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 Introduction 

 It is well established that mechanical insults to the cen-
tral nervous system, such as spinal cord injury and trau-
matic brain injury, inflict an immediate, primary injury 
characterized mainly by membrane disruption  [1–6] , as 
well as consequent oxidative stress, a hallmark of second-
ary injury  [7–11] . The combination of primary and sec-
ondary injury contributes to the profound functional loss 
and structural damage seen in such injuries  [12, 13] . We 
have previously shown that polyethylene glycol (PEG), a 
hydrophilic polymer, can quickly (within minutes of ap-
plication) and effectively seal membrane breaches and re-
duce oxidative stress following mechanical injury  [10, 
14–17] . Such structural and biochemical improvement is 
paralleled by a significant functional restoration in both 
ex vivo and in vivo spinal cord injuries  [14, 15, 18–21] . 
However, in spite of the wealth of studies demonstrating 
PEG’s efficacy in treating acute spinal cord injury, the 
mechanism by which it repairs damaged membranes and 
reduces oxidative stress is not completely clear.
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 Abstract 

  Objective:  Polyethylene glycol (PEG), a hydrophilic polymer, 
can immediately repair neuronal membranes and inhibit 
free radical production following trauma. The aim of this 
study is to examine whether PEG can directly repair mito-
chondria in the event of trauma.  Method:  Purified brain mi-
tochondria from guinea pigs were used. Mitochondrial func-
tion was assessed by biochemical methods and structural 
changes were observed by both fluorescence light micros-
copy and coherent anti-Stokes Raman scattering microsco-
py.  Results:  We present evidence suggesting that PEG is 
 capable of directly reducing injury to mitochondria inde-
pendent of plasma membrane repair. Specifically, the sup-
pression of oxygen consumption rate of purified mitochon-
dria due to H 2 O 2  and/or calcium can be significantly reversed 
by 12.5 m M  PEG. PEG also significantly reduced mitochon-
drial swelling due to similar injury. Furthermore, we have 
shown that such PEG-mediated mitochondrial protection is 
dependent on the molecular weight of PEG, suggesting a 
direct physical blockade of mitochondrial permeability tran-
sitional pore by PEG.  Conclusion:  These findings, coupled 
with previous evidence that PEG enters the cytosol following 
mechanical trauma, strongly indicate that there are at least 
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  The current proposed model by which PEG reduces 
both primary and secondary injury following spinal cord 
trauma is that PEG interacts with and repairs damaged 
plasma membranes, which in turn indirectly reduces ox-
idative stress  [10, 16, 17, 22] . This hypothesis is supported 
by strong evidence that PEG can directly interact and seal 
lipid bilayers  [10, 16]  as well as the finding that PEG is not 
a free radical scavenger  [10] . According to this hypothe-
sis, PEG-mediated suppression of oxidative stress is sec-
ondary to the repair of plasma membrane. Recently, sev-
eral observations indicated that PEG may reduce oxida-
tive stress through yet another pathway – by directly 
interacting with and protecting mitochondria  [10, 23] .

  Mitochondria are known to play a key role in oxidative 
stress, as this organelle produces reactive oxygen species 
in the normal process of oxidative phosphorylation  [24, 
25] . This production of reactive oxygen species and re-
lease into the cytosol is increased following trauma and 
various pathological conditions where oxidative stress 
plays a role  [26, 27] . Mitochondria are both vulnerable to 
and, at the same time, capable of producing free radicals. 
Directly improving mitochondrial function is known to 
reduce production of free radicals and alleviate oxidative 
stress  [28–30] . Therefore, it is probable that direct protec-
tion of mitochondria by PEG may also contribute to over-
all suppression of oxidative stress by PEG following trau-
ma. This hypothesis, however, has not been tested direct-
ly using functional and morphological analysis.

  The purpose of the current study is, therefore, to ex-
amine the effect of PEG in directly improving function 
in purified, injured mitochondria from guinea pig cen-
tral nervous system using functional analysis and mor-
phological assessment. Mitochondria were challenged 
with elevated levels of H 2 O 2  and/or calcium to model ox-
idative injury, which is commonly seen in various trau-
matic and chronic disease conditions  [25, 27, 31–33] . 
While H 2 O 2  is one of the most abundant oxygen free rad-
icals, elevated calcium usually coexists and exacerbates 
oxidative stress  [25, 27, 31–33] . Consistent with our hy-
pothesis, we present evidence here that strongly supports 
the notion that PEG is indeed capable of directly reducing 
injury to mitochondria independent of plasma mem-
brane repair. We further present evidence to support the 
hypothesis that PEG may act by directly blocking the mi-
tochondrial permeability transition pore. This finding, 
along with previous studies, suggests that PEG exerts 
neuroprotective effects through direct interaction with 
mitochondria, in addition to its well-established ability 
to repair damaged plasma membranes.

  Experimental Procedures  

 Animals and Mitochondria Preparation 
 All animals used in this study were handled in strict accor-

dance with the NIH guide for the  Care and Use of Laboratory 
Animals,  and the experimental protocol was approved by the Pur-
due Animal Care and Usage Committee. Adult female Hartley 
guinea pigs, weighing 300–500 g, were anesthetized deeply with 
ketamine (60 mg/kg) and xylazine (10 mg/kg). They were then 
perfused through the heart with 500 ml of oxygenated, cold Krebs 
solution (in m M : NaCl 120, NaHCO 3  25, MgSO 4  0.5, KH 2 PO 4  1.2, 
2.5 CaCl 2 , KCl 4.72 and dextrose 11) to remove blood and lower 
core temperature. 

  The guinea pigs were decapitated, the cortex was excised and 
minced with scissors in ice-cold homogenization buffer (in m M : 
250 sucrose, 0.5 K + -EDTA, 10 Tris-HCL pH 7.4), and all subse-
quent steps were conducted at 4   °   C. The tissue was rinsed with 
homogenization buffer and processed (8 strokes) with a glass-Tef-
lon Potter homogenizer. The resulting homogenate (50 ml) was 
centrifuged for 10 min at 1,300  g . The supernatant was collected 
and again centrifuged at 10,000  g  for 10 min. The pellet was col-
lected and suspended in 7.5% ficoll, and centrifuged in a discon-
tinuous Ficoll gradient (7.5%, 10%) at 100,000  g  for 30 min. The 
final pellet was resuspended in EDTA-free homogenization buf-
fer (same as above with EDTA omitted), yielding purified non-
synaptosomal mitochondria  [34, 35] . The final pellet was stored 
on ice for use. Mitochondrial protein concentration was deter-
mined using BCA protein kit (Pierce), BSA as standard. Typically, 
the cortical tissue of 1 guinea pig yielded 2–3 mg/ml of isolated 
mitochondrial protein.

  Mitochondrial Imaging 
 Transmission Electron Microscopy 
 This was kindly performed by Life Science Microscopy Facil-

ity, Purdue University. The mitochondria were pelleted in EDTA-
free homogenization buffer and fixed in 2% glutaraldehyde. After 
rinsing, postfixation was carried out in 1% osmium tetroxide. The 
preparations were then dehydrated stepwise with ethanol, em-
bedded in Epon, and sections were cut on a Porter-Blum MT-2b 
ultramicrotome. Staining was carried out with uranyl acetate in 
50% alcohol and lead citrate. The sections were examined with 
FEI/Philips CM-10 bio-twin transmission electron microscope 
 [36] .

  Coherent Anti-Stokes Raman Scattering and Two-Photon 
Excitation Fluorescence Microscopy 
 Coherent anti-Stokes Raman scattering (CARS) microscopy 

was used to image the mitochondria and examine change in size. 
CARS is a 4-wave mixing process in which the interaction of a 
pump field E p ( �  p ) and a Stokes field E s ( �  s ) with a sample gener-
ates an anti-Stokes field E as  at frequency 2 �  p – �  s   [37, 38] . The 
CARS signal is significantly enhanced when  �  p – �  s  is tuned to a 
Raman band, creating the vibrational contrast. The coherent ad-
dition of CARS fields from the vibrational oscillators in the focal 
volume results in a large signal, permitting molecular imaging 
with high speed. The mitochondrial outer membrane is com-
posed of lipids which contain large amounts of ordered CH 2  
groups. The high density of CH 2  groups generates large CARS 
contrast without any labeling when  �  p – �  s  is tuned to CH 2  stretch-
ing band at 2,840 cm –1 . To verify CARS images of mitochondria, 
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we used the potentiometric probe rhodamine 123 (Rh123; Mo-
lecular Probes)  [39]  to label the mitochondria and image them by 
two-photon excitation fluorescence (TPEF). The detailed setup 
and procedures for CARS and TPEF imaging can be found else-
where  [40] . Briefly, the pump and Stokes laser beams were gener-
ated by 2 tightly synchronized (Sync-Lock) Ti:sapphire oscillators 
(Mira 900; Coherent Inc.). The pump and Stokes laser wave-
lengths were approximately 704 and 880 nm, respectively, with a 
pulse width of 2.5 ps. A Pockels’ cell was placed in the laser beams 
to reduce the repetition rate from 78 to 7.8 MHz. The laser beams 
were collinearly combined and directed into a laser scanning con-
focal microscope (FV300/IX70; Olympus America Inc.). A 60 !  
water immersion objective (numerical aperture 1.2) was used to 
focus the excitation beams into the sample. The forward-detected 
CARS signal was collected by an air condenser (numerical aper-
ture 0.55) through a 600/65 nm band-pass filter, while the TPEF 
signal was collected from the backward detection by the same 
water immersion objective through a 520/40 nm band-pass filter. 
Both CARS and TPEF signals were detected with photomultiplier 
tubes.

  All imaging experiments were performed at room tempera-
ture in KCl-based respiration buffer (in m M : 125 KCl, 3 KH 2 PO4, 
0.5 MgCl 2 , 3 succinate, 3 glutamate, 10 HEPES, 0.1% BSA pH 7.4) 
 [34, 35] . Mitochondria were added to this buffer at a final concen-
tration of 1 mg protein/ml immediately before each experiment. 
A small drop (20 ml) of mitochondrial suspension was placed in 
the middle of the coverslip for 5–7 min. The mitochondria were 
perfused slowly with respiration buffer. After 1 min of perfusion, 
mitochondria which had not attached to the coverslip were effec-
tively washed out of the recording chamber. In order to confirm 
the image of mitochondria by CARS we added Rh123 (at a non-
quenching concentration of 200 n M ) to the perfusion buffer 10 
min before the start of the recording, and Rh123 was present in 
the perfusion medium during the rest of the experiment. 

  The mitochondrial volume was estimated in the following 
manner. First, the long and short axes were measured based on 
the images using CARS microscopy (fig. 7). Second, a cylinder 
shape was assumed for the mitochondria and the volume was es-
timated using the following formula:

2 34
2 3 2
b bA a b � �

  where A is the mitochondrial volume, a the long axis and b the 
short axis (fig. 7b, inset).

  As indicated in the formula, a typical mitochondria is consid-
ered to be roughly a cylinder in the middle and 2 half spheres on 
both ends. 

  The short axis (width) of the mitochondrion was measured as 
the full width at half maximum of CARS intensity profile across 
the mitochondrion (fig. 7b, inset). The long axis was measured in 
a similar manner. 

  Measurement of Oxygen Consumption 
 Oxygen consumption of the mitochondria was measured at 

30   °   C in a thermostat-controlled chamber equipped with a Clark-
type electrode (model 203; Instech)  [41, 42] . The experiments 
were performed in respiration buffer  [34, 35] . For calibration of 
the oxygen electrode, the oxygen content of the air-saturated in-
cubation medium was taken to be 217 nmol/ml. Succinate con-
centration was 10 m M , and state 3 respiration initiated by the ad-

dition of 100  �  M  ADP. State 4 respiration followed 5 min after 
ADP was used up. The respiratory rates were calculated as nano-
mole of O 2  per minute per milligram of mitochondrial protein. 
The respiratory control ratio (RCR) was calculated as the ratio of 
the rate of state 3 respiration to the state 4 rate.

  Measurement of Mitochondrial Transmembrane Potential 
 Mitochondrial transmembrane potential  �  � m is estimated by 

the quantitation of Rh123 quenching  [43] . Rh123 (at a quenching 
concentration of 5  �  M ) is concentrated in the mitochondria and 
is quenched at a high  �  � m level  [43] . In contrast, when  �  � m is 
decreased, Rh123 is released, causing dequenching and an aug-
mentation in Rh123 fluorescence. Therefore, in such conditions, 
a higher value of Rh123 is indicative of a low  �  � m level  [43] . Mi-
tochondria (1 mg/ml) were incubated in the isolation buffer with 
5  �  M  Rh123 for 5 min. Quenching of Rh123 fluorescence (excita-
tion 490 nm and emission 535 nm) was measured continuously in 
a fluorometer  [43, 44] .

  The Preparation of PEG Solution 
 Isosmotic (300 mosm) stock solutions were made for PEG at 

various molecular weights: PEG 1,000 (150 m M ); PEG 1,500 (122 
m M ); PEG 2,000 (102 m M ); PEG 3,400 (64 m M ; pH 7.4)  [45] . Such 
PEG stock solutions were then mixed with other isosmotic solu-
tions to make the final PEG solutions which retain constant os-
motic pressure  [45] .

  Chemicals 
 ADP, K + -EDTA, HEPES potassium salt, KH 2 PO 4 , MgCl 2 , suc-

cinate, mannitol, sucrose, BSA and carbonyl cyanide 4-(trifluo-
romethoxy) phenylhydrazone (FCCP) were purchased from Sig-
ma-Aldrich. BCA protein assay kit and Rh123 were purchased 
from either Pierce or Molecular Probes.

  Statistical Analysis 
 Data were presented as means  8  SEM. One-way analysis of 

variance was used for data analysis. Results showing overall sig-
nificance were subject to post hoc Tukey test. p  !  0.05 was con-
sidered statistically significant. 

  Results 

 The Purified Nonsynaptic Brain Mitochondria  
 Following the procedures of purification, the health of 

isolated mitochondria was demonstrated through several 
tests. First, mitochondrial oxygen consumption was mea-
sured using a Clark electrode. The RCR value of unin-
jured isolated mitochondria was 5.26  8  0.18. Further-
more, electron microscopy imaging and the combination 
of 2-photon confocal microscopy and CARS demonstrat-
ed that the purified mitochondria appear morphologi-
cally healthy ( fig. 1 ). Specifically, as shown in the images 
from scanning electron microscopy ( fig. 1 d), both the in-
ner and outer mitochondrial membranes as well as the 
tight cristae were clearly seen in most single mitochon-
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dria with limited sign of mitochondrial deterioration. 
Mitochondria were also imaged by CARS microscopy. At 
the same time, 2-photon fluorescence microscopy was 
also used to observe the labeling of potentiometric probe 
Rh123 applied at a nonquenching concentration (200 n M ) 

 [39] . Rh123 labeling inside the mitochondria is an indica-
tion of healthy inner mitochondrial potential and largely 
coincides with the images of mitochondria revealed by 
CARS ( fig. 1 a–c).

  The Toxicity of PEG on the Normal Isolated 
Mitochondrial Respiration 
 The toxicity of PEG to uninjured mitochondria was 

first evaluated to determine the maximum safe concen-
tration (molecular weight: 2,000). The study was con-
ducted using oxygen consumption rate, a direct measure-
ment of mitochondrial respirational function ( fig. 2 ). 
Various concentrations of PEG (2.5, 5, 12.5, 25 and 50 
m M ) were incubated with uninjured nonsynaptic mito-
chondria. As shown in  figure 2 , PEG at a concentration 
of 50 m M  significantly decreased RCR to 73.15% of the 
control value (p  !  0.05). While 25 and 12.5 m M  did not 
suppress mitochondrial respiration significantly, PEG at 
12.5 m M  was chosen for the remainder of the study.

  Mitochondrial Dysfunction Induced by H 2 O 2 
and/or Ca 2+  and Its Inhibition by PEG:
Assessment of Mitochondrial Oxygen Consumption 
 Nonsynaptic mitochondria were first injured by expo-

sure to H 2 O 2  at a concentration of 440  �  M  for 15 min. 
Mitochondria were then transferred to the respiratory 
buffer in the presence or absence of 12.5 m M  PEG at 30   °   C 
for another 15 min. As shown in  figure 3 a, H 2 O 2  caused 
a decrease in RCR in nonsynaptic mitochondria (p  !  0.05 
when compared to control). Interestingly, the reduction 
of RCR by H 2 O 2  can be significantly reversed by PEG 

5 μm 1 μm 5 μm 5 μm

a b c d

  Fig. 1.  Morphology of isolated mitochondria.  a–c  Nonsynaptic 
mitochondria isolated from guinea pig brain are imaged with 
CARS and TPEF microscopy. Note that most CARS images of
mitochondria (solid arrows in  a ) coincide with the labeling of 
Rh123 (solid arrows in  b  and  c ). Only a few mitochondria imaged 
by CARS are lacking Rh123 (open arrow in  a  and  c ). Inset in

 a  shows 2 high-magnification mitochondria imaged by CARS 
with shapes that resemble those imaged by electron microscopy 
depicted in  d .  d  Isolated mitochondria image with transmission 
electron microscopy. Note the isolated mitochondria are mostly 
rod shaped; the inner membrane is thrown into folds as cristae. 
Scale bar = 1  � m ( d ). 
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  Fig. 2.  RCR in isolated brain mitochondria exposed to various 
concentrations of PEG. Nonsynaptic mitochondria were isolated 
from guinea pig forebrain and incubated in the respiratory buffer 
at 30   °   C for 15 min with various concentrations of PEG (molecular 
weight: 2,000). Each point represents the average of 5 experi-
ments, expressed as percent of controls. Error bars are SEM. PEG 
at 2.5, 5, 12.5 and 25 m M  had no significant detrimental effect on 
RCR compared to control (no PEG). However, PEG at 50 m M  sig-
nificantly inhibited RCR after 15 min of incubation (p  !  0.05).
 *  p  !  0.05 when compared to control. 
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(12.5 m M ;  fig. 3 a). Specifically, PEG incubation resulted 
in a significant increase in RCR from 22% (H 2 O 2  only) to 
41% (H 2 O 2  plus PEG) of control. PEG-mediated mito-
chondrial functional recovery was mainly due to the im-
provement of oxygen consumption in state 3 (from 27.86 
to 45.64 nmol/ml/mg, p  !  0.05) and not in the state 4 
( fig. 3 b, c).

  In addition to H 2 O 2 , we have also shown that exposure 
to elevated Ca 2+  (50  �  M ) inflicted a reduction of RCR of 
the nonsynaptic mitochondria ( fig. 4 ; p  !  0.05 when com-
pared to control). However, PEG treatment resulted in a 
significant increase in the RCR of mitochondria chal-
lenged with 50  �  M  Ca 2+  (from 61.98 to 89.26% of control 
value, p  !  0.05).

  Finally, when nonsynaptic mitochondria were ex-
posed to H 2 O 2  (88  �  M ) and Ca 2+  (25  M ), a further sig-

nificant reduction of RCR was observed compared to 
control ( fig. 5 ; p  !  0.01). Such reduction of RCR is sig-
nificantly more severe compared to the decrease in RCR 
produced by either factor alone (p  !  0.05). In such a con-
dition where both Ca 2+  and H 2 O 2  were present, 12.5 m M  
PEG treatment increased the RCR in mitochondria from 
42.33 to 71.96% of the control ( fig. 5 ; p  !  0.05). Cyclospo-
rine A at 200  �  M  further improved the RCR compared 
to control (p  !  0.01) or in the presence of PEG (p  !  
0.05).

  Effects of PEG on the H 2 O 2 -Induced Changes in 
Mitochondrial Membrane Potential 
 Mitochondrial membrane potential was monitored 

for about 500 s, and Rh123 (at a quenching concentration 
of 5  �  M ) was used to denote the status of mitochondrial 
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  Fig. 3.  Effect of H 2 O 2  on the respiration in isolated mitochondria 
and its reversal by PEG.  a  Effect of PEG on overall RCR in the 
presence of H 2 O 2 . Nonsynaptic mitochondria were isolated from 
guinea pig forebrain and incubated at room temperature for 15 
min in the absence or presence of H 2 O 2  (440  �      M ). Mitochondria 
were then transferred to the respiratory buffer in the presence or 
absence of 12.5 m M  PEG at 30   °   C for 15 min. Values were ex-
pressed as percentage of controls. Error bars are SEM. H 2 O 2  pro-
duced a reduction of RCR. PEG treatment resulted in a significant 
increase in the RCR of mitochondria incubated in 440  �  M  H 2 O 2  
(n = 5, p  !  0.05).  *  p  !  0.05.  b  Effect of PEG on the state 4 respira-

tion of mitochondria in the presence of H 2 O 2 . Each bar represents 
the average O 2  consumption (nmol/min/mg protein) from 5 ani-
mals. Error bars are SEM. Please note that PEG treatment had no 
significant effect on state 4 respiration at 440  �  M  H 2 O 2  (p  1  0.05). 
 c  Effect of PEG on the state 3 respiration of mitochondria in the 
presence of H 2 O 2 . Each bar represents the average O 2  consump-
tion (nmol/min/mg protein) from 5 animals. Error bars are SEM. 
PEG treatment resulted in a significant increase in the state 3 res-
piration of mitochondria in the presence of 440  �  M  H 2 O 2  (p  !  
0.05).  *  p  !  0.05. 
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membrane potential. As shown in  figure 6 , at 100 s from 
the beginning of the observation, 440  �  M  H 2 O 2  was add-
ed to the solution to induce a decrease (or depolarization) 
in mitochondrial membrane potential, denoted by an in-
crease in Rh123 absorbance. At 150 s from the beginning 
of the observation or 50 s following the addition of H 2 O 2  
(point A in  fig. 6 ), either PBS (control) or 12.5 m M  PEG 
(treated group) was applied to the solution bathing in-
jured mitochondria. At approximately 430 s from the be-
ginning or 330 s following H 2 O 2  application (point B of 
 fig. 6 ), data were taken to compare the membrane poten-
tial in the H 2 O 2  or the H 2 O 2  plus PEG group. It is evident 
that the decrease in Rh123 fluorescence (or the recovery 
of mitochondrial membrane potential) was significantly 
greater in the PEG-treated group. Specifically, PEG sig-
nificantly decreased the depolarization to 36% (H 2 O 2  
and PEG treated) compared to 75% (H 2 O 2  alone) at the 
time point of examination (point B in  fig. 6 ; n = 6, p  !  
0.01).

  Effects of PEG on the Morphology of Isolated 
Mitochondria Injured by Ca 2+  Using CARS 
Microscopy 
 The morphology of isolated mitochondria was ob-

served by CARS microscopy. The advantage of such im-
aging is that no exogenous labeling molecules are needed, 
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  Fig. 4.  Effect of PEG on the RCR of isolated brain mitochondria 
exposed to Ca 2+ . Nonsynaptic mitochondria were isolated from 
guinea pig forebrain and preincubated in the respiratory buffer 
with or without 12.5 m                     M  PEG for 15 min at 30     °   C. Ca 2+  (50      �  M ) 
was added immediately before succinate was added. Values were 
expressed as percent of controls. Error bars are SEM. Preincuba-
tion with PEG resulted in a significant increase in the RCR of mi-
tochondria challenged with 50                    �  M  Ca 2+  (n = 5, p      !  0.05).                    *  p  !  
0.05. 
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  Fig. 5.  Effect of PEG on the RCR of mito-
chondria exposed to H   2 O 2  and Ca                         2+ . Non-
synaptic mitochondria were isolated from 
guinea pig forebrain and incubated at 
room temperature for 15 min and then 
transferred to the respiratory buffer in the 
presence or absence of 12.5 m       M  PEG. Ei-
ther H 2 O 2  (88                �  M ) or calcium (25                  �  M ) or 
both H 2 O 2  and calcium was added to the 
solution. Specifically, H 2 O 2  was included 
in the incubation media for 15 min before 
transferring to respiratory buffer. Calcium 
was added immediately before the addi-
tion of succinate. Values were expressed as 
percent of controls. Error bars are SEM. 
Note that 88  �  M  H 2 O 2  and 25  �  M  Ca 2+  sig-
nificantly inhibited the RCR of mitochon-
dria than either H 2 O 2  or Ca 2+  alone (p  !  
0.05). This inhibition was significantly re-
duced when PEG was present (p  !  0.05) or 
in the presence of cyclosporine A (p  !  
0.05). n = 5–8 in all groups.  *  p  !  0.05;
 *  *  p  !  0.01. 
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so the size of the mitochondria can be observed in their 
most native and undisturbed condition. As shown in  fig-
ure 7 a, the typical single thin mitochondria were clearly 
seen in the control group using CARS microscopy. Fol-
lowing incubation in 100  �  M  Ca 2+  for 15 min, mitochon-
drial swelling was evident as the size of the mitochondria 
were significantly increased ( fig. 7 b). However, mito-
chondrial swelling was reduced in the PEG-treated sam-
ples ( fig. 7 c). When the mitochondrial volume was esti-
mated, it became evident that Ca 2+  induced a significant 
increase in mitochondrial volume, and PEG treatment 
almost completely reversed swelling. Specifically, the av-
erage volume of uninjured mitochondria was 0.68  8  0.02 
 � m 3  (n = 226). This value was increased to 1.02  8  0.03 
 � m 3  in the presence of Ca 2+  (n = 143, p  !  0.05 compared 
to control). However, PEG significantly decreased the mi-
tochondrial volume induced by Ca 2+  to 0.73  8  0.02 m 3  
(n = 143, p  !  0.05 when compared to Ca 2+  only, p  1  0.05 
when compared to control;  fig. 7 ).

  PEG-Mediated Mitochondrial Protection Is 
Dependent on the Size of PEG 
 In order to explore whether PEG-mediated mitochon-

drial protection is dependent on the size of PEG mole-
cules, PEG at different molecular weights (1, 1.5, 2 and 3.4 
kDa) were examined for their effect on the alleviation of 
mitochondrial functional deficits inflicted by H 2 O 2 . As 
shown in  figure 8 , 440  �  M  H 2 O 2  reduced mitochondrial 
RCR. However, PEG at 1.5 kDa significantly improved 
the RCR of mitochondria in the presence of H 2 O 2  from 
22.79 to 49.58% of the control (n = 5, p  !  0.05). Similarly, 
but to a lesser degree, PEG at 2 kDa also significantly im-
proved mitochondrial RCR to 41.23% of control (n = 5,
p  !  0.05). In contrast, PEG at either higher or lower mo-
lecular weights (1 and 3.4 kDa) failed to exert a significant 
improvement on the oxygen consumption of mitochon-
dria in the presence of H 2 O 2 . 
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  Fig. 6.  Effect of PEG on the mitochondrial membrane potential in 
the presence of H   2 O 2 .  a  Nonsynaptic mitochondria were isolated 
from guinea pig forebrain. Mitochondrial transmembrane poten-
tial was monitored using Rh123. H 2 O 2  at a concentration of 
0.015% was applied to induce the mitochondrial membrane po-
tential change (depolarization), followed by 12.5 m           M  of PEG or 
PBS. Finally, FCCP (2              �  M ) was employed to collapse the mem-
brane potential. Shown here is a representative trace displaying 
the mitochondrial membrane potential depolarization in the re-
sponse to H 2 O 2 . However, H 2 O 2 -mediated mitochondrial mem-

brane depolarization was significantly attenuated with the addi-
tion of PEG, but not PBS (control). Note the significant reduction 
of Rh123 fluorescence following the addition of PEG, but not the 
addition of PBS (control).        b  Quantification of Rh123 fluorescence 
in various conditions examined at the time points denoted in  a . 
Values are expressed as the percent of control, calculated as base-
line subtracted from FCCP-collapsed membrane potential. Error 
bars are SEM. Note that 12.5 m         M  PEG significantly decreased 
Rh123 fluorescence which was induced by H   2 O 2 . n = 6 in all 
groups.                                                  *  p  !  0.01.       



 Chen   /Quick   /Leung   /Hamann   /Fu   /Cheng   /
Shi   

Pathobiology 2009;76:117–128 124

  Discussion 

 Previous Studies Regarding PEG-Mediated 
Improvement of Mitochondrial Function  
 In our previous studies using both in vivo and ex vivo 

traumatic spinal cord injury, we have shown that PEG 
can both effectively repair plasma membrane, a primary 

injury, and significantly reduce oxidative stress, a sec-
ondary injury  [10, 14–18, 22] . We have also shown that 
PEG is neither a free radical scavenger, nor an effective 
inhibitor of key enzymes that are responsible for O 2  –  
 generation  [10] . Therefore, it was concluded that PEG 
 inhibits O 2  –  and consequently lipid peroxidation mainly 
through the restoration of plasma membrane integrity 
 [10] . 

  Mitochondria are a rich source of free radicals in 
many pathological conditions, including trauma  [24, 25, 
27] . Impairment of mitochondria results in increased 
production of free radicals  [7, 27] . Hence, it has been long 
suspected that PEG may reduce oxidative stress by not 
only repairing plasma membrane, but also directly inter-
acting with mitochondria to reduce overall oxidative 
stress  [17] . There are several lines of evidence to support 
the hypothesis that PEG can directly interact with mito-
chondria and improve their function following mechan-
ical spinal cord injury. First, PEG has been shown to sig-
nificantly improve mitochondrial function in isolated 
spinal cord tissues and in live animals following spinal 
cord injury  [17] . Second, it has been shown that PEG is 
capable of entering mechanically injured cells, likely 
through disrupted membranes, which places PEG in a 
position to directly interact with intracellular organelles 
such as mitochondria  [17] . Furthermore, PEG attenuates 
calcium-induced functional compromise of spinal cord 
synaptosomal mitochondria  [17] . However, these cir-
cumstantial findings are still inconclusive. One of the 
problems is that it is still possible that PEG-mediated 
improvement of mitochondria is due entirely to the in-
direct result of repairing the injured membrane. There-
fore, the ability of PEG to directly improve purified mi-
tochondria in a cell-free system, coupled with critical 
functional examination must be demonstrated to rigor-
ously test the possibility of direct protection of mito-
chondria by PEG. 

  The Direct Protection of Mitochondria by PEG:
The Dual Action of PEG in Neuronal Protection 
 Compared to previous studies regarding direct PEG-

mediated mitochondria protection, the current study 
combined 2 new critical methodologies: preparation of 
isolated nonsynaptosomal mitochondria and the oxygen 
consumption test. In such experimental conditions, PEG 
was in direct contact with mitochondria without the in-
termediate structure of plasma membrane or synapto-
somal membrane. We have found that PEG at a nontox-
ic concentration of 12.5 m M  can significantly preserve 
the mitochondrial oxygen consumption rate in the events 
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  Fig. 7.  Effect of PEG on the morphology of isolated mitochondria 
induced by Ca 2+  using CARS. Nonsynaptic mitochondria were 
isolated from guinea pig forebrain and incubated at room tem-
perature in the respiratory buffer for 15 min in control (no Ca 2+ , 
no PEG;      a ), in the presence of 100          �      M  Ca       2+  (                       b ) or in the presence 
of 100          �  M  Ca 2+  and 12.5 m                 M  PEG ( c ). Please note that elevated 
calcium induced a significant swelling of mitochondria, and PEG 
significantly inhibited the Ca                     2+ -induced mitochondrial swelling. 
 d  Quantification of the volume of mitochondria in 3 different 
conditions. The solid arrows indicate the mitochondria in control 
(uninjured), the open arrows denote the mitochondria exposed to 
100  �  M  calcium (injured) and the hatched arrows indicate the 
mitochondria exposed to 100  �  M  calcium and 12.5 m M  PEG (in-
jured and treated). Note the significant increase in mitochondrial 
volume in the Ca     2+ -treated group and the reduction of mitochon-
drial volume as a result of PEG application.        *  p  !  0.05. Also, note 
the diagrammatic description of the procedures of estimating the 
volume of mitochondria in  b  (lower inset). The short axis (width) 
of mitochondrion was measured as the full width at half maxi-
mum (FWHM) of CARS intensity profile across mitochondrion 
( b , upper inset). The long axis was measured in a similar man-
ner.       
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of injury caused by high calcium and H 2 O 2 . These find-
ings strongly suggest that PEG does possess the ability to 
directly interact with mitochondria and offer protection 
in the event of injury. In addition to critical functional 
tests, we have also obtained direct morphological evi-
dence of significant improvement of mitochondria upon 
PEG exposure. Specifically, we have found that PEG can 
effectively reduce swelling of injured mitochondria 
through direct imaging by CARS microscopy. Using 
CARS, we were able for the first time to observe live mi-
tochondrial images without any fluorescent dye. Based 
on our knowledge, this is the first time for the volume of 
live mitochondria to be estimated without any labeling. 
Recently, we have shown that PEG, at a concentration 
that is similar to that used in the current study (10 m M ), 
can reduce the release of cytochrome  c , a proapoptotic 
cell death factor from isolated mitochondria, which fur-
ther indicates a direct protection of mitochondria by 
PEG  [46] .

  In summary, based on these critical functional and 
structural analyses, we have now concluded that PEG is 
indeed capable of directly interacting with mitochondria 
to preserve structure and restore function in the event of 
injury. Based on this finding, coupled with evidence that 
PEG enters the cytosol following mechanical trauma, we 
postulate that there are likely at least 2 avenues of PEG-
mediated cytoprotection in mechanically injured spinal 
cord: repair of plasma membrane and protection of mi-

tochondria. Consequently, both plasma membrane re-
pair and mitochondrial protection work synergistically 
to curtail oxidative stress, a hallmark of secondary injury, 
and enhance overall recovery. 

  The Mechanisms of Direct Mitochondrial Protection: 
Physical Inhibition of MPTP? 
 Despite the strong evidence that PEG can directly re-

pair damaged mitochondria, the mechanism of such ac-
tion is not clear. However, we have obtained some pre-
liminary evidence suggesting that such protection may in 
part be due to physical characters of PEG. Specifically, we 
have found that the PEG-mediated mitochondrial pro-
tection is dependent on the size of PEG molecules. While 
PEG at 1.5 and 2.0 kDa are effective in protecting mito-
chondria under the stress of high calcium and high H 2 O 2 , 
PEG molecules that are either smaller (1.0 kDa) or larger 
(3.5 kDa) failed to do so.

  It has been reported that formation of the mitochon-
drial permeability transitional pore (MPTP) is a critical 
pathological phenomenon in injured mitochondria  [47, 
48] . Blocking the MPTP restores function and suppresses 
oxidative stress  [49–51] . Therefore, we postulate that PEG 
may protect mitochondria by physically blocking the 
MPTP. Indeed, the dependency of molecular weights of 
PEG-mediated mitochondrial protection is consistent 
with the notion of a physical blockage of MPTP by PEG. 
Furthermore, the size exclusion properties of the MPTP 
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  Fig. 8.  PEG-mediated amelioration of the 
mitochondrial respiratory functional re-
duction due to H     2 O 2  is dependent on the 
molecular weight of PEG. Nonsynaptic 
mitochondria were isolated from guinea 
pig forebrain and incubated in respiratory 
buffer at 30               °   C for 15 min in the presence 
of 440                �  M  H 2 O 2 . Mitochondria were then 
transferred to the respiratory buffer in the 
presence or absence of PEG with different 
molecular weights. Values were expressed 
as percentage of controls. Error bars are 
SEM. Note the biphasic effects of PEG
in improving mitochondrial respiratory 
function. Specifically, incubation with 
PEG at 1.5 and 2 kDa can significantly in-
hibit the reduction of RCR induced by 
H 2 O 2  (n = 5, p  !  0.05). However, PEG at
1 and 3.4 kDa did not significantly inhibit 
H         2 O 2 -induced reduction of RCR (p              1  0.05). 
                                                             *  p  !  0.05.           
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have been reported before using both PEG and mitochon-
dria from liver and heart  [45, 52, 53] . Consistent with the 
hypothesis that PEG blocks MPTP, we have recently dem-
onstrated that PEG reduces the release of cytochrome  c , 
a factor that can be released from mitochondria through 
MPTP  [46] .

  One interesting phenomenon regarding these studies 
is that the ranges of sizes of PEG that can effectively block 
MPTP is not in agreement among the aforementioned 
studies. While some of them are consistent with ours re-
garding the effective molecular weights of PEG in block-
ing MPTP  [52] , others are not  [53] . One possible explana-
tion for this discrepancy is that the sizes of MPTP may 
vary depending on the agent that induces its formation 
and the sources of the mitochondria, as suggested by 
Pfeiffer et al.  [45] . For example, we used H 2 O 2  to induce 
the formation of MPTP of the mitochondria isolated 
from guinea pig brain, while others used a different meth-
od, such as peptides and calcium, to induce MPTP from 
the mitochondria isolated from liver or heart  [45, 52, 
53] .

  Based on our findings, we postulate that the blockage 
of MPTP by PEG at 1.5 kDa, and to a lesser degree the 
PEG at 2.0 kDa, represents a relatively tight fit of PEG 
molecules with the MPTP, or a ‘snug’ plug of PEG to the 
MPTP. We also reason that PEG at 1.0 kDa was unable to 
block MPTP because these molecules are smaller than 
the opening of MPTP. Therefore, they will enter mito-
chondria through the MPTP without being ‘stuck’, and 
consequently will not block the MPTP. The reason why 
the 3.4-kDa PEG cannot block MPTP is probably due to 
the fact that it is significantly larger than MPTP. There-
fore, it cannot effectively match the opening of the MPTP 
and consequently failed to block MPTP. However, fur-
ther morphological evidence is needed to confirm such 
hypothesis. 

  The fact that PEG-mediated mitochondrial protection 
is only possible within a certain molecular range is inter-
esting, considering PEG at a wide molecular range (0.4–
3.5 kDa) has been shown to be effective in repairing plas-
ma membranes and enhance functional recovery  [14, 15, 
18] . This discrepancy itself is probably an indication that 
the mechanisms of these 2 types of PEG action, PEG-me-
diated plasma membrane repair and direct mitochondri-
al protection, are different. Specifically, the proposed key 
factor of PEG-mediated plasma membrane repair is its 
hydrophilic nature  [14, 15, 18] . Although not well estab-
lished, it is commonly believed that PEG attracts the wa-
ter positioned within the membrane breaches and en-
courages the lipid bilayer to fuse together and conse-

quently eliminate the gap and seal the membrane 
disruption. It is interesting to point out that while the 
overall size changed significantly from 0.4 to 3.5 kDa, 
PEG retains strong hydrophilic nature in this molecular 
range  [54] , which is consistent with the finding that PEG 
retains its ability to seal plasma membrane. In contrast, 
we propose that the critical factor in PEG-mediated di-
rect mitochondrial protection is molecular weight, which 
determines its size and thus the ability to physically block 
the MPTP.

  For PEG to effectively repair mitochondrial damage, 
it needs to reach a certain intracellular concentration. For 
example, for 1.5-kDa PEG, we found a concentration of 
12.5 m M  to be effective in inhibiting mitochondrial swell-
ing in vitro (current study). Since this is only 1.9% of the 
concentration of PEG (about 667 m M ) applied to spinal 
cord in vivo  [18] , we believe that this concentration is 
achievable in vivo. Further experiments will be needed to 
determine if PEG could reach an effective concentration 
when administered in vivo, and then it does not reach a 
toxic concentration of 50 m M . 

  The Advantages of PEG as a Neuroprotectant for 
Trauma and Other Neuronal Disorders 
 In the past few years, PEG has been shown not only to 

effectively repair damaged neuronal plasma membranes 
in spinal cord injury, but also similar deficits in traumat-
ic brain injuries  [10, 14, 16, 18, 55] . Based on the current 
study, PEG is also capable of directly alleviating func-
tional and anatomical deficits in mitochondria and im-
proving overall neurological function. Since mitochon-
drial injury has recently emerged as a key factor in many 
degenerative diseases, including Parkinson’s and Alz-
heimer’s diseases  [33, 56–58] , it is possible that the PEG 
may also be effective at treating such diseases. The dual 
action of PEG and its relatively low toxicity make this a 
very attractive potential treatment for acute as well as 
chronic neurodegenerative diseases. 
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