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Abstract: Accumulating evidence indicates that general anesthetics can cause acute neuroapoptosis and long-term
cognitive deficit in models exposed to anesthetics during the brain growth-spurt period. Anesthetics-induced imbal-
ance of mitochondrial fusion and fission preceded and contributed to developmental neuroapoptosis. Accordingly,
the imbalance was accompanied by activation of dynamin-related protein (Drp)1 which was closely associated with
synaptic degeneration in neurodegenerative diseases. Based on the neuroprotective role of mitochondrial divi-
sion inhibitor-1 (mdivi-1) in neurodegeneration and stroke, we set out to examine whether mdivi-1 can mitigate
developmental neurotoxicity induced by isoflurane. In the present study, we showed that 2% isoflurane exposure
for 2 h triggered Drp1 dephosphorylation at serine 656 and increased translocation of Drp1 and Bax from cytosol
to mitochondria, concomitant with cytochrome C leakage into the cytosol. Remarkably, pretreatment with mdivi-1
not only alleviated isoflurane-induced disturbed mitochondrial translocation of Drp1 and Bax and almost restored
morphological changes, but also inhibited cytochrome C release, caspase9 and caspase3 activation in hippocampi.
Furthermore, mdivi-1 mitigated the loss of synaptic proteins and long-lasting cognitive deficit in later life of rats
neonatally exposed to isoflurane. Taken together, isoflurane-induced Drpl activation and translocation led to exces-
sive mitochondrial fission and subsequently contributed to the synaptic injury and long-term cognitive impairment.
However, mdivi-1 pretreatment prevented Drpl-dependent excessive mitochondrial fission and mitigated neuro-
apoptosis and synaptic injury, and improved the long-term cognitive function. Thus mdivi-1 holds far-reaching insight
for prophylaxis of developmental neurotoxicity induced by isoflurane.
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Introduction organelle is the initial and the most vulnerable

organelle impaired by anesthesia in the brain
Recent experimental evidence and emerging of neonatal rat [7, 9, 10]. Sole or combined
clinical trial data indicate that extensively-used general anesthetics caused excessive mitoch-
general anesthetics in pediatric surgery could ondrial fission even fragmentation, which may

contribute to anesthetics-induced neurodege-
nerative alterations in the developmental bra-
in by disrupting the balance between mitoch-
ondrial fusion and fission [6, 11, 12]. Further
investigation showed that general anesthetics
promoted dynamin-related protein (Drp)1 oligo-
merization and translocation from cytosol to
mitochondria, which is associated with a dis-

be detrimental to the developmental brain,
especially at the burst of brain growth [1-5].
The neurodegenerative effects are present as
acute neuronal apoptosis and long-lasting al-
teration in synaptogenesis and cognitive im-
pairment [4, 6-8]. Therefore, most of the re-
cent investigations are engaged in elucidating

the precise mechanism of anesthesia-induced turbed mithochondrial shape [4]. It is notewor-
developmental neurotoxicity so that a targeted thy that Drp1-mediated disproportionate mito-
and efficient prophylactic measurement can be chondrial fission is widely involved in neuronal
contrived. damage in stroke, traumatic brain injury, sei-

zure as well as neurodegenerative diseases
Based on published data, mitochondria are [13-18]. Based on these evidence, targeting
likely to be the integrated hub of general anes- Drpl is likely to pharmaceutically beneficial in

thetics-induced harmful signals. It seems this clinical practice.
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Theoretically, measurements that can inacti-
vate Drpl or prevent Drpl activation and/or
translocation might be effective, at least par-
tially, in mitigating anesthesia-induced deve-
lopmental neurotoxicity. Mitochondrial division
inhibitor-1 (mdivi-1) is a highly selective and
efficient inhibitor of Drpl. Mdivi-1 bound to
an allosteric site of Drpl and impeded its con-
formational change that was required for self-
assembly and GTP hydrolysis so that prevents
mitochondria fission and formed inter-connect-
ed net-like mitochondria [19]. It was further
demonstrated that mdivi-1 mitigated apoptosis
via inhibiting Drpl activity and mitochondrial
outer membrane permeabilization (MOMP) and
hence retarded the release of cytochrome C
into cytosol. Recent investigations found that
mdivi-1 provided widespread protection agai-
nst various insults to brain, heart and kidney
[17, 18, 20-22]. Furthermore, it is proven that
mdivi-1 mitigated mitochondrial dysfunction
and synaptic impairment in Alzheimer’'s dis-
ease, Parkinson’s disease, and Huntington’s
disease [23-25]. Interestingly, a current study
revealed that mdivi-1 inhibited propofol- or se-
voflurane-induced neurotoxicity in vitro [6, 26].
These evidence paved mdivi-1 an attractively
therapeutic avenue for clinical treating cere-
bral injuries, and also inspire us to examine
the influence of mdivi-1 on the long-lasting
cognitive dysfunction induced by isoflurane (an
inhalational anesthetic, more neurotoxic than
sevoflurane to the developmental brain [27]).

Therefore, we hypothesize that mdivi-1 allevi-
ates isoflurane-induced cognitive dysfunction
by inhibiting Drpl-mediated excessive mito-
chondrial fission and subsequently neuroapo-
ptosis and synaptic injury. In this study, we
found that isoflurane exposure downregulated
the phosphorylation level of Drpl (ser656)
and facilitated the translocation of Drpl and
Bax to mitochondria. However, mdivi-1 pretr-
eatment inhibited Drp1 activation and translo-
cation, mitigated mitochondrial apoptotic pa-
thway and improved the long-term cognitive
performance during later life of rats neonatal-
ly exposed to isoflurane.

Materials and methods
Animals/experimental design

The experiments were approved by the Ethi-
cal Committee on Animal Experimentation of
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Tongji Medical College, Huazhong University of
Science and Technology, China. All experimen-
tal procedures were performed following the
Guide for the National Science Council of the
Republic of China. Efforts were made to mini-
mize the number of animals used.

This study was conducted using postnatal day
7 (PND7) Sprague-Dawley rat, as it was estab-
lished that PND7 rats were most susceptible to
neuronal insult induced by general anesthe-
tics [3]. Pups were purchased from Center of
Experimental Animal (Tongji Medical College),
Pups were cross-fostered and housed under
standard laboratory conditions (room tempe-
rature: 23+1°C, relative humidity: 60+5%, 12 h
light/dark cycle).

Isoflurane anesthesia and drug administration

Mdivi-1 was purchased from Sigma-Aldrich (St.
Louis, MO, USA). The protocol for mdivi-1 dis-
solution and administration referred to that in
Cui's work [9, 21].

All the pups were randomly divided into four
groups: control (CON), isoflurane (ISO), mdivi-
1+isoflurane (MDV+ISO), mdivi-1 (MDV). Rats
in the MDV and MDV+ISO groups received a
dose of 20 mg/kg mdivi-1 by intraperitoneal
injection 4 h before exposure to isoflurane
anesthesia. Rats in the CON and ISO groups
were intraperitoneally injected with an identi-
cal volume of saline containing 0.25% DMSO.
The isoflurane anesthesia procedure was per-
formed as before. Briefly, rats in ISO and
MDV+ISO were exposed to 2% isoflurane for
2 hours while rats in CON and MDV received
vehicle gas (40% 0,+60% N,). Rats were put in
anesthesia-induction chambers which were
kept in homeothermic incubator to maintain
the environmental temperature at 33°C. At
the end of anesthesia, five rats in each group
were randomized to perform arterial blood
analysis. Other rats were sent to their home
dams until they were fully awake. Twelve hours
after anesthesia ended, fifteen rats in each
group were randomized to be sacrificed and
the hippocampi were dissected for electron
microscope (EM) analysis (n=5 in each group),
mitochondrial purification (n=5 in each group),
and western blotting (n=5 in each group). The
left (n=10 in each group) were raised for Mor-
ris water maze (MWM) test and weaned from
their mothers at PND21.
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Arterial gas analysis

Immediately the isoflurane treatment ended,
five rats in each group were allocated to per-
form arterial gas analysis with an ABL-SOOFLEX
analyzer. Blood was aspirated percutaneously
from the left cardiac ventricle.

Electron microscopy and mitochondrial ultra-
structural analysis

Processing hippocampal CA1 area for electron
microscopy was referred to the detailed proto-
col described previously [28, 29]. Ultrathin sec-
tions were cut with the ultramicrotome and
scanned through a transmission electron mic-
roscopy (FEI Tecnai G12, America). The ultra-
structural analysis was carried out according
to the protocol used before [30-32]. Briefly,
three random and non-overlapping electron
micrographs were taken in each neuron. Five
neurons in each animal were selected for elec-
tron microscopy. The length and size of mito-
chondrial were calculated by ImagePro Plus
6.0 software (Media Cybernetics Inc, Rockvil-
le, MD).

Mitochondria purification

Mitochondria isolation kit (Sigma-Aldrich Cor-
poration, St. Louis, MO) was used to isolated
mitochondria in hippocampi tissue following
the instruction provided by the manufacturer.
In brief, the dissected hippocampi were cut in-
to small piece after washed twice with 2 vol-
umes of Extraction Buffer and homogenized
with 10 volumes of Extraction Buffer on the
ice. The homogenate was transferred to a 2
ml Eppendorf tube and centrifuged at 600x g
for 5 minutes. The supernatant liquid carefully
collected into a new tube and Centrifuged at
11000x g for 10 minutes. And then the pellet
was suspended with storage buffer. The su-
pernatant was further centrifuged at 100,000
g for 1 h, and the supernatant was harvested
as the cytosol fraction. Samples were kept in
-80°C refrigerator for further detection.

Western blotting (WB) analysis

The protocol of this test performed as previ-
ously mentioned [33, 34]. The total protein was
extracted from the dissected hippocampi us-
ing RIPA Lysis Buffer Kit (Beyotime Institute
Biotechnology, Haimen, China). The concentra-
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tion of total protein was assayed by the BCA
kit (Boster, Wuhan, China). Sodium dodecyl sul-
fate polyacrylamide gels were used to sepa-
rate the total protein which was transferred to
0.22 um polyvinylidene difluoride (Millipore,
Bedford, MA, USA) by electrophoresis. The
membranes were blocked with 5% bovine se-
rum albumin for 30 min at room temperature
and then incubated overnight at 4°C with an-
ti-Drpd antibody, anti Drpl (ser656) antibody,
anti-Bax antibody, anti-cytochrome C antibody
(Cell Signaling Technology, Beverly, MA), anti-
active caspase9 antibody, anti-active caspa-
se 3 antibody, anti-synapsin | antibody, anti-
PSD95 antibody (Abcam, Cambridge, MA), and
anti-B-actin antibody (Boster, Wuhan, China).
Next day, HRP-conjugated secondary antibo-
dy (anti-mouse or anti-rabbit (1:7500, Abcam,
Cambridge, MA) was used to incubate with the
membranes. Predicted bands were stained
and irradiated with SuperSignal West Pico
(Thermo Scientific, Rockford, IL). The blots we-
re scanned and quantified with Image Lab™
Software Systems (BIO-RAD, Hercules, CA).

Morris water maze (MWM) test

On PNDG60, rats underwent Morris water maze
test. The detailed procedure was employed as
previously described [34]. In brief, a platform
(10 cm diameter) was submerged in a circular
tank (120 cm diameter; 50 cm high) filled with
warm (22°C) opaque water mixed homoge-
neously with carbonic ink. Training was admin-
istered twice each day with 7 h interval and last
for four days. Each training session was com-
prised of three trials. At the beginning of each
trial, the rat was released from pseudorandom-
ly assigned quadrants that did not contain the
platform in the tank. Each rat was given 60 s
to mount the hidden platform could stay on
the platform for 15 s after it was located. If
rats failed to locate the hidden platform in the
given time, they were guided to the platform
and removed from the platform after 15 s. The
time spent on locating the platform (latency)
was recorded and analyzed using the EthoVi-
sion tracking system (Noldus Information Te-
chnology, Wageningen, the Netherlands).

To assess memory retention for the hidden
platform location on the fifth day, a probe trial,
with the platform being removed from the pool,
was performed. Rats were placed in a quad-
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Table 1. Effect of isoflurane exposure on physiological pa-

rameters of arterial blood gas analysis

compared with CON group. As ex-
pected, mdivi-1 premedication mi-

CON 1SO MDV+ISO MDV tigated isoflurane-induced defect
oH 7.34+0.02 7.29+0.06 7.300.04 7.37+0.02 N spatial memeory as indicated by
PaCO, (mmHg)  35.1$2.3 381445 37.24¢42 385£2.7 sllorf:(')”gs’s:fi’;iﬁe”gé (FAI,gtI;?
Pa0, (mmHg) 110414 10713  101+7  106+4 dure 48, P<0.05) and %ramﬁ’ng day
Glucose (mmol/L) 4.5+0.4 4.5+0.7 4.9+0.7 4.3+0.3 5 (Figure 1A, P<0.05) compared
Sa0, (%) 98+1  96+0.9  97+0.9  99+0.5 with ISO group.

The pH, PaCO,, Pa0,, Glucose and Sa0, levels did not differ significantly in

four groups. Results were represented as mean + SEM (n=5). Pa0,, arterial
oxygen tension; PaCOz, arterial carbon dioxide tension; SaOz, arterial oxygen

saturation.

rant that did not contain the platform and
allowed to swim freely for 60 s. The percenta-
ge of time spent in the target quadrant was con-
sidered an indicator of memory retention.

Statistical analysis

Data were represented as mean + SEM, and
analyzed by SPSS 16.0. Results collected from
the spatial acquisition trials were analyzed us-
ing a two-way ANOVA (treatments as between
groups factors and time as repeated measures
factor) followed by a post hoc Bonferroni multi-
ple comparison test. All remaining data were
analyzed by one-way ANOVA and followed by
Tukey’s post-hoc test to compare four groups.
P<0.05 was considered significant.

Results
Arterial blood analysis

In the present study, parameters of arterial
blood analysis including pH, PaCO,, PaO,, glu-
cose and arterial oxygen saturation (SaO,)
were kept with physiological range and did not
change significantly among four groups, as
shown in Table 1.

Mdivi-1 improved spatial memory of rats un-
dergoing neonatal exposure to isoflurane

To examine whether mdivi-1 provided neuro-
protective effect against neonatal isoflurene
anesthesia, the test of MWM was explored to
assess the spatial learning memory at PND60
after drug treatment. As shown in Figure 1, iso-
flurane exposure damaged spatial as shown by
longthening escape latency at training day 3
(Figure 1A, P<0.05), training day 4 (Figure 1A,
P<0.05) and training day 5 (Figure 1A, P<0.05)
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In the probe trial, isoflurane expo-
sure decreased the percentaget
ime in the target quadrant (Figure
1B, P<0.01) compared with CON
group. However, mdivi-1 pretreatment signifi-
cantly improved spatial cognition performance
as revealed by greater percentage time in the
target quadrant (Figure 1B, P<0.05) compared
with ISO group. Taken together, our results sug-
gested that mdivi-1 pretreatment attenuated
isoflurane-induced long-time cognitive injury.

Mdivi-1 inhibited Drp1 phosphorylation and
translocation from cytoplasm to mitochondria

Previous reports found that de phosphoryali-
ton of Drpl at ser656 resulted in its activation
while phosphorylation inhibited mitochondrial
fission [24]. In our study, we determined the
effect of isoflurane on Drpl phosphorylation.
Western blot analysis demonstrated that iso-
flurane anesthesia decreased the level of ser-
656 phosphorylation of cytoplasmic Drpl but
did not affect the protein level of total Drpl
(Figure 2A, P<0.01). Importantly, isoflurane
exposure promoted translocation of Drpl and
Bax from cytosol to mitochondria (Figure 2B
and 2C, P<0.01). However, mdivi-1 pretreat-
ment increased the level of Drpl phosphoryla-
tion and inhibited its translocation while did
not induce any change of basic level of Drpl in
cytoplasm. In summary, mdivi-1 pretreatment
reversed isoflurane-induced Drpl dephosphor-
ylation and migration.

Mdivi-1 pretreatment attenuated isoflrane-in-
duced the release of cytochrome C and activa-
tion of the mitochondrial apoptotic cascade

Based on previous findings that cytochrome C
release was an indicator of permeability of
the mitochondrial membrane, we attempted to
examine whether mdivi-1 pretreatment would

Am J Transl Res 2018;10(2):432-443
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Figure 1. Mdivi-1 (20 mg/kg, i.p.) pretreatment mitigated cognitive deficit induced by neonatal exposure to iso-
flurane (2% for 2 h). A. Mean latency plotted against the training days in the spatial acquisition trials. Repeated
measures ANOVA followed by a post hoc Bonferroni multiple comparison test (n=10 per group). ISO VS MDV+ISO,
P<0.05. B. Percentage of time spent in target quadrant in probe test. Data are presented as mean + SEM (n=10 per
group) CON: control group; ISO: isoflurane group; MDV+ISO: mdivi-1+isoflurane group; MDV: mivi-1 group. *denotes
P<0.05 CON vs ISO, #denotes P<0.05 ISO vs ISO+MDV or **denotes P<0.01 CON vs ISO.
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Figure 2. Mdivi-1 pretreatment inhibited isoflurane-induced Drp1 dephosphorylation (ser656) and mitochondrial
translocation of Drpl and Bax. (A) A representative graph of western blot analysis of p-Drp1 expressions in hip-
pocampi. The relative protein level of cytosolic p-Drp1 (ser656) in hippocampi was normalized to the total cytosolic
Drpl. The statistical analysis showed that application of mdivi-1 (20 mg/kg, i.p.) inhibited the isoflurane-induced
dephosphorylation of cytoplasmic Drp1 in the hippocampi of neonatal rats. Relative levels of mitochondrial Drp1 (B)
and Bax (C) in hippocampi of developmental rats, normalized to the internal reference Porin. The statistical analysis
showed that administration of mdivi-1 (20 mg/keg, i.p.) significantly attenuated isoflurane-induced up-regulation of
mitochondrial Drp-1 and Bax in hippocampi of neonatal rats. Data are presented as mean + SEM (n=5 per group)
“denotes P<0.05, “"denotes P<0.01.

mitigate the change. As displayed in Figure 3A
(P<0.05), isoflurane resulted in burgeoning
release of cytochrome C into cytoplasm, but
mdivi-1 pretreatment reduced the leak of cy-
tochrome C from mitochondria. Moreover, mdi-
vi-1 pretreatment curbed the activation of cas-
pase9 (Figure 3B, P<0.05) and the executio-
ner of mitochondrial apoptotic pathway active
caspase3 (Figure 3C, P<0.001).
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Midiv-1 restored isoflurane-induced excessive
mitochondrial fission

Several delicate studies showed that anesth-
etics-triggered Drpl activation led to excessi-
ve mitochondrial division even fragmentation.
Therefore, we set out to determine whether
mdivi-1 pretreatment circumvented the pa-
thological morphological changes. As shown in

Am J Transl Res 2018;10(2):432-443



Mdivi-1 mitigates isoflurane-induced developmental neurotoxicity

A B " C..
Cytochrome C - - i -| cgsc;'a‘?eﬂ — O — A ACHVE | . s s

caspase3

B-actin |— — ——— B-actin v s— S — B-actin e s— s——

4-

k. * bl -

3 =
£ e . £ 1 g '] M
82, —r— $2 88
g_'g 3 2 e
ce 287 282
9£, 8% ec
E'o - 2
02 2 82
£s v g 1 S § 11
sg " 28 2e
5E e b

o 0 0

oo\‘ \50 v\.-,o *0‘1 00\\ & \‘x\go \‘0\5 c'o\‘ &° v\so ‘&0\1
WO WO W

Figure 3. Mdivi-1 pretreatment attenuated isoflurane-induced the release of cytochrome C and activation of mito-
chondrial apoptotic cascade. A. The representative immunoblots (the upper) and quantitative graphs (the lower) of
cytochrome C. Pretreatment with mdivi-1 (20 mg/kg, i.p.) significantly attenuated isoflurane-induced the release
of cytochrome C in the hippocampus of neonatal rats. B. Pretreatment with mdivi-1 (20 mg/kg, i.p.) significantly
reduced isoflurane-induced up-regulation of active caspase9 in the hippocampus of neonatal rats. C. Application of
mdivi-1 (20 mg/keg, i.p.) significantly reduced isoflurane-induced enhancement of active caspase3 in hippocampi of
neonatal rats. Data are presented as mean + SEM (n=>5 per group) *denotes P<0.05 or **denotes P<0.01.

Figure 4A (P<0.01), mitochondria in ISO gr-
oup was markedly condensed and round-like
compared to that in CON group and MDV gr-
oup, while mdivi-1 pretreatment inhibited the-
se changes in MDV+ISO group. As shown in
Figure 4B (P<0.05) and 4C (P<0.05), mdivi-1
pretreatment increased mitochondrial length
and size that was reduced by isoflurane ex-
posure.

Mdivi-1 mitigated isoflurane-induced synaptic
protein loss

Anesthetics induced synaptic disturbance con-
tributed to the long-term cognitive lesion. He-
nce we attempted to examine whether mdivi-1
pretreatment mitigated isoflurane-induced syn-
aptic protein loss. Our data showed that isoflu-
rane anesthesia downregulated the expressi-
on of PSD95 (Figure 5A, P<0.05) and synapsin
| (Figure 5B, P<0.05) in hippocmapi. However,
mdivi-1 pretreatment significantly inhibited do-
wnregulated levels of PSD95 and synapsin |,
as shown in Figure 5A (P<0.05) and Figure
5B (P<0.05).

Discussion

This study indicated that neonatal isoflurane
exposure promoted Drpl dephosphorylation,
an indispensable step in Drpl conformational
change and activation, and translocation from
cytoplasm to mitochondria. Furthermore, isoflu-
rane anesthesia facilitated Drp1 and Bax trans-
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location to mitochondria. This alteration result-
ed in increased MOMP and promoted
cytochrome C leakage into cytosol and initiated
the mitochondria-dependent apoptosis. Impor-
tantly, pretreatment with mdivi-1, a highly effi-
cient and selective blocker of Drpl, attenuated
these acute conversions and long-lasting cogni-
tive impairment of rats exposed to isoflurane.
The neuroprotective effect is associated with
preventing dephosphorylation and transloca-
tion of Drpl and the following uncontrolled
mitochondrial division and increased MOMP.

As known, mitochondria are dynamic organ-
elles that keep constant fusion and fission and
change their shape and location in response
to cellular activity. The fusion event is mediat-
ed by Opal, mitofusin (mfn) 1, and mfn 2. The
fission process is mainly mediated by Drpl
[35, 36]. The balance of fusion and fission and
the proper distribution of mitochondria in ax-
onal growth cones and synapse is critical for
neuronal function such as synaptogenesis, wh-
ile disturbed mitochondrial dynamics and dis-
tribution may compromise the synaptic plas-
ticity [14, 37-39]. In light of the great impor-
tance of mitochondrial fission in neuronal ac-
tivity, tremendous effort during the last two
decades has been made to decipher the phy-
siological role in neuronal development and
growth and pathophysiological mechanism in
neurodegenerative diseases. It was well docu-
mented that Drpl interacted with hyperphos-
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Figure 4. Mdivi-1 pretreatment alleviated isoflurane-induced mitochondrial morphological changes. A. The repre-
sentative images of mitochondrial morphological changes of each group in hippocampi of developmental rats. B.
Isoflurane exposure induced a significant decrease of the mitochondria length in hippocampi, whereas the decrease
was reversed by the delivery of mdivi-1 (20 mg/kg, i.p.). C. Pretreatment with mdivi-1 (20 mg/kg, i.p.) significantly
alleviated isoflurane-induced decrease of the mitochondrial average size in hippocampi of neonatal rats. Data are
presented as mean + SEM (n=>5 per group), five neurons in each rats was scanned by transmission electron micros-

copy. *denotes P<0.05 or **denotes P<0.01.

phorylated-tau, amyloid beta, Parkin, and mu-
tant huntingtin and promoted neuronal dam-
age and synaptic degeneration [13, 16, 40, 41].
This implicates that Drpl-mediated mitochon-
drial fission may be a crucial event in these
neurodegenerative diseases.

Although there is no direct clinical evidence
that general anesthesia administered to infant
can cause toxic effect on the brain, extensive
data gained from rodents and primates experi-
ments showed that neonatal exposure to gen-
eral anesthetic results in acute neuronal injury
in the vulnerable brain area such as hippocam-
pus and long-term learning and memory defect
in the later life [1-3, 10, 42, 43]. In fact, it has
been demonstrated that general anesthetics-
activated mitochondrial apoptotic pathway se-
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emed to be the integrated step in vivo and in
vitro [3, 7, 9, 10]. Further investigations found
that anesthetics cocktail (isoflurane-nitrous
oxide-midazolam) or sole anesthetics (sevoflu-
rane, desflurane, or propofol) administered to
the developing neurons generated neuronal ul-
trastructural changes, including synaptic distu-
rbance, mitochondrial excessive division and
abnormal distribution [5, 6, 11, 12, 26, 31].
This raises the interesting, although specula-
tive, notion whether activation of factors regu-
lating mitochondrial excessive fission could be
the initial event in this neuronal injury. In this
regard, several recently published investigation
indicated that drpl activation and transloca-
tion preceded the initiation of mitochondrial
apoptotic cascade. Moreover, it was proposed
that general anesthetics induced imbalance of

Am J Transl Res 2018;10(2):432-443
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Figure 5. Mdivi-1 pretreatment mitigated isoflurane-induced synaptic protein loss in hippocampi of neonatal rat. A.
Pretreatment with mdivi-1 (20 mg/kg, i.p.) increased the hippocampal expression of synapsin | that was reduced by
isoflurane exposure. B. Prophylactic application with mdivi-1 (20 mg/kg, i.p.) upregulated the expression of PSD95
that was weakened by isoflurane anesthesia in hippocampi. Data are represented as mean + SEM (n=5 per group),

*denotes P<0.05.

mitochondrial ultrastructure accompanied by
Drpl oligomerization [4, 5]. Consistent with
previous results, our study found that isoflu-
rane, a clinically used inhalational anesthetic,
repressed expression of phosphorylated Drpl
(ser656) and promoted Drpl and Bax mito-
chondrial translocation in hippocampi of devel-
oping rats. Unexpectedly, we found that Drpl
and Bax formed complex in cytosol using co-
immunoprecipitation. We proposed that this
combination might facilitate Bax mitochond-
rial shift as inhibiting Drp1 dephosphorylation
decreased Bax translocation. More important-
ly, we found that mdivi-1 treatment prior to iso-
flurane anesthesia remarkably inhibited the
Drp1 phosphorylation, translocation, and the
interaction with Bax. Mdivi-1 pretreatment al-
so reduced the leakage of cytochrome C into
cytosol and the expression of active caspa-
se9 and active caspase3. This implied that
drp1 dephosphorylation at ser656 was involv-
ed in isoflurane-induced neuroapoptosis and
inhibition of Drpl activation may offer neuro-
protection against isoflurane-induced develop-
mental neurotoxicity.

Dephosphorylation of Drpl at serine656 pro-
moted excessive mitochondrial fission even
fragmentation and augmented the susceptibi-
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lity to apoptotic stimuli [44]. Some studies
argued that Drpl-mediated mitochondrial fis-
sion did not inevitably cause apoptosis, but it
had been proven an important step in apopto-
sis [45, 46]. The phosphorylation of Drpl is
regulated by a few kinases in the different con-
text [47]. However, it remains elusive which si-
gnaling pathways are involved in isoflurane-
induced Drpl dephosphorylation. The pro-apo-
ptotic factor Bax plays an essential role in exe-
cution of apoptotic cascade. However, it was
reported that Drpl-dependent mitochondrial
fission is dispensable for Bax-dependent apo-
ptosis [48, 49], while Drp1-mediated apoptotic
mitochondrial fission is independent of Bax
translocation to mitochondria [50]. These two
factors seem irrelevant to each other in the
apoptotic program. In fact, recent studies found
that Drpl is involved in Bax shift to mitochon-
dria in response to apoptotic stress [51, 52].
In line with these results, we found that Drpl
bound with Bax in cytosol. This may imply that
Drpl facilitates Bax mitochondrial transloca-
tion in hippocampi after isoflurane exposure.

Mdivi-1 is an efficient and selective inhibitor of
Drpl. Evidence suggested that mdivi-1 pro-
duced rapid, reversible, and inter-net-like mito-
chondria in mammalian cells [19, 53]. In addi-
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tion, observation demonstrated that mdivi-1
inhibited the activity of Drpl by directly bind-
ing to an allosteric site so that prevented the
conformational change and subsequent Drpl
oligomerization and GTP hydrolysis [19]. The
anti-apoptotic characteristic of mdivi-1 makes
it an attractive pharmaceutical measurement
for neurodegenerative diseases and stroke.
For instance, mdivi-1 protected hippocampal
neurons from epilepsy-induced apoptosis [22]
and traumatic brain injury [54]. Strikingly, it
had demonstrated that mdivi-1 prevented ne-
uronal damage in Alzheimer’s disease, Par-
kinson’s disease, and Huntington’s disease
[23-25]. Recent studies also found that mdi-
vi-1 provided neuroprotective effect against
ischemic brain injuries and reduces the cog-
nitive injuries [18, 21, 29, 55]. Moreover, mdi-
vi-1 offered anti-apoptotic effect in cardiac
ischemic models and renal injury models [17,
20].

In accordance with these observations, we
found that mdivi-1 pretreatment mitigated iso-
flurane-induced ultrastructural change of mito-
chondria and inhibited neuroapoptosis in hip-
pocampus. In addition, mdivi-1 inhibited isoflu-
rane-induced release of cytochrome C confin-
ed in mitochondrial cristae and downregulated
the expression of active caspase9 and active
caspase3 in hippocampi. More importantly, we
found that mdivi-1 alleviated, not completely
inhibited, long-term cognitive impairment in
rats receiving isoflurane anesthesia on PND7.
As aforementioned, synaptic degeneration is
another demonstration of developmental neu-
rotoxicity induced by isoflurane. In our study,
the expression of two representative proteins
of synaspsin | and PSD95 were both reduced
after isoflurane exposure. However, mdivi-1
pretreatment effectively mitigated this change.
This indicates that mdivi-1 also can attenuate
isoflurane-induced synaptic impairment.

In present study, we found mdivi-1 pretreat-
ment almost completely inhibited Drpl dephos-
phorylation and mitochondrial translocation
and did mitigate, but not fully restore, isoflu-
rane-induced neuroapoptosis, synaptic injury,
and cognitive deficit. In our opinion, this phe-
nomenon might be attributed to several fac-
tors. First of all, besides phosphorylation, the
activity of Drpl is regulated in several post-
translational modification manners including
ubiquitination, SUMOylation, and S-nitrosyla-
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tion. It is unclear whether mdivi-1 could re-
press drpl activity in all ways. We cannot rule
out the possibility that isoflurane activates
Drpl in other ways except phosphorylation.
An alternative explanation might be that other
paralleled components in maintaining the eqg-
uilibrium between mitochondrial fusion and fi-
ssion is dysregulated and involved in the neu-
rotoxicity. A recent study found that Drpl me-
diated the acute neuronal injury while degra-
dation of mfn2, located on mitochondrial out
membrane and involved in mediating the pro-
cess of mitochondrial fusion, contributed to
delayed excitotoxic damage [56]. Previous in-
vestigations showed that anesthetic altered
the expression of mfn2 in developing brain
and cultured neurons [4, 26]. However, it needs
to be further examined whether the disturb-
ed mfn2 expression is related to neurotoxicity
induced by anesthetics in developmental brain.

Conclusion

Data from this study showed that mdivi-1 pre-
treatment mitigated cognitive impairment of
rats exposed to isoflurane at PND7 by prev-
enting Drpl phosphorylation and transloca-
tion to mitochondria and synaptic protein loss.
The neuroprotective effect of mdivi-1 is asso-
ciated with inhibiting activation of mitochon-
dria-dependent apoptotic cascade and synap-
tic degeneration. Mdivi-1 hold potential to be
an efficient prophylactic measurement for iso-
flurane-induced acutely developmental neuro-
toxicity and long-lasting cognitive dysfunction.
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