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Abstract

Background: Traumatic brain injury (TBI) is a major cause of morbidity and mortality, but there are no clinically
proven treatments that specifically target neuronal loss and secondary injury development following TBI. In this study,
we evaluate the effect of xenon treatment on functional outcome, lesion volume, neuronal loss and neuroinflamma-
tion after severe TBI in rats.

Methods: Young adult male Sprague Dawley rats were subjected to controlled cortical impact (CCl) brain trauma or
sham surgery followed by treatment with either 50% xenon:25% oxygen balance nitrogen, or control gas 75% nitro-
gen:25% oxygen. Locomotor function was assessed using Catwalk-XT automated gait analysis at baseline and 24 h
after injury. Histological outcomes were assessed following perfusion fixation at 15 min or 24 h after injury or sham
procedure.

Results: Xenon treatment reduced lesion volume, reduced early locomotor deficits, and attenuated neuronal loss
in clinically relevant cortical and subcortical areas. Xenon treatment resulted in significant increases in Ibal-positive
microglia and GFAP-positive reactive astrocytes that was associated with neuronal preservation.

Conclusions: Our findings demonstrate that xenon improves functional outcome and reduces neuronal loss after
brain trauma in rats. Neuronal preservation was associated with a xenon-induced enhancement of microglial cell
numbers and astrocyte activation, consistent with a role for early beneficial neuroinflammation in xenon’s neuropro-
tective effect. These findings suggest that xenon may be a first-line clinical treatment for brain trauma.
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Introduction

Traumatic brain injury (TBI) is a leading cause of death
and disability globally [1, 2]. It is estimated that annually
there are up to 60 million TBIs worldwide [3]. TBI results
from an external mechanical force causing primary
injury that initiates a complex biochemical and cellular
pathophysiology leading to secondary injury developing
in the minutes, hours, and even months later. Many of
the persistent impairments and disabilities experienced
by TBI survivors are caused by the potentially prevent-
able secondary injury. Despite a greater understanding
of the pathophysiology of TBI in recent years, current
treatment is largely supportive, with no clinically proven
treatments specifically targeting neuronal loss and sec-
ondary injury development.

Xenon is a noble gas used medically as a general anes-
thetic and in MRI imaging [4, 5]. Xenon is a pleiotropic
drug with actions at a variety of targets implicated in the
secondary injury cascade, including NMDA receptors
[6-8], potassium channels [9, 10], activation of HIF-1
alpha [11], and an increase in erythropoietin levels [12].
Xenon has been shown to be neuroprotective using
in vitro and in vivo models of ischemic brain injury [4,
13-19], and a recent two-center clinical trial of xenon for
brain injury after out-of-hospital cardiac arrest showed
evidence of reduced cerebral white matter damage [20].
Until recently, the efficacy of xenon as a neuroprotect-
ant in TBI has been limited to simple in vitro models
[21-24]. We recently demonstrated for the first time in
an animal model that xenon is neuroprotective follow-
ing moderate TBI in mice [25]. Clinically TBI is highly
heterogeneous and from a translational perspective it is
important to evaluate neuroprotection in different injury
severities and other species [26]. Xenon has not previ-
ously been evaluated in rats after TBIL. In the current
study, the objective was to evaluate the effect of xenon
treatment following severe TBI in rats, with a focus on
acute functional outcome, neuronal preservation, and
glial cell responses in specific brain regions associated
with the cognitive, locomotor and other functional defi-
cits experienced by TBI patients.

Materials and methods

Experiments complied with the UK Animals Scientific
Procedures Act (1986) and were approved by the Ani-
mal Welfare and Ethical Review Body of Imperial College
London. Unless otherwise stated, reagents were pur-
chased from Sigma Aldrich (Dorset, UK).

We designed our study to comply with the ARRIVE
guidelines [27]. Young adult male Sprague Dawley rats
n=22, age 13 weeks, mean weight (SEM) 429 (7) g at the
time of surgery were obtained from Charles River (Mar-
gate, Kent, UK). All animals had undergone no previous
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procedures before entering this study. Animals were
group housed (4 per cage) in filter-top cages in a path-
ogen-free facility in a 12:12 light/dark cycle (7am-7pm
light) at 22 °C with ad libitum access to food and water.
Animals were monitored daily before experiments, and
closely monitored in the postoperative period for at least
4 h, and then early the following day.

Experimental groups, randomizing and blinding

Animals were randomly assigned to TBI primary injury
(no treatment) or TBI followed by 50% xenon:25% oxygen
balance nitrogen or TBI followed by 75% nitrogen:25%
oxygen (control gas) or sham surgery followed by 75%
nitrogen:25% oxygen (control gas) groups. The experi-
menter performing the surgery was blinded to treatment.
A separate experimenter, blinded to groups and treat-
ment, performed behavioural tests. All histological out-
comes were assessed by blinded observers. Animals were
allowed to survive for 15 min (primary injury group) or
24 h after injury. We had six animals in each 24-h group
(TBI control; TBI xenon; sham surgery) and four animals
in the primary injury group. Sample sizes were based on
power calculations using effect sizes observed previously
after moderate TBI in mice [25]. The lesion volume of the
primary injury group was used to calculate the secondary
lesion volume at 24 h.

Traumatic brain injury

Animals were anesthetized with 2.5% isoflurane with
buprenorphine analgesia (0.04 mg kg™!) in an air/oxygen
mixture (35% oxygen:65% nitrogen) supplied via a face-
mask in spontaneously breathing animals. Core body
temperature was monitored and maintained at 37 °C for
the duration of the surgery by means of a rectal probe and
feedback-controlled heating pad (CMA450, CMA Micro-
dialysis AB, Solna, Sweden). Temperature, pulse oxime-
try and heart rate were measured throughout. Traumatic
brain injury was performed using a Leica ImpactOne
(Leica Biosystems, Milton Keynes, UK) controlled cor-
tical impact device. Animals were fixed in a stereotac-
tic frame and after being given subcutaneous lidocaine
(2 mg kg™), a scalp incision was made followed by a cra-
niotomy. A craniotomy window (~8 mm x 6 mm) was
created using a saline-cooled high-speed drill, along the
coronal and lambdoid sutures and laterally as close as
possible to the temporalis muscle insertion. The bone
flap was removed exposing the dura above the right pari-
etal cortex, between the sagittal, lambdoid, and coronal
sutures. The tip of the controlled cortical impact device
was positioned anteriorly above the intact dura~1 mm
from sagittal suture. The angle of the impactor, approxi-
mately 25 degrees from sagittal plane, was adjusted such
that the tip was perpendicular to the dural surface. The
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impactor tip was flat, with a diameter of 4 mm, impact
velocity of 6 m s™!, impact duration of 400 ms, and pene-
tration depth of 3.0 mm. Our CCI impact parameters and
the functional and histological outcomes are similar to
those classified as a severe injury [28]. Following CCI sur-
gery, the craniotomy was closed with the bone flap, sealed
with tissue glue (Histoacryl, Braun-Melsungen, Melsun-
gen, Germany) and dental cement (Poly-F Plus, Dentsply
Sirona, UK) and the skin sutured. Sham-surgery animals
underwent identical anesthesia, temperature control,
placement in stereotactic frame, surgical skin incision to
reveal the surface of the skull which was drilled superfi-
cially but no craniotomy was performed. The duration of
the sham surgery and anesthesia was identical to that of
the CCI animals. The choice of anesthetic and analgesic
drugs in animal TBI studies may have an impact on how
secondary injury develops [29-31]. In order to avoid any
confounding effects from the anesthesia and analgesia,
we were careful to ensure that the sham group received
exactly the same drugs. For our study, we chose to com-
bine the widely used inhalational anesthetic isoflurane
and the long-acting opioid buprenorphine both widely
used, safe and effective in rodents [32, 33].

Xenon or control gas administration

Gas treatments were administered to spontaneously
breathing animals in a series of custom-made chambers
linked in a closed circuit for a total duration of three
hours, starting 30 min after CCI injury. One animal in
the xenon group had the treatment start time delayed
to 1 h in error. Data from this animal are not included
in the study and the animal was replaced. Gas concen-
trations inside the circuit were monitored continuously
via a xenon meter (model 439 EX, Nyquist Ltd, UK) and
an oxygen meter (Oxydig, Draeger, Luebeck, Germany)
included in the circuit. Carbon dioxide was removed
from the system by soda lime pellets. Additional vol-
umes of gases were added as necessary to maintain their
respective concentrations within the range 21-25% for
oxygen and 45-50% for xenon throughout the 3-h admin-
istration period. Gases were circulated using a small ani-
mal ventilator (SAR-1000 Small Animal Ventilator, CWE
Incorporated, Ardmore, United States). Xenon (BOC
HiQ 49.96% xenon:25.03% oxygen:25.01% nitrogen) and
control gas (25% oxygen:75% nitrogen) were obtained
from BOC Ltd, Guildford, UK. The animals’ temperature
was monitored using a rectal temperature probe before
and after administration of gases and was within normal
physiological range. Following the 3-h treatment period
with xenon or control gas, animals were returned to a
home cage where they breathed room air.
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Functional outcomes

The CatWalk-XT automated gait analysis system (Noldus
Information Technology, Wageningen, the Netherlands)
was used to measure locomotor function and gait param-
eters. Animals underwent baseline testing before injury
or sham procedure, and again 24 h following TBI or sham
surgery. The system consists of a runway with glass plate
floor with dim light illuminating the glass from the side.
In a darkened environment (<1 Ix of illumination), light
is reflected downward when the animal’s paws contact
the glass surface. Animals walk spontaneously along the
runway toward a goal box. Images of the footprints are
recorded by a video camera under the walkway. Three
consecutive trials were performed for each animal. The
images from each trial were processed and analyzed on a
computer by Catwalk-XT software and the mean value of
the gait parameters obtained.

Histological processing

At 15 min or 24 h, animals were terminally anesthe-
tized with pentobarbital and transcardially perfused
with 50 ml of cold PBS followed by 300 ml of cold 4%
paraformaldehyde (ThermoFisher Ltd, Hemel Hemp-
stead, Herts, UK). Brains were carefully removed from
the skull and left in 4% paraformaldehyde (in PBS)
overnight at 4 °C, then transferred to 30% sucrose in
PBS until the brains sank, before being frozen on pow-
dered dry ice. Frozen brains were embedded in Opti-
mal Cutting Temperature mounting medium (Cell
Path Ltd, Newton, Powys, UK) and cut in the coronal
plane with a cryostat tissue slicer (Leica CM3050). To
quantify lesion volume, for each brain, a total of 30-34
sections (20 um thick) spanning the entire lesion were
collected on Superfrost® Plus microscope slides (Ther-
moFisher Ltd, Hemel Hempstead, Herts, UK) every
500 pum.

Quantification of contusion volume

Slices (20 pm thick) were stained with cresyl violet (Acros
Organics, Fisher Scientific, UK), as described previously
[25]. Slices were imaged with a digital camera (Scopetek
DCM510, Scopetek Opto-Electric Co., Hangzhou, China)
attached to a stereomicroscope (Wild model M8, Heer-
brugg, Switzerland). The contusion was evident from
a clear difference in the intensity of the cresyl-violet
staining. The area of the contusion was measured using
image-analysis software (Scopephoto 3.1, Scopetek
Opto-Eletric Co., Hangzhou, China) by an investigator
blinded to the experimental groups. Contusion volume
was calculated by multiplying contusion areas, A, by the
distance between brain sections, d, (500 pm), according
to the following formula:
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d
5 ¥ AL+ A) +dx(Ax + A3+ -+ Au)

Secondary injury volume at 24 h was calculated by
subtracting the mean primary injury contusion volume
at 15 min from the total contusion volume measured at
24 h.

Immunofluorescence staining. Twenty-micrometer-
thick slices from the perfused brains were used for
immunofluorescence staining for NeuN (neurons),
Ibal (microglia), GFAP (reactive astrocytes), and DAPI
(nuclei). The antibodies and dilutions used were: NeuN
(1:200 mouse, clone A60 AlexFuor555 conjugate, MAB
377A5, Merck-Millipore, Watford, Herts, UK); Ibal
(primary: 1:200 rabbit anti-rat, C292720 Lifespan Bio-
sciences, Inc, Seattle, USA; secondary: 1:500 Alex-
aFluor488 goat anti-rabbit, A11008, Life Technologies,
Paisley, UK); GFAP (primary: 1:1000 chicken, AB4674,
Abcam Ltd, Cambridge, UK; secondary: 1:200 goat
anti-chicken, AlexaFluor647, AB150175, Abcam Ltd,
Cambridge, UK). Slices were washed in PBS+0.3% Tri-
tonX100) and blocked for 1.5 h with 10% normal goat
serum (diluted in PBS-0.3% Triton) at room tempera-
ture. Sections were incubated overnight at 4 °C with the
conjugated and primary antibodies in blocking solution.
The following day, sections were washed with PBS-0.3%
Triton three times, for 20 min each, and incubated for
1 h at room temperature with the secondary antibod-
ies. Sections were washed with PBS-0.3% Triton three
times, for 20 min each, and mounted with Vectashield
with DAPI (H1200, Vector Laboratories, Peterborough,
UK) and glass coverslips (Menzel-Gléser, 22 x 60 mm Nel
BB022050A1).

Imaging and analysis

Images were captured with a Zeiss AxioObserver
inverted widefield microscope (Facility for Imaging by
Light Microscopy, Imperial College London) equipped
with a motorized stage and a 20 x objective (Zeiss Plan
Apochromat, NA 0.8, WD 0.55 mm). The whole slice area
was imaged using the multi-position acquisition func-
tion of Zeiss Zen software (LED excitation wavelengths
365 nm, 470 nm, 555 nm, and 625 nm). The acquisition
focal plane corresponded to the image maximal sharp-
ness (best focus) at five different areas of the brain slice.
Images were analyzed with FIJI (Image]) software [34,
35]. The four channels were separated and scaled. NeuN-,
Ibal-, and GFAP-positive staining was quantified in the
contralateral primary motor/association cortex (M1/
MPtA), and bilaterally in the retrosplenial cortex (RSC),
barrel field of somatosensory cortex (S1BF), amygdala,
ventromedial hypothalamus and hippocampal CAl,
CA2, CA3 and DG subregions by observers blinded to
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the experimental groups. Due to tissue damage within
the contusion and disruption of cortical layers, it was not
possible to quantify neurons in the ipsilateral motor/asso-
ciation cortex. For the neuronal counting in the cortical
regions, we used rectangular regions of interest of width
200 um spanning cortical layers 1 to 6, a circle of diame-
ter 600 um in the amygdala, an oval (520 x 670 um) in the
hypothalamus; in the hippocampus we used the following
rectangular regions of interest: CA1 (300 x 30 um), CA2
(200 x 70 um), CA3 (250 x 50 um), DG (two 200 x 50 um
on top; one 200 x 55 pm on bottom). Neurons were man-
ually counted using FIJI (ImageJ), in two slices per brain
and the mean density calculated. For the quantification
of microglia and astrocytes we, used circular regions of
interest in the left M1/MPtA (1300 pm diameter), S1BF
(1300 pm diameter), amygdala (600 pm diameter), the
contusional cortex (700 pm diameter); oval regions in the
RSC (1300 x 600 pm) and ventromedial hypothalamus
(561 x 636 pm). Due to tissue damage in the contusion
it was not always possible to position the contusional
cortex ROI in exactly the same anatomical area; the ROI
was always within the contusion, in either: M1/MPtA
(6/6 sham; 1/4 TBI control; 2/5 TBI xenon), edge of S1BF
(1/5 TBI xenon) or edge of RSC (3/4 TBI control; 2/5 TBI
xenon); in all cases there was no overlap with the ROIs
for S1BF or RSC; in 2 of the TBI control group it was not
possible to find a non-overlapping ROI within the con-
tusion and these were excluded. In the hippocampus,
outlines of total CAl, CA2, CA3 and DG regions were
drawn for each slice using the Image] line tool; in the cor-
pus callosum, the outline of the central area was drawn
for each slice. To quantify the number of Ibal-positive
cells; the background was subtracted (Gaussian blur
function), the image was binarized and particles with an
area of 40 um? or larger were counted using automated
or manual counting. We classified microglia based on
their morphology; resting microglia have smaller rounder
soma with high ramification, while activated microglia
assume hypertrophic or bushy phenotypes with a larger
more amorphous soma with less ramification [36, 37].
We used a quantitative method using the roundness and
size of the cell soma in order to classify all the microglia
in each ROI as resting or active, with smaller round cells
(area<100 pum? roundness>0.5) classified as low activ-
ity or resting, and larger irregular cells (area>100 pm?
roundness<0.5) classified as active microglia [38]. To
quantify reactive astrogliosis, we measured the area of
GFAP positive staining within the regions of interest; the
GFAP images were binarized after thresholding and the
percentage of GFAP stained area within the regions of
interest was measured. In all of the immunohistological
measurements, TBI control and TBI xenon groups were
compared with the sham group that had been treated
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identically to the TBI groups but without impact, in
order to ensure that any effects are independent of the
drugs administered or surgery. One of the immunohistol-
ogy slides from the xenon group was damaged and could
not be imaged. Due to tissue damage or imperfections
such as folds, it was not possible to make neuronal count
measurements in every ROI (eg right RSC, left & right
hypothalamus) from every animal (individual points are
shown on the graphs).

Statistics

Data were assessed for normality using the Shapiro—
Wilk test. We assessed significance of differences in
contusion volume using a Mann—Whitney U test. The
locomotor function data was normally distributed and
was analyzed using ANOVA test with Sidak correction.
Normality tests, ANOVA and Mann-Whitney tests
were implemented using GraphPad Prism Version 7.03
software (GraphPad Software Inc., La Jolla, CA). Some
of the NeuN-, Ibal- and GFAP-positive distributions in
the ROIs were found to be significantly different from a
normal distribution and could not be transformed into a
normal distribution. Therefore, for all the immunohistol-
ogy the regions of interest in the TBI control, TBI xenon
and sham groups were compared using a Kruskal-Wal-
lis (KW) test with Benjamini Yekutieli correction imple-
mented using the statistical program Stata (Version 15,
StataCorp, College Station, Texas). As the null statistics
for the KW test are known not to follow a chi-squared
distribution for small numbers especially in the region
of the 0.95 and 0.99 quantile, results from the KW test
were compared to the exact results for a KW test using a
program written in Mathematica (Mathematica 11.3.0.0,
Wolfram Research Inc.) [39]. P values of 0.05 or less
were taken to indicate a significant difference. Values
are quoted as mean (SEM) for normally distributed data
or median (IQR) if data are not normally distributed.
The experimental unit (7) in all outcomes represents an
animal. The sample sizes (#) are indicated in the figure
legends.

Results

Xenon reduces secondary injury volume at 24 h

Our controlled cortical injury parameters resulted in a
primary lesion at 15 min of volume 49 (7) mm®, mean
(SEM), that developed significantly (p<0.01) increasing
to 134 (23) mm at 24 h after injury (Fig. 1a(i),(ii), b(i), rep-
resenting a 2.7-fold increase. Secondary injury volume at
24 h, calculated by subtracting the primary lesion volume
at 15 min, was decreased by 34% in the xenon-treated
group, although this did not reach statistical significance
(Fig. 1b(ii)). Given that the lesion volume in the severe
injury in rats appears to have a greater variance than the
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moderate injury that we previously investigated in mice,
it is possible that with larger group sizes a statistically sig-
nificant difference might have been observed.

Xenon reduces acute locomotor impairment

We assessed locomotor function at baseline in sham, TBI
control and TBI xenon groups before CCI or sham sur-
gery, and again 24 h after injury or sham procedure. In
order to increase sensitivity and to observe differences in
individual animal performance we calculated the change
in each parameter (A) at 24 h compared to the same
animal at baseline. At 24 h the sham group exhibited a
small increase in locomotor speed of 4.0 (1.1) m s~! com-
pared to baseline, perhaps indicating a learning effect
(Fig. 1c). In contrast in the TBI control group there was
a significant (p <0.05) reduction in locomotor speed, by
9.3 (3.0) m 57}, 24 h after injury (Fig. 1c). Interestingly
the locomotor speed following injury was not signifi-
cantly different in the xenon-treated TBI group (Fig. 1c).
Cadence was significantly (p <0.05) reduced in both the
TBI control and TBI xenon groups (Fig. 1d). In order to
investigate locomotor impairment further and deter-
mine whether there was any lateralization we examined
the stride-length in individual limbs. Stride length at 24 h
was reduced in all limbs in the TBI control group, reach-
ing significance (p<0.05) in the left hind, right front,
and right hind limbs (Fig. le). In contrast, stride length
was not significantly changed in the TBI xenon group
(Fig. 1e).

Xenon reduces neuronal cell loss in key brain regions

We assessed whether our controlled cortical impact
injury resulted in neuronal loss in clinically relevant brain
regions and whether xenon treatment could prevent or
attenuate this loss. We chose to examine cortical and
subcortical brain regions (Fig. 2) chosen to include both
pericontusional areas and areas distant from the lesion
core and that are associated with functional impairment
observed following TBI. We observed neuronal loss in
the TBI control group compared to uninjured sham
group that was not present in the TBI xenon group.

Cortical neuronal loss

Figure 3a shows representative images of NeuN stained
neurons in (i) layers 2 & 3 of the right somatosensory cor-
tex and (ii) the left motor cortex and (iii) layers 2, 3 & 4 of
the right retrosplenial cortex from sham, TBI control and
TBI xenon groups exhibiting neuronal loss in TBI control
group that is absent in TBI xenon group. Quantification
of neurons (Fig. 3b) in the left motor cortex showed sig-
nificant (p <0.05) loss in the TBI control group compared
to the sham group in the TBI control group in layers 2 &
3, and layer 5, that was prevented in layer 5 and reduced
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in layers 2 &3 in the xenon-treated TBI group (Fig. 3b(i)).
In layer 4 and layer 6 of the left motor cortex a reduc-
tion in median neuronal density in the TBI control group
was evident compared to sham group but this did not
reach significance (Fig. 3b(i)). The median cell density in
the xenon-treated groups in these layers was not differ-
ent to sham. In the left somatosensory cortex, the median
value of neuronal density in the TBI control group was
less than the sham group but this did not reach sig-
nificance, while the median value of the xenon-treated
group was similar to that of the uninjured sham group
((Fig. 3b(ii)). In the pericontusional right somatosensory
cortex, there was significant (p<0.05) neuronal loss in
the TBI control group in layers 2 & 3, layer 4, layer 5 and
layer 6 (Fig. 3b(iii)). Xenon treatment reduced neuronal
loss in layers 2 & 3, layer 4, layer 5 and layer 6. In the left
retrosplenial cortex there was a significant (p <0.05) loss
of neurons in layer 6 of the TBI control group that was
absent in the xenon-treated TBI group ((Fig. 3b(iv)). In
layer 2, 3 & 4 and layer 5 the median neuronal density in
the TBI control group was reduced compared to sham
but did not reach significance, while the median neuronal
density in the TBI xenon group was similar to that of the
sham group. In the pericontusional right retrosplenial
cortex there was a significant (p <0.05) loss of neurons in
the TBI control group in layers 2,3,4, layer 5 and layer 6

((Fig. 3b(v).

Subcortical neuronal loss

Figure 4a shows representative images of NeuN stained
neurons in the (i) left hippocampal CAl region, (ii)
left hippocampal dentate gyrus region and (iii) left
hypothalamus from sham, TBI control and TBI xenon
groups showing neuronal loss in TBI control group
that is absent in TBI xenon group. Quantification of
neuronal loss in the left hippocampus showed signifi-
cant (p<0.05) neuronal loss in the TBI control group
in the CA1l and DG sub-regions that was reduced by
xenon treatment (Fig. 4b(i)). In the left CA2 and CA3
sub-regions the median neuronal density of the TBI
control group was lower than the sham group but this
did not reach significance (Fig. 4b(i)). In contrast, in
the right hippocampus there was a significant (p <0.05)
neuronal loss in both the TBI control group and the
TBI xenon group in the CA1, CA3 and DG sub-regions
(Fig. 4b(ii)). In the left and right amygdala and hypo-
thalamus, there was a reduction in median neuronal
density in the TBI control group compared to the sham
group but this did not reach significance, while the
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median neuronal density in the TBI xenon group was
similar to the sham value (Fig. 4b(iii)).

Xenon treatment enhances early microglial proliferation

in functionally relevant cortical regions

Figure 5 shows quantification of Ibal-positive micro-
glia cortical & subcortical regions. In the cortical areas
(Fig. 5b) there was a significant (p<0.05) increase in
median number of Ibal-positive microglia in the xenon-
treated group compared to the sham group in the right
somatosensory cortex (Fig. 5b(ii)) and bilaterally in the
retrosplenial cortex (Fig. 5b(iii)). In the left somatosen-
sory cortex and left motor/association cortex, there
was no significant difference between xenon and sham
groups. In the left retrosplenial cortex, there was a sig-
nificant increase in the control TBI group compared to
the sham group. In all other areas there was no signifi-
cant difference between the control TBI group and the
sham group or the xenon treated group. In contrast to all
other regions, in the contusional cortex, there was a sig-
nificant (p<0.05) decrease in median number of micro-
glia in both the TBI control group and the xenon-treated
group compared to sham, most likely reflecting the gross
tissue loss in this region (Figs. 1, 2).

Xenon treatment enhances early microglial proliferation

in subcortical regions

Figure 5a shows representative Ibal-positive microglia
in the left hypothalamus from sham, TBI control and
TBI xenon groups. In the left and right CA1 and DG
hippocampal subregions, and in the left CA3 subregion
there was a significant (p <0.05) increase in median num-
ber of microglia in the xenon-treated group compared to
the sham group (Fig. 5b(vi), (viii), (ix)). In all hippocam-
pal subregions except CA3, there was an increase in the
median number of microglia in TBI control group com-
pared to the sham group, but this only reached signifi-
cance (p<0.01) in the right CA3. In all subcortical regions
except the right CA2 and right CA3, the median value in
the xenon TBI group was greater than the TBI control
group, but this increase did not reach significance. Inter-
estingly in the right CA2 there was a small decrease in the
median number of microglia in the TBI control and TBI
xenon groups compared to sham, that reached signifi-
cance (p<0.05) in the TBI xenon group. Similar findings
were observed in the amygdala and hypothalamus with
significant (p <0.05) increases in the xenon-treated group
bilaterally in the hypothalamus and in the left amygdala.
In the corpus callosum xenon significantly (p<0.05)
increased the median number of Ibal-positive microglia.
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Fig. 1 Xenon treatment reduces secondary injury development.
Controlled cortical impact results in a primary injury that develops
significantly 24 h later. a Typical cresyl violet stained slices for i TBI
primary injury at 15 min, ii TBI control at 24 h and iii TBI xenon at

24 h. b(i) In animals treated with control gas, the injury develops
significantly between 15 min (grey bar) and 24 h (dark blue hatched
bar). The area above the dashed-line represents the secondary injury.
ii Treatment with xenon (50%) (red bar) resulted in a 34% reduction

in secondary injury compared to untreated control (dark blue bar).
Secondary injury was calculated by subtracting the primary injury at
15 min from the total contusion volume at 24 h. ¢ Controlled cortical
impact results in locomotor impairment at 24 h after injury that is
prevented by xenon treatment. There was a significant reduction in
locomotor speed in the TBI control group at 24 h, while this reduction
was absent in the TBI xenon group. d Cadence was significantly
reduced in both the TBI control group and the TBI xenon group at

24 h following injury. e Stride length is reduced following TBI in the TBI
control group but not in the TBI xenon group. LF left front paw; LH left
hind paw; RF right front paw; RH right hind paw. Bars are mean values,
error bars are SEM. * p<0.05, ** p<0.01, *** p < 0.001 compared to
sham group, Mann Whitney U test (contusion), one-way (locomotor
speed, cadence) or two way (stride length) ANOVA with Sidak
correction. n=4, primary injury 15 min (grey bar); n=6 sham (black
bars) 24 h, n=6, TBI control 24 h (blue bars); n=6 TBI xenon 24 h (red

bars)

Xenon treatment preferentially enhances the number

of low activity or resting microglia in regions

where neuronal loss is reduced

Typical examples of microglial morphology in left CA3
and right S1BF are shown in Fig. 6a. In the left CA3
smaller, round (soma area<100 um? & roundness >0.5),
more ramified resting microglia predominate in the
sham, TBI control and TBI xenon groups (Fig. 6a(i)). In
the right SIBF smaller round (resting) microglia pre-
dominate in the sham group and TBI control group
while in the xenon group there is an increase in number
of larger less round and less ramified (active) microglia
(Fig. 6a(ii)). The distribution of microglia classified as
resting (low activity) or active based on their size and
morphology is shown in Fig. 6b. In subcortical areas
where xenon attenuated neuronal loss, we observed sig-
nificant (p<0.05) increases in smaller more round low
activity microglia in xenon-treated group compared to
sham in left hippocampal CA1 (Fig. 6b(i)), left hippocam-
pal CA3 (Fig. 6b(ii)), and left DG (Fig. 6b(iii)), with lit-
tle or no change in the number of larger, less round and
amorphous active microglia. In the right somatosensory
cortex (S1BF), the median number of resting micro-
glia in xenon-treated group was greater than sham, but
this did not reach significance. In all subcortical areas
except the right somatosensory cortex, the median num-
ber of low activity resting microglia was greater in the
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M1/MPtA

Fig. 2 Neuronal loss was quantified in coronal brain sections. Image shows a typical section at Bregma -3.12 mm from a xenon-treated TBI animal
at 24 h, stained with the neuronal marker NeuN (yellow) and nonspecific nuclear marker DAPI (red). The contusion is visible in the right hemisphere
motor area (left of image). Neurons were counted in the left and right retrosplenial cortex (RSC) in layers 1, 234, 5 & 6; the left motor/medial parietal

association cortex (M1/MPtA) in layers 1, 23, 4, 5 & 6; left and right somatosensory cortex (S1BF) in layers 1, 23,4, 5 & 6; and in the right and left
subcortical regions of hippocampus (CAT; CA2; CA3 & DG), amygdala (Amyg) and ventromedial hypothalamus (VMH). The scale bar is 1000 pm

(See figure on next page.)

Fig. 3 aTypical immunostaining showing NeuN (yellow) and DAPI (red) staining from sham, TBI control and TBI xenon animals in i right
somatosensory cortex layers 2/3, ii left motor/association cortex layers 2/3 and iii right retrosplenial cortex layers 2/3/4. Live neurons show a strong
NeuN staining combined with DAPI. The scale bar is 20 um and applies to all images. b Xenon prevents neuronal loss in specific cortical regions

24 h after TBI. Quantification of neuronal cell density of cortical layers from sham (white bars), TBI control (blue bars) and TBI xenon (red bars) in i left
motor/medial parietal association cortex (M1/MPtA), ii left somatosensory cortex (S1BF), iii right somatosensory cortex (S1BF), iv left retrosplenial
cortex (RSQ), v right retrosplenial cortex (RSC). The lines are medians, boxes represent interquartile interval and whiskers are range. * p < 0.05; **
p<0.071;*** p<0.001, compared to sham group or control TBI group as indicated by brackets, Kruskal Wallis test with Benjamini Yekutieli correction.
n=6 sham (white boxes) 24 h, n=6, TBI control 24 h (blue boxes); n=75 TBI xenon 24 h (red boxes)

TBI xenon group compared to the TBI control group,
but this did not reach significance. However in this ROI
there was a significant (p<0.05) increase in the number
of active microglia in the xenon group compared to sham
(Fig. 6b(iv)). In the left hypothalamus (Fig. 6b(v)), there
were significant (p<0.05) increases in both resting and
active microglia in the xenon-treated group compared to
the sham group.

Xenon treatment enhances early astrocyte activation

in cortical and subcortical regions

In both the cortical and subcortical areas (Fig. 7) the
GFAP-positive area was increased in the xenon-treated
group. Figure 7a shows representative GFAP-positive
astrocytes in the right hippocampal CA1l region from
sham, TBI control and TBI xenon groups. There was a
significant (p <0.05) increase in the area of GFAP-positive
astrocytes in the xenon-treated group compared to the
sham group in the contusional cortex (Fig. 7b(i)), bilat-
erally in the somatosensory cortex (Fig. 7b(ii)), the right
retrosplenial cortex (Fig. 7b(iii)), the right hippocampal
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(See figure on next page.)

Fig. 4 aTypical immunostaining showing NeuN (yellow) and DAPI (red) staining from sham, TBI control and TBI xenon animals in i left CA1
hippocampal region, ii left dentate gyrus iii left hypothalamus. Live neurons show a strong NeuN staining combined with DAPI. The scale bars are
20 pum (i) and (ii); and 40 um (ijii). b Xenon prevents neuronal loss in specific subcortical regions 24 h after TBI. Quantification of neuronal cell density
of cortical layers from sham (white bars), TBI control (blue bars) and TBI xenon (red bars) in i left hippocampal CA1, CA2, CA3 and DG regions, ii
right hippocampal CA1, CA2, CA3 and DG regions, iii left and right amygdala, left and right hypothalamus. The lines are medians, boxes represent
interquartile interval and whiskers are range. * p < 0.05, ** p <0.01, compared to sham group as indicated by brackets, Kruskal Wallis test with
Benjamini Yekutieli correction. n =6 sham (white boxes) 24 h, n =6, TBI control 24 h (blue boxes); n=5TBI xenon 24 h (red boxes)

CA1 and dentate gyrus (DG) subregions (Fig. 7b(vii) &
(ix)). In other hippocampal subregions, the hypothala-
mus and amygdala bilaterally, and in the corpus callosum
(Fig. 7b(iv), (v), (vii), (x)) the median GFAP-positive area
in the xenon TBI group was increased but this did not
reach significance compared to sham. Interestingly the
GFAP positive area in the TBI xenon group was signifi-
cantly increased compared to the TBI control group in
the right contusional cortex, left somatosensory cortex,
left and right retrosplenial cortex, right hypothalamus,
right CAl, left and right dentate gyrus, and the corpus
callosum (Fig. 7b(i) (ii), (iii), (iv), (vi), (ix), (x)).

Discussion

TBI is recognized as a dynamic process starting with a
mechanical force causing the primary injury and activat-
ing a complex set of pathological processes resulting in
an evolving secondary injury [26]. Many of the long-term
impairments in locomotor function and cognition that
affect TBI survivors result from the potentially prevent-
able secondary injury [26, 40]. Acute care of TBI patients
is focused on preventing or minimizing the secondary
injury that commonly develops significantly in the first
24 to 48 h after injury. Current treatment strategies are
largely supportive, and clinically proven neuroprotective
treatments are lacking. We have previously demonstrated
xenon neuroprotection in mice after moderate TBI, [25,
41] but xenon’s efficacy in TBI had not been evaluated
in a second species or other injury severities. Our aim
was to evaluate the efficacy of xenon treatment following
severe TBI in rats, with the focus on acute outcomes 24 h
after trauma.

Experimental model

The CCI model is a well-characterized preclinical rodent
model of contusional TBI, one of the most common types
of TBI in humans. The use of animal models is essential
in the later stages of preclinical translation, once screen-
ing using in vitro models is complete [21, 22]. We chose
a rat model because thus far xenon has been shown to be
efficacious as a treatment for TBI only in mice subjected
to a moderate injury [25, 41]. For the current study, we
used a more severe injury [42] and investigated effects on

motor function and specific cell types at an early time-
point representative of the time of maximal secondary
injury development.

Xenon treatment and reduction of lesion size

We evaluated treatment with 50% xenon because this
concentration would allow supplementary oxygen to
be given if required, as is often the case in TBI patients.
Treatment was started 30 min after injury and given for a
relatively short duration of 3 h in spontaneously breath-
ing animals, modelling a scenario where treatment could
be given by first responders and continued in hospital in
the neuro-ITU or during neurosurgery. Xenon treatment
reduced secondary injury volume by 34%, consistent with
the reduction of 38% observed in a mouse model of TBI
treated with the higher concentration of 75% xenon [41].

Xenon-treatment reduces locomotor impairment

We observed a significant reduction in locomotor speed
in the TBI control group at 24 h following injury, con-
sistent with a severe CCI injury located over the motor
cortex. The reduction in speed was associated with
decreased stride length; interestingly the decrease in
stride length was present in all limbs and was not later-
alized as might be expected from an injury on the right
motor cortex. This is consistent with the neuronal loss
observed in the left motor cortex that may have resulted
from a contrecoup injury. However it is also possible that
lack of lateralization could also be due to the ipsilateral
limb compensating for the impairment in the contralat-
eral limb. What was remarkable is that xenon-treatment
following TBI attenuated both the reduction in over-
all speed and the reduction in stride length in all limbs.
The choice of 24 h endpoint was determined by our aim
of understanding the effects of xenon on neuronal loss
and astroglial proliferation at this time point. Although
we cannot be certain that the improvement in functional
deficits at 24 h would persist at later times, our previ-
ous study in mice demonstrated that early improvement
in sensorimotor function was associated with improve-
ments in locomotor speed at 4 weeks after injury and
in cognitive function 18 months after trauma [25, 41].
Although the 24 h time point is an early one for func-
tional outcomes, our findings are nevertheless of clinical
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(See figure on next page.)

Fig. 5 Xenon treatment enhances early microglial proliferation. a Typical immunostaining showing Ibal (green) staining from sham, TBI control and
TBI xenon animals in left hypothalamus. The scale bar is 50 um and applies to all images. b Quantification of Iba1-positive cells from sham (white
bars), TBI control (blue bars) and TBI xenon (red bars) in i motor/medial parietal association cortex (M1/MPtA) & contusional cortex, ii somatosensory
cortex (S1BF), iii retrosplenial cortex (RSC) iv hypothalamus, v amygdala, vi hippocampal CA1, vii CA2, viii CA3, ix dentate gyrus (DG) and x corpus
callosum. * p<0.05, ** p<0.01, compared to sham group as indicated by brackets, Kruskal Wallis test with Benjamini Yekutieli correction. n =6 sham
(white boxes) 24 h, n=6, TBI control 24 h (blue boxes); n=>5 TBI xenon 24 h (red boxes)

relevance because persistent reduction in walking speed
and shorter stride length is observed in TBI patients [43].
Our finding that xenon treatment results in improve-
ment in clinically relevant locomotor outcomes in rats is
noteworthy.

Xenon neuroprotection in functionally important cortical
areas

We investigated neuronal loss in both pericontusional
areas and brain regions in the ipsilateral and contralat-
eral hemispheres distant from the lesion. Given our
observation of improved locomotor function with xenon
treatment we focused first on motor and sensorimotor
areas. The primary injury was in the right motor cortex,
and at 24 h this area is badly damaged, making accurate
neuronal quantification impossible. In the contralat-
eral motor cortex we observed a significant reduction
neuronal cell density in the TBI control group that was
prevented in the xenon-treated group. A similar neu-
roprotective effect of xenon across cortical layers was
observed in the pericontusional right somatosensory
cortex and right retrosplenial cortex, as well as the cor-
responding contralateral regions. Preservation of soma-
tosensory neurons in the xenon-treated groups may also
play a role in the observed improved locomotor function
in this group as there is evidence that somatosensory S1
neurons can initiate motor function independent of M1
[44]. Xenon treatment resulted in neuronal preservation
in pericontusional areas such as ipsilateral retrosplenial
cortex and ipsilateral somatosensory cortex consistent
with the reduction in lesion volume. Interestingly xenon
was also effective in preserving neurons in the contralat-
eral hemisphere that are distant from the site of impact.
These findings are consistent with xenon attenuating
secondary injury development and the coup contrecoup
injury that is very common in human TBI. The median
values of neuronal cell density in the control TBI group
were significantly decreased compared to sham in many
brain areas while there was no significant neuronal loss in
the xenon treated group in most brain areas. An impor-
tant caveat is that while the median neuronal cell density
in the xenon TBI group were very similar to the sham
group and were greater than in the control TBI group,
the difference between the TBI groups did not reach
significance except in layer 5 of the motor/association

cortex. The reason for this is likely explained by the rela-
tively small group sizes, given the variance resulting from
the severe injury. Although, our observations of improve-
ment in locomotor impairment and neuroprotection
with xenon treatment in rats reported in this study are
at an early time point, long-term locomotor impairment
together with neuronal loss are observed in mouse mod-
erate—severe TBI studies [45], and these can be prevented
with early xenon treatment [25, 41].

Xenon neuroprotection in specific subcortical regions

Clinical TBI is associated with impairments in cognitive
function, increased anxiety and sleep disturbances; nor-
mal functioning of these behaviours is associated with
subcortical brain regions. The hippocampal formation,
that plays a key role in learning and memory, is known
from both clinical and laboratory studies to be very sensi-
tive to injury [46, 47]. Consistent with this, following TBI
we observed bilateral hippocampal neuronal loss that was
most pronounced in the ipsilateral (right) hemisphere.
Interestingly, while xenon treatment was able to prevent
neuronal loss in the contralateral hippocampus, in the
ipsilateral hippocampus xenon treatment did not pre-
serve neurons. The reason for this is likely due to the fact
that the ipsilateral hippocampus is directly under the cor-
tical impact site and the injury is likely to be more severe
due to mechanical distortion and shear forces. In addi-
tion, this region is in direct contact with the necrotic tis-
sue of the primary injury and will have greater exposure,
both temporally and in concentration, to released amino
acids and other damage associated molecular patterns
(DAMPs). Neuronal loss in this region may therefore be
unavoidable. Nevertheless the preservation of neurons
in the contralateral hippocampus following xenon treat-
ment is consistent with our previous observation in a
mouse model of TBI [41]. Median neuronal density in
the hypothalamus was reduced in the TBI control group
compared to the sham group while median neuronal
density in the TBI xenon group was similar to the sham.
The hypothalamus is involved in regulation of sleep and
pituitary function. Sleep disturbances, endocrine, and
pituitary dysfunction are observed in clinical TBI and
in animal models [48, 49]. Our observations of reduced
hypothalamic neuronal loss with xenon treatment
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Fig. 6 a Typical images showing microglial morphology from sham, TBI control and TBI xenon. i In the left hippocampal CA3, smaller more round
(resting) microglia predominate in all groups with increased numbers in xenon-treated group. ii In the right somatosensory cortex (S1BF), smaller
more round (resting) microglia predominate in the sham and control TBI groups, while in the xenon TBI group there is an increase in number of
larger less ramified and less round (active) microglia. The scale bars are 20 um and applies to all images. b Quantification of resting and active
microglia in i left hippocampal CA1, ii CA3, iii DG, iv right S1BF and v left hypothalamus. The lines are medians, boxes represent interquartile
interval and whiskers are range. n =6 sham (white boxes); n=6, TBI control (blue boxes); n="5 TBI xenon (red boxes) * p <0.05, ** p<0.01, ***
p<0.001, compared to sham group as indicated by brackets, Kruskal Wallis test with Benjamini Yekutieli correction

(See figure on next page.)

Fig. 7 Xenon treatment enhances early astrocyte activation. a Typical immunostaining showing GFAP (red) staining from sham, TBI control and
TBI xenon animals in right hippocampal CA1 region. The scale bar is 50 um and applies to all images. b Quantification of GFAP-positive area in
sham (white bars), TBI control (blue bars) and TBI xenon (red bars) in i motor/medial parietal association cortex (M1/MPtA) & contusional cortex, ii
somatosensory cortex (S1BF), iii retrosplenial cortex (RSC) iv hypothalamus, v amygdala, vi hippocampal CA1, vii CA2, viii CA3, ix dentate gyrus
(DG) and x corpus callosum. The lines are medians, boxes represent interquartile interval and whiskers are range. n =6 sham (white boxes); n =6,
TBI control (blue boxes); n =5 TBI xenon (red boxes) * p<0.05, ** p <0.01, compared to sham group or control TBI group as indicated by brackets,
Kruskal Wallis test with Benjamini Yekutieli correction
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indicate that the effect of xenon treatment on hypotha-
lamic function following TBI merits future investigation.

Effect of xenon on microglia and astrocytes

The preservation of neurons in clinically relevant brain
regions in the xenon-treated group was associated with
an early increase in number of Ibal-positive microglia.
The regions where xenon treatment resulted in pro-
nounced neuronal preservation such as S1BF, RSC, CA1l
and DG were also associated with significant increases
in the number of microglia and the GFAP-positive acti-
vated astrocytes. The microglia-mediated inflamma-
tory response can have both beneficial and detrimental
aspects depending on the microglial activation state.
There is accumulating molecular evidence that microglial
activation state is more complex than a simple binary
model [50]. Nevertheless in TBI, while it appears that
chronic long term microglial activation is harmful, there
is evidence that at early time-points microglia are benefi-
cial and assist in clearing debris [50]. Our findings sug-
gest that xenon is preferentially promoting a proliferation
of small round low activity or resting microglia, rather
than larger amorphous less ramified microglia charac-
teristic of the harmful M1 activated phenotype. In some
regions such as the right S1BF and left hypothalamus we
observed an increase in both active and resting microglia
in the xenon-treated group. The right S1BF is a pericon-
tusional region and the increase in active microglia may
represent activation due to proximity to necrotic tissue
in the contusion or may represent migration of active
microglia toward the contusion. An increase in overall
number and number of active microglia following TBI
has been observed in previous studies [36, 37] and xenon
appears to enhance this homeostatic response. It is of
note that in the right S1BF and bilaterally in the hypo-
thalamus there is also increased astrogliosis in the xenon-
treated group, as there is recent evidence that activated
microglia are able to promote neuroprotective reac-
tive astrocytes [51, 52]. Our findings at 24 h after injury
of neuronal preservation associated with an increase in
number of microglia and astrocyte activation are consist-
ent with microglia promoting repair and regeneration
mediated by neuroprotective reactive astrocytes. Given
the dual nature of the inflammatory response, it has been
suggested that therapeutic interventions should promote
the early helpful inflammation, while preventing the
chronic neuroinflammation associated with late-onset
cognitive impairment and dementia [50]. Our current
findings in rats, together with our recent observation that
xenon treatment prevented chronic neuroinflammation,
and long-term cognitive impairment 18 months after TBI
in mice [41], suggest that xenon may have such a profile.
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Conclusions

Our aim was to evaluate the potential of xenon as a neu-
roprotectant for treatment of TBI in a rat model of severe
TBI. We have previously shown that xenon is effective
in a mouse model of moderate TBI [25, 41], but before
clinical translation it is of utmost relevance and usually
a requirement to demonstrate efficacy in a second spe-
cies. As clinical TBI severity is heterogeneous, it is also
important to evaluate neuroprotection in different injury
severities [26]. In addition to assessing clinically relevant
locomotor outcomes we aimed to do a more complete
characterization and determine cellular effects of xenon
treatment in brain regions associated with a variety of
functional impairments that are common following TBIL
Our study was carried out following the ARRIVE guide-
lines [27] and an important aspect was the randomiza-
tion of animals to treatment group and that all functional
and histological measurements were made by blinded
observers. Xenon prevented or reduced neuronal loss in
motor/association cortex and sensorimotor cortex, asso-
ciated with locomotor and sensory deficits, and in the
hippocampus and retrosplenial cortex, associated with
cognitive impairments. We used a translationally relevant
concentration of xenon that would allow supplementary
oxygen to be given if required. Treatment start time was
30 min after injury, with a relatively short duration of 3 h,
modelling a scenario where xenon-treatment could be
initiated by first responders and continued in the early
hospital phase. We observed significant neuroprotective
effects on functional and cellular outcomes with only
3 h treatment duration, and it is plausible that further
improvement could be observed with longer treatment
duration, given our previous striking findings showing
very long term benefit in mice [41]. In our current study
xenon treatment was given at normothermia. Xenon has
been reported to act synergistically with cooling in mod-
els of ischemic brain injury [13] and it is possible that
xenon’s efficacy in TBI may be enhanced by combining
it with mild to moderate hypothermia. There are cur-
rently no clinically proven treatments specifically target-
ing acute neuronal loss after TBI [53]. Xenon is approved
for clinical use as a general anesthetic and has recently
completed clinical trials for ischemic brain injury after
neonatal hypoxic-ischemic encephalopathy and cardiac
arrest in adults.[20, 54—56]. Our current findings demon-
strate for the first time in rats that xenon improves func-
tional outcome and prevents neuronal loss. This study,
together with our previous studies in mice, support the
view that xenon could be an early neuroprotective treat-
ment for TBL
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