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A synthetic peptide 
rescues rat cortical neurons 
from anesthetic‑induced cell 
death, perturbation of growth 
and synaptic assembly
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Anesthetics are deemed necessary for all major surgical procedures. However, they have also been 
found to exert neurotoxic effects when tested on various experimental models, but the underlying 
mechanisms remain unknown. Earlier studies have implicated mitochondrial fragmentation as a 
potential target of anesthetic-induced toxicity, although clinical strategies to protect their structure 
and function remain sparse. Here, we sought to determine if preserving mitochondrial networks 
with a non-toxic, short-life synthetic peptide—P110, would protect cortical neurons against both 
inhalational and intravenous anesthetic-induced neurotoxicity. This study provides the first direct 
and comparative account of three key anesthetics (desflurane, propofol, and ketamine) when used 
under identical conditions, and demonstrates their impact on neonatal, rat cortical neuronal viability, 
neurite outgrowth and synaptic assembly. Furthermore, we discovered that inhibiting Fis1-mediated 
mitochondrial fission reverses anesthetic-induced aberrations in an agent-specific manner. This study 
underscores the importance of designing mitigation strategies invoking mitochondria-mediated 
protection from anesthetic-induced toxicity in both animals and humans.

Anesthetics are required for major clinical procedures as they enable complex surgeries with high levels of 
patient safety. Recent studies—including important work by Jevtovic-Todorovic, et al.1—have shown that sev-
eral clinically used anesthetics also exert significant neurotoxic effects on both animal models1–13 and human 
neural stem cells14,15. The evidence of harm ranges from cell death3,15–18 to suppression of neurite outgrowth19,20 
to perturbation of synaptic connectivity7,10–12. Moreover, some epidemiological studies have also implicated a 
variety of anesthetic agents in learning, memory and cognitive dysfunction in children, although the clinical 
evidence remains equivocal21–26.

Our understanding of the mechanisms of how various anesthetics function has vastly improved in recent 
years21,27,28, but a complete picture of their modes of action in the context of the developing brain remains 
blurry—owing mainly to the complexity of the brain and the ethical implications of using humans as experi-
mental subjects. On the other hand, in vitro animal models are much less complex, with rodent brains also 
having far shorter developmental periods. Using these robust models, anesthetics have been shown to impact 
social behavior in mice29, cause significant learning deficits, cell death, and degeneration in rat brains1,30. The 
exposure of infant rhesus monkeys under one week of age, to isoflurane, nitrous oxide, propofol, ketamine and 
other anesthetics caused myriad toxic effects—ranging from cell death to cognitive deficits31–34. These results have 
since been supported by several in vitro studies which provide further mechanistic insights into the anesthetic-
induced effects; these could not otherwise have been deduced in intact animals. In these models, anesthetics 
have been shown to alter network development, neuronal communications and morphology to varying scales, 
and at various levels of anesthetic concentrations and exposure times20,35,36. For example, low levels of propofol 
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have been reported to cause temporary neurite retraction in cultured cortical cells20, while isoflurane, sevoflu-
rane, and propofol were found to upregulate the mechanistic target of rapamycin (mTOR), suggesting common 
pathways underlying their impacts on developing neural networks36. Desflurane and sevoflurane on the other 
hand, when used within clinical concentration ranges have also been shown to reduce neurite growth, synaptic 
puncta density, and impact spontaneous synaptic currents in cultured neurons35. Although cell culture studies 
are a physiological compromise, such experiments do nevertheless serve as powerful tools which help to tease 
apart potential pathways while identifying sites that could then potentially be targeted for mitigation strategies.

Notwithstanding the lack of conclusive evidence of harm on human learning, memory and cognition defi-
cits, questions over the clinical significance of anesthetic-induced neurotoxicity have nevertheless compelled 
both the Food and Drug Administration and Health Canada to issue warnings regarding anesthetic use for 
young children and pregnant mothers37,38. Several reviews, retrospective and patient based studies have also 
raised questions regarding anesthetic-induced side-effects in the clinical domain21–26. In the absence of definitive 
answers regarding the potential sites of anesthetic action and the nature of their harmful effects, strategies to 
mitigate their potential long-term side effects cannot, however, be put in place. Moreover, clinicians are left with 
conflicting data from both human subjects and animal studies due to inconsistencies in the used experimental 
design. Thus, a more relevant approach towards identifying key cellular targets for potential anesthetic toxicity 
is warranted, first in animal models in order to reconcile the discrepancies found in the published accounts, 
before proceeding to human studies. Of note, a direct comparison between γ-aminobutyric acid (GABA)-ergic 
and N-Methyl-D-aspartic acid (NMDA)-ergic general anesthetics (the major targets for most anesthetics), and 
the extent to which they compromise neuronal development is yet to be performed.

To provide a comprehensive and comparative account of the actions of various anesthetic agents, we examined 
one inhalational anesthetic, desflurane, and two intravenous compounds, propofol and ketamine. Propofol—the 
most commonly used intravenous anesthetic—and desflurane are known to act primarily by promoting inhibitory 
GABAergic synaptic transmission21, while ketamine acts primarily by blocking NMDA receptor-mediated excita-
tory synaptic transmission21. We examined the above agents under identical and clinically relevant conditions 
for their differential effects on cell viability, neurite outgrowth, and synapse formation in rat cortical neurons in 
order to identify potential sites for their harmful effects.

Recent studies have implicated mitochondrial dysfunction, specifically the fragmentation of its networks 
as a common denominator in several degenerative diseases39–42, and most recently in anesthetic-induced 
neurotoxicity15,18,35,43,44. We therefore sought to determine whether these agents, when used under identical and 
relevant conditions, affect mitochondrial networks, and if these potentially detrimental effects could be prevented 
by using a synthetic peptide P110, which selectively impairs dynamin-1-related protein (Drp1)-mediated mito-
chondrial fission45. Previous studies employing a general mitochondrial fission inhibitor, mdivi-1, found it to 
ameliorate anesthetic neurotoxicity in primary neurons35 and neural stem cells15. However, the off-target effects 
of this drug ranged from inhibiting cellular proliferation to respiratory impairment, and the inhibition of basal 
levels of fission which undermined its potential therapeutic utility25,46,47. Here we asked the question if P110 
peptide would rescue neurons from both intravenous and inhalation anesthetic-induced toxicity.

Methods
Ethical approval.  All animal procedures were carried out in accordance with the policies and procedures 
established by the University of Calgary Animal Care and Use Policy under the Canadian Council on Animal 
Care. All experimental protocols have been approved by the University of Calgary Animal Care Committee. 
All data were obtained without unnecessary pain and suffering of animals in accordance with the current best 
practices and used most appropriate species for the study48. The protocols used are largely identical to those 
employed in our previous study35 and were adapted accordingly. All in vivo work was carried out in compliance 
to ARRIVE guidelines.

Both male and female postnatal day 0 wild-type Sprague Dawley strain code 400 rats from Charles River 
Laboratories were used. The mothers of these postnatal day 0 rats were kept in a conventional room set at 21 °C 
on a 12-h light/dark cycle from 7:00 am to 7:00 pm local time and were fed ad libitum. Sedation was achieved 
via ice induced hypothermia, where the neonatal rat was wrapped in tissue paper and placed in a chamber filled 
with ice for 10 minutes49. Decapitation was performed following the loss of movement, prior to the regaining of 
consciousness. Following decapitation, cortical tissue was collected.

Primary rat neuronal cell culture and P110 treatment.  Sprague–Dawley rat frontal cortices were 
isolated from postnatal day 0 pups and enzymatically treated with papain (50 u/mL; Worthington Biochemi-
cal Corp., Lakewood, NJ, USA). The cells were then triturated in glass pipettes of decreasing size to create a 
uniform cell suspension and plated at appropriate confluence onto cover slips coated with laminin (2 μg/mL; 
MilliporeSigma, St. Louis, MO, USA) and poly-D-lysine (30 μg/mL; MilliporeSigma, St. Louis, MO, USA) in cul-
ture dishes. We aimed for a consistent monolayer of cells averaging around 9,000 to 12,000 cells/cm2 for “lower 
density” cultures depending on the experiment design50. Cells settled for one hour at 37 °C and 5% CO2 prior to 
the addition of additional 2 mL culture media. The culture medium used was Neurobasal medium supplemented 
with 2% B27 (Thermo Fisher Scientific, Waltham, MA, USA), L-Glutamine (200 mM; Thermo Fisher Scientific, 
Waltham, MA, USA), 4% FBS (Thermo Fisher Scientific, Waltham, MA, USA), and penicillin–streptomycin 
(10 000u/mL penicillin, 10 000μ/mL streptomycin; Invitrogen, Waltham, MA, USA), which was changed (50% 
removed and replaced) every 3 days. Some culture dishes were treated with P110 (provided by Daria Mochly-
Rosen, Department of Chemical and Systems Biology, Stanford University School of Medicine, Stanford, CA, 
USA) for one hour in culture media, while controls had normal culture media which did not contain the peptide.

The cells were incubated at 37 °C and 5% CO2 for 1 h before anesthetic exposure/treatment.
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Desflurane exposure.  After 1-h incubation at 37  °C and 5% CO2, the cells were exposed to 0.5 mini-
mum alveolar concentration (MAC) equivalent of desflurane (4.3 Vol%; Baxter Corporation, Mississauga, ON, 
Canada) in an airtight modular incubator chamber (Billups-Rothenberg) for one hour to mimic the inhalation. 
Desflurane-medical air gas mixtures were vaporized using a Datex-Ohmeda Aestiva/5 vaporizer and concen-
trations were monitored with a GE Healthcare Gas Analyzer. Controls were exposed to medical air only (79% 
Nitrogen, and 21% Oxygen; Air Liquide). After 1 h of desflurane-medical air mixture or just medical air expo-
sure, the neurons were placed back and maintained in an incubator (37 °C, 5% CO2) until use. This exposure 
time was consistent with previous studies, aimed at optimal gas exchange with minimum out of incubator time 
for culture neurons.

Propofol and ketamine treatment.  After 1-h incubation at 37 °C and 5% CO2, propofol and ketamine 
were added to the experimental treatments individually at appropriate concentrations (10  µM propofol and 
5 µM ketamine, respectively). The choice of these concentrations was based on preliminary findings and previ-
ous studies wherein they were deemed to be the lowest to have an effect on neuronal structural and functional 
characteristics. These corresponded with clinically used concentrations when administered intravenously to 
humans13,14,18. As a range of 1-10mcg/mL of blood propofol concentrations is expected in humans under anes-
thesia, converting this to µM gives a range between 5.6 µM and 56µM51. Accordingly, this led to the choice 
of 10 µM throughout our propofol experiments. For ketamine, the blood concentration for anesthesia ranges 
between 2000 and 3000 ng/mL, which equates to 7.3–10.9 µM. A dose response conducted during our prelimi-
nary investigation suggested doses ranging from 5 to 10 µM initiated varying degrees of cytotoxic effects. Fol-
lowing initial anesthetic treatment, the drugs were then further diluted with half media replacement the next 
day. The cells were maintained in an incubator (37 °C, 5% CO2) until use.

Live‑cell fluorescent imaging and confocal microscopy.  To assess the impact of desflurane on the 
morphological integrity of the mitochondria, cells were grown for 4 days post-culture and then had their media 
replaced with media containing MitoTracker Red CMXRos (ThermoFisher Scientific, cat. M7512) (200 nM) and 
incubated with the cells for 20 min at 37 °C and 5% CO2. The cells were then washed 3 times with DPBS, and 
fresh media was added. The cells were then imaged.

To simultaneously assess the impact of anesthetics on mitochondrial morphology and superoxide (SO) 
production, cells were grown for 4 days post-culture and then had their media replaced with that containing 
MitoTracker Green (ThermoFisher Scientific, cat. M7514) (70 nM) and MitoSOX Red (ThermoFisher Scientific, 
cat. M36008) (5 µM) and incubated with the cells for 20 min at 37 °C and 5% CO2. The cells were then washed 
3 times with DPBS, and fresh media was added. The cells were then imaged.

Neurons were imaged at this time point to minimize glial interference that would complicate neuronal identi-
fication. Mitochondrial morphology was quantified by assessing the percentage of cells that exhibited a particular 
morphology throughout at least three biological replicates. The individual acquiring images and data analysis 
was blinded to the experimental condition in a randomized manner. Only cells with very clear and distinguish-
able mitochondrial network morphologies were selected. Image analysis was also performed double-blinded. 
Each cell was classified as having a given mitochondrial morphology based on the predominant mitochondrial 
morphology present in each cell according to the following criteria35: mitochondria were considered fragmented 
when less than 0.75 μm in length, intermediate when 0.75 μm to 3 μm in length, and fused when greater than 
3 μm in length. These characterizations were reflected on a three-point fragmentation scale and cells were clas-
sified as having fused, intermediate, or fragmented mitochondrial networks (Fig. 1).

Fluorescence images were taken with an Olympus SD-OSR spinning-disk confocal microscope with a 
mounted incubation system (Olympus Corp.) using the same imaging parameters for every dish. A 100 × objec-
tive was used. Mitochondrial SO production was measured by calculating the mean grey intensity of SO signal 
per field of view and compared between treatments using the same imaging parameters and thresholds in ImageJ. 
The intensity of SO signal that localized to the MitoTracker Green signal was also calculated and compared in 
the same manner.

Cell viability assay.  The effects of anesthetics on neuronal viability were tested 3 days post-culture via the 
LIVE/DEAD Viability⁄Cytotoxicity Kit (Molecular Probes). This time point was selected to minimize any glial 

Figure 1.   Mitochondrial morphology quantification reference scale. Cells were manually classified into one of 
3 categories. Cells which exhibited more extreme fragmentation or hyper-fusion were counted to their closest 
equivalent. Neurons labeled with Mitotracker Red CMXRos. Scale bars indicate 10 µm.
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proliferation that could mask changes in viability of developing neurons. Specifically, the cells were exposed to 
calcein-AM (green, live cells) and ethidium homodimer-1 (red, dead cells) dyes at room temperature for 15 min 
and imaged using a Zeiss Axio Observer Z1 microscope (Zeiss Corp.) with a 10 × objective. The percentage of 
alive cells was semi-automatically counted using the Cell Counter plugin in ImageJ with the same thresholds for 
all the treatments and corrected for differences in signal intensity. All data collection was blinded and conducted 
in a standardized and systematic manner. That is, areas within a standard grid were imaged with 895 µm spacing 
in the x-axis and 630 µm in the y-axis. This approach was meant to prevent any selection bias while choosing a 
random area for imaging.

Immunofluorescent staining.  Immunofluorescent staining to assess the impact of anesthetics on synap-
tic network assembly was conducted on neurons grown for 10 days post-culture. Fixation was performed with 
4% paraformaldehyde for 20 min at room temperature. The fixed cells were permeabilized for 1 h at room tem-
perature with incubation media consisting of 0.1% Triton X with 5% goat serum. A primary rabbit monoclonal 
antibody for synaptophysin (1:500) (Abcam; EP1098Y) and mouse monoclonal antibody for PSD-95 (1:1000) 
(NeuroMab; 75-028) were applied to the cultures overnight at 4 °C. Secondary antibodies of AlexaFluor 561 
goat anti-rabbit IgG (1:400) (Invitrogen; A11011), and AlexaFluor 488 goat anti-mouse IgG (1:400) (Invitrogen; 
A28175) were then applied. Dishes were mounted with MOWIOL mounting media with DAPI to stain nuclei 
(Sigma-Aldrich). Cells were imaged with a Zeiss Axio Observer Z1 microscope (Zeiss Corp.) with a 63 × objec-
tive over randomized areas across the cover slip. All image acquisition and data analysis experiments were dou-
ble blinded where the observer was unbeknown to the nature of the experimental paradigm. Synaptic puncta 
density was quantified manually with a focus on primary neurites which emanated either from the cell body 
or secondary projections from other dendritic neurites under identical thresholds. Multiple processes from a 
minimum of 5 cells per biological replicate were quantified.

To assess the impact of anesthetics on neuronal cytoskeletal growth, the neurons were stained with primary 
chicken polyclonal antibody against the 160 kDa fragment of neurofilament (1:500) (Novus Biologicals; NB300-
222) and the secondary antibody of AlexaFluor 488 goat anti-chicken IgY (1:400) (Invitrogen; A32931). The neu-
rons were imaged using a Zeiss Axio Observer Z1 microscope (Zeiss Corp.) with a 20 × objective over a standard 
grid, with 435 µm spacing in the x-axis and 430 µm in the y-axis. This was meant to prevent any selection bias 
while randomly selecting an area for imaging. Image acquisition parameters (laser intensity, pinhole sizes, expo-
sure times, gain settings etc.) were kept consistent throughout all treatments. Average neurite outgrowth of only 
those neurons present in the center of the field of view was quantified using the ImageJ plugin NeuronJ (mini-
mum n = 19 areas of 0.4 mm2 for each treatment) with identical conditions and thresholds for each condition.

Antibody specificity data has been previously published via negative control experiments that show no immu-
nofluorescence in the absence of primary antibodies35,52.

Statistical analysis.  Statistical significance tests were conducted with GraphPad Prism 8. One-way ANOVA 
was used to compare groups with one independent variable (i.e. control vs. propofol vs. ketamine). Two-way 
ANOVA was used to compare groups with two independent variables (i.e. P110 treatment and anesthetic treat-
ment or exposure). Tukey’s or Sidak’s multiple comparisons tests were conducted as post-hoc tests as appropri-
ate. Values were graphed as mean ± standard deviation (SD) across at least 3 biological replicates. Differences 
between data were considered significant if appropriate post-hoc statistical tests resulted in p < 0.05. Significance 
parameters were indicated with asterisks as follows: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

Results
Desflurane and propofol cause significant cell death in primary rat cortical neurons.  To 
directly assess the effects of both GABAergic and NMDAergic anesthetics on neuronal health, and to resolve 
discrepancies emanating from conflicting results in the literature, we tested the effects of desflurane (4.3 vol%), 
propofol (10 µM), and ketamine (5 µM) on cortical neuronal viability under identical experimental conditions. 
This clinically relevant concentration for desflurane equates to 0.5 minimum alveolar concentration (MAC). The 
concentrations for the comparative agents propofol and ketamine were chosen based on their clinical utility and 
as per the previously published studies in various animal models13,14,18.

Cells cultured under control conditions displayed healthy, branching neurites with there being no signs 
of vacuolation. On the other hand, neurons exposed to desflurane, propofol, and ketamine exhibited signs 
of vacuolation. A quantitative analysis of these observations was conducted via live/dead assay and multiple 
areas (0.58 mm2) of three replicates of each condition were imaged and quantified under identical thresholds 
(Fig. 2a–j). Examples of dead cells are indicated with asterisks (Fig. 2a–e). Two-way ANOVA tests confirmed 
that desflurane-exposed cells exhibited significantly reduced cell viability: (Mean = 76.49%, SD = 3.49% alive, 
p = 0.006, n = 6, d = 1.9295) as compared to control (M = 83.6%, SD = 3.87% alive, n = 6) (Fig. 2k). Similar obser-
vations were made for the intravenous agents, which showed that propofol-treated cells exhibited increased 
cell death (M = 60.92%, SD = 13.35% alive, p < 0.0001, n = 9, d = 1.9063) as compared to control (M = 81.14%, 
SD = 6.84% alive, n = 14) (Fig. 2l). Ketamine, however, did not significantly affect cell viability compared to control 
(M = 74.76%, SD = 5.01% alive, p = 0.6774, n = 6, d = 1.0642) (Fig. 2l). Taken together, these data demonstrate that 
the anesthetics desflurane and propofol cause significant death in rat cortical rat neurons.

Anesthetics differentially affect neurite outgrowth and synaptic network assembly in devel‑
oping rat cortical neurons.  Neurite outgrowth.  Developing neurons extend their axonal and dendritic 
processes and branch out to reach their synaptic targets; failure to do so results in perturbed connectivity and 
compromised functional assembly of the brain. To assess whether general anesthetics with different modes of 
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action affect neurite growth of surviving neurons, we next tested the effects of desflurane, propofol, and keta-
mine on the ability of developing neurons to exhibit outgrowth. For this, the cultured neurons were stained with 
polyclonal antibodies against the 160 kDa fragment of neurofilament (Fig. 3a–j) and average neurite lengths 
were quantified in multiple areas of 0.15 mm2. We found that neurons exposed to 4.3 vol% desflurane exhibited 
neurite lengths that were not significantly lower than control (M = 0.70, SD = 0.09 fraction of control, p = 0.0663, 
n = 3, d = 2.3111) compared to control (M = 1.00, SD = 0.16, n = 3) (Fig. 3k). Neurons treated with 10 µM propo-
fol also showed no significant change in neurite outgrowth (M = 0.82, SD = 0.05 fraction of control, p = 0.8415, 
n = 3, d = 1.8276) compared to control (M = 1.91, SD = 0.36 fraction of control, p = 0.0003, n = 3) (Fig. 3l). Neu-
rons treated with ketamine however, exhibited more robust growth than their control counterparts (M = 1.91, 
SD = 0.36 fraction of control, p < 0.0001, n = 3, d = 3.3623) and compared to those treated with propofol alone 
(p < 0.0001) (Fig. 3l). Taken together, these data demonstrate that neither desflurane nor propofol inhibit average 
neurite outgrowth length per cell, whereas ketamine enhances neuronal outgrowth of cortical neurons.

Synaptic network assembly.  Robust synaptic network assembly is prerequisite to proper brain development. 
To examine the effects of various anesthetics on synaptic network assembly, cells were stained for two synaptic 
proteins—synaptophysin, a presynaptic vesicle protein, and postsynaptic density protein (PSD-95); their expres-
sion patterns and colocalized juxtapositions were taken as an index of synaptic specialization (Figure S3). Only 
puncta that met these requirements were counted as synapses, such as the example highlighted in Figure S3. 
Instances where there was only synaptophysin signal (examples indicated with an arrow in Figure S3a), or only 
PSD-95 signal (examples indicated with an asterisk in Figure S3a) with no juxtaposition to each other and no 
overlapping yellow signal were not considered as the indicators of a synapse. Neurons exhibiting juxtaposition 
of PSD-95 (green) with synaptophysin puncta (red) were deemed as ‘synapses’ (Fig. 4a–h). Desflurane-exposed 

Figure 2.   Anesthetics induced cell death in primary cortical neuronal cultures and the synthetic peptide P110 
rescued neurons from anesthetic-induced toxicity. Representative live-fluorescent images of different conditions 
labeled with a LIVE/DEAD Viability/Cytotoxicity Assay where live cells are identified with calcein-AM (green) 
and dead cells are identified with ethidium homodimer-1 (red) (a–j). Quantification of percentage of live cells 
(k–l). Exposure to 4.3 Vol% desflurane, treatment with 10 µM propofol, but not treatment with 5 µM ketamine 
caused significant cell death. P110 alone did not affect cellular viability whereas its pre-treatment protected 
neurons against desflurane. P110 pre-treatment followed by propofol or ketamine did not differ from that of 
the control. Two-Way ANOVA. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 as determined by pairwise 
comparison of post-hoc tests. Bars indicate ± SD measured across biological replicates. Each data-point indicates 
the mean viability reported in any given biological replicate. Scale bars indicate 100 μm.
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cells exhibited decreased density of synaptic puncta (M = 0.79, SD = 0.12 fraction of control, p = 0.0266, n = 6, 
d = 2.2136) compared to control (M = 1.00, SD = 0.06 fraction of control, n = 6) (Fig. 4i). Propofol, however, did 
not affect synaptic puncta density (M = 1.04, SD = 0.02 fraction of control, p = 0.9989, n = 3, d = 0.5547) compared 
to control (M = 1.00, SD = 0.1 fraction of control, n = 6) (Fig.  4j). Interestingly, ketamine-treated cells exhib-
ited increased synaptic puncta density compared to control (M = 1.5, SD = 0.14 fraction of control, p = 0.0005, 
n = 4, d = 4.1100) and compared to those treated with propofol alone (p = 0.0062) (Fig. 4j). These data thus show 
that desflurane decreases synaptic puncta formation, whereas propofol does not significantly affect synaptic 

Figure 3.   Ketamine increased average neurite outgrowth, which was attenuated by P110, whereas neither 
desflurane nor propofol had any significant impact. Representative fluorescent images of cortical neurons 
stained for neurofilament at day in vitro 3 (a–j). Quantification of average neurite length relative to control 
(k–l). Exposure to 4.3 Vol% desflurane did not decrease average neurite lengths, whereas treatment with 10 µM 
propofol did not significantly affect neurite outgrowth. Treatment with 5 µM ketamine resulted in enhanced 
growth compared to control. P110 alone did not affect neurite outgrowth wheras P110 pre-treatment mitigated 
ketamine-induced changes. P110 treatment followed by propofol or desflurane did not differ from control. 
Two-Way ANOVA. **** p < 0.0001 as determined by pairwise comparison of post-hoc tests. Bars indicate ± SD 
measured across biological replicates. Each data point indicates the mean average neurite lengths per biological 
replicate. Scale bars indicate 50 μm.
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assembly. Contrary to the GABAergic desflurane, ketamine increased synaptic puncta density as revealed by the 
expression of two key synaptic markers, synaptophysin and PSD-95 in cortical neurons.

Propofol and ketamine compromise mitochondrial networks whereas ketamine elevates 
mitochondrial superoxide production.  All cellular processes depend on underlying energy dynam-
ics, and thus the mitochondria have become the centre of extensive investigation as a potential target site for 
anesthetic-induced neurotoxicity and neurodegeneration. To assess the relative effects of the two intravenous 
agents propofol and ketamine on mitochondrial morphology, and to determine if any of the observed changes 
were accompanied by functional deficits, we examined SO production, which is an indicator of mitochondrial 
and cellular health. We labeled the neurons with MitoTracker Green FM for mitochondria and MitoSOX Red 
for SO production and discovered that under control conditions, mitochondria exhibited typical, elongated, 

Figure 4.   Desflurane but not propofol decreased synaptic protein expression whereas ketamine increased 
synaptic protein expression, P110 attenuated anesthetic-induced detrimental changes to synaptic assembly. 
Representative fluorescent images of cortical neurons stained for PSD-95 and synaptophysin at day in vitro 10 
(a–h). Each arrow on the merged images indicates examples of synaptic puncta along the neurite lengths as 
identified by the juxtaposed expression of pre-synaptic and post-synaptic labels that result in a distinctly yellow 
overlapping region. Quantification of average PSD-95/synaptophysin puncta per neurite length relative to 
control (i–j). Exposure to 4.3 Vol% desflurane decreased average synaptic puncta density. Treatment with 10 µM 
propofol did not affect average synaptic puncta density. Treatment with 5 µM ketamine increased average puncta 
density. P110 alone did not affect synaptic network assembly, whereas its pre-treatment mitigated desflurane-
induced pertubations and partially prevented ketamine-induced synaptogenesis. P110 followed by propofol 
treatment did not differ from control. Two-Way ANOVA. * p < 0.05, ** p < 0.01, *** p < 0.001, as determined by 
pairwise comparison of post-hoc tests. Bars indicate ± SD measured across biological replicates. Each data point 
indicates the mean synapse density per biological replicate. Scale bars indicate 5 μm.
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Figure 5.   Propofol and ketamine induce mitochondrial fragmentation and ketamine dramatically increases 
SO production in primary cortical neurons. Representative cropped fluorescent images showing neurons from 
each condition which were co-stained with MitoTracker Green FM for mitochondria and the mitochondrial 
SO indicator MitoSOX Red (A). Quantification of predominant mitochondrial morphology in each treatment. 
Both propofol and ketamine caused an increase in the proportion of cells exhibiting fragmented mitochondrial 
networks (B). Quantification of relative SO production (C). Propofol-treated neurons did not significantly 
differ from control, whereas ketamine more than doubled relative SO production. Quantification of relative SO 
based on MitoSOX Red signal which colocalized to MitoTracker Green FM (D). Propofol did not significantly 
impact mitochondrial SO production, while ketamine almost tripled mitochondrial SO production compared 
to control. One-way or two-way ANOVA. * p < 0.05, ** p < 0.01, **** p < 0.0001 as determined by pairwise 
comparison of post-hoc tests. Bars indicate ± SD across at least biological replicates. Each data-point indicates 
the either the percentage of cells that exhibited a specific morphology per dish, or the mean SO signal recorded 
per dish. Scale bars indicate 10 μm.
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rod-like morphology (Fig. 5A). Conversely, neurons exposed to anesthetics exhibited small, round morphol-
ogy, with fewer elongated rod-like mitochondria, which is a characteristic of fragmented mitochondrial net-
works and mitochondrial toxicity, dysfunction, and the invocation of intrinsic apoptotic pathway (Fig. 5A). To 
validate these observations, we quantified the mitochondrial morphology in cortical neurons using a 3-point 
scale (fragmented, intermediate, and fused) (Fig. 1) and assessed the data via two-way ANOVA. We found that 
both propofol (M = 46.26%, SD = 11.07%, p < 0.0001, n = 5, d = 2.6281) and ketamine (M = 47.312%, SD = 8.98%, 
p < 0.0001, n = 6, d = 3.1719) caused aberrant mitochondrial fragmentation compared to control (M = 22.29%, 
SD = 6.62%, n = 8), with these conditions showcasing a higher proportion of cells with fragmented mitochondrial 
networks (Fig. 5B). We concomitantly examined SO production under these experimental conditions to quan-
tify potential differences in the effects propofol and ketamine on mitochondrial function. By measuring fluores-
cence intensity of MitoSOX Red over the full field of view, we found that ketamine (M = 213.19%, SD = 55.35% 
of control, p = 0.0059 compared to control, n = 3, d = 2.5593), but not propofol (M = 152.1%, SD = 17.68% of con-
trol, p = 0.1736 compared to control, p = 0.146 compared to ketamine alone, n = 3, d = 2.1623) caused a dramatic 
increase in SO production in the cells compared to control (M = 100%, SD = 29.13% of control, n = 3) (Fig. 5C). 
We further investigated this relationship and quantified superoxide signal that colocalized with the mitochon-
drial signal. We found similar trends for both propofol (M = 156.3%, SD = 46.17% of control, p = 0.5981, n = 3, 
d = 0.99436) and ketamine (M = 275%, SD = 114.7% of control, p = 0.0348 compared to control and p = 0.2051 
compared to propofol alone, n = 3, d = 1.8743) compared to control (M = 100%, SD = 65.42% of control, n = 3) 
(Fig. 5D). These data thus show both propofol and ketamine cause a robust increase in mitochondrial fragmen-
tation and ketamine increases SO production.

A synthetic peptide prevents desflurane‑induced mitochondrial fragmentation.  Previous 
studies have attempted to identify protective agents that may mitigate various aspects of anesthetic neurotoxic-
ity. Specifically, we have previously demonstrated that desflurane-induced fragmentation is prevented by pre-
treatment of cells with a mitochondrial fission inhibitor, mdivi-135. However, the off-target effects of this drug 
range from inhibiting cellular proliferation to respiratory impairment and inhibition of basal levels of fission; 
these negative attributes thus negate its clinical potential and also prevent us from identifying the specific fission 
protein interactions that may be affected by anesthetics25,46,47. Instead, here we used a rationally designed syn-
thetic peptide45 that targets excessive “pathological” mitochondrial fission by selectively blocking the dynamin-
1-like protein (Drp1) and mitochondrial fission 1 protein (Fis1) interaction, which is upregulated during cellular 
stress. Blocking only this and not Drp1-receptor interactions that mediate physiological mitochondrial fission 
was deemed by us to help further elucidate the mechanisms of anesthetic neurotoxicity.

We first investigated whether pre-treatment with the Drp1/Fis1 fission inhibitor P110 could help maintain 
mitochondrial network integrity both by itself and from desflurane-induced mitochondrial fragmentation. For 
this test, neurons were either treated with P110 (1 µM) mixed in culture media or media alone (control) on the 
day of cell plating and then exposed either to 4.3 Vol.% desflurane mixed with medical air, or medical air alone 
for 1 h. This concentration of P110 corresponds to lower-end dosage reported in literature45, and was validated 
further with tests in our lab (Figure S1). The cells were then maintained in culture and imaged after 4 days using 
Mitotracker Red CMXRos. Control neurons mostly exhibited typical, rod-like morphology between 0.75 and 
3 µm in size (Fig. 6a). Desflurane-exposed cells, on the other hand, exhibited smaller, more rounded mitochon-
drial morphologies (Fig. 6b). Neurons treated with P110 appeared indistinguishable from control (Fig. 6c,d). 
To validate these observations further, we quantified the neurons based on mitochondrial morphologies using 
a 3-point fragmentation scale (fragmented, intermediate, and fused) (Fig. 1) and assessed the data via two-way 
ANOVA. These results were confirmed with post-hoc tests. We found that the cells exposed to clinical levels 
of desflurane exhibited increased fragmentation (control mean = 25.34%, SD = 7.74%, n = 4; desflurane alone 
mean = 48.85%, SD = 3.83%, p = 0.0026, n = 4, d = 3.8501). On the other hand, the morphological signatures of 
cells treated with P110 remained unchanged when compared to control (fragmented: M = 18.89%, SD = 10.29%, 
p = 0.7601, n = 3, d = 0.7084). Remarkably, cells pre-treated with P110 and then exposed to desflurane exhibited 
no significant difference from control or P110 alone (fragmented: M = 24.4%, SD = 7.51%, p = 0.9986 compared to 
control d = 0.1233, p = 0.8354 compared to P110 alone, n = 4, d = 0.6117). The morphological signatures did, how-
ever, differ from cells exposed to desflurane alone (p = 0.0017) (Fig. 6e). These data demonstrate that desflurane 
increased fragmentation of the mitochondria in primary rat cortical neurons, whereas P110 did not elicit any 
mitochondrial toxicity by itself. Furthermore, P110 pre-treatment attenuated desflurane-induced fragmentation, 
thus preserving mitochondrial networks.

The synthetic peptide P110 reverses propofol‑induced mitochondrial but not ketamine‑induced 
fragmentation and superoxide production.  We further examined whether pre-treatment with the 
Drp1/Fis1 fission inhibitor P110 could help mitigate any changes in SO production and mitochondrial mor-
phology caused by propofol and ketamine (Fig. 7A). We have observed above that both propofol and ketamine 
caused excessive mitochondrial fragmentation and that neurons treated with P110 alone did not show any dif-
ferences from those of the control (fragmented: M = 24.19%, SD = 8.74%, p = 0.9972, n = 9, d = 0. 2451). Remark-
ably, P110 pre-treatment prevented excessive mitochondrial fragmentation caused by propofol and preserved 
the overall morphological signature as seen in control (M = 28.75%, SD = 3.04%, p = 0.7155 compared to control, 
p = 0.9081 compared to P110 alone, p = 0.0098 compared to propofol alone, n = 6, d = 1.2541) (Fig. 7B). Neurons 
treated with P110 and followed by ketamine treatment also appeared similar to control and were significantly 
less fragmented than those treated with ketamine alone (M = 29.95%, SD = 11.86%, p = 0.5455 compared to con-
trol, p = 0.7857 compared to P110 alone, p = 0.007 compared to ketamine alone, n = 6, d = 0.7976) (Fig. 7B). Taken 
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together, these data demonstrate that pre-treatment with the Drp1/Fis1 fission inhibitor P110 protects primary 
cortical neurons from propofol-induced and ketamine-induced mitochondrial fragmentation.

Neurons treated with P110 alone displayed no change in SO levels as compared to control (M = 84.30%, 
SD = 39.46% of control, p > 0.9999 compared to control, n = 4, d = 0.42485). Cells treated with P110 followed 
by propofol exhibited SO expression which was not significantly different from either control, P110 alone, or 
propofol alone (M = 70.20%, SD = 10.69% of control, p = 0.9762 compared to control, p > 0.9999 compared to P110 
alone, p = 0.0961 compared to propofol alone, n = 3, d = 5.6061) (Fig. 7C). P110 did not reverse ketamine-induced 
SO production (M = 194.48%, SD = 10.88% of control, p = 0.0155 compared to control, p = 0.0061 compared to 
P110 alone, p > 0.9999 compared to ketamine alone, n = 3, d = 0.46907) (Fig. 7C). Of these, the SO signal that 
colocalized with the mitochondrial signal showed similar trends. P110 by itself did not impact mitochondrial SO 
(M = 88.80%, SD = 36.29% of control, p = 0.9997, n = 4, d = 0.21172) compared to control (M = 100%, SD = 65.42% 
of control, n = 5). The peptide also did not impact propofol-induced SO production (M = 96.34%, SD = 11.24% 
of control, p > 0.9999 compared to control, p = 0.8202 compared to propofol alone, n = 3, d = 1.7845). P110 did 
not significantly impact ketamine-induced SO production, and was not significantly different from control 
either (M = 224.96%, SD = 34.43% of control, p = 0.1036 compared to control, p = 0.0839 compared to P110 alone, 
p = 0.9041 compared to ketamine alone, n = 3, d = 0.5909) (Fig. 7D). Together, these data demonstrate that the 
synthetic Drp/Fis1 fission inhibitor P110 did not affect mitochondrial SO production by itself and prevented 
propofol but not ketamine-induced changes to mitochondrial morphology when administered concomitantly 
with the tested anesthetic (Fig. 7).

Figure 6.   P110 treatment prevents desflurane-induced perturbation of mitochondrial morphology. Fluorescent 
cropped images showing representative neurons from each condition (a–d). Quantification of predominant 
mitochondrial morphology in each treatment (e). Desflurane alone caused increased fragmentation. P110 alone 
did not affect mitochondrial morphologies. P110 pre-treatment, followed by desflurane exposure prevented 
anesthetic-induced aberrations. Two-Way ANOVA. ** p < 0.001 as determined by Tukey’s multiple comparisons 
post-hoc test. Bars indicate ± SD across biological replicates. Each data-point indicates the percentage of cells 
that exhibited a specific morphology per biological replicate. Scale bars indicate 10 μm.
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Figure 7.   P110 reverses propofol-induced SO production and mitochondrial fragmentation. Representative cropped fluorescent 
images showing neurons from each condition which are co-stained with MitoTracker Green FM for mitochondria and the SO 
indicator MitoSOX Red (A). Quantification of predominant mitochondrial morphology in each treatment (B). For the ease of 
comparison, the control and anesthetic alone data are recapitulated here. P110 alone did not affect mitochondrial morphology whereas 
P110 pre-treatment fully rescued against propofol and ketamine-induced fragmentation. Quantification of relative SO production. 
For the ease of comparison, the control and anesthetic alone data are recapitulated here (C). P110 alone did not affect SO production, 
however, P110 pre-treatment completely protected against propofol-induced SO production but not ketamine-induced SO production. 
Quantification of relative SO based on MitoSOX Red signal which colocalized to MitoTracker Green FM (D). For the ease of 
comparison, the control and anesthetic alone data are recapitulated here. P110 reversed propofol-induced elevation in mitochondrial 
SO production but not ketamine-induced changes. Two-Way ANOVA. * p < 0.05, ** p < 0.01, **** p < 0.0001 as determined by pairwise 
comparison of post-hoc tests. Bars indicate ± SD across at least biological replicates. Each data-point indicates the either the percentage 
of cells that exhibited a specific morphology per dish, or the mean SO signal recorded per dish. Scale bars indicate 10 μm.
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P110 attenuates anesthetic‑induced cell death in primary cortical cultures.  To validate further 
the neuroprotective properties of P110 against anesthetic-induced cell death, we next assessed cell viability of 
the neuronal cultures. Two-way ANOVA and subsequent post-hoc tests showed that cells treated with P110 
alone maintained survival rates similar to those of control (M = 85.12%, SD = 2.5% alive, p = 0.9622 compared 
to control, n = 6, d = 0.4666). Remarkably, cells pre-treated with P110 followed by desflurane exposure exhibited 
no change from control or P110 alone in terms of viable cells and were significantly better than those exposed 
to desflurane alone (M = 82.61%, SD = 2.74% alive, p = 0.9958 compared to control, p = 0.7169 compared to P110 
alone, p = 0.0206 compared to desflurane alone, n = 6, d = 0.2953) (Fig. 2j). These data demonstrate that exposure 
to 4.3 Vol.% desflurane results in significant neuronal death in vitro, whereas P110 pre-treatment provides neu-
roprotection against desflurane-induced death of primary rat cortical neurons.

Similar observations were made for intravenous agents, wherein cells treated with P110 alone maintained cell 
viability (M = 76.85%, SD = 8.1%, p = 0.846 compared to control, n = 10, d = 0.5723). Neurons treated with P110 
followed by propofol exposure exhibited no change from that of the control or P110 alone, although it was not sig-
nificantly higher than cells treated with propofol alone either (M = 69.29%, SD = 9.85% alive, p = 0.1242 compared 
to control, p = 0.6255 compared to P110 alone, p = 0.5395 compared to propofol alone, n = 5 areas, d = 1.3975) 
(Fig. 2l). P110 followed by ketamine exposure did not differ from controls either (M = 79.63%, SD = 7.6% alive, 
p = 0.9993 compared to control, p = 0.9596 compared to P110 alone, p = 0.9291 compared to ketamine alone, 
n = 6, d = 0.2089) (Fig. 2l). These data demonstrate that P110 may provide protection against the neurotoxic 
effects propofol in vitro.

P110 rescues desflurane, propofol, and ketamine‑induced effects on neurite outgrowth and 
synaptogenesis.  P110 rescues anesthetic‑induced changes in cortical neurite outgrowth.  To validate the 
neuroprotective potential of P110, we next tested the effects of desflurane, propofol, and ketamine on the extent 
of growth after pre-treatment with P110. Cells treated with P110 alone (M = 0.96, SD = 0.04 fraction of control, 
p = 0.9794 compared to control, n = 3, d = 0.34300) and those treated with P110 followed by desflurane expo-
sure showed no significant change from control (M = 1.01, SD = 0.16 fraction of control, p = 0.9992 compared to 
control, p = 0.9536 compred to P110 alone, p = 0.0553 compared to desflurane alone, n = 3, d = 2.3882) (Fig. 3). 
Similarly, we discovered that propofol did not affect neurite outgrowth in developing primary cortical neurons. 
Neurons treated with P110 alone (M = 0.90, SD = 0.09 fraction of control, p = 0.9908 compared to control, n = 3, 
d = 0.8944), or P110 followed by propofol treatment also showed no deviation from control (M = 0.95, SD = 0.09 
fraction of control, p > 0.9999 compared to control, p > 0.9999 compared to P110 alone, p = 0.9962 compared to 
propofol alone, n = 3, d = 1.7857) (Fig. 3).

Neurons treated with ketamine exhibited extensive growth compared to control, whereas pre-treatment with 
P110 attenuated the excessive growth seen in ketamine-treated cells and showed no difference from control 
(M = 1.11, SD = 0.02 fraction of control, p = 0.9975 compared to control, p = 0.6732 compared to P110 alone, 
p < 0.0001 compared to ketamine alone, n = 3, d = 3.1379) (Fig. 3). Taken together, these data show that ketamine 
enhances neurite outgrowth of developing cortical neurons, and that these effects are also reversed by P110 
pre-treatment.

P110 attenuates anesthetic‑induced changes in synaptic network assembly in cortical neu‑
rons.  We next asked whether P110 could provide neuroprotection against anesthetic-induced toxicity regard-
ing its ability to preserve neuronal network health and synaptic assembly. We found that P110 treatment did not 
affect total synaptic puncta density by itself (M = 1.06, SD = 0.14 fraction of control, p = 0.8034 compared to con-
trol, n = 5, d = 0.5571), rather it reversed the desflurane-induced decrease in density of synaptic puncta (M = 1.01, 
SD = 0.13 fraction of control, p = 0.9979 compared to control, p = 0.8828 compared to P110 alone, p = 0.0182 
compared to desflurane alone, n = 6, d = 0.09877) (Fig. 4). Accordingly, P110 treatment alone (M = 0.99, SD = 0.11 
fraction of control, p > 0.9999 compared to control, n = 5, d = 0.09513) or followed by propofol treatment did 
not change synaptic puncta density compared to control in the intravenous anesthetic tests (M = 1.00, SD = 0.03 
fraction of control, p > 0.9999 compared to control, p > 0.9999 compared to P110 alone, p = 0.9997 compared 
to propofol alone, n = 3, d = 1.5689) (Fig. 4). Interestingly, P110 pre-treatment followed by ketamine exposure 
did not differ from control cells, or to the synonymous P110 alone cells (M = 1.24, SD = 0.33 fraction of control, 
p = 0.2237 compared to control, p = 0.2114 compared to P110 alone, p = 0.2244 compared to ketamine alone, 
n = 3, d = 1.0257) (Fig. 4). Taken together, these data show for the first time, that treatment with the mitochon-
drial fission inhibitor peptide P110 allows us to rescue neurons from anesthetic-mediated reduction in synaptic 
puncta density in cortical neurons while completely reversing desflurane-induced decreases in the number of 
boutons, and partially preventing ketamine-induced increases.

Discussion
There is now significant awareness of the potential neurotoxic effects of anesthetic agents on brain development, 
and progress has been made in understanding the mechanisms underlying the evidence of harm13,21,22. However, 
despite several studies investigating these effects, developing a consensus vis-à-vis the effects of anesthetics on 
neuronal health has remained elusive. The reasons for this lack of consensus perhaps owe their existence to the 
fact that myriad models have been subjected to different anesthetic agents and under diverse experimental con-
ditions, thus generating irreconcilable conclusions. As such, neither the precise mechanisms, nor the extent to 
which these effects may impact any particular patient can be considered reliably. Hence, we deemed it important 
to resolve these differing conclusions by creating identical experimental conditions through which to test the 
effects of key inhalational and intravenous general anesthetics on developing neural circuits. We selected this 
experimental paradigm for its versatility and specificity. The primary culture setup offered a higher resolution 
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assessment of fundamental characteristics ranging from the initiation of growth to forming of synaptic networks 
during critical “neurodevelopmental” periods which could not otherwise be monitored in vivo. Specifically, such 
an analysis at the cellular and molecular level is not feasible in intact, freely behaving animals.

Interestingly, we discovered that under identical cortical cell culture conditions, desflurane, propofol, and 
ketamine exerted differing effects on neurite growth and synaptic network assembly. While the GABAergic anes-
thetic agent desflurane decreased synaptic density, the NMDAergic ketamine had the opposite effect, whereas 
the GABAergic propofol had no significant impact on these parameters. This suggests an agent-specific influence 
on key characteristics of neuronal development. Even with these differing effects however, both desflurane and 
propofol caused significant cell death. These observations are consistent with previous in vitro studies using 
either the same or lower concentrations35,53,54. We do not however rule out the possibility that dead fibroblasts 
or glia may have also been included in our assessment—notwithstanding concerted efforts to count only those 
cells with larger nuclei and morphological features that are characterises of neurons. Moreover, we monitored 
here only fresh cultures where the glial count is the lowest (due to their smaller sizes, they take much longer 
time to adhere to the substrate than neurons). A potential caveat however is that at such an early stage of cul-
ture, neurons were exposed to drugs as opposed to later stages when networks of neurons would have been fully 
established and cells become less susceptible to membranous damage. While we showed morphological, and 
not functional attributes of a synapse, our previous experiments—conducted under identical conditions—have 
nevertheless demonstrated that decreased synaptic puncta are always corroborated with lower amplitude and 
frequency of spontaneous synaptic events35. The differences observed between agents thus support and build on 
previous studies that have investigated these drugs individually and substantiate the notion that regardless of 
the model system used, both inhalational and intravenous general anesthetics exert different effects on neuronal 
viability and growth.

For example, previous studies have demonstrated propofol-induced acute neurite retraction in primary rat 
cortical neurons (minutes after anesthetic exposure) which was completely reversed within 10 min after the 
washout for lower concentrations (0.02, 0.2, and 2 µM)20. Although these live-imaging tests are consistent with 
our observations, the authors noted that the effects of longer exposure times or exposure to 20 µM propofol 
could not be reversed. This may be explained by the short timeline of the experiment, with neurite lengths being 
observed within hours of anesthetic exposure, and not days afterwards to quantify lasting effects. The observa-
tion that ketamine increased neurite outgrowth at the above concentration was indeed surprising, but these data 
corroborate well with previous studies which have shown that this anesthetic, as well as some antidepressants, 
increased neurite outgrowth and dendritic spine density in hippocampal and cortical neurons, respectively51,55. 
This may be a result of an upregulation of mTOR signaling or other un-identified mechanisms. For the impact 
of propofol on synaptogenesis, divergent results have been reported with regards to cell type and the age of 
animals12,56. Similarly, ketamine has been previously shown to either downregulate synaptic proteins in the 
hippocampus of the developing brain57, or to upregulate them in the cortex58. A 2010 study demonstrated that 
activation of the mTOR pathway underlies ketamine-induced synaptogenesis by illustrating increased dendritic 
spine density in cortical neurons. This was coupled with a functional assessment of synaptic activity in pyramidal 
cells55. Likewise, the increase in neurite outgrowth and synaptic puncta density observed above seem to follow 
suit of reported effects of ketamine on glutamatergic transmission long after drug washout. Increased glutamate 
signaling post-anesthetic via the α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptor 
may explain part of its effects on increased number of synaptic structures that were discerned in the present 
study59. Further,

The widely documented GABA depolarizing-to-hyperpolarizing polarity switch in the developing brain60,61 
may underlie some of the differences in the effects of these agents. GABAergic transmission plays an important 
role in propagating giant depolarizing potentials, which are crucial for early brain development and for addi-
tional GABAergic synaptogenesis60,62. We speculate that anesthetic-induced GABA agonism by agents such 
as isoflurane63, desflurane64, propofol65,66, and to a minor degree, ketamine67, may be a factor responsible for 
increasing GABAergic sensitivity in developing brains when administered to pregnant mother or neonates. In 
the context of apoptosis, this may underlie anesthetic-induced GABAergic excitotoxicity63 and the subsequent 
cell death. Acting in opposition to this, ketamine-mediated NMDA antagonism68 may counteract these effects, 
and provide protection against excitotoxicity69. Whether such protection may also be available to the developed 
brain where GABAergic currents become inhibitory, remains to be determined. Thus, various reports suggesting 
ketamine’s neuroprotective role in brains exposed to noxious stimuli cannot be discounted when investigating 
anesthetic neurotoxicity70. For instance, a 2018 study found that ketamine prevented behavioral deficits caused 
by isoflurane71, an agent that induces GABAergic excitotoxicity in the developing brain63. Preventing hyperactive 
synaptic transmission which may initiate cell death, and modulating mitochondrial function may complement 
ketamine’s mTOR-mediated anti-depressant properties55 in what would have otherwise been a highly excitotoxic 
cellular environment.

This dual function may also explain ketamine’s purported neuroprotective effects in the developing brain. 
Various investigators have commented on the seemingly opposite effects of ketamine and have correctly suggested 
that drug dose, frequency of exposure, and the noxious state of the brain may impact ketamine-induced neuro-
toxicity verses neuroprotection72. We believe that this mechanistic understanding may provide a clearer answer 
to these exciting set of questions, many of which remain elusive. For example, determining whether ketamine 
could by itself, relieve anesthetic-induced excitotoxicity may help explain its clinical uses. These insights could 
offer a unique opportunity to develop novel strategies to mitigate anesthetic-induced neurotoxicity in the clinic.

To identify a potential common mechanism underlying anesthetic-induced neurotoxicity in developing neu-
rons, we investigated neuronal energy dynamics; specifically, we examined mitochondrial structure and function. 
Mitochondrial dysfunction has been previously shown to appear quickly (within two hours) following anes-
thetic exposure and leads to neuron apoptosis3. Furthermore, Boscolo, et al.73 showed that anesthetic-induced 
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mitochondrial dysfunction in P7 rat pups also produced more reactive oxygen species (ROS), disintegrated inner 
mitochondrial membranes and resulted in cognitive dysfunction. These effects were, however, reversible when 
mitochondrial integrity was protected with R( +) pramipexole (PPX). R( +) PPX blocks the disintegration of 
the mitochondrial membrane by downregulating ROS74,75, thereby preventing activation of apoptotic pathways 
driven by excessive ROS76. While well-tolerated in high doses and relatively free of non-target effects73, R( +) PPX 
does not directly target underlying mitochondrial dysfunction. For these reasons, we opted to use a synthetic 
peptide, P11045, to selectively impair Drp1-mediated mitochondrial fission.

In recent years, the roles of disrupted mitochondrial networks and its compromised dynamics have also come 
to light in several neurodegenerative diseases, although clinical treatments remain limited77. Changes to cellular 
growth machinery and cytoskeletal protein function heavily involve these mitochondrial networks, and the 
delivery of functional mitochondria to sites with high metabolic requirements (such as growth cones and branch 
points) is crucial in synapse formation and synaptic transmission78–80. Thus, any perturbation of mitochondrial 
dynamics may have lasting implications on neuronal network development81. We reason that this may explain 
the trends observed in our results and the discrepancy in the field with regards to making a direct comparison 
between primarily NMDAergic ketamine and the GABAergic propofol. That said, questions remain as to how 
exactly ketamine influences mitochondrial integrity and superoxide production. Reconciling whether these may 
be through downstream effects of glutamate modulation, or NMDA receptor-based calcium influx, amongst 
other postulates provide an exciting avenue for further research82,83.

We have previously demonstrated that both desflurane and sevoflurane-induced neurotoxicity could be 
reversed by the fission inhibitor mdivi-1 using the same experimental paradigm35. These observations were 
consistent with an earlier study where propofol-induced cytotoxic effects on a cell line were found to be attenu-
ated by mdivi-115. However, the clinical applications of mdivi-1 are limited due to its off-target effects84. Our 
approach here was to selectively block Drp1/Fis1 interaction without interfering with the interactions of this 
cascade with other physiological functions. We showed here that using P110, a non-toxic, seven amino acid-long 
selective inhibitor of Drp1/Fis145 not only attenuates anesthetic-induced neurotoxicity, but that it also rescues 
cultured cortical cells from desflurane, propofol, and ketamine-induced mitochondrial fragmentation. These 
results are the first to demonstrate the protective effects of P110 against anesthetic-induced neurotoxicity. To our 
knowledge this is also the first study to link Fis1 receptor-mediated fission with anesthetic-induced aberrations. 
Since the peptide protects against both GABAergic and NMDAergic agents (although there is some overlap in 
action21), our data suggest a common site of anesthetic actions targeting mitochondria. Regarding the potential 
mechanisms, it may be reasonable to suggest that changes in cellular energetics, hyperactivity, or other yet-to-
be explored interactions of anesthetics with mitochondria might be involved. The data presented in this study 
has identified mitochondria as potential therapeutic target against anesthetic-induced cytotoxicity, but further 
research is required to identify how key mitochondrial cycles are regulated by anesthetics. Moreover, additional 
studies would need to be conducted to demonstrate that the anesthetic-induced effects on animal learning, 
memory and cognition could also be reversed by P110 peptide in freely behaving animals.

Taken together, anesthetic-induced neurotoxicity is a significant issue. However, given that the anesthetics are 
essential tools that enable critical surgeries, they are unavoidable. This does not however, mean that their cyto-
toxic and long-term effects should be overlooked as it would undermine our efforts directed at searching for least 
toxic anesthetic agents or to synthesize compounds that would mitigate their cytotoxic effects in humans. This 
study makes two important contributions to our understanding of anesthetics and neurotoxicity. First, we provide 
a pragmatic account of both commonly used inhalational and intravenous general anesthetic agents with differ-
ent modes of action in relation to their effects on key aspects of neuronal health under identical experimental 
conditions. We propose a mechanistic-based paradigm to the varying results observed in the field. We integrate 
these findings with current interpretations of anesthetic-induced neurotoxicity and attempt to fill several gaps in 
our understanding of anesthetic-induced harm in cultured rat cortical neurons. Second, we identify a potential, 
novel protective strategy against anesthetic-induced neurotoxicity by preserving mitochondrial health. This 
approach could help design future neuroprotective drugs with potential clinical applications. We showed here 
that the neurotoxic effects of the anesthetics are either mitigated or reversed by a selective mitochondrial fission 
inhibitor, P110, showcasing both in vivo and clinical potential. The findings presented here thus underscore the 
fact that preserving mitochondrial networks may be a key for future research into potential neuroprotective 
agents that will complement the vital role of anesthetics in the operating theatre.

Data availability
The data that support the findings of this study are openly available in the Mendeley Data Depository at https​
://doi.org/10.17632​/5j76t​2b374​.1.

Received: 16 July 2020; Accepted: 10 February 2021

References
	 1.	 Jevtovic-Todorovic, V. et al. Early exposure to common anesthetic agents causes widespread neurodegeneration in the developing 

rat brain and persistent learning deficits. J. Neurosci. 23, 876. https​://doi.org/10.1523/JNEUR​OSCI.23-03-00876​.2003 (2003).
	 2.	 Jevtovic-Todorovic, V. & Carter, L. B. The anesthetics nitrous oxide and ketamine are more neurotoxic to old than to young rat 

brain. Neurobiol. Aging 26, 947–956. https​://doi.org/10.1016/j.neuro​biola​ging.2004.07.009 (2005).
	 3.	 Yon, J. H., Daniel-Johnson, J., Carter, L. B. & Jevtovic-Todorovic, V. Anesthesia induces neuronal cell death in the develop-

ing rat brain via the intrinsic and extrinsic apoptotic pathways. Neuroscience 135, 815–827. https​://doi.org/10.1016/j.neuro​scien​
ce.2005.03.064 (2005).

	 4.	 Nikizad, H., Yon, J. H., Carter, L. B. & Jevtovic-Todorovic, V. Early exposure to general anesthesia causes significant neuronal 
deletion in the developing rat brain. Ann. N. Y. Acad. Sci. 1122, 69–82. https​://doi.org/10.1196/annal​s.1403.005 (2007).

https://doi.org/10.17632/5j76t2b374.1
https://doi.org/10.17632/5j76t2b374.1
https://doi.org/10.1523/JNEUROSCI.23-03-00876.2003
https://doi.org/10.1016/j.neurobiolaging.2004.07.009
https://doi.org/10.1016/j.neuroscience.2005.03.064
https://doi.org/10.1016/j.neuroscience.2005.03.064
https://doi.org/10.1196/annals.1403.005


15

Vol.:(0123456789)

Scientific Reports |         (2021) 11:4567  | https://doi.org/10.1038/s41598-021-84168-y

www.nature.com/scientificreports/

	 5.	 Rizzi, S., Carter, L. B., Ori, C. & Jevtovic-Todorovic, V. Clinical anesthesia causes permanent damage to the fetal guinea pig brain. 
Brain Pathol. 18, 198–210. https​://doi.org/10.1111/j.1750-3639.2007.00116​.x (2008).

	 6.	 Pesić, V. et al. Potential mechanism of cell death in the developing rat brain induced by propofol anesthesia. Int. J. Dev. Neurosci. 
27, 279–287. https​://doi.org/10.1016/j.ijdev​neu.2008.12.005 (2009).

	 7.	 Lunardi, N., Ori, C., Erisir, A. & Jevtovic-Todorovic, V. General anesthesia causes long-lasting disturbances in the ultrastructural 
properties of developing synapses in young rats. Neurotox. Res. 17, 179–188. https​://doi.org/10.1007/s1264​0-009-9088-z (2010).

	 8.	 Sanchez, V. et al. General anesthesia causes long-term impairment of mitochondrial morphogenesis and synaptic transmission in 
developing rat brain. Anesthesiology 115, 992–1002. https​://doi.org/10.1097/ALN.0b013​e3182​303a6​3 (2011).

	 9.	 Popic, J. et al. Propofol-induced changes in neurotrophic signaling in the developing nervous system in vivo. PLoS ONE 7, e34396. 
https​://doi.org/10.1371/journ​al.pone.00343​96 (2012).

	10.	 Lunardi, N., Oklopcic, A., Prillaman, M., Erisir, A. & Jevtovic-Todorovic, V. Early exposure to general anesthesia disrupts spatial 
organization of presynaptic vesicles in nerve terminals of the developing rat subiculum. Mol. Neurobiol. 52, 942–951. https​://doi.
org/10.1007/s1203​5-015-9246-7 (2015).

	11.	 Joksovic, P. M., Lunardi, N., Jevtovic-Todorovic, V. & Todorovic, S. M. Early exposure to general anesthesia with isoflurane down-
regulates inhibitory synaptic neurotransmission in the rat thalamus. Mol. Neurobiol. 52, 952–958. https​://doi.org/10.1007/s1203​
5-015-9247-6 (2015).

	12.	 Milanovic, D. et al. Neonatal propofol anesthesia changes expression of synaptic plasticity proteins and increases stereotypic and 
anxyolitic behavior in adult rats. Neurotox. Res. 32, 247–263. https​://doi.org/10.1007/s1264​0-017-9730-0 (2017).

	13.	 Berndt, N. et al. Possible neurotoxicity of the anesthetic propofol: evidence for the inhibition of complex II of the respiratory chain 
in area CA3 of rat hippocampal slices. Arch. Toxicol. 92, 3191–3205. https​://doi.org/10.1007/s0020​4-018-2295-8 (2018).

	14.	 Bosnjak, Z. J. et al. Ketamine induces toxicity in human neurons differentiated from embryonic stem cells via mitochondrial 
apoptosis pathway. Curr. Drug Saf. 7, 106–119 (2012).

	15.	 Twaroski, D. M. et al. Altered mitochondrial dynamics contributes to propofol-induced cell death in human stem cell-derived 
neurons. Anesthesiology 123, 1067–1083. https​://doi.org/10.1097/aln.00000​00000​00085​7 (2015).

	16.	 Slikker, W. Jr. et al. Ketamine-induced neuronal cell death in the perinatal rhesus monkey. Toxicol. Sci. Off. J. Soc. Toxicol. 98, 
145–158. https​://doi.org/10.1093/toxsc​i/kfm08​4 (2007).

	17.	 Yang, M. & Wei, H. Anesthetic neurotoxicity: apoptosis and autophagic cell death mediated by calcium dysregulation. Neurotoxicol. 
Teratol. 60, 59–62. https​://doi.org/10.1016/j.ntt.2016.11.004 (2017).

	18.	 Sumi, C. et al. Propofol induces a metabolic switch to glycolysis and cell death in a mitochondrial electron transport chain-
dependent manner. PLoS ONE 13, e0192796–e0192796. https​://doi.org/10.1371/journ​al.pone.01927​96 (2018).

	19.	 Takatori, M., Kuroda, Y. & Hirose, M. Local anesthetics suppress nerve growth factor-mediated neurite outgrowth by inhibition 
of tyrosine kinase activity of TrkA. Anesth. Analg. 102, 462–467. https​://doi.org/10.1213/01.ane.00001​94334​.69103​.50 (2006).

	20.	 Turina, D., Loitto, V. M., Bjornstrom, K., Sundqvist, T. & Eintrei, C. Propofol causes neurite retraction in neurones. Br. J. Anaesth. 
101, 374–379. https​://doi.org/10.1093/bja/aen18​5 (2008).

	21.	 Iqbal, F. et al. Anesthetics: from modes of action to unconsciousness and neurotoxicity. J. Neurophysiol. https​://doi.org/10.1152/
jn.00210​.2019 (2019).

	22.	 Jevtovic-Todorovic, V. General anesthetics and neurotoxicity: How much do we know?. Anesthesiol. Clin. 34, 439–451. https​://doi.
org/10.1016/j.ancli​n.2016.04.001 (2016).

	23.	 Velkers, C. et al. Association between exposure to general versus regional anesthesia and risk of dementia in older adults. J. Am. 
Geriatr. Soc. https​://doi.org/10.1111/jgs.16834​ (2020).

	24.	 Chen, P.-L. et al. Risk of dementia after anaesthesia and surgery. Br. J. Psychiatry 204, 188–193. https​://doi.org/10.1192/bjp.
bp.112.11961​0 (2018).

	25.	 Dokkedal, U., Hansen, T. G., Rasmussen, L. S., Mengel-From, J. & Christensen, K. Cognitive functioning after surgery in middle-
aged and elderly danish twins. Anesthesiology 124, 312–321. https​://doi.org/10.1097/aln.00000​00000​00095​7 (2016).

	26.	 Flick, R. P. et al. Cognitive and behavioral outcomes after early exposure to anesthesia and surgery. Pediatrics 128, e1053-1061. 
https​://doi.org/10.1542/peds.2011-0351 (2011).

	27.	 Jevtovic-Todorovic, V. et al. Anaesthetic neurotoxicity and neuroplasticity: an expert group report and statement based on the 
BJA Salzburg Seminar. Br. J. Anaesth. 111, 143–151. https​://doi.org/10.1093/bja/aet17​7 (2013).

	28.	 Sun, L. Early childhood general anaesthesia exposure and neurocognitive development. Br. J. Anaesth. 105(Suppl 1), i61-68. https​
://doi.org/10.1093/bja/aeq30​2 (2010).

	29.	 Satomoto, M. et al. Neonatal exposure to sevoflurane induces abnormal social behaviors and deficits in fear conditioning in mice. 
Anesthesiology 110, 628–637. https​://doi.org/10.1097/ALN.0b013​e3181​974fa​2 (2009).

	30.	 Wang, S. et al. Anesthesia-induced neurodegeneration in fetal rat brains. Pediatr. Res. 66, 435–440. https​://doi.org/10.1203/
PDR.0b013​e3181​b3381​b (2009).

	31.	 Coleman, K. et al. Isoflurane anesthesia has long-term consequences on motor and behavioral development in infant rhesus 
macaques. Anesthesiology 126, 74–84. https​://doi.org/10.1097/ALN.00000​00000​00138​3 (2017).

	32.	 Noguchi, K. K. et al. Isoflurane exposure for three hours triggers apoptotic cell death in neonatal macaque brain. BJA Br. J. Anaesth. 
119, 524–531. https​://doi.org/10.1093/bja/aex12​3 (2017).

	33.	 Talpos, J. C., Chelonis, J. J., Li, M., Hanig, J. P. & Paule, M. G. Early life exposure to extended general anesthesia with isoflurane 
and nitrous oxide reduces responsivity on a cognitive test battery in the nonhuman primate. Neurotoxicology 70, 80–90. https​://
doi.org/10.1016/j.neuro​.2018.11.005 (2019).

	34.	 Brambrink, A. M. et al. Ketamine-induced neuroapoptosis in the fetal and neonatal rhesus macaque brain. Anesthesiology 116, 
372–384. https​://doi.org/10.1097/ALN.0b013​e3182​42b2c​d (2012).

	35.	 Xu, F. et al. The mitochondrial division inhibitor Mdivi-1 rescues mammalian neurons from anesthetic-induced cytotoxicity. Mol. 
Brain 9, 35. https​://doi.org/10.1186/s1304​1-016-0210-x (2016).

	36.	 Xu, J. et al. Early developmental exposure to general anesthetic agents in primary neuron culture disrupts synapse formation via 
actions on the mTOR pathway. Int. J. Mol. Sci. 19, 2183. https​://doi.org/10.3390/ijms1​90821​83 (2018).

	37.	 FDA. FDA drug safety communication: FDA approves label changes for use of general anesthetic and sedation drugs in young children, 
https​://www.fda.gov/Drugs​/DrugS​afety​/ucm55​4634.htm (2017).

	38.	 Health Canada. New warnings regarding the use of certain sedative and anesthetic drugs during pregnancy and in early childhood, 
https​://healt​hycan​adian​s.gc.ca/recal​l-alert​-rappe​l-avis/hc-sc/2017/65516​a-eng.php (2017).

	39.	 Joshi, A. U., Saw, N. L., Shamloo, M. & Mochly-Rosen, D. Drp1/Fis1 interaction mediates mitochondrial dysfunction, bioenergetic 
failure and cognitive decline in Alzheimer’s disease. Oncotarget 9, 6128–6143. https​://doi.org/10.18632​/oncot​arget​.23640​ (2018).

	40.	 Manczak, M., Calkins, M. J. & Reddy, P. H. Impaired mitochondrial dynamics and abnormal interaction of amyloid beta with 
mitochondrial protein Drp1 in neurons from patients with Alzheimer’s disease: implications for neuronal damage. Hum. Mol. 
Genet. 20, 2495–2509. https​://doi.org/10.1093/hmg/ddr13​9 (2011).

	41.	 Guo, X. et al. Inhibition of mitochondrial fragmentation diminishes Huntington’s disease-associated neurodegeneration. J. Clin. 
Investig. 123, 5371–5388. https​://doi.org/10.1172/jci70​911 (2013).

	42.	 Park, J.-S., Davis, R. L. & Sue, C. M. Mitochondrial dysfunction in parkinson’s disease: new mechanistic insights and therapeutic 
perspectives. Curr. Neurol. Neurosci. Rep. 18, 21–21. https​://doi.org/10.1007/s1191​0-018-0829-3 (2018).

https://doi.org/10.1111/j.1750-3639.2007.00116.x
https://doi.org/10.1016/j.ijdevneu.2008.12.005
https://doi.org/10.1007/s12640-009-9088-z
https://doi.org/10.1097/ALN.0b013e3182303a63
https://doi.org/10.1371/journal.pone.0034396
https://doi.org/10.1007/s12035-015-9246-7
https://doi.org/10.1007/s12035-015-9246-7
https://doi.org/10.1007/s12035-015-9247-6
https://doi.org/10.1007/s12035-015-9247-6
https://doi.org/10.1007/s12640-017-9730-0
https://doi.org/10.1007/s00204-018-2295-8
https://doi.org/10.1097/aln.0000000000000857
https://doi.org/10.1093/toxsci/kfm084
https://doi.org/10.1016/j.ntt.2016.11.004
https://doi.org/10.1371/journal.pone.0192796
https://doi.org/10.1213/01.ane.0000194334.69103.50
https://doi.org/10.1093/bja/aen185
https://doi.org/10.1152/jn.00210.2019
https://doi.org/10.1152/jn.00210.2019
https://doi.org/10.1016/j.anclin.2016.04.001
https://doi.org/10.1016/j.anclin.2016.04.001
https://doi.org/10.1111/jgs.16834
https://doi.org/10.1192/bjp.bp.112.119610
https://doi.org/10.1192/bjp.bp.112.119610
https://doi.org/10.1097/aln.0000000000000957
https://doi.org/10.1542/peds.2011-0351
https://doi.org/10.1093/bja/aet177
https://doi.org/10.1093/bja/aeq302
https://doi.org/10.1093/bja/aeq302
https://doi.org/10.1097/ALN.0b013e3181974fa2
https://doi.org/10.1203/PDR.0b013e3181b3381b
https://doi.org/10.1203/PDR.0b013e3181b3381b
https://doi.org/10.1097/ALN.0000000000001383
https://doi.org/10.1093/bja/aex123
https://doi.org/10.1016/j.neuro.2018.11.005
https://doi.org/10.1016/j.neuro.2018.11.005
https://doi.org/10.1097/ALN.0b013e318242b2cd
https://doi.org/10.1186/s13041-016-0210-x
https://doi.org/10.3390/ijms19082183
https://www.fda.gov/Drugs/DrugSafety/ucm554634.htm
https://healthycanadians.gc.ca/recall-alert-rappel-avis/hc-sc/2017/65516a-eng.php
https://doi.org/10.18632/oncotarget.23640
https://doi.org/10.1093/hmg/ddr139
https://doi.org/10.1172/jci70911
https://doi.org/10.1007/s11910-018-0829-3


16

Vol:.(1234567890)

Scientific Reports |         (2021) 11:4567  | https://doi.org/10.1038/s41598-021-84168-y

www.nature.com/scientificreports/

	43.	 Venancio, C. et al. Acute ketamine impairs mitochondrial function and promotes superoxide dismutase activity in the rat brain. 
Anesth. Analg. 120, 320–328. https​://doi.org/10.1213/ane.00000​00000​00053​9 (2015).

	44.	 Boscolo, A. et al. Early exposure to general anesthesia disturbs mitochondrial fission and fusion in the developing rat brain. 
Anesthesiology 118, 1086–1097. https​://doi.org/10.1097/ALN.0b013​e3182​89bc9​b (2013).

	45.	 Qi, X., Qvit, N., Su, Y. C. & Mochly-Rosen, D. A novel Drp1 inhibitor diminishes aberrant mitochondrial fission and neurotoxicity. 
J. Cell Sci. 126, 789–802. https​://doi.org/10.1242/jcs.11443​9 (2013).

	46.	 Wang, X. et al. Alpha-lipoic acid prevents bupivacaine-induced neuron injury in vitro through a PI3K/Akt-dependent mechanism. 
Neurotoxicology 31, 101–112. https​://doi.org/10.1016/j.neuro​.2009.10.010 (2010).

	47.	 Rosdah, A. A., Delbridge, L. M., Dusting, G. J. & Lim, S. Y. Mitochondrial fission: A drug target for cytoprotection or cytodestruc-
tion?. Pharmacol. Res. Perspect. 4, e00235. https​://doi.org/10.1002/prp2.235 (2016).

	48.	 Grundy, D. Principles and standards for reporting animal experiments in the journal of physiology and experimental physiology. 
J. Physiol. 593, 2547–2549. https​://doi.org/10.1113/jp270​818 (2015).

	49.	 49AVMA. Vol. 9 62 (National Institute of Health, Office of Intramural Research, Office of Animal Care and Use, National Institute 
of Health Office of Animal Care and Use, 2020).

	50.	 Kaneko, A. & Sankai, Y. Long-term culture of rat hippocampal neurons at low density in serum-free medium: combination of the 
sandwich culture technique with the three-dimensional nanofibrous hydrogel PuraMatrix. PLoS ONE 9, e102703–e102703. https​
://doi.org/10.1371/journ​al.pone.01027​03 (2014).

	51.	 Park, S. W. et al. Differential effects of antidepressant drugs on mTOR signalling in rat hippocampal neurons. Int. J. Neuropsychop‑
harmacol. 17, 1831–1846. https​://doi.org/10.1017/S1461​14571​40005​34 (2014).

	52.	 Xu, F., Piett, C., Farkas, S., Qazzaz, M. & Syed, N. I. Silver nanoparticles (AgNPs) cause degeneration of cytoskeleton and disrupt 
synaptic machinery of cultured cortical neurons. Mol. Brain 6, 29. https​://doi.org/10.1186/1756-6606-6-29 (2013).

	53.	 Pearn, M. L. et al. Propofol neurotoxicity is mediated by p75 neurotrophin receptor activation. Anesthesiology 116, 352–361. https​
://doi.org/10.1097/ALN.0b013​e3182​42a48​c (2012).

	54.	 Kahraman, S., Zup, S. L., McCarthy, M. M. & Fiskum, G. GABAergic mechanism of propofol toxicity in immature neurons. J. 
Neurosurg. Anesthesiol. 20, 233–240. https​://doi.org/10.1097/ANA.0b013​e3181​7ec34​d (2008).

	55.	 Li, N. et al. mTOR-dependent synapse formation underlies the rapid antidepressant effects of NMDA antagonists. Science 329, 
959–964. https​://doi.org/10.1126/scien​ce.11902​87 (2010).

	56.	 De Roo, M. et al. Anesthetics rapidly promote synaptogenesis during a critical period of brain development. PLoS ONE 4, e7043. 
https​://doi.org/10.1371/journ​al.pone.00070​43 (2009).

	57.	 Li, Y. et al. Long-term neurocognitive dysfunction in offspring via NGF/ ERK/CREB signaling pathway caused by ketamine 
exposure during the second trimester of pregnancy in rats. Oncotarget 8, 30956–30970. https​://doi.org/10.18632​/oncot​arget​.16042​ 
(2017).

	58.	 Zhao, T. et al. Prenatal ketamine exposure causes abnormal development of prefrontal cortex in rat. Sci. Rep. 6, 26865. https​://doi.
org/10.1038/srep2​6865 (2016).

	59.	 Aleksandrova, L. R., Phillips, A. G. & Wang, Y. T. Antidepressant effects of ketamine and the roles of AMPA glutamate receptors 
and other mechanisms beyond NMDA receptor antagonism. J. Psychiatry Neurosci. 42, 222–229. https​://doi.org/10.1503/jpn.16017​
5 (2017).

	60.	 Ben-Ari, Y. Excitatory actions of gaba during development: the nature of the nurture. Nat. Rev. Neurosci. 3, 728–739. https​://doi.
org/10.1038/nrn92​0 (2002).

	61.	 Represa, A. & Ben-Ari, Y. Trophic actions of GABA on neuronal development. Trends Neurosci. 28, 278–283. https​://doi.
org/10.1016/j.tins.2005.03.010 (2005).

	62.	 Spitzer, N. C. How GABA generates depolarization. J. Physiol. 588, 757–758. https​://doi.org/10.1113/jphys​iol.2009.18357​4 (2010).
	63.	 Zhao, Y. L. et al. GABAergic excitotoxicity injury of the immature hippocampal pyramidal neurons’ exposure to isoflurane. Anesth. 

Analg. 113, 1152–1160. https​://doi.org/10.1213/ANE.0b013​e3182​30b3f​d (2011).
	64.	 Nishikawa, K. & Harrison, N. L. The actions of sevoflurane and desflurane on the gamma-aminobutyric acid receptor type A: 

effects of TM2 mutations in the alpha and beta subunits. Anesthesiology 99, 678–684 (2003).
	65.	 Krasowski, M. D. et al. Propofol and other intravenous anesthetics have sites of action on the gamma-aminobutyric acid type A 

receptor distinct from that for isoflurane. Mol. Pharmacol. 53, 530–538 (1998).
	66.	 Yip, G. M. S. et al. A propofol binding site on mammalian GABAA receptors identified by photolabeling. Nat. Chem. Biol. 9, 

715–720. https​://doi.org/10.1038/nchem​bio.1340 (2013).
	67.	 Wang, D. S., Penna, A. & Orser, B. A. Ketamine increases the function of gamma-aminobutyric acid type a receptors in hippocampal 

and cortical neurons. Anesthesiology 126, 666–677. https​://doi.org/10.1097/aln.00000​00000​00148​3 (2017).
	68.	 Zorumski, C. F., Izumi, Y. & Mennerick, S. Ketamine: NMDA receptors and beyond. J. Neurosci. 36, 11158–11164. https​://doi.

org/10.1523/jneur​osci.1547-16.2016 (2016).
	69.	 Gonzales, J. M., Loeb, A. L., Reichard, P. S. & Irvine, S. Ketamine inhibits glutamate-, N-Methyl-D-Aspartate-, and quisqualate-

stimulated cGMP production in cultured cerebral neurons. Anesthesiol. J. Am. Soc. Anesthesiol. 82, 205–213 (1995).
	70.	 Anand, K. J. et al. Ketamine reduces the cell death following inflammatory pain in newborn rat brain. Pediatr. Res. 62, 283–290. 

https​://doi.org/10.1203/PDR.0b013​e3180​986d2​f (2007).
	71.	 Wang, R., Zhang, Z., Kumar, M., Xu, G. & Zhang, M. Neuroprotective potential of ketamine prevents developing brain structure 

impairment and alteration of neurocognitive function induced via isoflurane through the PI3K/AKT/GSK-3beta pathway. Drug 
Des. Dev. Ther. 13, 501–512. https​://doi.org/10.2147/dddt.s1886​36 (2019).

	72.	 Yan, J. & Jiang, H. Dual effects of ketamine: neurotoxicity versus neuroprotection in anesthesia for the developing brain. J. Neu‑
rosurg. Anesthesiol. 26, 155–160. https​://doi.org/10.1097/ana.00000​00000​00002​7 (2014).

	73.	 Boscolo, A. et al. The abolishment of anesthesia-induced cognitive impairment by timely protection of mitochondria in the 
developing rat brain: the importance of free oxygen radicals and mitochondrial integrity. Neurobiol. Dis. 45, 1031–1041. https​://
doi.org/10.1016/j.nbd.2011.12.022 (2012).

	74.	 Cassarino, D. S., Fall, C. P., Smith, T. S. & Bennett, J. P. Jr. Pramipexole reduces reactive oxygen species production in vivo and 
in vitro and inhibits the mitochondrial permeability transition produced by the parkinsonian neurotoxin methylpyridinium ion. 
J. Neurochem. 71, 295–301. https​://doi.org/10.1046/j.1471-4159.1998.71010​295.x (1998).

	75.	 Sayeed, I. et al. Patch clamp reveals powerful blockade of the mitochondrial permeability transition pore by the D2-receptor agonist 
pramipexole. FASEB J. 20, 556–558. https​://doi.org/10.1096/fj.05-4748f​je (2006).

	76.	 Simon, H. U., Haj-Yehia, A. & Levi-Schaffer, F. Role of reactive oxygen species (ROS) in apoptosis induction. Apoptosis 5, 415–418. 
https​://doi.org/10.1023/A:10096​16228​304 (2000).

	77.	 Burte, F., Carelli, V., Chinnery, P. F. & Yu-Wai-Man, P. Disturbed mitochondrial dynamics and neurodegenerative disorders. Nat. 
Rev. Neurol. 11, 11–24. https​://doi.org/10.1038/nrneu​rol.2014.228 (2015).

	78.	 Li, Z., Okamoto, K., Hayashi, Y. & Sheng, M. The importance of dendritic mitochondria in the morphogenesis and plasticity of 
spines and synapses. Cell 119, 873–887. https​://doi.org/10.1016/j.cell.2004.11.003 (2004).

	79.	 Ishihara, N. et al. Mitochondrial fission factor Drp1 is essential for embryonic development and synapse formation in mice. Nat. 
Cell Biol. 11, 958-U114. https​://doi.org/10.1038/ncb19​07 (2009).

	80.	 Du, H. et al. Early deficits in synaptic mitochondria in an Alzheimer’s disease mouse model. Proc. Natl. Acad. Sci. U. S. A. 107, 
18670–18675. https​://doi.org/10.1073/pnas.10065​86107​ (2010).

https://doi.org/10.1213/ane.0000000000000539
https://doi.org/10.1097/ALN.0b013e318289bc9b
https://doi.org/10.1242/jcs.114439
https://doi.org/10.1016/j.neuro.2009.10.010
https://doi.org/10.1002/prp2.235
https://doi.org/10.1113/jp270818
https://doi.org/10.1371/journal.pone.0102703
https://doi.org/10.1371/journal.pone.0102703
https://doi.org/10.1017/S1461145714000534
https://doi.org/10.1186/1756-6606-6-29
https://doi.org/10.1097/ALN.0b013e318242a48c
https://doi.org/10.1097/ALN.0b013e318242a48c
https://doi.org/10.1097/ANA.0b013e31817ec34d
https://doi.org/10.1126/science.1190287
https://doi.org/10.1371/journal.pone.0007043
https://doi.org/10.18632/oncotarget.16042
https://doi.org/10.1038/srep26865
https://doi.org/10.1038/srep26865
https://doi.org/10.1503/jpn.160175
https://doi.org/10.1503/jpn.160175
https://doi.org/10.1038/nrn920
https://doi.org/10.1038/nrn920
https://doi.org/10.1016/j.tins.2005.03.010
https://doi.org/10.1016/j.tins.2005.03.010
https://doi.org/10.1113/jphysiol.2009.183574
https://doi.org/10.1213/ANE.0b013e318230b3fd
https://doi.org/10.1038/nchembio.1340
https://doi.org/10.1097/aln.0000000000001483
https://doi.org/10.1523/jneurosci.1547-16.2016
https://doi.org/10.1523/jneurosci.1547-16.2016
https://doi.org/10.1203/PDR.0b013e3180986d2f
https://doi.org/10.2147/dddt.s188636
https://doi.org/10.1097/ana.0000000000000027
https://doi.org/10.1016/j.nbd.2011.12.022
https://doi.org/10.1016/j.nbd.2011.12.022
https://doi.org/10.1046/j.1471-4159.1998.71010295.x
https://doi.org/10.1096/fj.05-4748fje
https://doi.org/10.1023/A:1009616228304
https://doi.org/10.1038/nrneurol.2014.228
https://doi.org/10.1016/j.cell.2004.11.003
https://doi.org/10.1038/ncb1907
https://doi.org/10.1073/pnas.1006586107


17

Vol.:(0123456789)

Scientific Reports |         (2021) 11:4567  | https://doi.org/10.1038/s41598-021-84168-y

www.nature.com/scientificreports/

	81.	 Flippo, K. H. & Strack, S. Mitochondrial dynamics in neuronal injury, development and plasticity. J. Cell Sci. 130, 671–681. https​
://doi.org/10.1242/jcs.17101​7 (2017).

	82.	 Wei, H. The role of calcium dysregulation in anesthetic-mediated neurotoxicity. Anesth. Analg. 113, 972–974. https​://doi.
org/10.1213/ANE.0b013​e3182​32326​1 (2011).

	83.	 Ito, H., Uchida, T. & Makita, K. Ketamine causes mitochondrial dysfunction in human induced pluripotent stem cell-derived 
neurons. PLoS ONE 10, e0128445–e0128445. https​://doi.org/10.1371/journ​al.pone.01284​45 (2015).

	84.	 Bordt, E. A. et al. The putative Drp1 Inhibitor mdivi-1 Is a reversible mitochondrial complex i inhibitor that modulates reactive 
oxygen species. Dev. Cell 40, 583–594.e586. https​://doi.org/10.1016/j.devce​l.2017.02.020 (2017).

Acknowledgements
We would like to thank Jean Kawasoe and Wali Zaidi for their excellent technical support and Daria Mochly-
Rosen for providing the P110 peptide for the experiments.

Author contributions
F.I., J.S., and N.I. designed the experiments. F.I., A.T., U.A., M.P, K.J., N.JT. R.S. and S.B performed the experi-
ments. F.I., A.T., U.A., M.P, K.J., A.I., and J.C. anonymized, collected, and analyzed the data, P.M. contributed 
the mitochondrial SO expression protocol. F.I. and N.I. wrote and edited the manuscript with editorial input 
from A.T., U.A., M.P, K.J., N.JT. R.S., J.C., P.M., T.S., K.Y., J.S., and T.R. All authors approved the final version of 
the manuscript and agree to be accountable for all aspects of the work in ensuring that questions related to the 
accuracy or integrity of any part of the work are appropriately investigated and resolved. All persons designated 
as authors qualify for authorship, and all those who qualify for authorship are listed.

Funding
This project was supported by the Natural Sciences and Engineering Research Council (NSERC; Project 
#RT690332), the Canadian Institutes of Health Research (CIHR; Project #10015088) and the Vi Riddell Pediat-
ric Rehabilitation Pain Research Program (Project #10012005).

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https​://doi.
org/10.1038/s4159​8-021-84168​-y.

Correspondence and requests for materials should be addressed to N.I.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2021

https://doi.org/10.1242/jcs.171017
https://doi.org/10.1242/jcs.171017
https://doi.org/10.1213/ANE.0b013e3182323261
https://doi.org/10.1213/ANE.0b013e3182323261
https://doi.org/10.1371/journal.pone.0128445
https://doi.org/10.1016/j.devcel.2017.02.020
https://doi.org/10.1038/s41598-021-84168-y
https://doi.org/10.1038/s41598-021-84168-y
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A synthetic peptide rescues rat cortical neurons from anesthetic-induced cell death, perturbation of growth and synaptic assembly
	Methods
	Ethical approval. 
	Primary rat neuronal cell culture and P110 treatment. 
	Desflurane exposure. 
	Propofol and ketamine treatment. 
	Live-cell fluorescent imaging and confocal microscopy. 
	Cell viability assay. 
	Immunofluorescent staining. 
	Statistical analysis. 

	Results
	Desflurane and propofol cause significant cell death in primary rat cortical neurons. 
	Anesthetics differentially affect neurite outgrowth and synaptic network assembly in developing rat cortical neurons. 
	Neurite outgrowth. 
	Synaptic network assembly. 

	Propofol and ketamine compromise mitochondrial networks whereas ketamine elevates mitochondrial superoxide production. 
	A synthetic peptide prevents desflurane-induced mitochondrial fragmentation. 
	The synthetic peptide P110 reverses propofol-induced mitochondrial but not ketamine-induced fragmentation and superoxide production. 
	P110 attenuates anesthetic-induced cell death in primary cortical cultures. 
	P110 rescues desflurane, propofol, and ketamine-induced effects on neurite outgrowth and synaptogenesis. 
	P110 rescues anesthetic-induced changes in cortical neurite outgrowth. 

	P110 attenuates anesthetic-induced changes in synaptic network assembly in cortical neurons. 

	Discussion
	References
	Acknowledgements


