trial, the mouse was left on the platform for
10 s, then removed, dried, and returned to its home cage. A
90-s probe test without platform was performed 24 h after the
last trial. The escape latency in initial training, and the latency
to the 1st entrance into the target (platform location area),
target crossings, swim speed, and time spent in the target
quadrant in probe test were recorded through an automated
tracking system (Smart video tracking system, version 2.0.14,
Panlab; Harvard Apparatus).

Fear Conditioning

Mice were habituated in the testing room for 1 day prior to
testing. In a fear-conditioning training session, the mice were
habituated to the context for 120 s, and then four tone-shock

pairs consisting of a 30-s tone (2000 Hz, 75 dB) co-
terminating with a 2-s foot shock at 0.6 mA delivered with a
120-s interval. Afterward, the mice remained in the context for
120 s before being returned to their home cage. In the context
session on day 2, the mice were placed into the same testing
chamber without tone or electric foot shock for 5 min to mea-
sure freezing response to the context. For the cued tone test,
the mice were placed in the same chamber with altered con-
text. After a 180-s baseline habituation, a 180-s tone was de-
livered without the shock pairing, and then the mice remained
in the chamber for 90 s before being returned to their home
cage. All the data were collected and analyzed with the Freeze
Frame and Freeze View system (Coulbourn Instruments,
Whitehall, PA, USA).

Western Blot Analysis

After behavioral tests, the mice were sacrificed by cervical
dislocation. The mouse brains were immediately dissected,
and the cerebrocortical tissue was homogenized in pre-
chilled buffer containing 50 mM Tris-HCl, pH 7.4, 150 mM
NaCl, 50 mM NaF, 1 mM sodium orthovanadate, 1 mM
EGTA, 0.5 mM AEBSF, and 10 μg/ml each of aprotinin,
leupeptin, and pepstatin. The homogenates were boiled in
2× Laemmli sample buffer for 10 min. The protein concentra-
tions of the samples were measured by Pierce™ 660-nm pro-
tein assay (Thermo Fisher Scientific, Rockford, IL, USA). The
samples were resolved by 10% SDS-PAGE and electro-
transferred onto Immobilon-P membranes (EMD Millipore,
Billerica, MA, USA). The blots were then probed with prima-
ry antibodies (Table 1) and developed with the corresponding
HRP-conjugated secondary antibody and enhanced chemilu-
minescence kit (Thermo Fisher Scientific). Densitometric
quantification of protein bands in Western blots was analyzed
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using Multi Gauge version 3.0 software (FUJIFILM North
America, Valhalla, NY, USA).

Statistical Analysis

The quantitative data were analyzed by using appropriate sta-
tistical tests, including one-way ANOVA for OF data, NOR
data, and Western blot data and two-way repeated measures
ANOVA plus post hoc test for MWM data and FC data by
using GraphPad. All data are presented as means ± SEM, and
p < 0.05 was considered statistically significant.

Results

Repeated Exposure of Neonatal Mice to Anesthesia
with Sevoflurane Does Not Affect Growth or
Neurobehavioral Development in Mice

To investigate whether the exposure of neonatal mice to an-
esthesia with sevoflurane impacts neurodevelopment of mice,
we monitored the neurodevelopmental milestones from P7 to
P24. We found that repeated 3-h anesthesia with sevoflurane
for three consecutive days did not affect the body weight
(Fig. 2a) or the time of first eye opening of the neonatal mice

(Fig. 2b). The development of reflexes, as tested by air
righting (Fig. 2c), ear twitch reflex (Fig. 2d), and auditory
startle (Fig. 2e), was not found to be affected by anesthesia
either. These results indicate that repeated 3-h anesthesia of
neonatal mice with sevoflurane for three consecutive days
does not impair the growth or neurobehavioral development
of mice. Similarly, intranasal administration of insulin prior to
anesthesia did not show any impact on the growth or neuro-
behavioral development of mice.

Repeated Exposure of Neonatal Mice to Anesthesia
with Sevoflurane Leads to Cognitive Impairment in
Old Age

We previously found that neonatal exposure of mice to anes-
thesia causes mild cognitive impairment that is detectable at
the ages of 1–3months (Li et al. 2019a). Here, we investigated
if repeated neonatal anesthesia could affect cognitive function
during aging. Considering that anxiety can impact the assess-
ment of cognitive function, we first conducted open-field test
to evaluate the spontaneous activity and anxiety of the mice at
the age of 18 months (542 days). We found no significant
differences in the distances travelled in the open field between
the mice in control and anesthesia groups (Fig. 3a). There
were no significant differences in the number of center area

Fig. 2 Body weight and days of
first appearance of developmental
behaviors. a Body weight. b First
day of both eyes opened. Days of
first performance of air righting
(c), ear twitch reflex (d), and
auditory startle (e). Con, n = 12;
Anes, n = 16; Anes + Ins, n = 15
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entries (Fig. 3b), time in the central area (Fig. 3c), or distance
travelled in the central area (Fig. 3d) between the two groups
either. These results suggest that neonatal exposure to anes-
thesia with sevoflurane does not affect spontaneous activity or
anxiety in old age.

One-trial novel object recognition test was employed to
assess the effect of anesthesia on short-term memory in aged
mice. The mice in control and anesthesia groups spent a sim-
ilar length of time to explore the two identical objects during
the 5-min sample phase (Fig. 3e). However, the aged animals
with exposure to anesthesia during P7 to P9 spent less time
exploring the novel object during the test phase (Fig. 3f).
These results indicate that repeated exposure of neonatal mice
to sevoflurane can cause long-term cognitive impairment
when they become 18 months old.

We also assessed the impact of anesthesia on spatial learn-
ing and cognitive function by using Morris water maze test at

the age of 18 months (549–553 days). We found that the mice
in the control and anesthesia groups spent a similar amount of
time to find the hidden platform during the 4-day acquisition
phase (Fig. 4a). However, during the probe test, the mice of
the anesthesia group crossed the platform location much less
often (Fig. 4b) and exhibited a tendency to take more time
than the control mice did to reach the platform location (Fig.
4c) and to spend less time in the target quadrant (Fig. 4d). No
significant difference was observed in swim speed between
these two groups of animals during the probe test (Fig. 4e).
These results suggest that repeated exposure of neonatal mice
to sevoflurane can cause long-term spatial memory impair-
ment but apparently has no impact on the long-term spatial
learning function.

The contextual and cued fear conditioning tests were per-
formed at the age of 18.6 months (559–560 days). The test
consisted of a conditioning phase on day 1 and a testing phase

Fig. 3 Open field and novel
object recognition tests of aged
mice after neonatal exposure to
anesthesia and/or intranasal insu-
lin. a–dOpen field test performed
at the age of 18 months
(542 days). The total distance
travelled (a), number of central
area entries (b), central area time
(c), and distance travelled in cen-
tral area (d) in 15-min session
were recorded. e, fOne-trial novel
object recognition test performed
at the age of 18 months
(546 days). The percentage of
time spent exploring two identical
objects during a 5-min sample
phase (e) and the discrimination
index (time spent exploring novel
object over the time spent explor-
ing both novel and familiar ob-
jects) in a 5-min test phase (f) are
presented. Con, n = 9; Anes, n =
9; Anes + Ins, n = 9; Ins, n = 10.
Data are presented as mean ±
SEM. *p < 0.05
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on day 2 (Fig. 5a–c). During the conditioning phase, freezing
time increased with conditioning in mice with or without neo-
natal exposure to anesthesia. However, significant reductions
in the freezing time were observed in the mice in the
anesthesia group as compared to the control group
(Fig. 5d), suggesting an impairment in the amygdala/
hippocampus-dependent memory of these mice. No sig-
nificant differences in the freezing time were seen dur-
ing the context test or cued tone test between mice with
or without neonatal exposure to anesthesia (Fig. 5e, f).
These results suggest that anesthesia in neonatal mice
with sevoflurane at P7–9 can cause learning impairment
associated with the amygdala, hippocampus, frontal cor-
tex, and cingulate cortex during aging.

Repeated Exposure of Neonatal Mice to Anesthesia
with Sevoflurane Does Not Lead to Detectable
Alterations in Levels of Tau Phosphorylation or
Synaptic Proteins in the Brain in Aged Mice

Abnormal hyperphosphorylation of microtubule-
associated protein tau leads to its accumulation and neu-
rofibrillary degeneration, which underlies cognitive im-
pairment in Alzheimer’s disease (AD) and other
tauopathies (Iqbal et al. 2016). To investigate whether

neonatal exposure of mice to anesthesia could promote
tau hyperphosphorylation later in life, we analyzed the
levels of tau phosphorylation at the AD-related sites in
the aged mouse brains by using quantitative Western
blots developed with tau-specific and phosphorylation-
dependent antibodies. However, we did not find any
significant differences in the levels of total tau, as de-
termined by antibody R134d or in tau phosphorylation
at Ser199, Ser202/Thr205, or Ser396/404 (Fig. 6a and
b) between aged mice with and without neonatal expo-
sure to anesthesia.

To further investigate a possible molecular basis for
the cognitive impairment that was detectable in the aged
mice after neonatal exposure to anesthesia, we deter-
mined the levels of synaptic proteins, including pre-
synaptic proteins synapsin 1 and synaptophysin and
postsynaptic protein PSD-95, in the aged mouse brains
by using Western blots. Again, we found no significant
differences in the levels of these synaptic proteins be-
tween the aged mice with neonatal exposure to anesthe-
sia and those without the anesthesia exposure (Fig. 6c
and d). It is interesting to note higher levels of synapsin
1 and PSD-95 in the aged brains of mice who received
intranasal insulin treatment during neonatal age than
those who did not receive insulin (Fig. 6c and d).

Fig. 4 Long-term spatial memory assessment (in Morris water maze) of
aged mice after neonatal exposure to anesthesia and/or intranasal insulin.
a The escape latency to reach the hidden platform during the four con-
secutive day acquisition phase. b–e Number of platform location

crossings (b), latency to reach the platform location (c), percentage of
time in the target quadrant (d), and swim speed (e) during the probe test.
Con, n = 9; Anes, n = 9; Anes + Ins, n = 9; Ins, n = 10. Data are presented
as mean ± SEM. *p < 0.05
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Intranasal Administration of Insulin Prevents the
Neonatal-Anesthesia-Induced Cognitive Impairment
in Old Age in Mice

We have previously found that intranasal administration of
insulin can prevent anesthesia-induced long-term cognitive
impairment examined in 3-month-old mice (Li et al. 2019a).
To investigate whether insulin can prevent aged mice from
cognitive impairment caused by exposure to anesthesia at
the neonatal age, insulin was delivered through intranasal ad-
ministration to neonatal mice 30 min before each repeated
anesthesia with sevoflurane at P7–9 (Fig. 1).We also included
an insulin-alone group, for which the neonatal mice received
intranasal administration of insulin but not anesthesia, to learn
if the neonatal administration of insulin itself affects the
neurodevelopment or cognitive function during aging. We
found that, like repeated anesthesia with sevoflurane, insulin
administration affected neither neurobehavioral development
(Fig. 2) nor spontaneous activity or anxiety during aging, as

determined by open field test (Fig. 3a–d). During the novel
object recognition test, pre-treatment with insulin did not af-
fect the exploration of time during the sample phase (Fig. 3e);
however, the mice pre-treated with insulin tended to spend
more time exploring the novel object during the test phase
(Fig. 3f). The anesthesia-caused significant reduction in the
discrimination index was prevented by pre-treatment with in-
tranasal insulin. These results suggest that intranasal adminis-
tration of insulin can prevent aged mice from the short-term
memory impairment caused by neonatal exposure to repeated
anesthesia.

As described above, repeated neonatal anesthesia caused
spatial memory impairment in aged mice, as evidenced by a
significant decrease in the number of target platform location
crossings (Fig. 4b) and an increase in the latency to reach the
platform location (Fig. 4c) during the probe test in the Morris
water maze. A clear tendency, though not statistically signif-
icant, to spatial memory impairment was also seen with the
time the mice spent in the target quadrant during the probe test

Fig. 5 Fear conditioning test of aged mice after neonatal exposure to
anesthesia and/or intranasal insulin. Fear conditioning test was carried
out at the age of 18.6 months (559–560 days). a–c Fear conditioning test
schedule, which was carried out over two consecutive days. d The curve
of percentage of frozen time during the conditioning phase on day 1 of the

FC test. e Percentage of time the mice froze in the context test. f
Percentage of time the mice froze in the cued tone test. Con, n = 9;
Anes, n = 9; Anes + Ins, n = 9; Ins, n = 10. Data are presented as mean
± SEM. *p < 0.05; ***p < 0.001
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(Fig. 4d). Interestingly, these behavioral impairments were
completedly prevented with intranasal insulin administrated
prior to anesthesia (Fig. 4b–d). Neither intranasal insulin nor
anesthesia appeared to have any significant effects on spatial
learning, as shown by the similar learning curves during the
acquisition phase of the Morris water maze test (Fig. 4a).
These results suggest that intranasal administration of insulin
can prevent aged mice from the spatial memory impairment
caused by repeated neonatal exposure to anesthesia.

Fear conditioning test, which assesses amygdala/
hippocampus-associated memory, showed significant learn-
ing impairment in the aged mice after repeated neonatal expo-
sure to anesthesia and significant prevention of such impair-
ment with prior treatment with intranasal insulin (Fig. 5d).
However, neither anesthesia nor intranasal insulin treatment
during the neonatal period showed any significant impact to
the memory function assessed in the context test and cued tone
test at old age (Fig. 5e, f).

Taken together, our results indicate that intranasal insulin
administered 30 min prior to exposure of neonatal mice to
sevoflurane can prevent anesthesia-induced cognitive impair-
ment in old age.

Discussion

In 2016, the U.S. Food and Drug Administration (FDA)
warned that repeated or prolonged use of general anesthetic

and sedation drugs during surgeries or procedures in children
younger than 3 years or in pregnant women during their third
trimester may affect the development of children’s brains
(Ganzberg 2017). However, the long-term effects of neonatal
anesthesia remain elusive, and no effective approach that can
prevent or reduce anesthesia-induced neurotoxicity and be-
havioral impairment is currently available. In the present
study, we found that P7- to P9-day-old neonatal mice anes-
thetized with sevoflurane for 3 h per day for three consecutive
days can lead to cognitive dysfunction that is detectable in old
age (18 months old). Importantly, pre-administration of insu-
lin via intranasal delivery before each exposure to anesthesia
prevented long-term anesthesia-induced cognitive
impairment.

Insulin in the brain plays important roles in the regulation
of food intake and body weight as well as whole-body glu-
cose, energy, and lipid metabolism and in the modulation of
learning and memory (Heni et al. 2015). Human studies have
demonstrated that intranasal administration of insulin is safe
and can improve cognitive function (Hanson and Frey 2008;
Schmid et al. 2018). In our previous studies, we found that
intranasal administration of insulin at the dose 1.75 IU/mouse
decreases anesthesia-induced tau phosphorylation and pre-
vents anesthesia-induced cognitive impairment in adult
3xTg-AD mice (Chen et al. 2014b, 2017) and wild type
C57BL/6J mice (Zhang et al. 2016). Importantly, this dose
of intranasal insulin has no significant effect on the peripheral
blood glucose level (Nedelcovych et al. 2018). Therefore, we

Fig. 6 Western blots of aged mouse brains for tau phosphorylation and
synaptic proteins. Cerebral cortices of mice were homogenized and
analyzed by Western blots developed with antibodies indicated at the

left side of the blots (a and c). Quantification of the blots is shown in b
and d. * p < 0.05, **p < 0.01, ***p < 0.001, n = 8 mice per group
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administered insulin to neonatal mice via intranasal delivery at
the dose of 0.14 IU (approximately equivalent to 1.75 IU/
mouse for adult mice). Importantly, we found that intranasal
administration of insulin at 0.14 IU/mouse prevented
anesthesia-induced abnormal changes in the brain of neonatal
mice and prevented anesthesia-induced cognitive impairment
as determined at the age of 3 months (Li et al. 2019a). The
present study shows that neonatal pre-treatment with intrana-
sal insulin also protected the aged mice (18 months old) from
cognitive impairment induced by early exposure to anesthesia
during the neonatal period.

Neonatal brain development involves neuronal arboriza-
tion, synaptogenesis and pruning, gliogenesis, and
myelination (van Dyck and Morrow 2017), which is a com-
plex series of dynamic and adaptive processes operating with-
in a highly constrained, genetically organized, but constantly
changing context (Stiles and Jernigan 2010). Mouse brain
growth spurt reaches the peak at P7, which is approximately
equivalent to the first 2 months of life in humans (Dobbing
and Sands 1979; Dutta and Sengupta 2016; Semple et al.
2013). Because developing the brain is more vulnerable to
insults and injury at this period, most animal studies on devel-
oping brain employ P6–8 neonatal animals (Walters and Paule
2017). During this typical neonatal brain development, the
glial-vasculature and glial-neuronal interactions are fully de-
fined and play a pivotal role in the functional organization of
neural circuits that is crucial to cognitive function later in life.
However, exposure of neonatal mice to anesthesia can cause
apoptosis (Brambrink et al. 2012; Creeley et al. 2013; Yon
et al. 2005; Zou et al. 2011), impaired synaptic development
(Briner et al. 2011; Zou et al. 2011), and reduction of
neurogenesis (Kang et al. 2017; Zhu et al. 2010), which may
lead to abnormal postnatal brain development, which, in turn,
may contribute to abnormal neurobehavioral function later in
life. Previously, we reported behavioral dysfunction in young
adult mice that were anesthetized during the neonatal period
(Li et al. 2019a). Here, we further report that abnormalities
induced by anesthesia with sevoflurane in neonatal mice can
cause cognitive impairment that can be detected in old age
(18 months old).

The underlying mechanism of long-term cognitive dys-
function induced by anesthesia at neonatal animals at P7 re-
mains unclear. We previously found that anesthesia can in-
duce abnormal tau phosphorylation (Chen et al. 2014b, 2017;
Zhang et al. 2016). Because abnormal hyperphosphorylation
of tau in the brain plays a vital role in the pathogenesis of AD
(Gong and Iqbal 2008) and can induce cognitive impairment
(Di et al. 2016), and intranasal administration of insulin can
reduce anesthesia-induced abnormal tau phosphorylation in
adult 3xTg-AD mice (Chen et al. 2014b, 2017) and in wild
type C57BL/6J mice (Zhang et al. 2016), we first determined
the level of phosphorylated tau in mouse brains. We did not
find a significant change in the level of tau phosphorylation at

several phosphorylation sites. The change in abnormal tau
phosphorylation induced by anesthesia is dynamic.
Abnormal tau phosphorylation can be detected immediately
after anesthesia but not at 24 h or 5 days after anesthesia
(Zhang et al. 2016). The level of tau phosphorylation had
restored to its baseline level at the examined age.

General anesthesia may impair synaptic remodeling when
administered at the peak of synaptogenesis and may cause a
significant decrease in synapse volumetric densities (Crosby
et al. 2010; Lunardi et al. 2010). We analyzed the presynaptic
protein markers synapsin 1 and synaptophysin, and postsyn-
aptic protein PSD95. No significant alterations of these syn-
aptic markers were found in the aged mouse brains after neo-
natal anesthesia exposure, suggesting that this method cannot
detect the structural or molecular basis of the cognitive im-
pairment at this age. Nevertheless, we found that intranasal
insulin administered in the neonatal period increased the
synapsin 1 and PSD-95 levels of the aged brains. Because
the elevation of brain synaptic proteins was previously ob-
served hours to days after intranasal insulin administration to
neonatal and adult mice (Li et al. 2019a; Zhang et al. 2016),
our results reported here suggest that the effects of intranasal
insulin on synapses last a very long time, at least for 18months
in mice.

Several agents have been reported to prevent anesthesia-
induced neurotoxicity and long-term cognitive deficiencies in
laboratory animals. Melatonin (Yon et al. 2006), EUK-134
(Boscolo et al. 2012), and hydrogen gas (Yonamine et al.
2013) were found to alleviate anesthesia-induced neurotoxic-
ity by improving mitochondrial homeostasis and preventing
ROS accumulation. Apocynin, an inhibitor of NADPH oxi-
dase, also suppressed sevoflurane-induce apoptosis and main-
tained long-term memory in P6 neonatal mice exposed to 3%
sevoflurane for 6 h (Sun et al. 2016b). Additionally, non-
invasive environmental enrichment may attenuate
anesthesia-induced epigenetic inhibition of BDNF signaling
and memory loss in rodent models (Wu et al. 2016). However,
only very limited animal studies about these agents have been
reported, so their efficacies remain to be further investigated.
On the other hand, simple intranasal administration of insulin
prior to anesthesia has been shown to protect adult mice from
anesthesia-induced over-activation of neuronal apoptosis and
alterations of synaptic proteins and cognitive impairment
(Chen et al. 2014b, 2017; Li et al. 2019b; Zhang et al.
2016). Insulin also prevents neonatal mice from anesthesia-
induced over-activation of neuronal apoptosis, reduction of
PSD-95, and cognitive impairment later in life up to old age
(Li et al. 2019a, and the present study). Thus, pre-treatment
with intranasal insulin could be a simple yet effective method
to prevent anesthesia-induced neurotoxicity and the conse-
quent cognitive dysfunction.

In conclusion, we found that repeated exposure of neonatal
mice to anesthesia with sevoflurane caused cognitive
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impairment that can be detected at the age of 18 months and
that pre-treatment of neonatal mice with intranasal administra-
tion of insulin can protect mice from anesthesia-induced long-
term cognitive impairment. Given that intranasal administra-
tion of insulin has been found to be safe and to be beneficial to
cognitive function in clinical trials, our findings provide ex-
perimental data to support the use of intranasal insulin to pre-
vent the risk of neonatal anesthesia-induced neurotoxicity and
long-term cognitive impairment.
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