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Short-duration hypothermia
completed prior to reperfusion
prevents intracranial pressure
elevation following ischaemic
stroke in rats

Daniel Omileke'?, Sara Azarpeykan'?, Steven W. Bothwell*2, Debbie Pepperall'?,
Daniel J. Beard'?, Kirsten Coupland’?, Adjanie Patabendige'?3 & Neil J. Sprattl24*

Reperfusion therapies re-establish blood flow after arterial occlusion and improve outcome for
ischaemic stroke patients. Intracranial pressure (ICP) elevation occurs 18-24 h after experimental
stroke. This elevation is prevented by short-duration hypothermia spanning the time of reperfusion.
We aimed to determine whether hypothermia-rewarming completed prior to reperfusion, also
prevents ICP elevation 24 h post-stroke. Transient middle cerebral artery occlusion was performed
on male outbred Wistar rats. Sixty-minute hypothermia to 33 °C, followed by rewarming was
induced prior to reperfusion in one group, and after reperfusion in another group. Normothermia
controls received identical anaesthesia protocols. AICP from pre-stroke to 24 h post-stroke was
measured, and infarct volumes were calculated. Rewarming pre-reperfusion prevented ICP elevation
(AICP=0.3 3.9 mmHg vs. normothermia AICP =5.2+2.1 mmHg, p=0.02) and reduced infarct volume
(pre-reperfusion =78.6 +23.7 mm3 vs. normothermia=125.1+44.3 mm3, p=0.04) 24 h post-stroke.
There were no significant differences in AICP or infarct volumes between hypothermia groups
rewarmed pre- or post-reperfusion. Hypothermia during reperfusion is not necessary for prevention
of ICP rise or infarct volume reduction. Short-duration hypothermia may be an applicable early
treatment strategy for stroke patients prior to- during-, and after reperfusion therapy.

Reperfusion is necessary for the maintenance of tissue integrity in the ischaemic penumbra. Without reperfu-
sion, any neuroprotective treatment measure is unlikely to show efficacy in stroke patients!. Previous studies by
our group have demonstrated a dramatic increase in intracranial pressure (ICP) after transient middle cerebral
artery (MCA) occlusion in rats*%. We have also demonstrated that short-duration hypothermia prevents this
ICP elevation*°. However, in studies to date, hypothermia treatment has always spanned the reperfusion phase
of the transient MCA occlusion model.

Reperfusion marks a time of major activity in the ischaemic brain. Reperfusion after ischaemic stroke is
defined as the restoration of blood supply to the damaged cerebral tissue. Successful reperfusion significantly
improves functional outcome in stroke patients and increases the likelihood of disability free survival’~?. How-
ever, reperfusion therapies carry some risks and in some patients, the rapid restoration of blood flow increases
the risk of symptomatic intracerebral haemorrhage!®, and may induce secondary damage to the penumbral region
in what is known as ischaemic-reperfusion injury (R/I)'"!2. A main contributing pathological mechanism to R/I
is the generation of reactive oxygen species (ROS). R/I can become a more serious problem when reperfusion
therapy is performed outside of the critical time window for treatment. The sudden introduction of blood flow
into the already compromised ischaemic brain tissue may overwhelm the exhausted endogenous antioxidant
systems and damaged vascular endothelia, resulting in cerebral oedema and extravasation of blood cells". The
infiltration of leukocytes into the ischaemic brain during reperfusion, as well as the activation of resident micro-
glia are known to play a role in R/I induced inflammation but may also cause further ROS activation'?, thereby
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creating a vicious cycle of secondary damage'®. Hypothermia has also been shown to be protective against these
R/I processes described above'®.

Given what we know about hypothermia and ICP elevation, it is possible that cooling during the reperfusion
phase may be important for ICP rise prevention post-stroke. While hypothermia treatment has been shown to
reduce infarct volume independent of reperfusion in animal studies', these studies did not examine ICP so it is
unclear whether hypothermia during reperfusion is necessary for prevention of ICP rise. To assess the importance
of cooling during reperfusion, we aimed to determine whether hypothermia-rewarming completion prior to
reperfusion onset prevents ICP elevation 24 h following ischaemic stroke, compared to normothermia control
rats. For direct comparison with our previous work, we included a second hypothermia group that were cooled
during the reperfusion phase i.e., rewarmed after reperfusion. This group acted as an active comparator, on the
basis that we have abundant evidence demonstrating the benefits of cooling during the reperfusion phase on
ICP*. We also aimed to determine whether hypothermia-rewarming pre-reperfusion would reduce infarct
volume and neurological deficit post-stroke.

Results

A total of 5 animals were excluded from this study. One was excluded due to lack of sufficient drop in perfusion
units (>50% drop from baseline in MCA territory) at occlusion (pre-randomisation); 2 were excluded due to
sudden cessation of breathing after hypothermia initiation (rewarmed pre-reperfusion); 2 due to subarachnoid
haemorrhage, confirmed at post-mortem (normothermia).

Mean temperature was 32.7 £ 1.6 °C during treatment in the hypothermia groups (n=12). Mean temperature
was 37.0+0.6 °C during the equivalent period in the normothermia group (n=6) (Fig. 1).

ICP values were 3.58 +1.23 mmHg and 3.12 +2.52 mmHg at baseline (non-significant), and 3.89 + 3.50 mmHg
and 8.34+2.99 mmHg at 24 h (p=0.03) in the rewarmed pre-reperfusion and normothermia groups, respec-
tively. AICP was significantly lower in the rewarmed pre-reperfusion group versus the normothermia group
(0.3+£3.9 mmHg vs. 5.2 +2.1 mmHg, p=0.02: Fig. 2A). In the rewarmed post-reperfusion group, ICP values were
4.54+1.56 mmHg at baseline and 3.22 + 1.59 mmHg at 24 h, which were not significantly different when com-
pared with rewarmed pre-reperfusion ICP. There was no significant difference in AICP between the rewarmed
pre-reperfusion and rewarmed post-reperfusion groups (0.3 + 3.9 mmHg vs. — 1.3 +2.6 mmHg, p =0.42: Fig. 2B).

Infarct volume 24 h post-stroke was significantly smaller in the rewarmed pre-reperfusion group versus the
normothermia group (78.6+23.7 mm? vs. 125.1 +44.3 mm?, p=0.04: Fig. 3A). There was no significant difference
in infarct volume between the rewarmed pre-reperfusion and rewarmed post-reperfusion groups (78.6 +23.7
mm?® vs. 79.5+31.5 mm?, p=0.55: Fig. 3B). There was no significant difference in oedema volume between the
rewarmed pre-reperfusion and normothermia groups (6.9 4.9 mm? vs. 15.2+11.6 mm?, p=0.14: Fig. 3C).
Rewarmed pre-reperfusion and rewarmed post-reperfusion data are shown in Fig. 3D. Statistical analysis was
not performed on this dataset because there was no significant difference between the rewarmed pre-reperfusion
and normothermia groups (as per our pre-specified analysis plan).

Neurological deficit scores were significantly lower in the rewarmed pre-reperfusion group when compared
to the normthermia group (1.3+0.5 vs. 4.8 1.0, p=0.002: Fig. 4A). There was also a significant difference in
neurological deficit scores amongst the two hypothermia groups. Rewarmed pre-reperfusion animals had lower
scores compared to the rewarmed post-reperfusion animals (1.3+0.5 vs. 2.8 £0.7, p=0.01: Fig. 4B).

Discussion

In this study, we have shown that 60 min hypothermia to 33 °C with rewarming pre-reperfusion, prevented ICP
elevation, reduced infarct volume, and reduced neurological deficit 24 h post-stroke compared to normothermia
controls. We have also shown that there was no significant difference between rewarming before reperfusion and
rewarming after reperfusion in terms of ICP rise prevention or infarct volume reduction at the same time point.

These results further our understanding of the protective effects of short-duration hypothermia by provid-
ing evidence of cerebroprotection even when hypothermia treatment is completed prior to reperfusion. In all
our previous studies, reperfusion occurred during the cooling interval**. This was an important timepoint to
assess as it is necessary to ensure that hypothermia is effective at preventing ICP elevation in reperfused brain.
Cooling during the reperfusion phase also has clinical relevance as reperfusion therapies are the gold standard
treatment for ischaemic stroke'®, therefore having a treatment strategy that can be used as an adjunct to reperfu-
sion therapies is advantageous. The results from the present study indicate that hypothermia may be suitable as a
potential early treatment strategy following a stroke, prior to reperfusion therapy. Here, animals in the rewarmed
pre-reperfusion group reached target temperature 30 min following occlusion and were only maintained at target
for 1 h, yet we saw significant ICP rise prevention and infarct volume reduction as were previously reported when
animals are cooled during the reperfusion period*'. This provides evidence that early administration of short-
duration hypothermia may be beneficial to stroke patients, independent of whether it straddles the reperfusion
interval, in those receiving reperfusion therapies.

Our results also suggest that the earlier onset of cooling may enhance the benefits of hypothermia. Animals
that were rewarmed pre-reperfusion had significantly lower neurological deficits than animals rewarmed post-
reperfusion. This result is interesting when we consider that infarct volumes did not differ significantly between
treatment groups, yet functional outcomes did. Functional outcomes more closely align with the clinical situa-
tion, i.e. the modified Rankin scale®. These results suggest that pre-reperfusion hypothermia-rewarming may
be of greater benefit to stroke patients in terms of functional outcome. These neurological deficit results could
likely be explained by the timing of hypothermia initiated in both groups. In order to keep the duration of both
MCA occlusion and hypothermia identical between groups, hypothermia was initiated 15 min after MCAo in
the rewarmed pre-reperfusion group but was initiated 75 min after MCAo in the rewarmed post-reperfusion
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Figure 1. Core body temperature data. (A) rewarmed pre-reperfusion and normothermia. Hypothermia was
initiated 15 min post-MCAo. After target temperature was reached, hypothermia was maintained for 1 h before
rewarming, and prior to reperfusion at 2 h post-stroke. (B) rewarmed post-reperfusion and normothermia.
Hypothermia was initiated 75 min post-MCAo. After target temperature was reached, hypothermia was
maintained for 1 h before rewarming was initiated. Reperfusion had already occurred at the point of rewarming
initiation in this group.

group. Perhaps an earlier treatment strategy in the absence of reperfusion is responsible for better neurological
outcome?!. It is possible that R/I mechanisms may have advanced too far in reperfused brain for hypothermia to
elicit its maximal therapeutic benefit. However, interpretation requires a little caution since ICP, and particularly,
infarct volume , were not significantly different between treatment groups.

We have shown that cooling during reperfusion is not critical for ICP rise prevention post-stroke. This finding
has important clinical implications. Pre-reperfusion hypothermia has been investigated extensively in the litera-
ture in studies of cardiac injury in animals®?, but also in clinical investigations?***. Pre-reperfusion hypothermia
has also been examined in the context of stroke in animal studies'”?. Although these studies initiate hypothermia
prior to reperfusion, the cooling period is maintained long after reperfusion has occurred, therefore these stud-
ies resemble the rewarmed post-reperfusion group in this present study. It is important to note that this study
utilised very short durations at target temperature. The 60 min at target temperature is half the cooling time of
previous pre-clinical investigations*, and 1/24th or less of the time of any of the human studies*. Long dura-
tion hypothermia in clinical trials have reported major logistic and tolerability issues?’~%. The results obtained
in this study may therefore make a significant difference to our approach to therapeutic hypothermia in stroke
patients, as hypothermia may only need to be maintained for 60 min to show benefit.

This study demonstrates the previously reported consistency of ICP and infarct data in response to hypother-
mia treatment'®. However, there are a number of limitations that must be noted. First, there was an unavoidable
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Figure 2. (A) Change in ICP from baseline to 24 h (AICP) between rewarmed pre-reperfusion and
normothermia groups 24 h post-stroke. (B) AICP between rewarmed pre-reperfusion and rewarmed post-
reperfusion hypothermia groups 24 h post-stroke. *p <0.05. NS not significant.

difference in hypothermia start time between the two treatment groups. It was necessary to match the groups for
ischaemic duration and cooling duration, which therefore meant that cooling onset time could not be matched
in order to investigate the importance of cooling during reperfusion. Second, this study was not powered for
behavioural analyses. This study was powered for a primary outcome of change in ICP, not for neurological
deficit scores, which typically require much larger sample sizes*®. Lastly, we did not assess the deeper molecular
mechanisms relating to the potential effects of hypothermia treatment on R/I events such as ROS generation or
inflammation. Such investigations were beyond the scope of this current study, which was focused on exploring
the importance of reperfusion on ICP elevation. Further work to investigate the molecular mechanisms will be
necessary to elucidate potential differences between animals rewarmed pre- and post-reperfusion.

In conclusion, our results suggest that very short duration hypothermia-rewarming prior to reperfusion
should be investigated for potential benefit to stroke patients. Reperfusion status can vary in patients and it
would therefore be logistically challenging to implement hypothermia during the reperfusion period for all stroke
patients. The results presented here indicate that therapeutic hypothermia might be a broadly applicable, early
treatment option in stroke. Pre-reperfusion hypothermia-rewarming could be administered to stroke patients
in the early acute phase, and irrespective of their reperfusion status at the time of treatment. This may enhance
the clinical feasibility of therapeutic hypothermia in stroke patients.

Materials and methods

Animals and experimental protocol.  Adult male outbred Wistar rats aged 11-12 weeks old (n=23, Ani-
mal Services Unit, University of Newcastle) weighing 280-320 g were used for this study. Animals were housed
under standard conditions in a 12 h light-dark cycle with unlimited access to food and water. All experimental
procedures were in accordance with the Australian code of Practice for the Care and Use of Animals for Sci-
entific Purposes and were approved by the Animal Care and Ethics Committee of the University of Newcastle
(A-2020-003). This study was reported in accordance with the ARRIVE guidelines®'.

Rats were initially anaesthetised in 5% isoflurane in 50:50 N,:O, in an induction chamber. Anaesthesia was
maintained with 2-2.5% isoflurane in the same gas mix and delivered via a custom, low dead space face mask
with cross flow of gases. Incision sites were shaved, cleaned and injected subcutaneously (s.c.) with 2 mg/kg
0.05% Bupivacaine (Pfizer, Sydney, Australia). Body temperature was regulated throughout the surgery with a
rectal temperature thermocouple (RET-2, Physitemp Instruments Inc, Clifton, New Jersey, USA). The femoral
artery was cannulated with a catheter consisting of 1 and 2 French silicone tubing for continuous monitoring
of arterial blood pressure and heart rate. Prior to recovery, rectal paracetamol (250 mg/kg, GlaxoSmithKline,
Brentford, UK) was administered for overnight pain relief. Animals were also injected with saline (2x 1.5 ml, s.c.)
to prevent dehydration, and were returned to their cages with free access to softened laboratory chow and water.
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Figure 3. Infarct and oedema volume from H&E staining. (A, C) Rewarmed pre-reperfusion and
normothermia, and (B, D) rewarmed pre-reperfusion and rewarmed post-reperfusion groups. *p <0.05. NS not
significant.

Implantation of datalogger device. Datalogger implantation was performed for accurate and con-
tinuous monitoring of core body temperature. Implantation was performed according to previously described
methods™. A 2 cm longitudinal incision was made along the right abdominal region, proximal to the right thigh.
The incision was made deep enough to expose the space at the ventral thigh crease. Haemostats and forceps were
used to create a pocket under the skin that was large enough to hold the device. The temperature monitoring
datalogger (Maxim, San Jose, USA) was inserted into the pocket and secured by closing the muscle and skin
with 4-0 nylon sutures. Temperature measurements were logged every minute over the 24 h period. For analysis,
5 min recording intervals were chosen.
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Figure 4. Neurological deficit scores in (A) rewarmed pre-reperfusion and normothermia and (B) rewarmed
pre-reperfusion and rewarmed post-reperfusion animals. *p <0.05, **p <0.01.

Intracranial pressure and laser Doppler measurement. Cranial surgery was performed according to
previously described methods*. To summarise, the ICP probe (OpSens Fibre Optic Pressure Sensors, Canada)
was inserted epidurally into a saline filled, polyether ether ketone (PEEK) screw (Bregma 2 mm posterior and
2 mm lateral) in the left parietal bone. Tissue perfusion in the territory supplied by the right middle cerebral
artery was monitored during middle cerebral artery occlusion (MCAo) and reperfusion using laser Doppler
flowmetry (LDF). The LDF probe (Moor Instruments, UK) was inserted into a second hollow PEEK screw
(Bregma 2 mm posterior and 5 mm lateral) in the right parietal bone. For ICP and LDF recordings, the screws
were secured with dental cement and an airtight seal was created around each probe using a caulking material
(Silagum, Gunz Dental, Germany). Correct placement of the ICP probe was confirmed by a response to abdomi-
nal compression which was observed on both ICP and arterial blood pressure waveforms. ICP was monitored at
pre-stroke baseline and again at 24 h post-stroke. To account for minor variation between the baseline ICP of the
3 experimental groups, change in ICP from baseline to 24 h (AICP) was used for all ICP analyses.

Middle cerebral artery occlusion. Transient MCAo was carried out according to our established
protocol****. To summarise, a 6 cm length of monofilament nylon suture with a silicone tip (3 mmlength x 0.38 mm
0O.D silicone) was inserted through the ligated right external carotid artery into the right internal carotid artery.
The filament was advanced 20 mm through the internal carotid artery, avoiding the pterygopalatine artery, until
resistance was felt, and a drop in perfusion units (>50% drop from baseline) on the LDF was observed which
indicated that the middle cerebral artery has been occluded. At 2 h post-occlusion, reperfusion was achieved by
retracting the monofilament through the internal carotid artery approximately 18 mm until the silicone tip was
visible in the external carotid artery stump.

Hypothermia treatment. Immediately after MCAo, animals were randomised by sealed envelope to
rewarmed pre-reperfusion, rewarmed post-reperfusion or a normothermia group. Target temperature in both
hypothermia groups was 33 °C and was achieved by the application of fans and ethanol spray using previ-
ously described methods**2. In the rewarmed pre-reperfusion group, hypothermia treatment began 15 min after
MCAo. Once 33 °C was reached, target temperature was maintained for 60 min. At the end of the 60 min cool-
ing period, animals were rewarmed back to 37 °C, before reperfusion had occurred (Fig. 5A). In the rewarmed
post-reperfusion group, hypothermia treatment began 75 min after MCAo. Once 33 °C was reached, target
temperature was maintained for 60 min. At the end of the cooling period, animals were rewarmed back to 37 °C.
In this rewarmed post-reperfusion group, reperfusion had already occurred when animals were being rewarmed
(Fig. 5B). After treatment or normothermia, animals were placed in a cage half over a warming pad (Passwell,
South Australia) to aid in thermoregulation and prevent post-operative hypothermia. Animals in the normo-
thermia group were maintained at 37 °C for the duration of the surgery.
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Figure 5. Experimental timeline of hypothermia treatment groups. (A) Shows the timeline for the rewarmed
pre-reperfusion group, where hypothermia-rewarming is completed prior to reperfusing the rat at 2 h post-
stroke. (B) Shows the timeline for the rewarmed post-reperfusion group, where hypothermia-rewarming is
completed after reperfusion. ICP intracranial pressure, MCAo middle cerebral artery occlusion, TT target
temperature, MAP mean arterial blood pressure.

Neurological tests. Prior to post-stroke ICP monitoring at 24 h, animals were tested for stroke-induced
neurological deficits. The neurological deficit score was composed of the forelimb flexion, torso twist, and lateral
push tests. Each test was ranked from 0 to 2, and a total score was given out of 6 (higher scores indicated greater
neurological deficit)*®.

Histological analysis and infarct volume measurement. Animals were euthanised 24 h post stroke
onset. They were transcardially perfused with saline and their brains were removed and sectioned into 6 cor-
onal slices using a rat brain matrix, each of 2 mm thickness. Triphenyltetrazolium chloride (TTC) (Sigma-
Aldrich, Missouri, USA) staining was performed to confirm the presence of ischaemic stroke by identification
of infarcted tissue (white area). The slices from each brain were incubated for 12 min at 37 °C in 2% TTC. TTC
was used for early confirmation of infarct, however, these same tissue slices were then fixed, processed, paraffin
embedded and cut into 5 um coronal sections for haematoxylin and eosin (H&E) staining. H&E staining was
used for infarct volume quantification. Images were scanned using a high-resolution scanner (Aperio, Vista, CA,
USA) and analysed by an investigator blinded to treatment allocation. Infarct (corrected for oedema) was calcu-
lated (Aperio ImageScope) by subtracting the measured interhemispheric volume difference from the measured
infarct volume for each side. Infarct volumes were corrected for oedema by applying the formula: corrected
infarct volume (mm?®) =infarct volume x (contralateral volume/ipsilateral volume). Oedema was calculated by
infarct volume minus corrected infarct volume®.

Exclusion criteria and statistical analysis. Subarachnoid haemorrhage, equipment malfunction and
absence of >50% LDF drop at occlusion were pre-specified exclusion criteria.

A sample size calculation was performed using pilot and previous data*® (G*Power version 3.1) which indi-
cated that 3 animals per group were required to detect a 6 mmHg difference in AICP between the rewarmed
pre-reperfusion and normothermia groups, with standard settings of alpha 0.05, power 0.8. However, we used
a minimum sample size of 6 animals per group to allow for outlier effects. Statistical analyses were performed
using GraphPad Prism version 9.0.1. Data were analysed for normal distribution using the Shapiro-Wilk nor-
mality test. According to the prespecified analysis plan, a primary one-way analysis with two levels (unpaired
t-test) was conducted to examine if there was a statistical difference between the rewarmed pre-reperfusion and
normothermia groups using AICP as the primary endpoint. If a significance difference was found, a subsequent
one-way, two-level analysis was conducted between the rewarmed pre-reperfusion and the rewarmed post-
reperfusion (active comparator) group. The same protocol was used for infarct volume and oedema analyses.
For non-normally distributed data (neurological deficit scores), the Mann-Whitney U test was conducted using
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the same protocol as above. Statistical significance was accepted at p <0.05. Data are presented as mean + SD
unless otherwise stated.

Received: 26 August 2021; Accepted: 1 November 2021
Published online: 16 November 2021

References

1.

Vosler, P. S., Graham, S. H., Wechsler, L. R. & Chen, J. Mitochondrial targets for stroke: Focusing basic science research toward
development of clinically translatable therapeutics. Stroke 40, 3149-3155 (2009).

2. Beard, D.]. et al. Intracranial pressure elevation reduces flow through collateral vessels and the penetrating arterioles they supply.
A possible explanation for ‘collateral failure’ and infarct expansion after ischemic stroke. J. Cereb. Blood Flow Metab. 35, 861-872
(2015).

3. Beard, D.J. et al. Ischemic penumbra as a trigger for intracranial pressure rise—A potential cause for collateral failure and infarct
progression?. J. Cereb. Blood Flow Metab. 36, 917-927 (2016).

4. Murtha, L. A. et al. Short-duration hypothermia after ischemic stroke prevents delayed intracranial pressure rise. Int. J. Stroke 9,
553-559 (2014).

5. Murtha, L. A. et al. Intracranial pressure elevation after ischemic stroke in rats: Cerebral edema is not the only cause, and short-
duration mild hypothermia is a highly effective preventive therapy. J. Cereb. Blood Flow Metab. 35, 592-600 (2015).

6. Murtha, L. A. et al. Intracranial pressure elevation 24 h after ischemic stroke in aged rats is prevented by early, short hypothermia
treatment. Front. Aging Neurosci. 8, 124 (2016).

7. Wardlaw, J. M., Murray, V., Berge, E. & del Zoppo, G. J. Thrombolysis for acute ischaemic stroke. Cochrane Database Syst. Rev. 7,
CD000213 (2014).

8. Barber, P. A. et al. Spontaneous reperfusion after ischemic stroke is associated with improved outcome. Stroke 29, 2522-2528
(1998).

9. Irvine, H. J. et al. Reperfusion after ischemic stroke is associated with reduced brain edema. J. Cereb. Blood Flow Metab. 38,
1807-1817 (2018).

10. Goyal, M. et al. Endovascular thrombectomy after large-vessel ischaemic stroke: A meta-analysis of individual patient data from
five randomised trials. Lancet 387, 1723-1731 (2016).

11. Gauberti, M. et al. Ischemia-reperfusion injury after endovascular thrombectomy for ischemic stroke. Stroke 49, 3071-3074 (2018).

12. Pan, ], Konstas, A. A., Bateman, B., Ortolano, G. A. & Pile-Spellman, J. Reperfusion injury following cerebral ischemia: Patho-
physiology, MR imaging, and potential therapies. Neuroradiology 49, 93-102 (2007).

13. Mizuma, A. & Yenari, M. A. Anti-inflammatory targets for the treatment of reperfusion injury in stroke. Front. Neurol. 8, 467
(2017).

14. Kuroda, S. & Siesjo, B. K. Reperfusion damage following focal ischemia: Pathophysiology and therapeutic windows. Clin. Neurosci.
4,199-212 (1997).

15. Jin, R, Yang, G. & Li, G. Inflammatory mechanisms in ischemic stroke: Role of inflammatory cells. J. Leukoc. Biol. 87, 779-789
(2010).

16. Antonic, A. et al. Hypothermia protects human neurons. Int. J. Stroke 9, 544-552 (2014).

17. van der Worp, H. B,, Sena, E. S., Donnan, G. A., Howells, D. W. & Macleod, M. R. Hypothermia in animal models of acute ischaemic
stroke: A systematic review and meta-analysis. Brain 130, 3063-3074 (2007).

18. Bhaskar, S., Stanwell, P.,, Cordato, D., Attia, J. & Levi, C. Reperfusion therapy in acute ischemic stroke: Dawn of a new era?. BMC
Neurol. 18, 8 (2018).

19. Omileke, D. et al. Ultra-short duration hypothermia prevents intracranial pressure elevation following ischaemic stroke in rats.
Front. Neurol. 12, 684353 (2021).

20. Banks, J. L. & Marotta, C. A. Outcomes validity and reliability of the modified Rankin scale: Implications for stroke clinical trials—
A literature review and synthesis. Stroke 38, 1091-1096 (2007).

21. Kim, J. & Yenari, M. Hypothermia for treatment of stroke. Brain Circ. 1, 14-25 (2015).

22. Han, Y, Rajah, G. B., Hussain, M. & Geng, X. Clinical potential of pre-reperfusion hypothermia in ischemic injury. Neurol. Res.
41,1-7 (2019).

23. Gotberg, M. et al. Rapid short-duration hypothermia with cold saline and endovascular cooling before reperfusion reduces
microvascular obstruction and myocardial infarct size. BMC Cardiovasc. Disord. 8,7 (2008).

24. Gotberg, M. et al. A pilot study of rapid cooling by cold saline and endovascular cooling before reperfusion in patients with ST-
elevation myocardial infarction. Circ. Cardiovasc. Interv. 3, 400-407 (2010).

25. Lyden, P. D. et al. Differential effects of hypothermia on neurovascular unit determine protective or toxic results: Toward optimized
therapeutic hypothermia. J. Cereb. Blood Flow Metab. https://doi.org/10.1177/0271678X18814614 (2018).

26. Wu, T. C. & Grotta, J. C. Hypothermia for acute ischaemic stroke. Lancet Neurol. 12, 275-284 (2013).

27. Lyden, P, Ernstrom, K. & Raman, R. Determinants of pneumonia risk during endovascular hypothermia. Ther. Hypothermia Temp.
Manag. 3,24-27 (2013).

28. van der Worp, H. B. et al. Therapeutic hypothermia for acute ischaemic stroke. Results of a European multicentre, randomised,
phase III clinical trial. Eur. Stroke J. 4, 254-262 (2019).

29. Lyden, P. et al. Results of the ICTuS 2 Trial (Intravascular Cooling in the Treatment of Stroke 2). Stroke 47, 2888-2895 (2016).

30. Rewell, S. S. et al. Evolution of ischemic damage and behavioural deficit over 6 months after MCAo in the rat: Selecting the optimal
outcomes and statistical power for multi-centre preclinical trials. PLoS ONE 12, 0171688 (2017).

31. Percie du Sert, N. et al. The ARRIVE guidelines 2.0: Updated guidelines for reporting animal research. J. Cereb. Blood Flow Metab.
40, 1769-1777 (2020).

32. Omileke, D. et al. Short-duration hypothermia induction in rats using models for studies examining clinical relevance and mecha-
nisms. J. Vis. Exp. 169, 62325 (2021).

33. Murtha, L., McLeod, D. & Spratt, N. Epidural intracranial pressure measurement in rats using a fiber-optic pressure transducer.
J. Vis. Exp. 62, 3689 (2012).

34. Spratt, N. J. et al. Modification of the method of thread manufacture improves stroke induction rate and reduces mortality after
thread-occlusion of the middle cerebral artery in young or aged rats. J. Neurosci. Methods 155, 285-290 (2006).

35. McLeod, D. D. et al. Inadvertent occlusion of the anterior choroidal artery explains infarct variability in the middle cerebral artery
thread occlusion stroke model. PLoS ONE 8, 75779 (2013).

36. Petullo, D. et al. Model development and behavioral assessment of focal cerebral ischemia in rats. Life Sci. 64, 1099-1108 (1999).

Acknowledgements

The author(s) disclose receipt of the following financial support for the research, authorship and/or publica-
tion of this article. DO was supported by an International Postgraduate Research Scholarship awarded by the

Scientific Reports |

(2021) 11:22354 | https://doi.org/10.1038/s41598-021-01838-7 nature portfolio


https://doi.org/10.1177/0271678X18814614

www.nature.com/scientificreports/

University of Newcastle. DJB was supported by the National Health and Medical Research Council (NHMRC)
Australia (APP1182153). KC was supported by the Hunter Medical Research Institute under the Dalara Early
Career Researcher Fellowship. AP was supported by the NSW Ministry of Health under the NSW Health Early-
Mid Career Research Fellowship Scheme. NJS was supported by a co-funded Australian NHMRC/National Heart
Foundation Career Development/Future Leader Fellowship [GNT1110629/100827].

Author contributions

D.O. performed the experimental study, analysed and interpreted the data, performed the statistical analyses and
drafted the manuscript. S.A. contributed to the experimental part of the study. S.W.B. contributed to interpreta-
tion of the data and manuscript drafting. D.P. was involved in the histological and image analysis for the study.
D.J.B., K.C., A.P. and N.J.S., conceived the study and participated in its design and coordination. All authors
read and approved the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to N.J.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/.

© Crown 2021

Scientific Reports |

(2021) 11:22354 | https://doi.org/10.1038/s41598-021-01838-7 nature portfolio


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

	Short-duration hypothermia completed prior to reperfusion prevents intracranial pressure elevation following ischaemic stroke in rats
	Results
	Discussion
	Materials and methods
	Animals and experimental protocol. 
	Implantation of datalogger device. 
	Intracranial pressure and laser Doppler measurement. 
	Middle cerebral artery occlusion. 
	Hypothermia treatment. 
	Neurological tests. 
	Histological analysis and infarct volume measurement. 
	Exclusion criteria and statistical analysis. 

	References
	Acknowledgements


