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a  b  s  t  r  a  c  t

Ischemic  preconditioning-induced  neuroprotection  is  a well-known  phenomenon.  We  hypothesize  that
this form  of  neuroprotection  is  transferable  among  the same  type  of cells.  To  test  this  hypothesis,  human
neuroblastoma  SH-SY5Y  cells  were  induced  to  become  neuron-like  cells.  Primary  rat  cortical  neuronal
cultures  were  also used.  These  cells  were  subjected  to various  lengths  of  short  oxygen-glucose  deprivation
(OGD,  an in vitro  simulation  of  ischemia)  and  then  1-h  OGD. Some  cells  that  were  not  exposed  to  a  short
episode  of  ischemia  were  incubated  with  culture  medium  from  the cells  that  had  3- or  5-min  OGD.  Those
cells  were  subjected  to  OGD  for  1 h  at 1  or  24  h  after  they  were  exposed  to  the  medium.  Cell  injury  was
evaluated  at 24  h  after  the  1-h OGD  by lactate  dehydrogenase  release  assay.  In  another  experiment,  cells
subjected  to  a 3-min  OGD or exposed  to the  medium  from  cells  that  had  a 3-min  OGD  were  harvested
at  30  min  after  the  OGD  or the medium  exposure  for  Western  blotting  of  Akt,  a prosurvival  protein.  Our
study  showed  that  a prior  episode  of  ischemia  lasting  from  3 to  10 min  significantly  reduced  the 1-h  OGD-
induced cell  injury.  Medium  from  cells  subjected  to  a 3-min  OGD  also  induced  acute  and  delayed  phases
of  neuroprotection  in  OGD-naïve  human  neuron-like  cells and  primary  rat cortical  neuronal  cultures.
Cells  subjected  to  a 3-min  OGD  or incubated  with  the  medium  from  cells  exposed  to  a  3-min  OGD  had
increased  phosphorylated/activated  Akt.  The  increased  phosphorylated  Akt  and  neuroprotection  induced
by medium  transferring  were  inhibited  by 8-cyclopentyl-1,3-dipropylxanthine  (DPCPX),  an  adenosine  A1
receptor  inhibitor.  The  3-min  OGD-induced  neuroprotection  was  inhibited  by  LY294002,  an  Akt  activation
inhibitor.  These  results  suggest  that  ischemic  preconditioning-induced  neuroprotection  is transferable
among  the  cells.  Small  molecules,  such as  adenosine,  may  mediate  this  effect.

© 2014  Elsevier  Inc.  All  rights  reserved.
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1. Introduction

Ischemic preconditioning is now a well-known phenomenon in
which episodes of short ischemia induce robust protection against
prolonged and detrimental ischemia in the same tissues or organs
(Gidday, 2006; Murry et al., 1986). Multiple endogenous mecha-
nisms including activating prosurvival proteins, such as Akt, have
been considered to mediate ischemic preconditioning-induced
protection (Gidday, 2006). This form of protection has been found in
various organs including brain. Ischemic preconditioning-induced
neuroprotection has been actively studied to identify potential tar-
gets/interventions to improve neurological outcome after stroke
(Gidday, 2006; Iadecola and Anrather, 2011).

The initial studies on ischemic preconditioning have been
focused on applying short episodes of ischemia to the same tissues
that are subjected to a subsequent prolonged ischemia. However,
preconditioning effect can be induced by applying ischemia to a
different tissue. For example, subjecting a limb to short episodes
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of ischemia can induce neuroprotection (remote ischemic precon-
ditioning) (Zhao et al., 2012). This finding significantly increases
the applicability of using ischemic preconditioning for neuropro-
tection because application of ischemia to a limb is more practical
and safer than inducing ischemia in the brain. However, it is
not really clear how a preconditioning stimulus applied to an
organ/tissue can induce protection in another organ/tissue. Signals
transmitted through nervous system or molecules in the circulating
blood have been proposed as the mediators for this phenomenon
(Lim and Hausenloy, 2012; Zhao et al., 2012). A third form of
preconditioning has been found in the heart. The effluent from
a preconditioned heart can induce protection in a naïve heart.
This protection is called transferred inter-cardiac preconditioning
(Dickson et al., 1999). The mechanisms for this preconditioning are
largely unknown.

In this study, we hypothesize that ischemic preconditioning-
induced neuroprotection is transferable among the same type of
cells and that this transferable preconditioning goes through mech-
anisms similar to those for ischemic preconditioning in the same
tissues. To test our hypotheses, we induced human neuroblas-
toma SH-SY5Y cells to become neuron-like cells. Oxygen-glucose
deprivation (OGD) was used to simulate ischemia in vitro. Culture
medium transferring was used to determine whether the precon-
ditioning is transferable.

2. Materials and methods

2.1. SH-SY5Y cell culture

The human neuroblastoma SH-SY5Y cells were obtained from
the American Type Culture Collection (ATCC, Manassas, VA). SH-
SY5Y cells were cultured in a 1:1 mixture of Eagle’s minimum
essential medium and F-12 supplemented with 10% fetal bovine
serum. They were kept at 37 ◦C in a humidified incubator gassed
with 5% CO2 and 95% air and sub-cultured when they were 70–80%
confluent. The cells were fed twice each week.

For experiments, SH-SY5Y cells were plated at a density of
5 × 103 cells/cm2 in 6-well plates. One day later, culture medium
was changed into the Neurobasal medium (Invitrogen Life Tech-
nologies, GIBCO, Carlsbad, CA) supplemented with B27 supplement
(Invitrogen Life Technologies) and l-glutamine (500 �M;  Nacalai
Tesque Inc., San Diego, CA). Retinoic acid (Sigma, St. Louis, MO)  was
added to the medium to make the final concentration at 10 �M for
3 days to induce SH-SY5Y cells to differentiate into a homogenous
population of cells with neuronal morphology (Kume et al., 2008;
Lin et al., 2011a,b). The cells were used in experiments the next day.

2.2. Primary rat cortical neuronal culture

These cells were purchased from Invitrogen Life Technologies
and were isolated from 18-day old embryos of the Fischer 344
rats. They were plated at ∼1.7 × 104 cells per well in 96-well plates
and cultured in Neurobasal medium supplemented with 200 mM
Glutamax-1 and B27. The cells were fed and maintained as we
described before (Li and Zuo, 2011) and used in experiments on
the fifth day after they were plated in our laboratory.

2.3. Experimental protocol

Two phases of neuroprotection, the acute and delayed phases,
were determined. To investigate the acute phase, cells were
exposed to OGD for 3, 5 or 10 min. One hour later, they were
exposed to a 60-min OGD. To determine whether OGD precondi-
tioning was transferable, cells were subjected to a 0-, 3- or 5-min
OGD. Thirty minutes later, the culture medium was harvested and

added to OGD-naïve cells whose culture medium was just removed.
The OGD-naïve cells were subjected to the 60-min OGD 1 h later.

To determine the delayed phase of neuroprotection, the exper-
imental protocol was the same as for studying the acute phase
but the interval between the short episode of OGD or the medium
transferring and the 60-min OGD was  24 h instead of 1 h.

2.4. Applications of drugs

The Akt activation inhibitor LY294002 (Sigma, St. Louis, MO)
was administered to cells to make the final concentration of
10 �M immediately before a 3-min OGD or at 60 min  before a
60-min OGD. The adenosine A1 receptor inhibitor 8-cyclopentyl-
1,3-dipropylxanthine (DPCPX) was  applied to the cells at the final
concentration of 100 nM at 30 min  after the 3-min OGD (just before
the culture medium was  harvested for transferring) or just before
the 3-min OGD (for cells subjected to 3-min OGD  and then 60-min
OGD).

2.5. OGD

As we described before (Lin et al., 2011a,b), the culture
medium was removed and the cells were washed with Dul-
becco’s phosphate-buffered saline (Invitrogen Life Technologies).
Neurobasal-A medium (Invitrogen Life Technologies) that has no
glucose, glutamine, or B27 was  gassed in advance with 100% N2 for
10 min  to eliminate oxygen in the medium. After 2 ml  of this pre-
gassed Neurobasal-A medium was  added to each well, the culture
plates were placed into the Billups-Rothenberg air-tight chamber.
The chamber was closed and flushed through a channel with 100%
N2 until O2 concentration in the gases of the chamber reached 2%
as detected by a DatexTM infrared analyzer (Capnomac, Helsinki,
Finland). The channel was tightly closed and cells were kept at 37 ◦C
for 3, 5, 10 or 60 min. At the end of incubation, oxygen concentra-
tions in the gases from the chambers were confirmed to be lower
than 2% and then the cells were exposed to room air. Glucose, glu-
tamine and B27 were added to the cells and the cells were incubated
at 37 ◦C for the predetermined times.

2.6. Determination of lactate dehydrogenase (LDH) release

LDH activity in the culture medium and cells at 24 h after
the 60-min OGD was determined by a colorimetric assay using
LDH Cytotoxicity Detection Kit (Clontech Mountain View, CA). The
culture medium was centrifuged at 100 × g for 10 min  and 100-
�l cell-free supernatant was  transferred to 96-well-plate. This
supernatant was  incubated with the same amount of the reaction
mixture according to the manufacturer’s protocol. The absorbance
of samples to light was measured at 490 nm with the reference
wavelength of 655 nm in a spectrophotometer (Bio-Rad Laborato-
ries, Hercules, CA). Background absorbance from the cell-free buffer
solution was  subtracted from all absorbance measurements. To
measure the LDH activity in the cells, culture medium was removed
and 1.0% Triton X-100 lysing solution was applied to the cells. After
20 min  of incubation, 100 �l of cell lysates was incubated with the
same amount of the reaction mixture and the absorbance of the
samples was measured. The LDH release in percentage was cal-
culated using the following equation: LDH level in the incubation
medium × 100/(intracellular LDH level + LDH level in the culture
medium).

2.7. Sample preparation for Western blotting

In the first experiment, cells were subjected to or were not sub-
jected to a 3-min OGD. Cells were harvested at 30 min  after the OGD.
In the second experiment, culture medium from cells exposed to a
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