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Dexmedetomidine does

not compromise neuronal viability,
synaptic connectivity, learning
and memory in a rodent model

Nerea Jimenez-Tellez'**3, Fahad Igbal®, Marcus Pehar?3, Alberto Casas-Ortiz'3,
Tiffany Rice®® & Naweed I. Syed%3**

Recent animal studies have drawn concerns regarding most commonly used anesthetics and their
long-term cytotoxic effects, specifically on the nervous tissue. It is therefore imperative that the
search continues for agents that are non-toxic at both the cellular and behavioural level. One such
agent appears to be dexmedetomidine (DEX) which has not only been found to be less neurotoxic

but has also been shown to protect neurons from cytotoxicity induced by other anesthetic agents.
However, DEX’s effects on the growth and synaptic connectivity at the individual neuronal level, and
the underlying mechanisms have not yet been fully resolved. Here, we tested DEX for its impact on
neuronal growth, synapse formation (in vitro) and learning and memory in a rodent model. Rat cortical
neurons were exposed to a range of clinically relevant DEX concentrations (0.05-10 pM) and cellular
viability, neurite outgrowth, synaptic assembly and mitochondrial morphology were assessed. We
discovered that DEX did not affect neuronal viability when used below 10 puM, whereas significant cell
death was noted at higher concentrations. Interestingly, in the presence of DEX, neurons exhibited
more neurite branching, albeit with no differences in corresponding synaptic puncta formation. When
rat pups were injected subcutaneously with DEX 25 pg/kg on postnatal day 7 and again on postnatal
day 8, we discovered that this agent did not affect hippocampal-dependent memory in freely behaving
animals. Our data demonstrates, for the first time, the non-neurotoxic nature of DEX both in vitro and
in vivo in an animal model providing support for its utility as a safer anesthetic agent. Moreover, this
study provides the first direct evidence that although DEX is growth permissive, causes mitochondrial
fusion and reduces oxygen reactive species production, it does not affect the total number of synaptic
connections between the cortical neurons in vitro.

Anesthetic agents are commonly used in patients undergoing various surgical procedures'~ and their safety and
efficacy has improved significantly over time*. Notwithstanding the safety of the newer compounds, evidence is
emerging to suggest that numerous clinically used anesthetics may cause cytotoxicity’—especially when tested
on animal models. The evidence of harm in the context of humans however remains polemical®. This information
is particularly important in the context of both developing and aging brains when neurons rely upon their activ-
ity and connectivity for communications and the formation of new synapses underlying learning and memory.
Blocking activity or altering neuronal activity patterns, leads either to a reduction in synaptic strength or to the
elimination of neuronal activity altogether’. Since most anesthetics exert their actions by suppressing neuronal
activity and shutting off synaptic communications, it is believed that their neurotoxic effects likely involve both
structures and functions that are deemed essential for neuronal excitability. Specifically, any compound that
inhibits electrical activity during the critical time window encompassing synaptogenesis is likely to alter the
network’s assembly. For instance, blocking electrical activity during development severely compromises not only
neuronal projections but also synaptic connectivity®. It therefore stands to reason that blocking neuronal activity
with anesthetics, specifically when synaptic connections are being formed en masse may affect brain development
and connectivity. However, it remains to be determined whether the anesthetic-induced perturbation of synaptic
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connectivity has short- or long-term effects or if synaptic plasticity-dependent mechanisms may compensate for
the loss of function®!’. Several studies have shown that the blockage of ion channels'!, electrical activity'® and
transmitter-receptor interactions'? have detrimental effects both on neural projections and synaptic connectivity®.
It is then reasonable to presume that anesthetics action upon these potential target sites may also affect neuronal
input and output functions and the underlying synaptic structures and function.

While a complete understanding of the neurotoxic mechanisms underlying these potential deficits in humans
is yet to be deduced, recent research has shown that most commonly used anesthetics, such as sevoflurane,
propofol and ketamine, are neurotoxic in various animal models®. Consequently, these agents are now being
supplemented with a number of other compounds in anticipation that they might stem the anesthetic-induced
neurotoxicity’, though the evidence and the underlying mechanisms remain to be fully defined.

One promising agent in this regard is the a2-adrenergic receptor agonist dexmedetomidine (DEX)"’. This is
of relevance because these receptors are broadly distributed across the nervous system and are important for the
regulation of adrenaline and noradrenaline’ mediated synaptic transmission. Unlike contemporary anesthet-
ics that act primarily as N-methyl-p-aspartate (NMDA) receptor antagonists or y-aminobutyric acid (GABA)
receptor agonists™%, DEX inhibits norepinephrine release downstream of a,-adrenergic receptor activation'.
DEX specifically targets norepinephrine pathways in the locus coeruleus mirroring non-rapid eye movement
(NREM) sleep'®. DEX-induced sedation is thus markedly different at the cellular level from other anesthetics as
it mimics the endogenous sleep pathway. Although DEX is now being used clinically in the pediatric population,
its cytotoxic potential has not been extensively tested in animal models in a manner analogous to that of other
anesthetics. Current literature has focused on the effects of DEX on cell death in situ, mainly testing its impact
on cellularly viability in the hippocampal region using apoptotic markers such as cleaved caspase 3 expression
levels 17, BAX/BcI2 ratio'®, TUNEL staining'? or PI3K/AKT/GSK3p'®20. However, in instances where it has been
tested for its anti-apoptosis role in situ, the data is often elusive or controversial**%. Furthermore, in most of
these studies, the role of DEX on its own has not been investigated. Rather this agent is most often exploited
as a neuroprotective agent when used as an adjuvant with other conventional anesthetics that are found to be
neurotoxic?®?. These studies do not provide unequivocal evidence regarding DEX-mediated protective effects
as the brain tissue utilized was often collected following euthanasia induced by different anesthetic agents thus
generating confounding results**?*. Moreover, the studies conducted so far have focused primarily on the effects
of DEX in vivo involving the complexity of the whole organism?*~?® and not in the context of synaptic viability/
plasticity at the level of individual neurons. Additionally, the DEX-induced effects have either been examined
over a shorter time period® or at one time point®, and they have also failed to identify the potential target sites
for DEX-mediated effects®’.

Given the questions that remain unanswered about the specific effects of DEX and the numerous potential
clinical applications of this agent, it is imperative to clearly elucidate any neurotoxic effects this agent may have.
In an attempt to fully examine the effects of DEX on cellular homeostasis, viability, growth and synaptic assembly,
we explored a range of different concentrations of this agent in vitro using rat cortical neurons. To determine
whether DEX exposure compromises learning and memory in vivo, postnatal day 7 pups were injected with
DEX and later subjected to various learning and memory tasks.

Materials and methods

Experimental animals. Postnatal day 0 wild-type Sprague Dawley (strain code 400) rats from Charles
River Laboratories were used in this study. Rats were kept in a conventional room set at 25 °C on a 12 h-light/
dark cycle from 7 am to 7 pm and rat got fed ad libitum. Sedation of these pups was accomplished via ice-induce
hypothermia, where the postnatal day 0 pups were wrapped in tissue paper and placed in a container filled with
ice for 7 min®. Following the loss of movement and preceding the regaining of consciousness, decapitation was
performed to achieve euthanasia in the pups. Cortical tissue was collected right after decapitation.

Primary rat neuronal cell culture and dexmedetomidine treatment. Sprague-Dawley rat frontal
cortices were isolated and cultured as previously described*. Some cultures were treated with various concen-
trations of dexmedetomidine (10 mg; MilliporeSigma, St. Louis, MO, USA) (0.05 uM, 0.1 uM, 1 uM, 2.5 uM, 5
uM, or 10 uM) dissolved in culture media, whereas controls only had culture media. These concentrations were
chosen for a dose-response assay based on previous literature and clinical equivalents?*.

Cell viability assay. The effects of DEX on neuronal viability were tested 3 days post-culture via the
LIVE/DEAD Viability/Cytotoxicity Kit (Molecular Probes) as previously described®. In order to assess the effect
at a later time point, we also analyzed the viability of the remaining alive cells at day seven post-exposure. Cells
were imaged on a Zeiss Axio Observer Z1 microscope (Zeiss Corp.) using a 10X/0.3 Ph1 DICII objective.

Live-cell fluorescent imaging and confocal microscopy. To evaluate the impact of DEX on the mor-
phological integrity of the mitochondria, cells were grown for 4, 7 and 10 days post-culture and then their media
replaced with MitoTracker Green (ThermoFisher Scientific, cat. M7514) (25 nM)—containing media (37 °C and
incubated with the cells for 12 min at 37 °C and 5% CO,). The cells were then washed three times with warm
Dulbecco’s phosphate-buffered saline (DPBS), and fresh media was added prior to imaging. Cells were visualized
under the microscope and imaged. Fluorescence images were taken on an Olympus SD-OSR spinning-disk con-
focal microscope (100x/1.49 oil)) with a mounted incubator system (Olympus Corp.) and all imaging param-
eters were kept identical for each dish. Mitochondrial morphology was quantified as previously described**.
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Reactive oxygen species (ROS) production using flow-cytometry. ROS production was quantified
over time (Days 1, 2, 3, 4, 7 and 10 following experimental treatment). A procedure derived from de Brito Mon-
teiro et al.*” was adopted. For our study, the cells of interest were unfixed rat cortical neurons that were cultured
in 6-well plates and harvested using 0.2 mL of Trypsin/EDTA 0.25% (ThermoFisher Scientific, cat. 252000556)
per well at 37 °C for 7 min and neutralized with 2 mL of 10% FBS (Thermo Fisher Scientific, Waltham, MA,
USA) in Hank’s Balance Salt solution HBSS (ThermoFisher Scientific, cat. 88,284). The markers used in our
experiments were 2 pM Calcein AM from Live/Dead Viability/Cytotoxicity kit (ThermoFisher Scientific, cat.
L3224) and 5 uM MitoSox Red (ThermoFisher Scientific, cat. M36008). The apparatus used for cell sorting was
BD LSRII (BD Biosciences, USA) and the software used for data analysis was FlowJo (BD Biosciences).

Localization of neuronal/synaptic morphology via immunocytochemistry. Immunofluorescent
staining was performed to assess the impact of dexmedetomidine on neuronal cytoskeletal growth in neu-
rons grown for 7 days post-culture. Fixation and staining were done as previously described for neurofilament
antibody. Cells were imaged on a Zeiss Axio Observer Z1 microscope (Zeiss Corp.) using a 20x/0.8 DICII
objective. Fifteen to twenty neurons per biological replicate (n=12-13) were quantified.

A procedure similar to the one previously outlined was followed to evaluate the impact of DEX on synaptic
network assembly in neurons grown for 7 days post-culture using synaptophysin and PSD-95 antibodies as pre-
viously described®*. Cells were imaged on a Zeiss Axio Observer Z1 microscope (Zeiss Corp.) using a 63x/1.4
oil DICII objective 15-20 neurons per biological replicate (n=8-10) were quantified.

Dexmedetomidine treatment. Sprague-Dawley pregnant rats were purchased from a commercial
breeder (Charles River Laboratories, Senneville, QC, Canada). Gestational progress was monitored from E16.5
until the date of birth (post-natal day zero—P0).

P7 rat pups of both sexes were injected with 25 pg/kg of dexmedetomidine subcutaneously either once (1x)
or twice (2x), (24 h after the first injection), using a 0.1 ml volume. Control animals were injected with the same
volume of saline (sodium chloride 0.9% B Braun, Mississauga, ON, Canada). The core body temperature of all
animals was maintained with the use of a heated blanket and gloves filled with warm water replaced every 20 min.
The respiratory status of the animal was monitored by counting breaths per minute monitored every 10 min
following the first injection for the following 30 min, to ensure the pup’s health. Furthermore, oxygen saturation
(SpO,) was monitored every 30 min after the first injection for the period of an hour to further ensure the pup’s
health and reception to the compound (Nonin Medical, Minneapolis, MN, USA).

Each pup’s ear was notched at P14 and pups were weaned in cages of 2-3 animals, separated by sexes. Animals
were kept undisturbed until P60 and then subjected to various behavioural tests.

Morris water maze. A 1.8 m diameter pool of water with a platform hidden 1 cm below the water surface
(25 °C) was placed in a room that had remote visual cues on four different walls. A P60 rat was placed in the
water first at the quadrant closest to the hidden platform (Q1) facing the pool walls and left to swim in the water
until it reached the platform or not within an allocated 60 s period. If the animal had found the platform, it was
left there for 15 s and then placed back into an empty cage with bedding for 45 s before placing it in the next 3
quadrants (Q2, Q3 and Q4). If the animal did not reach the platform before 60 s, the software tracked the latency
as 60 s. This process was repeated for 5 consecutive days and latency (time taken) to reach the platform and dis-
tance swum were measured by the automated software, ANY-Maze (Stoelting Co, Wood Dale, IL, USA). Latency
and distance were used as the learning and memory parameters characterized over the period of days 1 and 5.

Novel object recognition.  Object selection was carried out according to established parameters that allow
rats to discriminate between objects of similar complexity to avoid potential preference that might otherwise
compromise the results®®.

For 2 days, the P67 animals went through the first phase, habituation, which consisted of the placement of
an animal in a square empty box of 60 cm per side with bedding on the floor and left to interact with the new
environment for 15 min per day. On the third day, two identical objects were placed diagonally in the box and
the animals were left to interact with these objects for 5 min during the familiarization phase. The animals were
then taken from the box and placed in an empty cage for a 5 min retention interval. In the final step, testing
was assessed for 3 min by replacing one of the familiar objects with a novel one and the ratio of the time spent
interacting with the new object was monitored and measured to inquire on recognition learning and memory. To
avoid bias, the object replaced to be the novel object changed for each animal (e.g. Object 2 for even-numbered
animals and Object 1 for odd-numbered animals). On the final day (day 4), the last three steps were repeated
however, instead of replacing one object with a novel object, one of the familiar objects was placed in a different
location in the box. Similarly, the object moved in the box was changed for each animal to avoid bias.

Statistical analysis. All samples were assigned randomly, and the experiments were performed in a single-
blinded fashion. Specifically, the observer was unaware of the experimental conditions. Statistical significance
tests were conducted with GraphPad Prism 8. One-way ANOVA was used to compare between multiple groups,
followed by Dunnetts or Tukey’s multiple comparisons tests for post hoc comparisons. Differences between the
means of two conditions were tested using the two-sided Student’s t-test with Welch’s correction. Differences
between data were considered significant if appropriate post-hoc statistical tests resulted in p <0.05.
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Figure 1. Dexmedetomidine did not compromise cell viability. Representative live-fluorescent images of
different conditions with a LIVE/DEAD viability/cytotoxicity assay where live cells are labeled with calcein-AM
(green) and dead cells are labeled with ethidium homodimer-1 (red). (A) Control cells, (B) cells exposed to
dexmedetomidine 1 uM and (C) dexmedetomidine 10 uM at day 3 after DEX exposure and (E) control cells, (F)
cells exposed to dexmedetomidine 1 pM and (G) dexmedetomidine 10 uM at day 7 after DEX exposure. Scale
bar indicates 100 um. (D) Quantification of the percentage of cells that are alive at day 3: control =82.3+2.929,
Dex 0.05=78.37£2.254, Dex 0.1 =79.64 £2.606, Dex 1=77.3+5.868, Dex 2.5=79.45+5.656, Dex
5=74.23+4.539 and Dex 10=54.74+7.638. Values are mean £ SEM F (6, 14) =3.673, **p=0.0063 by one-

way ANOVA with Dunnet’s post hoc analysis for multiple comparisons. (H) Quantification of the percentage

of cells that are alive at day 7: control =78.34+0.824, Dex 0.05=80.11+1.532, Dex 0.1 =78.74 £2.485, Dex
1=86.46+2.075, Dex 2.5=75.79 +4.487, Dex 5=76.76+1.06 and Dex 10=73.34 £ 5.497. Values are mean + SEM
F (6, 14)=1.85, p=0.7177 by one-way ANOVA with Dunnet’s post hoc analysis for multiple comparisons.
Concentrations of dexmedetomidine expressed in uM. Bars indicate + SEM n=3 dishes per condition, 15-20
images per plate.

Ethical statements. All animal procedures were carried out in compliance with the standards estab-
lished by the University of Calgary Animal Care and Use Policy under the Canadian Council on Animal Care. All
experimental procedures were approved by the University of Calgary Animal Care Committee (protocol AC21-
0032). The most suitable species were chosen for this study, and data were obtained in accordance with the best
existing practices that ensure the animals’ welfare®. The protocols used in this study are essentially identical to
those employed in previous studies®*** and were adapted suitably. All in vivo experiments was carried out in
accordance to ARRIVE guidelines.

Results

DEX exposure did not affect cell viability. In this study, we first sought to confirm whether various
clinically used concentrations of DEX impacted cellular viability, and if these effects were dose-dependent. To
avoid confounders of the whole animal or intact brain slices, we used a well-established in vitro cell culture
model®. 1 to 2.5 uM has been recommended as a clinically relevant DEX concentration for in vitro experiments,
and 5 uM deemed to be a higher dose in the clinical domain®. In the present study, we tested for the first time,
all of the above concentrations to obtain a more comprehensive dose-response curve. Multiple areas (0.58 mm?)
of three replicates of each condition were imaged and quantified using one-way ANOVA testing, with identical
thresholds at days 3 (Fig. 1A-C) and 7 (Fig. 1E-G) after DEX exposure. We found that DEX did not impact cellu-
lar viability at concentrations below 10 uM (Fig. 1). However, at 10 uM, DEX significantly reduced cellular viabil-
ity, resulting in greater cell death (mean=54.74%, SEM =7.638 alive p=0.0063, n=3) compared to the control
(mean=_82.3, SEM =2.929, n=3) at day 3 after exposure (Fig. 1D). At day 7, DEX did not impact cellular viability
any further when tested in all of the above concentrations (Fig. 1H). Collectively, these results suggest that DEX
is non-cytotoxic—that is, it did not induce cell death in newly cultured, neonatal rat neurons at clinically relevant
concentrations. Our dose response curve suggested that DEX at 1 pM was a safe and perhaps clinically relevant
concentration, so all subsequent experiments from hereon were conducted with this concentration.

DEX administration promoted neuronal outgrowth. To assess whether DEX suppressed (like most
other anesthetics) or impacted the total extent of neurite outgrowth, we tested its effect on developing rat corti-
cal neurons in vitro. Specifically, we asked whether the growth of newly cultured neurons would be impacted
by DEX. The cultured neurons were fixed and stained with polyclonal antibodies against the 160 kDa fragment
of neurofilament (Fig. 2) and the extent of total neurite lengths was quantified in multiple areas of 0.15 mm?,
using two-tailed t tests. We found that cells exposed to 1 uM DEX (Fig. 2C,D) had more neurite processes
emanating from the cell body (mean=>5.274, SEM =0.185, p=0.0001, n=13) compared to their control coun-
terparts (Fig. 2A,B) (mean =3.864, SEM =0.239, n=12) (Fig. 2E). We also observed that the total neurite length
per cell was greater for DEX treated cultures (mean=298.0, SEM =16.82, p=0.0006, n=13) as compared to
their controls (mean=211.9, SEM =13.81, n=12) (Fig. 2F). We did not however, observe significant differences
in the average neurite length (control: mean=>55.74, SEM =1.185, n=12 and DEX: mean=60.71, SEM =2.492,
p=0.0895, n=13) (Fig. 2G). Altogether, these results demonstrate that DEX did not affect neuronal ability to ini-
tiate growth, but rather cells exposed to this agent exhibited more branching per neuronal process as compared
with their control counterparts.

DEX treatment did not impact synaptic formation. We next asked whether neurons exhibiting
growth also established synaptic connections as defined by the juxtaposition of their presynaptic and postsynap-
tic proteins that are the hallmark of synaptic specialization. The cells cultured either in the absence or presence of
DEX were fixed on day 7 and stained for two relevant synaptic proteins—synaptophysin (SYP) (Fig. 3A), a pre-
synaptic vesicle protein, and postsynaptic density protein (PSD-95) (Fig. 3B). First, we assessed the relative levels
of fluorescent intensity for both proteins in control and DEX-treated cells and analyzed the data using two-tailed
t tests, Welch-corrected. We did not find significant changes in the expression levels for either SYP (control:
mean =0.8199, SEM =0.0478, n=8 and DEX: mean=0.961, SEM =0.078, p=0.143, n=10) (Fig. 3D) or PSD-95
(control: mean=0.805, SEM =0.053, n=8 and DEX: mean=0.8998, SEM =0.076, p=0.321, n=10). (Fig. 3E).
Second, in order to determine synaptic specialization and formation of neuronal connections, we quantified the
boutons where both pre- and post-synaptic proteins were expected to be in juxtaposition (Fig. 3C). Specifically,
we measured the total number of synaptic puncta across the entire neurite length of a neuron, both in control
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Figure 2. Exposure to 1 uM dexmedetomidine modified neuronal morphology. Representative fluorescent
images of neurons stained with neurofilament. (A) Control cells and (B) higher magnification of the region
of interest and (C) dexmedetomidine 1 pM treated cells and (D) higher magnification of the region of
interest. Quantification of (E) number of neurites per neuron: control =3.86 +0.239, dexmedetomidine

1 UM =5.27£0.185. Values are mean + SEM t=4.672, df=21.18, ***p=0.0001 by two-tailed t test, Welch-
corrected (F) total neurite length: control=211.9+13.81, dexmedetomidine 1 uM =298.0+ 16.82. Values

are mean + SEM t=3.956, df=22.48, ***p=0.0006 by two-tailed t test, Welch-corrected and (G) average
neurite length: control=55.74+1.185, dexmedetomidine 1 uM =60.71 +2.492. Values are mean+SEM t=1.8,
df=17.09, P=0.0895 by two-tailed t test. Bars indicate + SEM. Scale bars indicate 50 um n=12 (control) and
n=13 (dexmedetomidine 1 uM) dishes per condition, 15-20 images per plate. (A,C,B,D) show the same scale,
respectively.

and DEX cells. The control and DEX-treated neurons exhibited uniform expression of SYP (green) puncta in
juxtaposition with PSD-95 (red) (control: mean=23.9, SEM=2.17, n=9 and DEX: mean=19.37, SEM=1.517,
p=0.109, n=9) (Fig. 3F). Taken together, these data suggest that despite the increase in the length of neurite
outgrowth/branching, there was no significant change in the total number of synaptic puncta per cell. These data
demonstrate that, although DEX may have enhanced the length and the extent of growth, the total number of
synaptic connections made between any two given cells did not change significantly.

DEX exposure resulted in a hyperfused mitochondrial network. Neuronal growth and synaptic
assembly are high energy demanding processes that require intense mitochondrial efficacy. Previous studies
have demonstrated that the mitochondria are a potential site for anesthetic-induced toxicity®, accordingly, we
next asked whether DEX-mediated effects on cellular viability and growth may also have involved this orga-
nelle. In order to test the effects of DEX on mitochondrial morphology, we conducted live-cell imaging using
MitoTracker Green to specifically monitor mitochondrial dynamics and subsequently analyzed this data using
two-way ANOVA. Each individual neuron was assigned a distinct mitochondrial “identifier” based on their
total numbers and the morphology that was specific to any given cell. This criteria for mitochondrial morphol-
ogy characterization was based on previously established studies where they are classified either as fragmented
when less than 0.75 um in length, intermediate when 0.75-3 um in length, and fused when greater than 3 pm
in length®. We observed that the cells exposed to DEX had hyperfused mitochondrial networks at day 4 post-
exposure (Fig. 4C,D) (mean =31.65%, SEM =2.46 fused mitochondria, p <0.0001, n=10), compared to the con-
trol cells (Fig. 4A,B) (mean=_8.519%, SEM = 1.357 fused mitochondria, n=8), and this was in complete contrast
to what has previously been reported for other anesthetics™***! (Fig. 4E). In those instances where we did
observe a fraction of cells showing fragmented morphology, these data were not statistically significant (control:
mean=20.03, SEM =3.941, n=8 and DEX: mean=10.82, SEM =1.520, p=0.138, n=10). To assess if this hyper-
fusion occurred in an acute manner, or was maintained over time, we analyzed mitochondrial morphology at
days 7 and 10 post-exposure. We found that the hyperfused mitochondrial morphology was not maintained
over time as by day 7 and day 10, neither was the fused nor the intermediate fraction of DEX-exposed cells were
significantly different from the control (Fig. 4F). Taken together, these results demonstrate that DEX likely acts
as a “switch” enabling the intermediate mitochondrial fraction to exhibit a more fused form in a time-dependent
manner, which may likely enhance the energy production capacity of the cell mediating its positive effects.
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Figure 3. Exposure to 1 pM dexmedetomidine did not affect synapse formation. Representative fluorescent
images of neurons stained with SYP (green) and PSD95 (red). (A) SYP and (B) PSD95 images of control
cells. (C) SYP/PSD95 merge with close-up look at a synaptic puncta. Quantification of (D) relative intensity
of SYP fluorescence: control =0.82+0.048 (n=8), dexmedetomidine 1 uM =0.961+0.078 (n=10). Values

are mean+ SEM t=1.551, df=14.32, p=0.143 by two-tailed t test, Welch-corrected and (E) relative intensity
of PSD95 fluorescence: control =0.805+0.053 (n=38), dexmedetomidine 1 pM =0.89+0.076 (n=10). Values
are mean+ SEM t=1.025, df=15.24, p=0.341 by two-tailed t test, Welch-corrected and (F) average number
of synapses per cell: control=23.9+2.17 (n=9), dexmedetomidine 1 uM=19.37+1.517 (n=9). Values are
mean+SEM t=1.711, df=14.31, p=0.1087 by two-tailed t test, Welch-corrected. Bars indicate + SEM. Scale bars
indicate 10 pm.

DEX treatment resulted in a decrease in ROS production at seven days post-exposure. ROS
are important for various cellular functions, however an increase in their production is attributed to compro-
mised cell health or death as an index of poor mitochondrial health. We thus sought to measure reactive oxygen
species (ROS) production at Days 1, 2, 3, 4, 7 and 10 after DEX exposure and compare these data with the
untreated control cultures. Using Flow-cytometry, we analyzed the populations of cells on different days that
were double positive for Calcein AM (alive cells marker) (Fig. 5A) and MitoSox Red (cell producing ROS) and
quantified the mean fluorescent intensity (MFI) (Fig. 5B) of the second marker in a manner analogous to that
described previously by Brito de Monteiro et al.*”. Control cells demonstrated a distinct ROS production profile
over time whereas on days 1, 2 and 3, there was no significant variation in the MFI for MitoSox Red (Fig. 5D)
(D1 mean=992, SEM=108.7, n=4, D2 mean=1007, SEM=53.44, p>0.9999, n=4 and D3 mean=1319,
SEM =129.4, p=0.589, n=4) indicating a healthy range of ROS. By day 4, there was a significant increase in the
MFI (mean=1828, SEM=129.1, p=0.0047, n=4) which was maintained at day 7 (mean=1613, SEM =212.0,
p=0.0095, n=4) however these values returned to normal by day 10 (mean = 1245, SEM =197.5, p=0.529, n=3)
suggesting a homeostatic pattern exhibited by healthy cells. Cells treated with DEX demonstrated a similar trend
in ROS production (Fig. 5E) from days 1-4 (D1 mean=1034, SEM =68.06, n=4, D2 mean =823, SEM =108.2,
p>0.9999, n=4, D3 mean=1153, SEM=103.3, p=0.498, n=4 and D4 mean=1401, SEM=98.57, p=0.015,
n=4). In contrast to the controls, the MFI for MitoSox Red, did not differ from D1 on D7, which was maintained
at day 10 as well (D7 mean=1021, SEM=117.2, p=0.0954, n=4 and D10 mean =949, SEM=136.6, p=0.93,
n=4). When we compared side by side controls versus DEX exposed cells (Fig. 5C), we saw a significant differ-
ence in the MFI at day 7 between controls and DEX (control: D7 mean=1613, SEM =212.0, n=4 and DEX: D7
mean= 1021, SEM =117.2, p=0.0087, n=4). These data can be correlated with the results shown in the previous
assay where we saw an increase in the hyperfused mitochondrial fraction in the DEX-exposed cells suggesting
that the DEX treated cells continued to exhibit a healthy ROS production regime in a manner analogous to that
observed during early stages of cultures.

DEX injected animals did not exhibit spatial or recognition learning and memory deficits. To
test whether DEX exposure compromised learning and memory in animals, rat pups were injected with a con-
centration previously described in the literature*? and subsequently tested for learning and memory later in life.
Specifically, we used P7 rat pups where 25 ug/kg DEX was administered subcutaneously either once (1x) or twice
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Figure 4. Exposure to dexmedetomidine 1 uM resulted in a hyperfused mitochondrial network. Representative
live-fluorescent images of neurons stained with MitoTracker green (A) control and (B) dexmedetomidine

1 uM. Magnification of the region of interest in (C) control and (D) dexmedetomidine 1 uM cells. (E) Day 4
quantification of predominant mitochondrial morphology in each treatment based on a previously described
morphology scale: (1) fused: control=8.519+1.357, dexmedetomidine 1 uM =31.65+2.460, (2) intermediate:
control =71.45+3.439, dexmedetomidine 1 uM =57.53 +2.254 and (3) fragmented: control =20.03+3.941,
dexmedetomidine 1 pM =10.82+1.52. Values are mean + SEM F (2, 48) =30.5, ***p <0.0001, **p=0.005

by one-way ANOVA with Tukey’s post hoc analysis for multiple comparisons. Bars indicate £ SEM. Scale

bars indicate 20 um n=_8 (control) and n=10 (dexmedetomidine 1 uM) dishes per condition, 15-20 images
per plate. (F) Days 7 and 10 quantification of predominant mitochondrial morphology in each treatment:

(1) fused: control D7=3.077 £ 1.942, control D10=11.93 +2.94, dexmedetomidine 1 uM D7=3.04+2.032,
dexmedetomidine 1 uM D10=11.72+2.15, (2) intermediate: control D7 =77.41+2.039, control

D10=69.8 £ 3.455, dexmedetomidine 1 yM D7 =78.85+6.503, dexmedetomidine 1 pM D10=69.14+3.401 and
(3) fragmented: control D7=19.51+0.8, control D10 18.27 +4.989, dexmedetomidine 1 uM D7 =18.11+5.725,
dexmedetomidine 1 uM D10=19.14+5.416. Values are mean+SEM F (6, 39) =1.314, P=0.274 by two-way
ANOVA with Tukey’s post hoc analysis for multiple comparisons. Bars indicate + SEM n =3 (control and
dexmedetomidine 1 uM D7), n=4 (control D10) and n=7 (dexmedetomidine 1 uM D10) dishes per condition,
15-20 images per plate. (A,C,B,D) show the same scale, respectively.

(2x) (second dose 24 h after the first dose). The animals were extensively monitored for their cardio-respiratory
health, temperature, SpO, and righting reflex. These parameters did not differ significantly from the control ani-
mals injected with saline (data not shown) as previously shown in the literature??. At P60, the animals underwent
MWM and NORT testing.

For MWM, the animals were placed in a pool to reach a hidden platform invoking different spatial cues that
were placed on the walls of the room for a period of 5 consecutive days (Fig. 6A). The average latency (time
required to reach the platform once they were placed in the water) (Fig. 6B) and the distance traveled (Fig. 6C)
before reaching the hidden platform were measured for each trial. One-way ANOVA statistical analysis was
performed to compare the average latency and distance from day 1 to day 5. In terms of latency, we saw a sta-
tistically significant improvement in the time required to reach the platform comparing days 1 and 5 for both
DEX-treated animals that were injected either once (1x) (Day 1: mean=43.18, SEM =3.325 n=11 and Day 5:
mean =24.83, SEM =2.722, p=0.023 n=11) or twice (2x) (Day 1: mean=43.99, SEM =3.557, n=9 and Day 5:
mean =15.56, SEM =2.695, p <0.0001, n=9) as well as controls (Day 1: mean=46.6, SEM =2.448, n=16 and
Day 5: mean =20.14, SEM =2.498, p=0.006, n = 16) (Fig. 6B), suggesting that spatial learning had occurred in all
groups. Regarding the distance swum by the animals, there was not a significant improvement between days 1
and 5 in the 1x-injected animals (Day 1: mean =30.88, SEM =6.356, n=11 and Day 5: mean=13.48, SEM =3.073,
p=0.113, n=11), which meant that this cohort of animals, in particular, swam longer distances in the pool to
locate the platform as compared with saline and 2x DEX injected animals. Nevertheless, these animals still located
the platform within a time window similar to that of the controls.
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Figure 5. Dexmedetomidine reduced ROS production at day 7. (A) Gating strategy to select living neurons,
stained with Calcein AM. (B) Representative MFI of mitochondrial superoxide production by neurons exposed
to DEX compared to controls. (C) Quantification of MFI of mitochondrial ROS production by control and
DEX-exposed cells at days 1, 2, 3, 4, 7 and 10. Control: D1=992+108.7, D2=1007 £53.44, D3=1319+£129.4,
D4=1828+129.1, D7=1613+212.0, D10=1245+197.5 and DEX: D1=1034+68.06, D2=823+108.2,
D3=1153+103.3, D4=1401+98.57, D7=1021+117.2, D10=949 + 136.6. Values are mean+ SEM F (5,
35)=2.226, **p=0.0087 by two-way ANOVA with Tukey’s post hoc analysis for multiple comparisons. (D)
Quantification of MFI of mitochondrial ROS production on control cells at days 1, 2, 3, 4, 7 and 10. Control:
D1=992+108.7, D2=1007 £53.44, D3=1319+£129.4, D4=1828+129.1, D7=1613+212.0, D10=1245+197.5
Values are mean+SEM F (5, 17) =7.313, P=0.0008 by one-way ANOVA with Tukey’s post hoc analysis for
multiple comparisons. (E) Quantification of MFI of mitochondrial ROS production on DEX-exposed cells

at days 1, 2, 3,4, 7 and 10. DEX: D1=1034+68.06, D2=823+108.2, D3=1153+103.3, D4=1401 +98.57,
D7=1021+117.2, D10=949 + 136.6. Values are mean+ SEM F (5, 18) =3.968, P=0.0133. n=3-4 brains per
condition.

For the NORT experimental paradigm (Fig. 6D), we measured the Recognition index [RI=TN/(TN + TF)]
where TN =time spent while exploring the new object or the object placed at a different location and TF =time
spent exploring the familiar object. In all groups, both for the introduction of the novel object (Fig. 6E) and the
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Figure 6. Dexmedetomidine did not affect cognitive capacities. (A) Schematic representation of Morris Water Maze protocol. (B)
Quantification of the average latency between the 4 quadrants needed per day to reach the hidden platform; day 1: saline =46.6 +2.448
(n=16), Dex (1x)=43.18+3.325 (n=11) and Dex (2x)=43.99+3.557 (n=9) and day 5: saline=20.14+2.498 (n=16), Dex
(1x)=24.83+2.722 (n=12) and Dex (2x) =15.56 £ 2.695 (n=9). Values are mean + SEM F (8, 165) =0.6369, *p=0.0226, ****p <0.0001
by one-way ANOVA with Tukey’s post hoc analysis for multiple comparisons. (C) Average swimming distance between the 4
quadrants required to reach the hidden platform; day 1: saline=27.71+5.711 (n=13), Dex (1x) =30.88 £6.356 (n=11) and Dex
(2x)=29.74+3.695 (n=9) and day 5: saline =6.994+2.293 (n=13), Dex (1x)=13.48 +3.073 (n=11) and Dex (2x) =6.04+1.987
(n=9). Values are mean+SEM F (8, 150)=0.2167, *p=0.0123, **p=0.0061 by one-way ANOVA with Tukey’s post hoc analysis for

multiple comparisons. (D) Schematic representation of Novel Object Recognition tests. (E) Recognition index calculated as the time
spent with the novel object (TN) divided by the total time spent with both objects (TN + TF); familiarization: saline =0.4698 +0.0384
(n=11), Dex (1x)=0.451+0.0322 (n=9) and Dex (2x) =0.405+0.0457 (n=9) and testing: saline=0.694+0.0496 (n=12), Dex
(1x)=0.677 £0.0624 (n=9) and Dex (2x) =0.674+0.04815 (n=9). Values are mean+SEM F (2, 54) =0.136, *p=0.0245, **p=0.045
and **p=0.0065 by one-way ANOVA with Tukey’s post hoc analysis for multiple comparisons. (F) Recognition index calculated

as the time spent with the object located in a different place (TN) divided by the total time spent with both objects (TN +TF);
familiarization: saline=0.393+0.0283 (n=16), Dex (1x)=0.471+0.01996 (n=10) and Dex (2x) =0.406 +0.0285 (n=9) and testing:
saline=0.608 +0.0475 (n=16), Dex (1x)=0.649+0.038 (n=10) and Dex (2x)=0.622+0.0502 (n=9). Values are mean+SEM F (2,
64)=0.1315, *p=0.0131 and *p=0.043, ***p=0.0003 by one-way ANOVA with Tukey’s post hoc analysis for multiple comparisons.
Bars indicate + SEM.
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novel location of the familiar object (Fig. 6F), there was a significant increase in the time spent interacting with
the novel object (introduction of novel object: control: mean =0.694, SEM = 0.0496, p=0.0065, n=12, DEX 1x:
mean =0.677, SEM =0.0624, p=0.0245, n=9 and DEX 2x: mean =0.674, SEM =0.04815, p=0.0045, n=9 and
Novel location: control: mean =0.608, SEM =0.0475, p=0.0003, n=16, DEX 1x: mean=0.649, SEM =0.038,
p=0.043, n=10 and DEX 2x: mean=0.622, SEM =0.0502, p=0.0131, n=9) as compared to the familiarization
phase where the ratio was closer to 0.5 (Introduction of novel object: control: mean=0.4698, SEM =0.0384,n=12,
DEX 1x: mean=0.451, SEM =0.032, p=0.0245, n=9 and DEX 2x: mean =0.405, SEM =0.046, p=0.0045,n=9
and Novel location: control: mean=0.393, SEM =0.0283, n=16, DEX 1x: mean=0.471, SEM =0.01996, n=10
and DEX 2x: mean=0.406, SEM =0.0285, n=9).

Taken together, these data show that DEX did not compromise learning and memory when administered to
young pups, thus further underscoring its safety for clinical use.

Discussion

Most previous studies have shown DEX not only to be non-toxic but also neuroprotective against cytotoxic-
ity induced by other anesthetics'”'®2°. However, there exist controversies vis-a-vis its neuroprotective nature
in situ'”!® and also at the behavioral levels'®'**2, Moreover, the mechanisms also remain poorly defined, specifi-
cally in the context of its effects on neuronal growth and synaptic structure assembly at the level of the individual
neuron—due mainly to the complex nature of the intact brain or intact brain slices used in other studies.

Although DEX can be used in combination with magnesium sulfate (MgSO,) in the clinical setting*>*, we
have only assessed DEX individually, as MgSO, has been reported to have neuroprotective properties* whereas
we aimed to test DEX’s properties on neuronal health on its own. This study provides the first direct and une-
quivocal evidence for the non-neurotoxic nature of DEX when tested for cellular viability, neurite outgrowth and
synaptic network assembly. Moreover, we have demonstrated for the first time, that unlike other conventionally
used anesthetic agents, which exert their neurotoxic effects by perturbing mitochondrial structure and function,
DEX instead promotes mitochondrial health while maintaining a healthy ROS production. These results both
endorse our previous finding that anesthetic-induced toxicity may involve the mitochondria while strongly sug-
gesting that DEX-mediated positive effects on neuronal health may also involve this organelle.

Notwithstanding their essential requirements for most surgical procedures, the neurotoxic nature of various
anesthetic agents, as deduced from numerous animal studies, cannot be overlooked. However, the investigation
of the underlying neurotoxic mechanisms cannot be conducted in any human studies at the level of individual
neurons—owing primarily to the experimental logistics and the ethical implications. While some studies do
not support detrimental effects of anesthetics in humans*®*, a few others have suggested possible anesthetic-
induced toxicity in both developing***°and aging brains®>*!. These studies, together with research on non-human
primates®*~¢, have raised significant red flags thus compelling healthcare regulatory agencies to recommend that
warning labels be placed on anesthetics when given to pregnant mothers and young children®. Moreover, in
recent years, several studies have urged that we take into consideration the potential neurotoxic effects of anes-
thetic agents on brain development in humans and define the underlying mechanisms using animal models>",
Despite numerous attempts to understand the effects of anesthetics on neuronal homeostasis, the results remain
either equivocal or controversial®.

In contrast to common conventional anesthetics, DEX is a newer agent being used both as a sedative and
analgesic®® agent that does not rely on NMDA or GABAA receptor function®. DEX acts on the alpha2 adreno-
receptor, acting as an agonist®’, and some of its physiological functions include the induction of sedation, pain
modification, inhibition of insulin release and the presynaptic inhibition of norepinephrine release®.

Although DEX is currently used in pediatric medicine®"®?, there are also studies demonstrating that higher
clinical concentrations of DEX indeed cause cell death in situ?>. It would therefore appear that under certain
experimental conditions DEX may induce neurotoxicity in brain slices and these subsequent effects may involve
a variety of signalling pathways. However, in many other instances, DEX appears not only to be non-neurotoxic
but also neuroprotective against the toxicity induced by other anesthetic agents such as sevoflurane, propofol
or ketamine?>**%, Previous studies have shown a number of anesthetic agents affect synaptic structures and
function®*%¢’; however, similar conclusive evidence for DEX is missing. This study is thus the first to demon-
strate that although DEX enhanced neurite outgrowth, it did not affect the total number of synaptic connections
formed between the cortical neurons. When examined in light of previous studies where DEX-induced positive
effects were shown to involve the PI3K/Akt/GSK3p pathway'®?**? invoking growth promoting factors (insulin
for example), it therefore stands to reason that this anesthetic may activate signaling that could potentially be
growth permissive. However, in our study, we found that notwithstanding this enhanced growth, neurons did
not make additional synaptic contacts as compared with their control cohort.

Even though several studies have vouched for DEX safety, the evidence is not unequivocal. For instance,
on the one hand, Liu et al.”® tested different concentrations of DEX ranging from 0.001 to 0.2 uM, and found
significant cell death in a dose-dependent manner. On the other hand, Sanders et al.** demonstrated that when
cultured neurons that were previously treated with wortmannin and staurosporine (to promote neuroapoptosis)
were exposed to 0.1-100 uM DEX, it rescued neurons from cell death in a dose-dependent manner?’. In the
present study however, we generated a dose response curve for DEX, ranging from 0.01 to 10 uM and identi-
fied a concentration of 1 uM to be the least cytotoxic. As this concentration is generally used in the clinic®,
our data thus endorse it to be potentially safer in humans. Data presented in this study are also consistent with
earlier work completed by Wu et al. which demonstrated that DEX protected neurons against apoptosis, axonal
degradation, and synaptic degeneration after traumatic brain injury in a murine model*. Although Wu et al.**
did not show direct effects of DEX on cellular viability, they did nevertheless demonstrate the extent to which it
rescued neurons from axonal degradation and synaptic degeneration in the intact animal. The rationale for using
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DEX in a traumatic brain injury model used by Wu et al.”, where the induced damage is often inconsistent and

unreliable remains unclear, however they did nevertheless find this anesthetic to be neuroprotective. The present
study provides direct evidence that in a simple model system, which is devoid of whole animal complexity and
inconsistent experimental paradigm (i.e. methods to induce traumatic injury), DEX prevented neurons from cell
death and promoted neurite outgrowth (increased the neurite number and total length). These data thus confirm
results obtained from in vivo studies and provide further unequivocal support at the resolution of individual
neurons and synaptic structures. We suggest that these growth permissive or inductive aspects of DEX are likely
attributable to its positive effects on mitochondrial structures, function and production of a healthy ROS regime.

Notwithstanding the fact that DEX exerted growth permissive effects on neurites of cultured neurons, it did
not however affect the total number of synaptic puncta between the two connecting neurons during the time
window the cells were fixed (Day 7). It needs to be noted that most synapses that form between these neurons
are thus consistent and remain unchanged even when cells are examined after 3 weeks. This argument is sup-
ported by several previous studies which showed that if in vitro neurons remained unperturbed due either the
induction of electrical activity or pharmacological perturbations that the number of synapses formed between
neurons remained unchanged for up to 100 days68’7°. Whereas, at the cellular level, it would be almost impossible
to demonstrate unequivocally that either the total number of persisting synapses, or the efficacy of an individual
synapse would have remained consistent at any given time, an extensive study conducted at the proteomics level
showed that the turnover of new synaptic proteins occurred primarily after the neuronal stimulation”’. This rules
out the possibility that DEX might tip the balance towards exuberant synaptic connectivity thus perturbing the
innate balance of the synaptic “real-estate” that is shared between any two interconnected neurons. In contrast
to these findings, previous studies have shown that both local and general anesthetics reduce the total number of
synaptic puncta, as shown by a decrease in the relative expression of synaptophysin after isoflurane exposure’. It
is therefore feasible that the neuroprotective effects of DEX observed in the Wu et al.?® study may not have much
to do with its role as an anesthetic, but rather it may have acted in a manner analogous to that of ketamine®*”>74,
Specifically, their growth permissive or neuroprotective effects may have involved signaling mechanisms other
then their modes of actions as an anesthetic agent’>

An important finding of this study is the link between DEX and its role in modifying mitochondrial net-
works. Specifically, we found that DEX exposure increased the fused mitochondrial fraction population in the
neurons as compared with the intermediate fraction, without significantly modifying their fragmented form.
Any prolonged imbalance in the fission/fusion equilibrium is widely documented to be detrimental to cellular
health and viability, and has been shown to compromise key functions such as growth cone dynamics”, axonal
regeneration, branching, and synapse formation”7%,

Moreover, this study provided for the first time a comprehensive analysis regarding ROS production over
time in cultured neurons. We found that DEX decreased ROS production over several days which could be the
potential driver underlying its impact on neuronal health; this would however need to be tested experimentally in
the future. Our data is nevertheless consistent with previous studies where DEX was shown to diminish ROS pro-
duction in non-neuronal tissue such as kidney”® and cardiomyocytes®, as well as following cerebral ischemia®!.

As neurons used in our cultures were primarily from rat cortices, which we found to respond to anesthetics
in a manner analogous to hippocampal neurons (data not shown), it could be argued that adrenergic receptors
may have been absent and that this could account for the lack of evidence of DEX toxicity. To rule out this pos-
sibility, we injected rat pups for in vivo experiments, thus exposing the entire brain to DEX. These animals did not
demonstrate any deficits in learning and memory, providing further support that DEX is non-neurotoxic when
used in clinically relevant concentrations. Duan et al.'® have previously demonstrated that when P7 pups (female
only) were injected with DEX at a concentration similar to the one used in this study, their spatial memory tested
in the Morris Water Maze'” remained indistinguishable from the controls. In the present study, not only did we
use one, but also two injections in a space of 24 h involving both male and female rats and invoked both Morris
Water Maze and NORT learning and memory paradigms. The data presented here thus further endorses our
in vitro results underscoring the non-neurotoxic nature of DEX and supports its utility in the clinical realm.

Received: 12 May 2021; Accepted: 21 July 2021
Published online: 09 August 2021

References
1. Weiser, T. G. et al. Size and distribution of the global volume of surgery in 2012. Bull. World Health Organ. 94, 201-209 (2016).
2. Ozkalayci, O., Araz, C., Cehreli, S. B., Tirali, R. E. & Kayhan, Z. Effects of music on sedation depth and sedative use during pediatric
dental procedures. J. Clin. Anesth. 34, 647-653 (2016).
3. Mickey, B. . et al. Propofol for treatment-resistant depression: A pilot study. Int. J. Neuropsychopharmacol. 21, 1079-1089 (2018).
4. Chitilian, H., Eckenhoff, R. & Raines, D. Anesthetic drug development: Novel drugs and new approaches. Surg. Neurol. Int. 4, 2
(2013).
5. Igbal, E et al. Anesthetics: From modes of action to unconsciousness and neurotoxicity. J. Neurophysiol. 122, 760-787 (2019).
6. Radtke, E. M. et al. Monitoring depth of anaesthesia in a randomized trial decreases the rate of postoperative delirium but not
postoperative cognitive dysfunction. Br. J. Anaesth. 110, 198-1105 (2013).
7. Citri, A. & Malenka, R. C. Synaptic plasticity: Multiple forms, functions, and mechanisms. Neuropsychopharmacology 33, 18-41
(2008).
8. Xu, X. et al. Primary visual cortex shows laminar-specific and balanced circuit organization of excitatory and inhibitory synaptic
connectivity. J. Physiol. 594, 1891-1910 (2016).
9. Paoletti, P, Bellone, C. & Zhou, Q. NMDA receptor subunit diversity: Impact on receptor properties, synaptic plasticity and disease.
Nat. Rev. Neurosci. 14, 383-400 (2013).
10. Xu, E et al. Neuronal somata and extrasomal compartments play distinct roles during synapse formation between lymnaea neurons.
J. Neurosci. 34, 11304-11315 (2014).
11. Chen, D,, Yu, S. P. & Wei, L. Ion channels in regulation of neuronal regenerative activities. Transl. Stroke Res. 5, 156-162 (2014).

Scientific Reports |

(2021) 11:16153 | https://doi.org/10.1038/s41598-021-95635-x nature portfolio



www.nature.com/scientificreports/

12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.

26.
. Castillo, R. L. et al. Dexmedetomidine improves cardiovascular and ventilatory outcomes in critically ill patients: Basic and clinical

28.
29.

30.
31.
32.
33.
34.
35.

36.
37.

38.
. Guo, E, Ding, Y., Yu, X. & Cai, X. Effect of dexmedetomidine, midazolam, and propofol on lipopolysaccharide-stimulated dendritic

40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.

53.

Spencer, G. E., Lukowiak, K. & Syed, N. I. Transmitter-receptor interactions between growth cones of identified Lymnaea neurons
determine target cell selection in vitro. J. Neurosci. 20, 8077-8086 (2000).

Alam, A. et al. Neuroprotection and neurotoxicity in the developing brain: An update on the effects of dexmedetomidine and
xenon. Neurotoxicol. Teratol. 60, 102-116 (2017).

Armstrong, R., Xu, E, Arora, A., Rasic, N. & Syed, N. I. General anesthetics and cytotoxicity: Possible implications for brain health.
Drug Chem. Toxicol. 40, 241-249 (2017).

Gertler, R., Brown, H. C., Mitchell, D. H. & Silvius, E. N. Dexmedetomidine: A novel sedative-analgesic agent. Baylor Univ. Med.
Cent. Proc. 14, 13-21 (2001).

Nelson, L. E. et al. The a2-adrenoceptor agonist dexmedetomidine converges on an endogenous sleep-promoting pathway to exert
its sedative effects. Anesthesiology 98, 428-436 (2003).

Li, Y. et al. Dexmedetomidine reduces isoflurane-induced neuroapoptosis partly by preserving PI3K/Akt pathway in the hip-
pocampus of neonatal rats. PLoS One 9, 20 (2014).

Wang, Y. et al. Dexmedetomidine attenuates repeated propofol exposure-induced hippocampal apoptosis, PI3K/Akt/Gsk-3
signaling disruption, and juvenile cognitive deficits in neonatal rats. Mol. Med. Rep. 14, 769-775 (2016).

Duan, X,, Li, Y., Zhou, C., Huang, L. & Dong, Z. Dexmedetomidine provides neuroprotection: Impact on ketamine-induced
neuroapoptosis in the developing rat brain. Acta Anaesthesiol. Scand. 58, 1121-1126 (2014).

Ly, J. et al. Dexmedetomidine attenuates propofol-induce neuroapoptosis partly via the activation of the PI3k/Akt/GSK3p pathway
in the hippocampus of neonatal rats. Environ. Toxicol. Pharmacol. 52, 121-128 (2017).

Lee, J.-R. et al. Alternative technique or mitigating strategy for sevoflurane-induced neurodegeneration: A randomized controlled
dose-escalation study of dexmedetomidine in neonatal rats. Br. J. Anaesth. 119, 492-505 (2017).

Perez-Zoghbi, J. E, Zhu, W., Grafe, M. R. & Brambrink, A. M. Dexmedetomidine-mediated neuroprotection against sevoflurane-
induced neurotoxicity extends to several brain regions in neonatal rats. Br. J. Anaesth. 119, 506-516 (2017).

Liao, Z. et al. Both JNK and P38 MAPK pathways participate in the protection by dexmedetomidine against isoflurane-induced
neuroapoptosis in the hippocampus of neonatal rats. Brain Res. Bull. 107, 69-78 (2014).

Sanders, R. D. et al. Dexmedetomidine provides cortical neuroprotection: Impact on anaesthetic-induced neuroapoptosis in the
rat developing brain. Acta Anaesthesiol. Scand. 54, 710-716 (2010).

Liu, J.-R., Yuki, K., Baek, C., Han, X.-H. & Soriano, S. G. Dexmedetomidine-induced neuroapoptosis is dependent on its cumula-
tive dose. Anesth. Analg. 123, 1008-1017 (2016).

Dardalas, L. et al. Dexmedetomidine effects in different experimental sepsis in vivo models. Eur. J. Pharmacol. 856, 20 (2019).

approaches. Front. Pharmacol. 10, 1641 (2020).

Wu, J. et al. Neuroprotective effect of dexmedetomidine in a murine model of traumatic brain injury. Sci. Rep. 8, 1-10 (2018).
Shan, Y, Sun, S,, Yang, E, Shang, N. & Liu, H. Dexmedetomidine protects the developing rat brain against the neurotoxicity wrought
by sevoflurane: Role of autophagy and Drp1-Bax signaling. Drug Des. Dev. Ther. 12, 3617-3624 (2018).

Liu, Y. J., Wang, D. Y,, Yang, Y. J. & Lei, W. E. Effects and mechanism of dexmedetomidine on neuronal cell injury induced by
hypoxia-ischemia. BMC Anesthesiol. 17, 20 (2017).

Zhang, N. et al. Neuroprotection of dexmedetomidine against propofol-induced neuroapoptosis partly mediated by PI3K/Akt
pathway in hippocampal neurons of fetal rat. J. Zhejiang Univ. Sci. B 18, 789-796 (2017).

Grundy, D. Principles and standards for reporting animal experiments in The Journal of Physiology and Experimental Physiology.
J. Physiol. 593, 2547-2549 (2015).

Xu, E et al. The mitochondrial division inhibitor Mdivi-1 rescues mammalian neurons from anesthetic-induced cytotoxicity. Mol.
Brain 9, 35 (2016).

Igbal, E. et al. A synthetic peptide rescues rat cortical neurons from anesthetic-induced cell death, perturbation of growth and
synaptic assembly. Sci. Rep. https://doi.org/10.1038/s41598-021-84168-y (2021).

Animal Research Advisory Committee Guidelines|OACU. https://oacu.oir.nih.gov/animal-research-advisory-committee-guide
lines. Accessed 12 May 2021.

Kaur, M. & Singh, P. Current role of dexmedetomidine in clinical anesthesia and intensive care. Anesth. Essays Res. 5,128 (2011).
de Monteiro, L. B., Davanzo, G. G., de Aguiar, C. E & Moraes-Vieira, P. M. M. Using flow cytometry for mitochondrial assays.
MethodsX 7, 100938 (2020).

Lueptow, L. M. Novel object recognition test for the investigation of learning and memory in mice. J. Vis. Exp. 2017, 55718 (2017).

cells. Exp. Ther. Med. 15, 5487-5494 (2018).

Boscolo, A. et al. Early exposure to general anesthesia disturbs mitochondrial fission and fusion in the developing rat brain.
Anesthesiology 118, 1086-1097 (2013).

Twaroski, D. M. et al. Altered mitochondrial dynamics contributes to propofol-induced cell death in human stem cell-derived
neurons. In Anesthesiology Vol 123 1067-1083 (Lippincott Williams and Wilkins, 2015).

Xiao, Y. et al. Dexmedetomidine attenuates the propofol-induced long-term neurotoxicity in the developing brain of rats by
enhancing the PI3K/Akt signaling pathway. Neuropsychiatr. Dis. Treat. 14, 2191-2206 (2018).

Giizel, A. et al. Dexmedetomidine and magnesium sulfate: A good combination treatment for acute lung injury?. J. Invest. Surg.
32,331-342 (2019).

Bryskin, R. & Weldon, B. C. Dexmedetomidine and magnesium sulfate in the perioperative management of a child undergoing
laparoscopic resection of bilateral pheochromocytomas. J. Clin. Anesth. 22, 126-129 (2010).

Lingam, I. & Robertson, N. J. Magnesium as a neuroprotective agent: A review of its use in the fetus, term infant with neonatal
encephalopathy, and the adult stroke patient. Dev. Neurosci. 40, 1-12 (2018).

McCann, M. E. et al. Neurodevelopmental outcome at 5 years of age after general anaesthesia or awake-regional anaesthesia in
infancy (GAS): An international, multicentre, randomised, controlled equivalence trial. Lancet 393, 664-677 (2019).

Warner, D. O. et al. Neuropsychological and behavioral outcomes after exposure of young children to procedures requiring general
anesthesia: The mayo anesthesia safety in kids (MASK) study. Anesthesiology 129, 89-105 (2018).

Dimaggio, C., Sun, L. S. & Li, G. Early childhood exposure to anesthesia and risk of developmental and behavioral disorders in a
sibling birth cohort. Anesth. Analg. 113, 1143-1151 (2011).

Flick, R. P. et al. Cognitive and behavioral outcomes after early exposure to anesthesia and surgery. Pediatrics 128, €1053-e1061
(2011).

Mason, S. E., Noel-Storr, A. & Ritchie, C. W. The impact of general and regional anesthesia on the incidence of post-operative
cognitive dysfunction and post-operative delirium: A systematic review with meta-analysis. J. Alzheimer’s Dis. 22, 20 (2010).
Silbert, B. et al. Preexisting cognitive impairment is associated with postoperative cognitive dysfunction after hip joint replacement
surgery. Anesthesiology 122, 1224-1234 (2015).

Liu, F et al. Potential adverse effects of prolonged sevoflurane exposure on developing monkey brain: From abnormal lipid
metabolism to neuronal damage. Toxicol. Sci. 147, 562-572 (2015).

Paule, M. G. et al. Ketamine anesthesia during the first week of life can cause long-lasting cognitive deficits in rhesus monkeys.
Neurotoxicol. Teratol. 33, 220-230 (2011).

Scientific Reports |

(2021) 11:16153 | https://doi.org/10.1038/s41598-021-95635-x nature portfolio


https://doi.org/10.1038/s41598-021-84168-y
https://oacu.oir.nih.gov/animal-research-advisory-committee-guidelines
https://oacu.oir.nih.gov/animal-research-advisory-committee-guidelines

www.nature.com/scientificreports/

54. 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 (2019).

55. Noguchi, K. K. et al. Isoflurane exposure for three hours triggers apoptotic cell death in neonatal macaque brain. In British Journal
of Anaesthesia Vol 119 524-531 (Oxford University Press, 2017).

56. Brambrink, A. M. et al. Ketamine-induced neuroapoptosis in the fetal and neonatal rhesus macaque brain. Anesthesiology 116,
372-384 (2012).

57. Kamat, P. P, Kudchadkar, S. R. & Simon, H. K. Sedative and anesthetic neurotoxicity in infants and young children: Not just an
operating room concern. J. Pediatr. 204, 285-290 (2019).

58. Jevtovic-Todorovic, V. General anesthetics and neurotoxicity: How much do we know?. Anesthesiol. Clin. 34, 439-451 (2016).

59. Carollo, D. S., Nossaman, B. D. & Ramadhyani, U. Dexmedetomidine: A review of clinical applications. Curr. Opin. Anaesthesiol.
21, 457-461 (2008).

60. Giovannitti, J. A., Thoms, S. M. & Crawford, J. J. Alpha-2 adrenergic receptor agonists: A review of current clinical applications.
Anesth. Prog. 62, 31-38 (2015).

61. Mason, K. P. & Lerman, J. Dexmedetomidine in children. Anesth. Analg. 113, 1129-1142 (2011).

62. Buck, M. L. Dexmedetomidine use in pediatric intensive care and procedural sedation. J. Pediatr. Pharmacol. Ther. 15, 17-29
(2010).

63. Pancaro, C. et al. Dexmedetomidine and ketamine show distinct patterns of cell degeneration and apoptosis in the developing rat
neonatal brain. J. Matern. Neonatal Med. 29, 3827-3833 (2016).

64. Wang, L. et al. Dexmedetomidine had neuroprotective effects on hippocampal neuronal cells via targeting IncRNA SHNG16
mediated microRNA-10b-5p/BDNF axis. Mol. Cell. Biochem. 469, 41-51 (2020).

65. Shan, Y., Sun, S., Yang, E, Shang, N. & Liu, H. Dexmedetomidine protects the developing rat brain against the neurotoxicity wrought
by sevoflurane: Role of autophagy and Drp1-Bax signaling. Drug Des. Devel. Ther. 12, 3617-3624 (2018).

66. Bosnjak, Z. ., Logan, S., Liu, Y. & Bai, X. Recent insights into molecular mechanisms of propofol-induced developmental neu-
rotoxicity: Implications for the protective strategies. In Anesthesia and Analgesia Vol 123 1286-1296 (Lippincott Williams and
Wilkins, 2016).

67. Cartagenes, S. C., Fernandes, L. M. P, de Andrade, E. E, Prediger, R. D. & Maia, C. S. E Ketamine: Neurotoxicity and neurobe-
havioral disorders. In Addictive Substances and Neurological Disease: Alcohol, Tobacco, Caffeine, and Drugs of Abuse in Everyday
Lifestyles 373-382 (Elsevier, 2017). https://doi.org/10.1016/B978-0-12-805373-7.00032-3.

68. Woodward Hopf, F, Waters, J., Mehta, S. & Smith, S. J. Stability and plasticity of developing synapses in hippocampal neuronal
cultures. J. Neurosci. 22, 775-781 (2002).

69. Okabe, S. Imaging synapse formation and remodeling in vitro and in vivo. In Make Life Visible 187-197 (Springer, 2020). https://
doi.org/10.1007/978-981-13-7908-6_19.

70. Graf, E. R., Kang, Y,, Hauner, A. M. & Craig, A. M. Structure function and splice site analysis of the synaptogenic activity of the
neurexin-13 LNS domain. J. Neurosci. 26, 4256-4265 (2006).

71. Heo, S. et al. Identification of long-lived synaptic proteins by proteomic analysis of synaptosome protein turnover. Proc. Natl. Acad.
Sci. USA 115, E3827-E3836 (2018).

72. 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, 20 (2018).

73. Li, N. et al. mMTOR-dependent synapse formation underlies the rapid antidepressant effects of NMDA antagonists. Science (80-)
329, 959-964 (2010).

74. Jiang, S. et al. Ketamine destabilizes growth of dendritic spines in developing hippocampal neurons in vitro via a Rho-dependent
mechanism. Mol. Med. Rep. 18, 5037-5043 (2018).

75. Steketee, M. B. et al. Mitochondrial dynamics regulate growth cone motility, guidance, and neurite growth rate in perinatal retinal
ganglion cells in vitro. Investig. Ophthalmol. Vis. Sci. 53, 7402-7411 (2012).

76. Han, S. M., Baig, H. S. & Hammarlund, M. Mitochondrialocalize to injured axons to support regeneration. Neuron 92, 1308-1323
(2016).

77. Zhou, B. et al. Facilitation of axon regeneration by enhancing mitochondrial transport and rescuing energy deficits. J. Cell Biol.
214, 103-119 (2016).

78. Spillane, M., Ketschek, A., Merianda, T. T., Twiss, J. L. & Gallo, G. Mitochondria coordinate sites of axon branchingthrough local-
ized intra-axonal protein synthesis. Cell Rep. 5, 1564-1575 (2013).

79. Chen, Y. et al. Dexmedetomidine ameliorates acute stress-induced kidney injury by attenuating oxidative stress and apoptosis
through inhibition of the ROS/JNK signaling pathway. Oxid. Med. Cell. Longev. 2018, 20 (2018).

80. Weng, X., Zhang, X., Lu, X., Wu, J. & Li, S. Reduced mitochondrial response sensitivity is involved in the anti-Apoptotic effect of
dexmedetomidine pretreatment in cardiomyocytes. Int. . Mol. Med. 41, 2328-2338 (2018).

81. Akpinar, H., Naziroglu, M., Ovey, 1. S., Cig, B. & Akpinar, O. The neuroprotective action of dexmedetomidine on apoptosis,
calcium entry and oxidative stress in cerebral ischemia-induced rats: Contribution of TRPM2 and TRPV1 channels. Sci. Rep. 6,
1-13 (2016).

Acknowledgements

The authors would like to thank Jean Kawasoe and Wali Zaidi (Department of Cell Biology and Anatomy, Uni-
versity of Calgary) for their excellent technical support. We thank Timothy Shutt (ACHRI Institute, University
of Calgary) and his lab for letting use their confocal microscopy facilities. We thank Sara Hernandez-Pérez
(Department of Bioscience, University of Turku) for her guidance in using ImageJ (FIJI) macros. We thank all
the members in the Syed lab for their constructive feedback in the project.

Author contributions
Study design/planning: N.J.-T., N.LS. Study conduct: N.J.-T., EL, M.P. Data analysis: N.J.-T., EI., A.C.-O. Writing
paper: N.J.-T., N.L.S., TK.R. Revising paper: all authors.

Funding

This work was supported by Vi Riddell Pediatric Rehabilitation Pain Research Program (Project #1001200, the
Natural Sciences and Engineering Research Council (NSERC; Project #RT690332), and the Canadian Institutes
of Health Research (CIHR; Project #10015088).

Competing interests
The authors declare no competing interests.

Scientific Reports |

(2021) 11:16153 | https://doi.org/10.1038/s41598-021-95635-x nature portfolio


https://doi.org/10.1016/B978-0-12-805373-7.00032-3
https://doi.org/10.1007/978-981-13-7908-6_19
https://doi.org/10.1007/978-981-13-7908-6_19

www.nature.com/scientificreports/

Additional information
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://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports|  (2021) 11:16153 | https://doi.org/10.1038/s41598-021-95635-x nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Dexmedetomidine does not compromise neuronal viability, synaptic connectivity, learning and memory in a rodent model
	Materials and methods
	Experimental animals. 
	Primary rat neuronal cell culture and dexmedetomidine treatment. 
	Cell viability assay. 
	Live-cell fluorescent imaging and confocal microscopy. 
	Reactive oxygen species (ROS) production using flow-cytometry. 
	Localization of neuronalsynaptic morphology via immunocytochemistry. 
	Dexmedetomidine treatment. 
	Morris water maze. 
	Novel object recognition. 
	Statistical analysis. 
	Ethical statements. 

	Results
	DEX exposure did not affect cell viability. 
	DEX administration promoted neuronal outgrowth. 
	DEX treatment did not impact synaptic formation. 
	DEX exposure resulted in a hyperfused mitochondrial network. 
	DEX treatment resulted in a decrease in ROS production at seven days post-exposure. 
	DEX injected animals did not exhibit spatial or recognition learning and memory deficits. 

	Discussion
	References
	Acknowledgements


