BBE 265 1–6
biocybernetics and biomedical engineering xxx (2018) xxx–xxx

Available online at www.sciencedirect.com

ScienceDirect
journal homepage: www.elsevier.com/locate/bbe
1
2
3

Original Research Article

Temperature controlled dual hypoxic chamber
design for in vitro ischemia experiments

4
5

6
7
8
9
10
11
12
13

Q1

Marcell Bagó a,b,*, Dénes B. Horváthy a, Melinda Simon a, Bence Marschall a,
Ana Pinto c, Olga Kuten d, Dora Polsek e, István Hornyák a, Stefan Nehrer d,
Zsombor Lacza a
a

Institute of Clinical Experimental Research, Semmelweis University, 37-47 Tűzoltó str., 1094 Budapest, Hungary
University of Physical Education, 44 Alkotás str, 1123 Budapest, Hungary
c
Faculdade de Engenharia da Universidade do Porto R. Dr. Roberto Frias, 4200-465 Porto, Portugal
d
Danube University Krems, Dr.-Karl-Dorrek Strasse 30, 3500 Krems an der Donau, Austria
e
Croatian Institute for Brain Research, Salata 3, 10000 Zagreb, Croatia
b

article info

abstract

Article history:

In vitro ischemia models are designed to study various aspects of hypo-perfusion, focusing on
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the consequences of acute events under body temperature. Cold ischemia, on the other hand,
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is less investigated even though the beneﬁcial effects of cooling is expected. The aim of the
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present work was to develop a device modeling cold and warm ischemia in vitro. We designed
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a dual hypoxic chamber suitable for cell culture plates. Oxygen-glucose deprivation was
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applied with continuous nitrogen ﬂow and glucose-free cell culture media to mimic ischemia.
Using Peltier units the temperature in both chambers were independently set between 4 and

Keywords:

37 8C. Once the chambers reached the target temperature, samples were placed inside for the

Cold ischemia model

ischemic period, followed by a reperfusion stage under standard cell culture conditions. We

Reperfusion

tested rat calvaria bone pieces undergoing 1, 7, 12 and 24 h of ischemia at 4 and 37 8C. After

Hypoxia

24 h of reperfusion, cell number was measured with a tetrazolium cell viability assay. The

Bone

shortest 1 h period of ischemia paradoxically increased the post-reperfusion cell count, while
cold-ischemia had an opposite effect. After 7 h of warm ischemia the cells were already
unable to recover, while under cold ischemia 60% of the cells were still functioning. After 12 h
of cold ischemia 50% of the cells were still be able to recover, while at 24 h even the low
temperature was unable to keep the cells alive. The markedly different effect of warm and
cold ischemia suggests that this newly designed system is capable of reliable and reproducible
modeling of ischemic conditions. Moreover, it also enables deeper investigations in the Q2
pathophysiology of cold ischemia at the cellular and tissue level.
© 2018 Nalecz Institute of Biocybernetics and Biomedical Engineering of the Polish
Academy of Sciences. Published by Elsevier B.V. All rights reserved.
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1.

Introduction

The ischemic condition is caused by the lack of blood supply
since tissues have constant oxygen- and nutrient demand.
When this demand is not met tissue damage occurs with a
severity largely depending on the duration of the ischemic.
Signiﬁcant damage appears even after the ischemia is
resolved, either because ischemia created cellular injury that
is irreversible even if nutrient supply is re-established or
because the re-oxygenation itself causes further harm [1].
Ischemia under body temperature is a well-described phenomenon and it can be investigated in various animal and
in vitro models to mimic tissue infarction [2]. Cold-ischemia,
however, is a less investigated phenomenon which has
signiﬁcant importance in two medical ﬁelds: 1, ischemiareperfusion therapy, where cooling is already used in newborns [3], and 2, transplanted tissues and organs that are kept
in cold storage until implantation with the idea that they shall
survive longer [4]. As both these ﬁelds of therapy are emerging,
more scientiﬁc knowledge is required to understand the
effects of low temperature on ischemic tissues.
Several scientiﬁc models are designed to investigate
ischemia. The best model is to use animals where full organs
can be subjected to ischemia that closely follows the human
condition such as middle cerebral artery occlusion in rats and
mice [5,6]. However, the in vivo models do not allow tissue or
cellular level investigations neither monitoring the course of
the disease, so ex vivo models are widely used to this end. The
most well-known such model is oxygen-glucose deprivation
(OGD) which was ﬁrst developed for mimicking stroke on
neural cell cultures [7]. The model is based on the assumption
that the key feature of ischemia is the lack of oxygen and
nutrients, both of which are easily controlled in a cell culture
ﬂask. Withdrawal of nutrients is achieved by a change of
media, while oxygen is purged by nitrogen in a closed
chamber. This latter feature is more problematic than it
sounds as the solution can also contain dissolved oxygen.
Thus, it is important to take special care for the sealing of the
chamber to lower the actual oxygen level below 1%. And this
1% is the threshold for oxidative metabolism in mitochondria,
so it is of crucial importance that oxygen is truly depleted and
it is monitored in a meaningful way as close to the cells as
possible otherwise the oxygen deprivation is really only partial
hypoxia [8].
Most available scientiﬁc literature on cold ischemia relates
to transportation of organs or tissues that are kept at 4 8C
[9,10]. On one hand, the ischemic time can be extended by
cooling since it reduces cellular metabolism and the requirements for oxygen. On the other hand, the low temperature has
harmful effects on the tissues because low temperature can
change mammalian cell properties like metabolic pathways
and the Na+/K+ ATPase. The development of organ preservation protocols allowed the deliver, of functional organs of high
quality [11]. The transplantation of tissues is less known but
more practiced than organs under similar circumstances. Bone
is the most transplanted tissue (after blood) with about 2
million procedures per year and there is increasing demand for
fresh bone e.g. in dental or joint replacement procedures [12].
As demand increased further investigations are needed to

design protocols for live tissue preservation and transport.
Hence, the aim of the present work is to create and test a
chamber that can be used to study in vitro ischemia at different
temperatures, serving both scientiﬁc research goals as it
allows the monitoring of ischemia and development of
optimized protocols for organ and tissue transportation.
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2.

Materials and methods

2.1.

In vitro ischemia-reperfusion model

84

A custom designed device (Figs. 1 and 2) was built to model
in vitro ischemia conditions at different temperatures. It
contains two independent aluminum enclosures with IP65
and IP67 certiﬁcations for sealing (Gainta Industries Ltd.). Two
pneumatic connections were formed to let the nitrogen ﬂow
into the boxes. Mufﬂers were used to spread the incoming gas
and purge the oxygen from all parts of the chambers. The
enclosures are separable by the manual valves at the inlet and
the outlet so the systems can be used independently from each
other. Peltier modules (TEC-12710) are applied to set the
temperatures of the chambers between 0 and 50 8C. The
modules are controlled by a TMS-125 thermostat. The
dissipated heat of the Peltier modules is removed by a closed
water cooling system. Fine tuning of the nitrogen ﬂow is
performed by a micro pressure regulator and a rotameter,
respectively. Two plastic containers with bubble stones were
built in the gas ﬂow to keep the humidity at 100% when body
temperature is used. No humidiﬁer is used when the
temperature is set of 4 8C to prevent ice formation. Alphasense
O2–A2 oxygen sensor with transmitter board was used with
custom designed display electronics to measure the oxygen
level at the output of the chambers. Humidity is measured
constantly during the measurements with capacitive humidity sensors. Ischemia was performed by using glucose free cell
culture medium (Lonza DMEM) and by switching the inﬂow gas
to pure O2.

2.2.

Tissue harvest

Male Wistar rats weighing 350 g were euthanized by CO2 and
decapitated by guillotine. A midline skin incision was
performed to gently remove the skin and periosteum from
the surface of the skull. The head was ﬁxed in a stereotaxic
frame under a standing drill. Calvaria pieces were removed by
a 4 mm trephined burr at 850 rpm. Four bone pieces were
harvested from the parietal bones and another two from the
frontal bones. The isolated tissues were placed in Petri dishes
in standard stem cell culture media (DMEM, 10% FBS, 5% Lglutamine, 1% penicillin–streptomycin, Lonza) and kept in the
incubator at 37 8C, 5% CO2 for 3 days. All oxygen-glucose
deprivation (OGD) experiments were carried out afterwards in
96-well plates in the ischemia chamber described above. At the
start of OGD, glucose free cell culture medium equilibrated
with N2 was added to the samples, gas ﬂow was switched to N2
and the temperature was set to 4 or 37 8C, respectively. During
the reperfusion period the samples were placed in a fresh cell
culture media and kept in the incubator (37 8C, 5% CO2) for 3
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Fig. 1 – Block diagram of the in vitro ischemia system. The structure can be divided into the following parts: a, pneumatics and
gas flow b, water cooling system c, temperature control and monitoring.

Fig. 2 – Main parts of the device. 1, humidifier bottles 2, flowmeter 3, samples in 96 well plates 4, buffer of the water cooling
system 5, micro pressure regulator 6, Peltier module 7, water block 8, humidity sensors 9, oxygen display 10, termostats 11,
humidity displays 12, oxygen sensor housing 13, mufflers.
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days. The investigation was approved by the local Animal
Research Committee according to the guidelines for animal
experimentation.
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2.3.
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Colorimetric cell viability measurement was performed by XTT
(yellow tetrazolium) assay according to the manufacturer's
instructions [13]. The bone tissue pieces were placed in 96 well
plates and kept in the incubator (37 8C, 5% CO2) for 4 h. After the
incubation the samples were removed and placed in a drying
chamber for 1 day and then dry weight is measured. Optical
density measurement of the supernatant was performed by
spectrophotometer (BioTek PowerWave XS) at 460/620 nm
wavelength, using the Gen5 software. Cell metabolic activity
is expressed as absorbance per dry weight in arbitrary units.

Viability measurement

3.

Results

Four measurements were performed to characterize the
device. Nitrogen consumption was calculated based on the
amount gas ﬂow measured by a ﬂowmeter. The minimum ﬂow
rate is 1 l/min/chamber to keep the oxygen level of the
required low level so the nitrogen consumption of the whole
system is about 120 l/h. The decrease in oxygen levels is
roughly linear and it takes about 2 min to reach an oxygen
level of 0.5% at a steady ﬂow rate (Fig. 3). The cooling and
heating characteristics of the chamber follows a similar
pattern, however, the time to reach the required temperature
is much slower than that of oxygen. It takes approximately
20 min to reach 4 8C (Fig. 4). At this time point the samples are
placed in the chamber according to the protocol. The samples
only need a few minutes to equalize the temperature in the
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Fig. 3 – Oxygen level inside the chambers. Nitrogen flow is
set to 1 l/min and it takes around 120 s to reach the
reference 1% hypoxia level in both chambers. Then the
system stabilizes at a 0.5 O2 level.

Fig. 4 – Cooling characteristics of the chamber and the
media. It takes around 600 s to cool down the chamber to
6 8C. At this point cold media (6 8C) is added to the samples.
The samples with the media are around 10 8C when they
are placed into the chamber and it takes another 600 s to
reach the reference temperature point (4 8C).
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chamber since we use cold media directly from the refrigerator
(6 8C). In contrast, the heating characteristics have a different
shape due to the different cooling and heating power
properties of the Peltier module. The higher heating power
and the thermal delay of the temperature sensor cause an
oscillation around the desired value (Fig. 5). The pre-warmed
samples are placed in the chamber after it reached the
operation temperature. It takes only a few minutes to equalize
the temperature difference between the samples and the
chamber. Also, temperature oscillations are dampened in case
the sample is already pre-warmed. Cold and warm oxygenglucose deprivation experiments were performed with different durations (1, 7, 12, and 24 h, respectively) to observe the
characteristics of tolerance of bone tissues against the
ischemic condition. Fig. 6 presents the ratios between the
groups and the corresponding control values at the measured

Fig. 5 – Warming characteristics of the chamber and the
media. When the chamber reached 37 8C, the samples are
placed in the chamber with cell culture media pre-warmed
to 37 8C in a water bath. The initial temperature of the
samples and the media is around 34 8C and it takes 600–
900 s to reach the reference body temperature of 37 8C
inside the chamber. The set temperature, humidity and O2
levels remained constant up to 24 h.

time points. The warm group shows an unexpectedly high
peak at 1 h then the viability starts to decrease and at the 7 h
time point the viability of the tissue is already zero. The cold
group shows a slowly descending tendency of viability, at 7 h it
is still at about 60%, and we only observed a complete loss of
viability at 24 h of OGD time.
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4.

181

Discussion

The present study showed that a cold-warm OGD chamber can
be reliably used to model ischemia in live tissue samples. The
gas exchange happens rapidly, which is not in sync with the
much slower cooling times so pre-cooling of both the media
and the chambers are necessary. In case of warming the speed
difference is less of a problem, but ﬂuctuations in temperature
occur, which can be eliminated by the same precaution, i.e.
pre-warming both the chamber and the media before starting
the experiments. We used freshly harvested bone tissues to
test the biological applicability of the system and observed
that cold and warm OGD has markedly different effects on the
viability of the tissues, indicating that the system is capable of
reliable and reproducible modeling of the ischemic condition.
The technical challenge of setting up an in vitro hypoxia
chamber is often underestimated. Purging the air with
nitrogen and assuming that a complete anoxia is achieved
is a typical misconception, as even with well-insulated
instruments it is hard to push the oxygen level below 1% –
though at this level the mitochondrial oxidative phosphorylation is still functional. Using small dead-volumes and
constant feedback of oxygen sensors allowed us to reach a
consistent 0.5% O2, which is adequate for modeling ischemia
in a biological sense. Temperature control provided further
technical challenges, both at the cooling and the warming
directions. The optimal solution is to cool or heat the chamber
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Fig. 6 – Ischemia tolerance of bone tissue with standard error bars at 37 and 4 8C. The measurements were performed at 1, 7,
12 and 24 h of OGD. After an additional 72 h of reperfusion, the cell number was measured with an XTT assay and the
absorbance values were correlated with the cell number. The results were normalized to the control group which represents
100%. (mean W SEM, one-way ANOVA,*p < 0.05).
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directly instead of using the gas ﬂow for this purpose since the
gas consumption is another important feature of the system.
Furthermore when the gas ﬂow is used to cool or warm the
samples the thermal power decreasing even more and the
system will be slower. It is important to note that the optimal
number and power of the Peltier devices are critical. If the
power of the modules is too low the desired temperature
cannot be reached. On the other hand the dissipated heat will
be huge if the power is too much. Rapid cooling without the
threat of freezing is not feasible, as our present study showed
there is a signiﬁcantly slower cooling time than either
warming or the changes in O2 supply that must be kept in
mind in parallel experimental designs. Pre-cooling the media
on wet ice and the chamber system by an early equilibration
phase without samples can solve this problem as we have
shown. Although warming with a Peltier system can be much
faster, it is still advised to follow a similar routine than with
cooling for two reasons. 1, direct comparisons are best done
with parallel experiments under cold and warm conditions
simultaneously, and 2, rapid warming may induce heat shock
or other pathophysiological changes that are complicating the
interpretation of the results. Nonetheless, the system design
described in the present study can adequately handle these
issues and provide a simple and reliable tool to investigate
in vitro ischemia between temperature levels of 4 and 37 8C.
The applied ischemic times in the case of certain cell types are
usually determined by empirical ways. The goal of an OGD
session is to achieve cell death levels of minimum 50%,
preferably 70–80%. If the death rate is higher, investigation of
reperfusion is not realistic as the damage is too severe. If the
death rate is lower, there is very limited room for improvement
and the effects of the investigated materials may be overlooked. The accepted ischemic times for each system have to
be established individually through a series of preliminary
experiments even when using similar equipment. In case
temperature is also taken into consideration it adds another
degree of freedom to the system and the limited published
technical details of cold OGD provide little starting points for
such experiments. Therefore, we compared cold and warm
conditions, i.e. 4 8C and 37 8C and used the same OGD times in
order to see if the conditions make a difference. It was
expected that about 2–3 h are needed to reach a 50% loss in

viability even in warm conditions. However, it took much
longer, about 7 h under warm conditions to reach this level.
This is probably due to the choice of tissue. The vast majority
of OGD literature is on monolayer cells of high oxygenconsumption, i.e. neurons or cardiomyocytes [14,15]. A fresh
bone tissue, where the integrity of the 3D structure is
preserved is probably more resilient than artiﬁcially sustained
monolayers. Moreover, in our case the metabolic activity of the
tissue is mainly due to the marrow content, which is known to
be more ischemia resistant than terminally differentiated cells
such as neurons. The current study was designed to be of a
mainly technical nature, and we only used animal tissues as
test substances for the system. Bone was chosen for this
purpose because it is easy to harvest uniform sizes and
because preliminary experiments were already available.
Indeed, the generally expected differences at longer time
points, i.e. that cells survive longer under cold ischemia was
observed in the present study. However, during the cold-warm
ischemia comparisons we stumbled upon an interesting
ﬁnding: that warm ischemia increases the viability of the
tissues if the OGD lasts for only 1 h but not longer. It must be
noted that the tissue viability measurements were done 3 days
later than the end of the ischemic period so it really measures
post-ischemic recovery. In this context, the increased metabolism after a limited non-lethal OGD is probably due to
ischemic preconditioning, a well-known phenomenon that
explains the robust protection of a preceding minor ischemic
episode from a later lethal one [16]. The exact mechanism and
the lack of such ﬁndings under cold conditions require further
studies, however, this also highlights the scientiﬁc value of a
cold-warm parallel hypoxia chamber design described in the
present study.
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281

Conclusion

We conclude that the in vitro ischemia model of oxygen and
glucose deprivation can be extended to cold and warm
ischemic conditions, thus enabling the investigation of cooling
effects on the pathophysiology of ischemia. Indeed, as our test
tissue of bone showed, there is a marked difference of cell
survival between cold and warm ischemia times. Interestingly,
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warm OGD increases the cell metabolism over baseline in the
early time point of 1 h and then the survival rapidly drops,
while cooling the samples to 4 8C eliminates this early increase
but can extend the survival of the tissues up to 12 h or even
more. In case of pre-cooled or pre-warmed media are placed in
the chambers, the gas exchange can reach the required low
level of oxygen in a few minutes allowing a reliable measurement system that models cold and warm ischemia in vitro.

296

Conﬂict of interest

[7]

[8]

[9]

297

Q3 The authors report no conﬂicts of interest.

298
[10]

299
300

301
302
303
304
305
306
307

308

Acknowledgements
Q4 The authors thank OrthoSera GmbH for sponsoring this

research. MB received a National Excellence Program Scholarship. GlowBrain project provided the cooperation with Croatian Institute for Brain Research. NÖ Forschung- und
Bildungsges.m.b.H (NfB) Life Science Cal 2012, LS-12.001:
cell-based therapies for regenerating bone. The authors thank
Charlotte M. Schwarz for manuscript preparation.

[11]

[12]

references
[13]

309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328

[1] Tapuria N, Kumar Y, Habib MM, Abu Amara M, Seifalian
AM, Davidson BR. Remote ischemic preconditioning: a
novel protective method from ischemia reperfusion injury –
a review. J Surg Res 2008;150(2):304–30.
http://dx.doi.org/10.1016/j.jss.2007.12.747
[2] Holloway PM, Gavins FN. Modeling ischemic stroke in vitro:
status quo and future perspectives. Stroke 2016;47(2):561–9.
http://dx.doi.org/10.1161/STROKEAHA.115.011932
[3] Shankaran Seetha. Neonatal encephalopathy: treatment
with hypothermia. J Neurotrauma 2009;26(3):437–43.
[4] Salahudeen AK. Cold ischemic injury of transplanted
kidneys: new insights from experimental studies. Am J
Physiol Renal Physiol 2004;287(2):F181–7.
http://dx.doi.org/10.1152/ajprenal.00098.2004
[5] Dobrivojević M, Bohaček I, Erjavec I, Gorup D, Gajović S.
Computed microtomography visualization and
quantiﬁcation of mouse ischemic brain lesion by non-ionic
radio contrast agents. Croat Med J 2013;54(1):3–11.
[6] Shimizu K, Lacza Z, Rajapakse N, Horiguchi T, Snipes J,
Busija DW. MitoK(ATP) opener, diazoxide, reduces neuronal

[14]

[15]

[16]

damage after middle cerebral artery occlusion in the rat.
Am J Physiol Heart Cicr Physiol 2002;283(3):H1005–11.
http://dx.doi.org/10.1152/ajpheart.00054.2002
Elliot KA, Rosenfeld M. Anaerobic glycolysis in brain slices
after deprivation of oxygen and glucose. Can J Biochem
Physiol 1958;36(7):721–30.
Solaini G, Baracca A, Lenaz G, Sgarbi G. Hypoxia and
mitochondrial oxidative metabolism. Biochim Biophys Acta
2010;1797(6–7):1171–7.
http://dx.doi.org/10.1016/j.bbabio.2010.02.011
Simpkins CE, Montgomery RA, Hawxby AM, Locke JE,
Gentry SE, Warren DS, et al. Cold ischemia time and
allograft outcomes in live donor renal transplantation: is
live donor organ transport feasible? AM J Transplant 2007;7
(1):99–107.
http://dx.doi.org/10.1111/j.1600-6143.2006.01597.x
Totsuka E, Fung JJ, Lee MC, Ishii T, Umehara M, Makino Y,
et al. Inﬂuence of cold ischemia time and graft transport
distance on postoperative outcome in human liver
transplantation. Surg Today 2002;32(9):792–9.
http://dx.doi.org/10.1007/s005950200152
Guibert EE, Petrenko AY, Balaban CL, Somov AY, Rodriguez
JV, Fuller BJ. Organ preservation: current concepts and new
strategies for the next decade. Transfus Med Hemother
2011;38(2):125–42.
http://dx.doi.org/10.1159/000327033
Schandl K, Horváthy DB, Doros A, Majzik E, Schwarz CM,
Csönge L, et al. Bone-Albumin ﬁlling decreases donor site
morbidity and enhances bone formation after anterior
cruciate ligament reconstruction with bone-patellar
tendon-bone autografts. Int Orthop 2016;40(10):2097–104.
http://dx.doi.org/10.1007/s00264-016-3246-8
Roehm NW, Rodgers GH, Hatﬁeld SM, Glasebrook AL. An
improved colorimetric assay for cell proliferation and
viability utilizing the tetrazolium salt XTT. J Immunol
Methods 1991;142(2):257–65.
http://dx.doi.org/10.1016/0022-1759(91)90114-U
Meloni BP, Meade AJ, Kitikomolsuk D, Knuckey NW.
Characterisation of neuronal cell death in acute and
delayed in vitro ischemia (oxygen-glucose deprivation)
models. J Neurosci Methods 2011;195(1):67–74.
http://dx.doi.org/10.1016/j.jneumeth.2010.11.023
Tong G, Walker C, Bührer C, Berger F, Miera O, Schmitt KR.
Moderate hypothermia initiated during oxygen-glucose
deprivation preserves HL-1 cardiomyocytes. Cryobiology
2015;70(2):101–8.
http://dx.doi.org/10.1016/j.cryobiol.2014.12.007
Behmenburg F, Heinen A, Bruch LV, Hollmann MW, Huhn R.
Cardioprotection by remote ischemic preconditioning is
blocked in the aged rat heart in vivo. J Cardiothorac Vasc
Anesth 2016.
http://dx.doi.org/10.1053/j.jvca.2016.07.005. pii:S1053-0770
(16)30240-3

329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382

Please cite this article in press as: Bagó M, et al. Temperature controlled dual hypoxic chamber design for in vitro ischemia experiments.
Biocybern Biomed Eng (2018), https://doi.org/10.1016/j.bbe.2018.03.010

