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ABSTRACT 

The objective of our study was to investigate 
whether the chronic administration of a low 
dose of nicotine can be followed by a withdrawal 
syndrome at cessation of nicotine delivery. Pre-
vious studies showed various results, depend-
ing in the doses of nicotine, species, ways of 
administration and behavioural paradigms, but 
all emphasized a withdrawal effect on some or 
all of the following spontaneous behaviours: 
grooming, rearing, body shake or tremor, body 
scratching, abdominal constriction, jumping. 
However, it is not clear which behaviour is ex-
actly altered, as a global behavioural index is 
most frequently used. This is not clear either if 
anxiety modulates the behavioral expression of 
withdrawal or which factors contribute to its 
locomotors effect, if any. To distant-angle these 
processes, we scored each of these behaviours 
individually before nicotine exposure, during 
continuous nicotine delivery and at cessation of 
nicotine delivery after precipitated withdrawal 
by mecamylamine injection. We also measured 
locomotor activity and anxiety levels in the 
same animals. We used a low dose of nicotine 
(2.4 mg/kg/day as free base) that has been pre-
viously shown to produce nicotinic receptors 
up-regulation, both in the brain and in blood 
cells. With such a low dose, nicotine withdrawal 
didn’t affect locomotion nor anxiety levels but 
increased the number of rearing, jumping, and 
marginally, body-scratching. Other behaviours, 
classically considered to contribute to with-
drawal syndrome, were unaffected, e.g., groom- 
ing, body or forelimb shakes. Our results show 
that anxiety may be dissociated from the be-
havioural withdrawal syndrome. Also, the se-
verity of the syndrome produced by nicotine 
withdrawal is qualitatively and quantitatively 
different from the one induced by other drugs of 

abuse and also by the one produced by nicotine 
at higher doses. 

Keywords: Withdrawal; Anxiety; Locomotor Activity; 
Nicotinic Receptors 

1. INTRODUCTION 

Nicotine is known to be an addictive substance in hu-
mans as well as in other mammals [1-3]. As such, be-
havioral studies in animal models show that nicotine 
induces a withdrawal syndrome [4,5], associated with 
the increased exhibition of multiple heterogeneous be-
haviors, many of which being shared by other drugs of 
abuse [2,6]. These findings, however, are confounded by 
two major factors: 1) in most cases, nicotine withdrawal 
is not associated with the same severity of symptoms as 
other drugs of abuse [6]; 2) global scores alone are not 
highly informative as they may reflect the grouping of 
different processes and different origins. Indeed, with-
drawal signs are constituted of exaggerated levels of 
behaviours that are part of the normal behavioural rep-
ertoire of the animal, and as any behaviour, they may be 
influenced by multiple parameters such as genetic strain, 
individual and group level of stress, experimenter ma-
nipulation, lightning level or noise.  

Authors of previous studies targeted several behav-
iours that are affected by nicotine as well as by other 
addictive drugs, i.e., rearing, abdominal constriction, 
grooming, scratching, chewing, cage scratching, and head 
nodding and jumping [7-10], and established a global 
abstinence score. In order to match with what others 
previously established, we scored the same behaviours 
but individually. Further, we scored the frequency of 
these behaviours in the same animals, before, during and 
after nicotine administration, in order to question whether 
their frequency varies within and between individuals 
and/or represents robust indicators of withdrawal. We 
therefore expected to provide evidence regarding which 
of these behaviours are specifically affected by nicotine 
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withdrawal. We chose to administer continuously a low 
dose of nicotine (2.4 mg/kg/day, as free-base), via os-
motic mini-pumps, as it was previously shown that it is 
sufficient to produce nicotinic receptor up-regulation in 
the mouse [11] and to induce withdrawal syndrome in the 
rat [12]. In accordance with previous studies [7,8,10,12,13], 
we then used 1 mg/kg of mecamylamine to precipitate 
homogeneously the withdrawal the last day of mini-pump 
theoretical depletion.  

Withdrawal from chronic use of nicotine also results in 
increased anxiety [14,15], and reduced locomotor activity 
[8,12,16-20], although these last processes were altered 
either after higher doses of nicotine than the one we chose, 
or in rats instead of mice. We have therefore tested the 
effects of nicotine withdrawal, after the low dose admin-
istered, on locomotor activity and anxiety behaviours of 
the mouse.  

Experiments have been carried out following the 
guidelines of the European Communities Council 
(86/609/EEC). Twenty-two C57BL6/J male mice (3 to 5 
months) supplied by Charles River Laboratories (France) 
were housed individually upon arrival under a 12h 
light-dark cycle in rooms at a controlled temperature 
(21°C). All experiments were carried out during the light 
phase, from 10 am to 6 pm. They were handled during 
approximately ten days before the beginning of the tests. 
They were slightly food deprived one week before the 
start of the experiments with their weight adjusted at 90% 
of their normal body weight, as the same animals were 
subsequently used in a learning experiment, in order to 
minimize the use of animals. However, in order to reduce 
anxiety potentially induced by food deprivation, animals 
were fed before the experiments. 

After handling, mice were habituated 15 minutes/day 
for three days to the environment (a large 50 cm X 30 cm 
transparent box, containing clean bedding) in which the 
behaviours were scored. Two experimenters, blind to the 
drug condition of the animals, scored the behaviours on 
line. Before mini-pump implantation, we first established 
the baseline level of each of the following behaviours: 
rearing, grooming, body shakes, body tremor and ab-
dominal constriction, jumping, scratching, forelimb 
shake, chewing and head shakes. After the baseline 
measurement, mini-pumps were implanted subcutane-
ously under general anesthesia (a combination of xy-
lazine, 2.5%, and ketamine, 15% in 82.5% of PBS). 
Mini-pumps (Alzet) were filled with either nicotine (2.4 
mg/kg/day free base) or saline delivered at a constant rate 
(0.25 l/hour) for 28 days. In order to measure the effect 
of chronic nicotine administration, we scored the same 
behaviours a second time two weeks after mini-pump 
implantation. At the last day of mini-pump delivery, i.e., 
the 28th day, mecamylamine was injected 15-20 minutes 
before the beginning of the withdrawal test at a dose of 1 
mg/kg, IP. The same behaviours were then scored sub-
sequently to evaluate the effects of nicotine withdrawal. 

Locomotor activity was measured for 30 minutes in an 
empty large open field (1m in diameter) made of white 
plastic. It was situated in a room containing distal visual 
cues with light level set between 80 and 100 Lux and was 
placed under a camera connected to a video-track system 
that allows the discrimination of navigatory -speed > 
11.8cm/sec- and exploratory movements -speed < 
6.8cm/sec- [17]. It has been shown that rodents sponta-
neously avoid the center of a large open area which is more 
brightly illuminated than the periphery [21]. We therefore 
used the number of visits and time spent in the center as an 
index of anxiety during free exploratory activity. The 
baseline level of anxiety is altered by novelty [22]. There-
fore, in order to avoid the alteration of the anxiety level 
generated by the first visit of a new environment, we 
conducted exploratory experiments in distinct groups of 
mice under the chronic administration of nicotine or saline 
and during withdrawal of nicotine or saline.  

Each behavior was analyzed using repeated measures 
analysis of variance (ANOVAs) with “Drug condition” as 
the main within-subject factor, with 3 levels (before im-
plantation, under chronic treatment and withdrawal), and 
“treatment” (with 2 levels, saline and nicotine) as the 
main between-subjects factors. Upon significant main 
effect (i.e., for p<0.05), data was further analyzed with 
paired t-tests. 

Statistical analysis revealed a significant effect of the 
main within-subject factor, drug condition, for rearing 
(F(2,40)=15.38, p<0.0001), jumping (F(2,40)=3.98, p<0.026), 
body-scratching (F(2,40)=5.05, p=0.01), grooming (F(2,40)= 
3.23, p=0.05) and forelimb shakes (F(2,40)=12.23, p< 
0.0001), suggesting that, individually, each of these pa-
rameters were altered either by the treatment and/or the 
repetition of the test. We also observed a significant in-
teraction drug condition X treatment for rearing (F(2,40) 

=3.96, p=0.027), suggesting that nicotine and saline 
treatment produced a different effect on rearing. By con-
trast, no significant effect of drug condition and no in-
teraction drug condition x treatment were observed for 
abdominal constriction (respectively, F<1 and F(2,40)=1.61, 
NS) suggesting that this variable was not altered by the 
drug condition and, therefore, may not contribute sig-
nificantly to the withdrawal syndrome. 

When measured under chronic treatment, rearing 
(t=-0.86, p=0.4, df=20) and jumping (t=0.34, p=0.74, 
df=20) levels were similar in animals receiving saline and 
those receiving nicotine, making both variables unaf-
fected by the chronic administration of nicotine, as illus-
trated in Figure 1. Grooming was the only behaviour that 
showed a significant main effect of group (F(1,20)=7.44, 
p=0.013) and a significant main effect of drug condition 
(F(2,40)=3.23, p=0.05) with no significant interaction (F<1, 
NS), suggesting that the drug condition was identical for 
the group receiving saline and the one receiving nicotine. 
It further suggests that the group effect (i.e. nicotine effect) 
was not dependent of the drug condition, i.e., both groups 
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Figure 1. Quantification of spontaneous behaviours affected by chronic administration of nicotine and nicotine with-
drawal precipitated by injection of mecamylamine. Rearing, jumping, scratching, grooming and forelimb shakes were 
scored before mini-pump implantation (baseline), under chronic nicotine (white) or saline (black) treatment, and the last 
day of mini-pump delivery, 20 min after mecamylamine injection (withdrawal). * indicates a significant difference be-
tween animals under saline and those under nicotine. 

 
may show different levels of grooming before mini-pump 
implantation. Post-hoc tests confirmed that the level of 
grooming was marginally different between the saline and 
the nicotine groups at baseline condition (t=-1.95, 
p=0.065, df=20) and was significantly different under 
chronic treatment (t=-2.38, p=0.027, df=20). These results 
suggest that nicotine had no effect by itself on grooming 
but that both groups, analysed by experimenters blind to 
the drug condition of the animals, were different regard-
ing this parameter from the beginning of the experiment. 

Body-scratching was marginally affected by the chronic 
drug treatment (t=-2.05, p=0.054, df=20). As illustrated in 
Figure 1, and confirmed by paired t-tests, animals re-
ceiving saline showed significantly less body- scratching 
levels when tested on baseline than when tested under 
mini-pumps (p=0.026) whereas animals receiving nico-
tine did not show different level of body- scratching be-
tween the two testing conditions (p=1.0). This suggests 
that the repetition of the test affected only animals that 
were not under nicotine treatment.  

Forelimb shakes were unaffected by nicotine admini-
stration as the number of paw tremor recorded was not 

significantly different between animals receiving saline 
and those receiving nicotine under chronic treatment 
(t=0.17, p=0.87, df=20). 

Post-hoc tests confirmed that the levels of rearing 
(t=-7.03, p<0.0001, df=10), jumping (t=-2.33, p=0.042, 
df=10), body-scratching (t=-2.14, p=0.058, df=10) and 
forelimb shakes (t=-2.58, p=0.027, df=10) were signifi-
cantly different under nicotine administration and during 
withdrawal. The levels of rearing, jumping and body 
scratching didn’t change from chronic treatment to with-
drawal condition in saline animals (respectively: t=0.4, 
p=0.7, NS; t=0.25, p=0.81, NS and t=-0.99, p=0.35, NS), 
suggesting that these behaviours were altered specifically 
by nicotine withdrawal, as illustrated in Figure 1 Fore-
limb shakes were significantly altered in mice under 
chronic administration of saline (paired t-test conducted 
for chronic condition versus withdrawal condition, t=-2.7, 
p=0.022, df=10), suggesting that this behaviour was 
affected by mecamylamine administration but not by 
nicotine withdrawal. Post-hoc tests showed that nicotine 
withdrawal did not affect grooming (t=-1.43, p=0.18, 
df=10).  
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Figure 2. Exploratory and navigatory activity recorded in the circular open field for 30min during chronic treatment 
(A) and during withdrawal (B). No significant difference was found between animals under saline (black) and those 
under nicotine (white). 

 
Navigation and exploration were not affected by the 

chronic administration of nicotine, as illustrated in Fig-
ure 2A ANOVAs confirmed that there was no treatment 
effect on navigation nor on exploration (both Fs<1, NS). 
For both types of behaviour, there was a significant effect 
of habituation (for navigation: F(5,85)=44.6, p<0.0001; for 
exploration: F(5,85)=31.85, p<0.0001) and no significant 
interaction treatment X habituation (both Fs<1, NS) 
suggesting that subjects receiving saline as well as those 
receiving nicotine showed normal habituation. 

Navigation and exploration (Figure 2) were not statis-
tically different after withdrawal in saline and in nicotine 
animals, as there was no treatment effect neither for 
navigation (F(1,12)=1.05, NS) nor for exploration (F<1, 
NS). Within 30 minutes, there was a significant habitua-
tion for both navigation (F(5,60)=57.96, p<0.0001) and 
exploration (F(5,60)=25.02, p<0.0001) but no significant 
interaction treatment X habituation for either navigation 
(F(5,60)=1.1, p=0.37, NS) or exploration (F<1, NS). These 
results showed that the levels of exploratory and navi-
gatory activity as well as habituation were not affected by 
nicotine withdrawal. 

The chronic administration of nicotine didn’t affect the 
number of entries in the centre (data not shown, ANOVAs 
for drug effect: F(1,17)=2.45, NS) but produced a trend to 

reduce the time spent in the centre of the arena (Figure 
3A, ANOVAs for drug effect: F(1,17)=4.33, p=0.053), 
suggesting that, in an unfamiliar environment, chronic 
nicotine administration tends to increase anxiety level. 

The total number of entries in the centre (data not 
shown) and the time spent in the centre of the open field 
in 30 minutes (Figure 3B) were not different after with-
drawal between saline and nicotine animals, as confirmed 
by ANOVAs (no drug effect for number of entries: F<1, 
NS; no drug effect for time in the centre: F<1, NS). These 
results showed that the level of anxiety was not affected 
by nicotine withdrawal in an unfamiliar environment. 

Our present results demonstrate that only rearing, 
jumping and body-scratching reflect specifically nicotine 
withdrawal syndrome in mice, when nicotine dependence 
is produced by the continuous administration of a low 
dose i.e., 2.4mg/kg/day. This dose has been shown to 
induce a significant up-regulation of nicotinic receptors 
both in the blood and in the brain [11]. We find that in 
these conditions nicotine withdrawal affects neither 
anxiety nor locomotion. Previous studies have used sig-
nificantly higher doses, i.e., up to ten times higher, that 
induced withdrawal signs of different nature than the one 
we observed in the present study but that also increased 
anxiety level [9,14,15]. Interestingly, when using a dose 
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Figure 3. Time spent in the centre of the brightly illuminated open field over one single 30-minute session during chronic 
treatment (A) and during nicotine withdrawal (B). Under chronic nicotine, mice tended to decrease the time spent in the 
centre of the open field, as compared to animals receiving saline (A). No significant difference was found between ani-
mals receiving saline (black) and those receiving nicotine (white) during withdrawal (B). 

 
in a range similar to our, but excluding rearing and 
jumping from their scores, Damaj and collaborators [14] 
did not find any withdrawal signs or anxiety alteration. 
Therefore, in agreement with previous studies using a 
large range of nicotine doses, our present results provide 
evidence that a low dose of nicotine given continuously 
also induces an increase in the frequency of some specific 
behaviour. Using a low dose of nicotine, we were able to 
show dissociation between anxiety and other behavioural 
processes that may influence the general withdrawal 
syndrome. This dissociation suggests that withdrawal 
signs may not be exclusively due to an increase in anxiety 
levels after nicotine abstinence. It must be noticed that 
our animals were under a slight food deprivation schedule 

and, although they were fed before behavioural recording, 
we cannot exclude that chronic food deprivation has 
modified the effects of nicotine withdrawal. We con-
ducted experiments (unpublished results) showing that a 
slight chronic food deprivation doesn’t alter by itself 
navigatory and exploratory processes. These experiments 
do not provide evidence that food deprivation does not 
interfere with the nicotine exposure, for example by in-
creasing anxiety levels. Such data are not yet available, to 
our knowledge. 

Rearing behaviours have been shown to be sensitive to 
manipulations of the dopaminergic system [23]. Hilde- 
brand and collaborators [13] also showed in nicotine- 
dependent rats that intra-Ventral Tegmental Area injec-
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tion of mecamylamine induced a rearing frequency modi- 
fication with a dose of nicotine similar to our dose range. 
Therefore, it is possible that chronic nicotine administra-
tion followed by precipitated withdrawal created a deficit 
in cholinergic transmission which, in turn, reduced do-
pamine (DA) release, leading to an increased level of 
rearing. Microdialysis studies indeed showed that in 
nicotine-dependent rats, precipitated withdrawal leads to 
a decrease in DA release in the nucleus accumbency and 
in the prefrontal cortex [24,25]. Considering the role of 
the DA system in addiction [1], it is therefore not sur-
prising that behaviours that are influenced by its modu-
lation are particularly affected during withdrawal. Fore-
limb shakes are generally considered as a behavioural 
manifestation associated with drug withdrawal [8,26]. 
Our results showed that their frequency was affected by 
mecamylamine administration but not by nicotine with-
drawal, as it was observable also in mice that were ad-
ministered saline chronically. Previous studies [14,27] 
showed that this measure as well as some other signs are 
affected by hexamethonium or chlorisondamine, nico-
tinic antagonists which penetrate poorly the blood-brain 
barrier. Therefore, our data, along with previous ones [19] 
suggests that forelimb shakes are from peripheral origin 
and cannot be considered as a centrally-mediated with-
drawal sign. We further show here that some of the be-
haviours usually recorded as part of a withdrawal syn-
drome, i.e., grooming, may be affected by the repetition 
of testing, but not by the nicotine treatment or withdrawal. 
It is furthermore noticeable that a baseline difference 
between groups (Figure 1), uncorrected as the experi-
menters were blind to the animals’ treatment, remains 
observable for weeks, despite the habituation of the 
animals. This suggests that grooming is a behaviour that 
varies strongly between individuals, reinforcing the in-
terest of longitudinal studies that allow baseline meas-
urements. We also showed that body scratching was af-
fected by nicotine administration and, only in animals 
that received nicotine, by withdrawal. Although this ef-
fect is statistically evidenced, it must be noticed that in 
absolute numbers, it is not highly represented in our data 
and should therefore be confirmed, despite the fact that it 
is classically associated with drug withdrawal [8,10,20,27]. 
Together with grooming data, scratching data emphasized 
the necessity to give baseline levels of such spontaneous 
behaviours when scoring drug effects.  

In the open field, our data showed that mice under 
chronic administration of nicotine tend to spend less time 
in the centre of the arena, suggesting that, in an unfamiliar 
environment, chronic nicotine administration tends to 
increase anxiety. Our results also show that nicotine 
withdrawal, at a low dose, had no effect on anxiety when 
the anxiogenic environment was not familiar. This result 
is compatible with the one of other authors who compared 
the withdrawal effect after different doses of nicotine on 
anxiety [14]. 

Locomotor activity was affected neither by chronic 
nicotine exposure, nor by withdrawal. It is noticeable that, 
in rats, a similar dose of nicotine induced a temporary 
decrease of locomotor activity that was observable be-
tween 16 to 24 hours after mini-pump removal [6,12], but 
not in mice after pharmacological precipitation [28]. It is 
not possible to conclude firmly from experimental data 
obtained in different species (rats versus mice) and with 
two different procedures (mini-pump removal versus 
precipitation). Indeed, it is known that the sensitivity to 
nicotine is different in rats and mice [29]. Also, it is pos-
sible that mini-pump removal, that allows enough time 
for producing alteration in striatal DA concentration [12], 
produces a higher impact on locomotor activity than 
pharmacological precipitation, via DA mechanisms. 

In conclusion, our present results support the idea that a 
continuous administration of low dose of nicotine, fol-
lowed by pharmacological precipitation of withdrawal, is 
sufficient to produce a withdrawal syndrome in the mouse 
represented by increased levels of rearing and jumping. 
With such a low dose, nicotine withdrawal didn’t affect 
locomotion nor anxiety levels. Other behaviours, con-
tributing to nicotine withdrawal after higher doses of 
nicotine, were unaffected. Therefore, in spite of the fact 
that anxiety may produce some of the behaviours associ-
ated with nicotine withdrawal, other behaviours, unre-
lated with anxiety can also be affected. These results can 
be discussed in terms of a relatively dissociable role of 
nicotinic receptors in the reward versus somatic de-
pendence systems. 

The future determination of whether these behaviours 
rely on specific neurotransmitter systems or brain struc-
tures is expected to complement the current therapeutical 
proposal of the withdrawal syndrome [30, for review]. 
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ABSTRACT 

It is known that activated N-methyl-D-aspartate 
receptors (NMDARs) are a major route of ex-
cessive calcium ion (Ca2+) entry in central neu-
rons, which may activate degradative processes 
and thereby cause cell death. Therefore, NMD- 
ARs are now recognized to play a key role in the 
development of many diseases associated with 
injuries to the central nervous system (CNS). 
However, it remains a mystery how NMDAR ac-
tivity is recruited in the cellular processes 
leading to excitotoxicity and how NMDAR activ-
ity can be controlled at a physiological level. 
The sodium ion (Na+) is the major cation in ex-
tracellular space. With its entry into the cell, Na+ 
can act as a critical intracellular second mes-
senger that regulates many cellular functions. 
Recent data have shown that intracellular Na+ 
can be an important signaling factor underlying 
the up-regulation of NMDARs. While Ca2+ influx 
during the activation of NMDARs down-regu-
lates NMDAR activity, Na+ influx provides an 
essential positive feedback mechanism to over- 
come Ca2+-induced inhibition and thereby po-
tentiate both NMDAR activity and inward Ca2+ 
flow. Extensive investigations have been con-
ducted to clarify mechanisms underlying Ca2+- 
mediated signaling. This review focuses on the 
roles of Na+ in the regulation of Ca2+-mediated 
NMDAR signaling and toxicity. 

Keywords: NMDA Receptors; Sodium and Calcium 
Influx; Sodium and Calcium Signaling; Excitability; 
Toxicity 

1. INTRODUCTION 
 

Cytoplasmic Ca2+ is the most common signaling factor in 
all types of cells. Normal intracellular Ca2+ concentration 
([Ca2+]i) is approximately 40,000-fold lower than ex-
tracellular [Ca2+], which ranges from 1 to 2 mM [1,2]. 

Ca2+ ions enter neurons via various pathways including 
voltage-gated Ca2+ channels, ligand-gated Ca2+ channels 
and the Ca2+ exchangers [2,3]. It is known that activated 
NMDAR channels are a major route of excessive Ca2+ 
entry in neurons [4-10]. While excessive intracellular 
Ca2+ may activate degradative processes and thereby 
cause toxic effects [2,10-12], NMDAR channel activity 
may be inhibited by intracellular Ca2+ through: 1) - 
actinin/cytoskeleton dissociation from the NR1 subunit of 
NMDARs [13]; 2) calmodulin activation [13-16], and 3) 
activation of phosphatases, such as calcineurin which 
dephosphorylates NMDARs [17-19]. The Ca2+-induced 
down- regulation of NMDARs is considered an important 
negative feedback mechanism to control NMDAR activ-
ity [20-23]. Based on these findings we questioned: How 
do excessive amounts of Ca2+ get into neurons through 
NMDARs if NMDARs are inhibited by Ca2+ influx? 

Na+ is the major cation in the extracellular space, and it 
can enter cells through a variety of routes including 
permeation through ligand- (e.g., glutamate) and voltage- 
gated cation channels, uptake via membrane exchangers 
and gradient-driven co-transporters [24]. NMDAR chan-
nels are highly permeable to both Na+ and Ca2+. Short 
burst or tetanic stimulation of afferents that induces 
synaptic LTP increases [Na+] up to 40 or 100 mM in 
spines and adjacent dendrites [25,26]. These increases 
can essentially be prevented by the blockade of NMDARs, 
indicating that they are mainly mediated by Na+ entry 
through NMDARs [25,26]. 

Our initial studies demonstrated that intracellular Na+ 
is an up-regulator of NMDARs, such that raising [Na+]i or 
activating Na+ permeable channels may increase NMD- 
AR-mediated currents [27-29]. We then identified that in 
hippocampal neurons an increase of 5 ± 1 mM in [Na+]i 
represents a threshold required to mask the down- regu-
lation of NMDARs induced by Ca2+ influx. Further in-
creases in Na+ influx not only significantly enhance Ca2+ 
influx induced by the activation of NMDARs, but also 
overcome the Ca2+- dependent inhibition of NMDARs 
[27,30]. This review focuses on the roles of Na+ in the 
development of tissue injury and in the regulation of 
Ca2+-mediated NMDAR signaling and toxicity. 
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2. Na+
 IN THE PROCESS OF  

TISSUE INJURY 

A significant increase in [Na+]i is a characteristic event 
associated with tissue injury [31-37]. Application of 
voltage-gated Na+ channel blockers reduce both Na+ 
entry and apoptotic neuronal death [32] whereas in-
creases of Na+ entry by application of the voltage-gated 
Na+ channel activator, veratridine, induce neuronal apop- 
tosis and caspase-3 activation [32,33]. There is a report 
showing that during anoxia Na+ entry can occur through 
either Gd3+-sensitive channels or via Na+/K+/2Cl- co- 
transporters in cultured hippocampal neurons [38], im-
plying that multiple pathways for Na+ entry may be ac-
tivated during tissue injury. 

It is known that Na+ influx into the cell is accompanied 
by chloride ions (Cl-) and water, which can lead to acute 
neuronal swelling and damage [4,39]. Previous studies 
have shown that Na+ entry may cause an increase in cy-
tosolic Ca2+ through either Na+/Ca2+ exchangers or acti-
vation of voltage-gated Ca2+ channels [40,41], thereby 
activating Ca2+-dependent signaling mechanisms. More- 
over, Na+ entry via Na+/H+ exchange may cause changes 
in intracellular pH, and thereby regulate many cellular 
functions including enzyme activity, neuronal growth and 
death [38,42-46]. A recent study showed that Na+ influx 
plays an important role in the onset of anti-Fas-induced 
apoptosis and that blocking Na+ influx may rescue pro-
grammed cell death in Jurkat cells [47]. Cox and col-
leagues reported that the binding of agonists to opioid 
receptors on guinea pig cortical neuron membranes is 
significantly reduced by increases in [Na+]i of 10-30 mM 
[48]. Maximal inhibition of -, - and -opioid receptor 
binding by Na+ is approximately 60%, 70% and 20%, 
respectively [48]. Co-occurrence of Na+,K+-ATPase 
dysfunction and Na+ influx causes α-amino-3-hydroxyl- 
5-methyl-4-isoxa-zole-propionate receptor (AMPAR) pro-
teolysis and a rapid reduction of AMPAR cell-surface 
expression [49]. Na+-mediated K+ channels such as Slo 
gene-encoded K+ channels [50-54], are widely distributed 
throughout the nervous system and are involved in both 
the regulation of the after-potential following action po-
tentials [51,55], and the protection of neurons from hy-
poxic stimulation [51,52,54]. 

While the details of the mechanisms remain to be 
clarified, significant pharmacological data have demon-
strated the protective effects of blocking Na+ influx dur-
ing injuries to the nervous tissue. The blockade of volt-
age-gated Na+ channels can prevent neurons from trau-
matic spinal cord injury [33,56-60] and the loss of white 
matter [30,56,60,61], concurrently reducing the sensiti-
zation associated with pain [62-65] and preventing sei-
zures during kindling development [66]. The inhibition of 
Na+/H+ exchange attenuates ischemia-induced cell death 
[67,68]. As a result, a major focus of pharmaceutical 

research has been on the search for effective therapeutic 
approaches that target voltage-gated Na+ channels 
[33,36]. 

3. ROLES OF Na+ IN THE REGULATION OF 
Ca2+-MEDIATED NMDAR SIGNALING 
AND TOXICITY 

3.1. Calcium Influx through Activated 
NMDARs is Regulated by Na+ Influx 

Activated NMDARs are highly permeable to both Na+ 
and Ca2+ [20,22,23]. Prolonged increases of intracellular 
Ca2+ during NMDAR activation may act as a negative 
feedback mechanism controlling NMDAR activity 
[20,22,23]. In light of our findings demonstrating that: 1) 
intracellular Na+ up-regulates NMDAR channel gating 
and 2) multiple types of receptor/channels such as AM-
PARs, voltage-gated Na+ channels, non-selective cation 
channels and remote NMDARs may regulate NMDAR 
activity through a Na+-dependent mechanism [27,28], we 
investigated how NMDARs are regulated when both Ca2+ 
and Na+ flow into neurons during the same time period 
through activated NMDARs [27,30]. Recordings were 
conducted in the cell-attached single-channel configura-
tion. In this recording model, recorded surface NMDARs 
are isolated by a recording electrode from the bath envi-
ronment and therefore cannot be directly stimulated by 
bath-applied agents. We recorded the activity of surface 
NMDARs before and after activation of remote 
NMDARs (outside the patch) induced by bath application 
of NMDA or L-aspartate [30]. To prevent toxic effects 
which may be induced by application of NMDA or L-as-
partate, a standard extracellular solution in which NaCl 
and KCl were replaced by Na2SO4 and Cs2SO4, was 
utilized [30]. Consistent with previous findings [17,28,39, 
69,70], no damage of neurons bathed with this standard 
solution was observed following NMDA or aspartate 
application. NMDAR single-channel activity was evoked 
with 10 µM NMDA and 3 µM glycine included in the 
standard extracellular solution filling the recording elec-
trodes. 

We found that bath application of NMDAR agonists 
may change NMDAR channel activity recorded in 
cell-attached patches in a concentration-dependent man-
ner. While a significant increase in NMDAR channel 
gating occurred during L-aspartate (>100 µM) applica-
tion to neurons bathed with the standard extracellular 
solution, the activity of NMDARs was inhibited in neu-
rons when Na+ influx was blocked by replacing ex-
tracellular Na+ with Cs+ or N-methyl-D-glutamine 
(NMDG) [28,30].  

We measured the ratio of fluorescence at 346 nm ver-
sus 380nm for the Na+-sensitive dye, sodium-binding 
benzofuran isophthalate (SBFI), and the Ca2+-sensitive 
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dye, Fura-2, in the soma region of neurons. When the Na+ 
gradient across the cell membrane was decreased by 
reducing extracellular Na+ concentration ([Na+]e) to 20 
mM and the Na+ ionophore, monensin (10 M) was in-
cluded in the extracellular solution, basal [Ca2+]i  and 
[Na+]i of neurons were approximately 84 nM and 16 mM, 
respectively. Under this condition bath application of 
L-aspartate increased [Ca2+]i by 66 nM, decreased [Na+]i 
by 5.8 mM and inhibited NMDAR activity [30]. On av-
erage, the overall channel open probability and mean 
open time were reduced to 64% and 77% of controls. The 
burst and cluster lengths were also significantly reduced. 
These inhibitory effects produced by the bath application 
of L-aspartate were prevented by either application of 
APV or removal of Ca2+ from extracellular solution, 
indicating that the activation of remote NMDARs may 
also down-regulate recorded NMDAR activity through 
Ca2+ influx [30]. Thus, it is demonstrated that NMDARs 
can be up- and down-regulated by influxes of Na+ and 
Ca2+, respectively.  

We then measured changes of [Na+]i and [Ca2+]i in 
neurons bathed with extracellular solution containing a 
[Na+] of 10, 20 or 145 mM before and during the activa-
tion of NMDARs induced by bath application of 
L-aspartate. We found that with an increase in [Na+]e, the 
activation NMDARs produced increases in [Na+]i as ex-
pected, but also increased [Ca2+]i. Excluding the effect of 
Ca2+ influx-induced Ca2+ release (CICR) from intracel-
lular stores, the increase in [Ca2+]i of neurons bathed with 
extracellular solution containing 145 mM Na+ was still 
significantly higher than that found in neurons bathed 
with extracellular solution containing 10 mM Na+ [28,30]. 
When [Na+]e was reduced to 10 mM, the activation of 
NMDARs produced increases in [Na]i and [Ca2+]i by 
around 0.8 mM and 35 nM, respectively. Under this 
condition, the activation of remote NMDARs inhibited 
NMDAR activity recorded in cell-attached patches [30]. 
When [Na+]e was increased to 20 mM, NMDAR activa-
tion produced a 5 mM increase in [Na+]i and a 50 nM 
increase in [Ca2+]i, but no change in the activity of re-
corded NMDARs [30]. Similarly, increasing [K+]e by 30 
mM in an extracellular solution containing 170 mM Na+ 
and 1 M TTX produced increases in [Na+]i and  [Ca2+]i  
by around 7 mM and 48 nM, respectively, but again 
showed no change in the activity of NMDARs recorded 
in cell-attached patches either [28,30]. Thus, an increase 
in [Na+]i of approximately 5 mM appeared to be a critical 
concentration for masking the inhibitory effects induced 
by Ca2+ influx on NMDARs in cultured hippocampal 
neurons [30]. Since a modest increase of [Ca2+]i by ap-
proximately 35 nM inhibited NMDAR activity when 
[Na+]e was reduced to 10 mM [30], it was possible that 
Na+ influx not only enhanced Ca2+ influx but also masked 
the inhibitory effects of Ca2+. 

To confirm this hypothesis, we recorded NMDAR 

single-channel activity before and during the activation of 
remote NMDARs in cell-attached patches with pipettes 
filled with a Ca2+-free extracellular solution containing 
200 mM Na+ from neurons that had been pre-treated with 
BAPTA-AM (10 M for 4 hrs) and bathed with the same 
Ca2+-free extracellular solution, or with pipettes filled 
with extracellular solution containing 0.3 or 1.2 mM Ca2+ 
from neurons bathed with the extracellular solution con-
taining the same amount of Ca2+, respectively. We found 
that the activation of remote NMDARs produced a simi-
lar up-regulation of NMDAR channel activity when local 
and bath [Ca2+] was set at 0, 0.3 and 1.2 mM, implying 
again that the effects of Ca2+ influx in the regulation of 
NMDARs by remote NMDARs are overcome by Na+ 
under normal condition [30]. Furthermore, removal of 
extracellular Ca2+ did not produce any effect on the 
up-regulation of NMDARs by remote NMDARs in neu-
rons bathed with the standard extracellular solution con-
taining 200 mM Na+ [28,30]. Thus, we conclude that Ca2+ 
influx through activated NMDARs is regulated by Na+ 
influx, and that the effect of Na+, which overcomes 
Ca2+-induced inhibition, provides an essential positive 
feedback mechanism enhancing both the NMDAR activ-
ity and the inward flow of Ca2+. 

3.2. Depletion of Extracellular Ca2+      
Enhances Na+ Influx and Thereby 
Causes NMDAR-Mediated Toxicity 

Based on the findings that glutamate concentration may 
increase in both humans [71,72] and animals after nervous 
system injury [73], and that application of NMDAR an-
tagonists may protect neurons from excitotoxic injuries in 
both humans [74,75] and animal [39,74,76], it has been 
believed that NMDAR-mediated excitoxicity plays a ke- y 
role in the development of neuronal death associated with 
stroke/traumatic CNS injury. However, it remained unclear 
how NMDARs were recruited to cause neurotoxicity. 

We examined the effects of extracellular Ca2+ depletion 
and reperfusion, which may occur in stroke patients, on 
cultured hippocampal neurons [27,77]. Neurons were 
bathed initially with an extracellular solution containing: 
140 mM NaCl, 5 mM CsCl, 1.8 mM CaCl2, 33 mM 
glucose, 25 mM HEPES; pH: 7.35; osmolarity: 310-320 
mOsm. The reduction of [Ca2+]e from 1.8 mM to 0.5 or 0 
mM caused a significant increase in Caspase-3 activity 
and morphological changes in neurons such as swelling, 
beading, and/or process disintegration. Significantly less 
formazan was observed in 3-(4,5-dimethylthiazol-2-yl) 
2,5-diphenyl-tetrazolium bromide (MTT) assays in which 
neurons were treated with the extracellular solution con-
taining 0.5 or 0 mM Ca2+, indicating a change in mito-
chondrial function associated with neuronal injury 
[78-81]. Unexpectedly, application of NMDAR antago-
nists APV (100 M) and MK801 (2 M) significantly 
prevented the above mentioned changes in neurons only 
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when the drugs were applied concomitant to the reduction 
of [Ca2+]e from 1.8 to 0 mM. No protective effects of the 
drugs could be found when they were applied during Ca2+ 
reperfusion or when [Ca2+]e was reduced from 1.8 to 0.5 
mM [77]. These findings suggest that the depletion of 
extracellular Ca2+ may evoke NMDAR-mediated neuro-
toxicity [77], and also raised the questions of how and 
when NMDAR activity is recruited to induce neuronal 
injury following the removal of extracellular Ca2+. 

To address this question, we recorded NMDAR sin-
gle-channel activity before and during a depletion of 
extracellular Ca2+ from 1.8 to 1.3, 0.5 or 0 mM in cell- 
attached patches from cultured hippocampal neurons. To 
prevent cell damage during the reduction of extracellular 
Ca2+, the Cl- in the standard extracellular solution was 
replaced by SO4

2- [28,30,39,77]. Bath application of a 
low [Ca2+] solution to neurons caused a parallel shift of 
the current-voltage (I/V) relationship in NMDAR sin-
gle-channels recorded in cell-attached patches, which 
indicates that there is a cell-depolarization, but no change 
in single-channel conductance [30,77]. In order to ac-
count for this, the holding potential was re-adjusted to 
maintain a 70 mV patch-potential from the reversal po-
tential of recorded channels. We found that a depletion of 
extracellular Ca2+ from 1.8 to 1.3 or 0.5 mM did not in-
duce any significant change in the activity of recorded 
channels until [Ca2+]e was reduced from 1.8 to 0 mM 
[28,30,77]. The channel activity could be subsequently 
abolished with application of the NMDAR antagonist, 
MK801, confirming that a [Ca2+]e reduction from 1.8 to 0 
mM produces increases in NMDAR activity [28,30,77]. 
Since the concomitant blockade of NMDARs to the re-
duction of [Ca2+]e from 1.8 to 0.5 mM may actually in-
crease the number of injured neurons [77], the up-regu-
lation of NMDARs appears to be essential in triggering of 
toxicity mediated by NMDARs and the application of 
NMDAR antagonists in the Ca2+ reperfusion model may 
be protective only when NMDARs are recruited. 

To identify the mechanisms by which the removal of 
extracellular Ca2+ results in the up-regulation of NMD- 
ARs, we measured [Ca2+]i and [Na+]i in cultured hippo-
campal neurons before and during reductions of ex-
tracellular Ca2+. A [Ca2+]e reduction-dependent decrease 
in [Ca2+]i and increase in [Na+]i were observed [77]. A 
depletion of extracellular Ca2+ from 1.8 to 0 mM pro-
duced sufficient increases in [Na+]i capable of enhancing 
NMDAR activity [28,30,77]. Furthermore, we found that 
the up-regulation of NMDAR activity induced by ex-
tracellular Ca2+ depletion was prevented by the blockade 
of Na+ influx [77].  

Previous studies showed that the removal of extracel-
lular Ca2+ to 0 mM may increase NMDAR single-channel 
conductance [20,23,82], and that reducing intracellular 
Ca2+ may reduce the Ca2+-dependent inhibition of 
NMDARs and thereby enhance NMDAR channel activity 

[13-20,23]. Therefore, it is possible that NMDAR gating 
may be enhanced by the removal of extracellular Ca2+ 
through Na+ and/or Ca2+-dependent mechanisms. 

The ensemble currents produced by the summation of 
consecutive super-clusters were compared before (1.8 
mM) and after reducing [Ca2+]e to 0 mM. We found that 
the removal of extracellular Ca2+ may significantly in-
crease the decay time of ensemble currents and that this 
effect can be abolished by blocking Na+ influx. This 
suggests that the removal of extracellular Ca2+ may affect 
NMDAR-mediated whole-cell responses through the 
action of Na+ [77]. 

Large reductions in [Ca2+]e have been found during 
instances of high neuronal activity [83-85], the develop- 
ment of seizures [86], hypoglycemic coma [87], and 
periods of hypoxia and ischemia [88,89]. Ca2+-depletion 
has also been reported to induce cell injury and death [90]. 
Thus, the Na+-dependent enhancement of NMDAR activ-
ity induced by depletion of extracellular Ca2+ may be an 
important mechanism underlying the development of neu-
rotoxicity in the CNS. 

3.3. Na+ Regulation of Ca2+ Homeostasis 

Under resting conditions [Ca2+]i in neurons is normally 
maintained at 10–100 nM, and is tightly regulated by both 
Ca2+ influx and efflux across the membrane. [Ca2+]i can 
be increased by Ca2+ entry through Ca2+ channels (in-
cluding ligand- and voltage-gated Ca2+ channels and 
non-selective cation channels) located on the plasma 
membrane and by CICR from the endoplasmic reticulum 
(ER) upon binding of inositol trisphosphate (IP3) to the 
inositol trisphosphate receptor (IP3R). Ca2+-mediated 
injury is usually acute and rapid [91]. Disturbances of 
Ca2+ homeostasis in the cytoplasm, ER, or mitochondria 
can be harmful to cells [3]. Since Ca2+ stores are closely 
connected within the cells and interact with each other, 
dysregulation of one compartment is usually followed by 
responses from the others. Together, they may overwhelm 
the cell’s capacity to maintain overall homeostasis and 
kill the cell [3].  

In the plasma membrane Ca2+-ATPase and the Na+/ 
Ca2+ exchanger act to transport cytosolic Ca2+ to the ex-
tracellular space. The Na+/Ca2+ exchanger has a low af-
finity for Ca2+ but a high velocity; as such, it removes 
Ca2+ only when cytosolic concentrations are high. The 
Ca2+-ATPase, has a high affinity for Ca2+ and pumps out 
Ca2+ even at low cytosolic concentrations [3,92,93]. In 
resting cells, [Ca2+] in the mitochondrial matrix is around 
100 nM. When cytosolic [Ca2+] rises, Ca2+ can enter the 
mitochondria through a uniporter and thereby regulate 
Ca2+ signals [94]. In mitochondria the Na+/Ca2+ ex-
changer extrudes Ca2+ [3,94,95]. However, the activity of 
the Na+/Ca2+ exchanger may be reversed on the influx of 
Na+ [96]. This reversal in Na+/Ca2 exchange is observed 
under pathological conditions [3]. If the mitochondrial 
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Na+/Ca2+ exchanger is overwhelmed by Ca2+ entry, the 
Ca2+ levels in the mitochondrial matrix may increase 
enough to trigger a mitochondrial permeability transition. 
The sustained transitions may cause mitochondrial de-
polarization, inhibition of ATP production, and cell death 
[97-99]. In the nucleus Ca2+ is involved in the gene 
transcription and DNA metabolism [100-102]. Unlike in 
the mitochondria, nuclear Ca2+ is found to be rapidly 
equilibrated with cytosolic Ca2+. This may occur by dif-
fusion across nuclear pores [103] and/or Ca2+ channels in 
the nuclear envelope [104]. 

CICR during NMDAR activation has been reported 
[20,105,106]. We observed that when extracellular solu-
tion contained more Na+, NMDAR activation produced 
greater increases in both [Na+]i and [Ca2+]i [30]. Fur-
thermore, in neurons bathed with extracellular solution 
containing 145 mM Na+, NMDAR activation-induced 
increases in [Ca2+]i were significantly reduced from 100  
30 nM (n = 5) to 62  8 nM (n = 8) with thapsigargin (0.1 
µM) treatment [30], which depletes intracellular stores of 
Ca2+ by blocking Ca2+ re-uptake. In the absence of thap-
sigargin, NMDAR activation only produced a 35  8 nM 
(n=8) increase in [Ca2+]i in neurons bathed with ex-
tracellular solution containing 10 mM Na+ [30]. The 
blockade of Ca2+ influx by removal of extracellular Ca2+ 
abolished the NMDAR activation-induced increase in 
[Ca2+]i, (data not shown) [2,107]. The increase in [Ca2+]i 
induced by Ca2+ release from intracellular stores during 
NMDAR activation in neurons bathed with extracellular 
solution containing 10 mM Na+ was significantly reduced 
when compared with that in neurons bathed with ex-
tracellular solution containing 145 mM Na+ [30]. These 
data suggest that CICR from intracellular stores during 
NMDAR activation may be regulated by intracellular Na+. 
Stys and colleagues provided direct evidence showing 
that intra-axonal Ca2+ release during ischemia in rat optic 
nerves is mainly dependent on Na+ influx. This Na+ ac-
cumulation stimulates three distinct intra-axonal sources 
of Ca2+: 1) the mitochondrial Na+/Ca2+ exchanger driven 
in the Na+ import/Ca2+ export mode; 2) positive modula-
tion of ryanodine receptors; and 3) promotion of IP3 
generation by phospholipase C [108]. 

4. QUESTIONS AND FUTURE STUDIES 

Na+ entry is a key factor that initiates fast action poten-
tials and shapes sub-threshold electrical properties to 
thereby regulate neuronal excitability and neuronal dis-
charge activity [109-113]. Present data have shown that: 1) 
intracellular Na+ up-regulates NMDARs; 2) via increas-
ing intracellular Na+, multiple types of receptor/channels 
such as AMPA receptors, voltage-gated Na+ channels and 
non-selective cation channels, may regulate NMDAR 
activity; 3) Na+ influx may enhance Ca2+ influx, mask the 
Ca2+-dependent inhibition of NMDARs and significantly 

alter Ca2+ homeostasis.  
Based on combined investigations of protein crystal 

structures in-vitro and functions in cells, Na+ binding 
motifs have been characterized in a number of proteins 
such as thrombin, Na+/K+-ATPase and various neuro-
transmitter transporters. Thrombin is a serine protease, 
the activity of which is regulated by Na+ binding. The 
sequence, CDRDGKYG, in the Na+ binding loop is 
highly conserved in thrombin from 11 different species 
[114]. Investigations into the crystal structure of a bacte-
rial homologue of the Na+/Cl- dependent transporters 
from Aquifex aeolicus revealed that there are two Na+ 
binding sites, named Na1 and Na2 [115]. Na+/ K+-ATPase 
is found to have three Na+ biding sites. Na1 is formed 
entirely by the side chain oxygen atoms of residues on 
three helices in the transmembrane regions (TM) 5, 6 and 
8. Na2 is formed almost ‘‘on’’ the TM4 helix with three 
main chain carbonyls plus four side chain oxygen atoms 
(Asp 811 and Asp 815 on TM6 and Glu 334 on TM4). 
The Na3 binding site is contiguous to Na1. The carbonyls 
of Gly 813 and Thr 814 (TM6), the hydroxyl of Tyr 778 
(TM5), and the carboxyl of Glu 961 (TM9) contribute to 
the Na3 binding site [116,117]. 

To date there is no evidence of a similar amino acid 
sequence corresponding to a Na+ binding site, as seen in 
these Na+ binding proteins, present in NMDAR subunit 
proteins (Yu, unpublished data). Molecular mechanisms 
underlying the regulation of NMDARs and Ca2+ signaling 
by intracellular Na+ remain unclear. Investigations aiming 
to identify critical Na+ targeting site(s) in the regulation of 
NMDARs and Ca2+ homeostasis are essentially needed 
for understanding activity-dependent neuroplasticity in 
the CNS. 
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ABSTRACT 

In March 2009, the first teleacupuncture between 
China and Austria was performed. This publica-
tion summarizes the first important results. 24- 
hour electrocardiograms were registered in Bei-
jing and analyzed in Graz. A heart rate variability 
monitor partly developed in Austria was used 
for recording. Data were transferred via internet 
over a distance of 7,650 km. For the spectral 
analysis of heart rate variability a new method, 
the so-called ‘Fire of Life’ illustration, was ap-
plied. The state of health of a 31-year-old patient 
before, during and after acupuncture treatment 
sessions was documented. Despite several limi- 
tations, transcontinental teleacupuncture opens 
up new possibilities in public health. 

Keywords: Teleacupuncture; Heart Rate Variability 
(HRV); Electrocardiogram (ECG); Sustainable 
Health Research  

1. INTRODUCTION 

Telemedicine in general is defined as the ‘delivery of 
health care and the exchange of health care information 
across distance’ [1]. Telecommunication technology in-
cludes the assisted transmission of signals and biological 
data over a distance. In this context, telemedicine like 
telesurgery and also teleanesthesiology has become more 
interesting [2]. However, teleacupuncture has only been 
performed by our research group up to now [3]. The term 
‘teleacupuncture’ was first mentioned and defined by our 
research group at the international symposium ‘Mod-
ernization of Traditional Chinese Medicine’ in May 2009 
in Graz [4]. The first scientific descriptions by Litscher 
can be found in publications in a Korean [5], Austrian [6] 
and American [3] journals in the respective 2009 autumn 
issues. 

The present paper summarizes the first important re-
sults obtained in China and Austria in the research area of 

teleacupuncture. 
It was the aim of these biomedical pilot measurements 

to investigate whether teleacupuncture using computer- 
controlled HRV analysis can be performed over long 
distances (transcontinentally) via common internet con-
nections. 

2. METHODOLOGY 

Teleacupuncture integrates mainly medical acupuncture 
and telecommunication. Telecommunication in this con- 
text means data transfer over a distance of 7,650 km via in- 
ternet between Graz, Austria and Beijing, China (Figure 1). 

In China, 24-hour electrocardiograms (ECGs) are reg-
istered and the data are transferred via internet to the 
Medical University of Graz immediately following the 
acupuncture treatment. In Graz, the analysis of the ECGs 
is performed. The acupuncturists in China are informed 
about the results of the analysis immediately (Figure 2). 

The autonomic nervous system plays an important role 
in the current investigations. Computer-based heart rate 
and heart rate variability (HRV) measurements are the 
main parameters. The ECG was recorded with a sampling 
rate of 4096 Hz using a system partly developed in Aus-
tria (medilog AR12, Huntleigh Healthcare, Cardiff, UK; 
Figure 3). 

Heart rate variability is measured as the percentage 
change in sequential chamber complexes (RR-intervals) 
in the ECG, which is controlled by the blood pressure 
control system, influenced by the hypothalamus and, in 
particular, controlled by the vagal cardiovascular centre 
in the lower brainstem. [7] In these pilot measurements, a 
new method of analysis, the so-called ‘Fire of Life’ dia-
gram, was used. For the calculation of changes in spectral 
density the medilog Darwin HRV software (Huntleigh 
Healthcare, Cardiff, UK) including the method of Burg 
(autoregressive model) was applied. 

3. RESULTS 

Figure 4 shows exemplarily the first teleacupuncture  
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Figure 1. Teleacupuncture between the TCM Research Center 
Graz and the China Academy of Chinese Medical Sciences 
(CACMS) over a distance of 7,650 km. 
 

 

Figure 2. Acupuncture and data recording is performed in 
China, the analysis at the Medical University of Graz (modi-
fied from [6]). 
 

 

Figure 3. Bio-signal registration is performed in China using 
equipment from the TCM Research Center Graz (modified 
from [6]). 

measurement in a 31-year-old female patient suffering 
from burn-out syndrome (Chinese diagnosis: kidney defi- 
ciency and blood stagnation). 

The figure shows a ‘Fire of Life’-analysis of the HRV 
and can be interpreted as an indicator of the state of health 
and the quality of sleep of the patient. Note the appear-
ance of the three typical main spectral components (~ 0.3 
Hz; ~ 0.11 Hz; < 0.05 Hz). The component at 0.3 Hz was 
significantly reduced. These different components rep-
resent biological rhythms that seem to be currently dis-
tinguishable among the following: 
 Respiratory sinus arrhythmia (~ 0.3 Hz); centrally  
nervous respiratory impulses and interaction with pul-
monary afferents; 
 The so-called “10-second-rhythm” (~ 0.11 Hz); 
natural rhythm of cardiovascularly active neurons in the 
lower brainstem (circulatory center and its modulation 
by feedback with natural vasomotoric rhythms via 
baroreceptor feedback). Analogous blood pressure 
waves (blood pressure waves of third order) prove the 
connection; 
 Longer wave HRV-rhythms (< 0.05 Hz); effects from 
the renin angiotensinsystem or temperature regulation 
as well as metabolic processes. 
Figure 5 depicts the improvement of the state of health 

(sleep-wake-cycle) of the same 31-year-old patient from 
Beijing over a period of more than two months. At the 
beginning of the acupuncture treatment (comp. Figure 4) 
no distinct sleep-wake-cycle can be found. Already after 
four acupuncture sessions there is an obvious respiratory 
sinus arrhythmia during sleep (centre of Figure 5B; 
0.2-0.3 Hz). After ten sessions this norm pattern has be-
come stabilized (Figure 5C). 
 
4. DISCUSSIONS 
 
Heart rate and its variability are important parameters for 
the assessment of the autonomic nervous system and are 
indicators for ‘neurocardial fitness’ [7]. It has long been 
known that an extremely steady pulse represents a deadly 
risk. Using computer-based analysis in the time and fre-
quency domain the influence of acupuncture treatments 
on HRV parameters was evaluated. HRV has its origin in 
the function of the vegetative nervous system. Therefore 
the state of health can be quantified [7]. 

Teleacupuncture may contribute to the omission of 
redundant research studies and a simplification of the 
diagnostic and therapeutic procedure, thereby not only 
cutting costs but also saving time [3-6]. 

The common research between Graz and Beijing shows 
one thing quite clearly: teleacupuncture bridges on the 
one hand Eastern and Western medicine and on the other 
hand science and practice. The next goal will be to 
translate the research results into arising practical possi-
bilities available to all participants in different countries. 
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Figure 4. First teleacupuncture between Europe (Graz) and Asia (Beijing). Heart rate variability data of 24 hours 
are shown (modified from [5]). 

 

 

Figure 5. Follow-up investigations during a total of ten acupuncture sessions in China. Note the appearance of 
an obvious sleep-wake-cycle already after the fourth acupuncture treatment (modified from [6]). 
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5. CONCLUSIONS 
 
Apart from the research-related aspects, transcontinental 
teleacupuncture opens up new possibilities for interactive 
education and practical training in public health. This 
represents another important aspect in quality control and 
quality assurance in complementary medicine. 
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ABSTRACT 

Combinations of strategies as MRI, endoscopic 
sonography, selective arteriography, were the 
first choice for the detection of pancreatic insu-
linoma. In these proposal, therefore, abdominal 
was not in- cluded at all. Case presentation: a 
78-year-old no diabetic women was referred to 
us because fasting hypoglycemic symptoms. 
The clinical and laboratory findings suggested 
an insulinoma. Abdominal ultrasound showed a 
small solid mass in the head-istmus pancreatic 
tract. Conclusion: the solid mass was confirmed 
with a contrast-enhanced- computed tomogra-
phy of the abdomen. A surgical enucleation of 
the tumor was achieved by laparoscopy and 
histological examination of the specimen estab-
lished a diagnosis of insulinoma. This case re-
inforced the value of the conventional trans- 
abdomen ultrasound in addition to accuracy of 
anamneses and biochemical tests as the first 
step in the hospital clinical setting for man-
agement of pancreatic insulinoma, reserving as 
the second step more expensive and invasive-
ness techniques. 

Keywords: Lunch Time Napping;  
Mental Work Efficiency 

Insulinomas are rare endocrine tumors of the pancreas. 
Their incidence was estimated to be four cases per 1 
million person-years [1]. In the earliest stages of the tu-
mor’s clinical history, they usually manifest because of 
hypersecretion of insulin, responsible for the typical 
hypoglycemic symptoms. The three criteria (Whipple's 
triad or Whipple's criteria) on which hypoglycemia due 
to pancreatic islet-cell disease (most commonly insuli-
noma) is diagnosed are: 1) symptoms known or likely to 
be caused by hypoglycemia, 2) low blood glucose levels 
associated with clinical signs, and 3) reversal of clinical  

signs with the administration of glucose. The optimal 
therapy is curative surgical removal of the tumor. There- 
fore, preoperative localization of the lesion is crucial for 
determining the proper surgical treatment. However, in 
several cases, insulinoma identification remains ex-
tremely difficult and there was a continuing debate on 
the optimal strategy for his localization. Some authors 
have proposed MR as the first choice for preoperative 
imaging [2,3], whereas recent reports suggested a com-
bined imaging protocol that consists of both dual-phase 
thin-section multi-detector CT and endoscopic sonogra-
phy [4,5]. Actually, conventional abdominal ultrasono-
graphy was not included in the imaging protocol due to 
his limited successful reports. We wish to present our 
own experience with abdominal conventional ultrasound 
in a case of insulinoma. 

A non-diabetic 78-year-old woman was brought to our 
attention because of hypoglycaemic symptoms. The pa-
tient had a history of mild and transient sweating, anxi-
ety and trembling recurring for about 2 years during her 
activities of ordinary life. These symptoms usually dis-
appeared after food ingestion. Ten days before her refer-
ral to our hospital, she had a more severe episode with 
sweating, trembling, anxiety, palpitations, nausea, dizzi-
ness with tiredness and a severe headache crisis. She had 
been seen by her family physician. The practitioner had 
ordered general blood tests that had revealed low serum 
glucose level (2.2 mmol/L, 40 mg/dL). Therefore, he 
suggested the admission to the hospital, to determine the 
cause of hypoglycaemia.  

She had a history of hypertension and dyslipidemia on 
pharmacological treatment. She didn’t have any treat- 
ment or drugs that might have induced hypoglycaemia. 
On admission to our hospital, on examination, the pa-
tient was overweight; her height was 165 cm and body 
weight 94,5 Kg, BMI 34,74, CV 118 cm. Blood pressure 
was 140/80 mmHg and the pulse was 68. Neurological 
examination and an electrocardiogram were normal. 
Laboratory tests were performed: urinalysis, blood cell 
counts, and biochemical tests (e.g. the liver and kidney 
function tests) other than plasma glucose concentration 
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were unremarkable. 
On the second hospital day, we performed the super-

vised 72-Hour Fast. At the 12th hour, the patient showed 
pallor, sweating, trembling, tiredness, nervousness and 
confusion. The plasma glucose level was 42 mg/dl. 
Therefore, we stopped the test through correction of the 
low glucose level by food ingestion with rapid relieving 
of the symptoms (“Whipple’s triad”) (Table 1). Plasma 
insulin levels during the test were also shown in Table 1. 
These data supported the diagnostic suspect of insuli-
noma.  

As a first attempt to locate it, an abdominal ultrasono-
graphy of the pancreas was performed with a 3.5 MHz 
probe mechanical real time sector scanner (Logiq 500). 
Patient was examined in a semierect position after fast-
ing for 12 hours. Scans of the head, body, and tail of the 
pancreas were obtained in both transverse and longitu-
dinal planes without respiratory maneuvers, by using the 
fluid-filled stomach as an acoustic window. The exami-
nation showed a 12,4 mm x 13,7 mm hypoechoic solid 
mass, with the echo texture finer in relation to surround-
ing pancreatic tissue, localized in the head-isthmus pan-
creatic tract, without dilatation of the Wirsung’s duct. 
(Figure 1, left). A contrast-enhanced computed tomo-
graphy of the abdomen was then performed. The patient 
was scanned in suspended respiration, following the oral 
administration of contrast material to visualize the small 
bowel. Pre-contrast abdominal scans CT, revealed the 
presence of a protrusion of the pancreatic contour in the 
head-isthmus pancreatic tract, but itself is non-specific. 
After the bolus injection of contrast material and rapid 
sequential scanning, a transient increase in contrast en-
hancement (tumor blush) in the surrounding pancreatic 
tissue was observed, confirming an area of increased 
density of 1,5 cm (Figure 1, right). One month later, a 
surgical enucleation of the tumor was achieved by  

 

Table 1. 72-Hour fast (date onset of the fast was the last inges-
tion of calories, 12 hours before the first measurement; all of 
the non essential medications were stopped; no assumption of 
caffeine or tobaccos). 

Time
Symptoms 

or signs 
Glucose Insulin c-peptide

01:00 
p.m. 

none 
48 

mg/dl 
15 

μU/mL 
1,79 

nmol/L 

03:00 
p.m. 

none 
59 

mg/dl 
11 

μU/mL 
1,29 

nmol/L 

05:00 
p.m. 

none 
64 

mg/dl 
10 

μU/mL 
1,40 

nmol/L 

11:00 
p.m. 

none 
62 

mg/dl 
4 

μU/mL 
0,89 

nmol/L 

05:00 
a.m 

none 
69 

mg/dl 
10 

μU/mL 
1,35 

nmol/L 

11:00 
a.m. 

none 
53 

mg/dl 
12 

μU/mL 
1,13 

nmol/L 

12:00 
a.m. 

Whipple’s triad: 
end of the fast 

42 
mg/dl 

7 
μU/mL 

1,04 
nmol/L 

 
laparoscopy, which was performed initially to confirm 
by direct view the presence of the small nodule on the 
surface of the pancreatic; its enucleation was then car-
ried out. Histological examination of the specimen es-
tablished a diagnosis of an endocrine tumour of the pan-
creas compatible with an insulinoma, confirmed by the 
presence of insulin secretory granules. The patient’s 
clinical symptoms completely disappeared. 

Endocrine tumors of the pancreas originate from mul-
tipotential stem cells that have retained the capacity to 
proliferate and differentiate themselves in the various 
cellular lines that make up this group of neoplasms. In-
sulinomas represent the most frequently found function-
ing endocrine tumors of the pancreas and, in most cases, 
are benign (85%-99%), single (93%-98%) and less than

 

Figure 1. Imaging studies of the pancreatic lesion. Ultrasound (left) and CT (right) technique show the characteristic mass of the 
pancreas (arrows). 
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2.5 cm in diameter [6,7]. Age of onset is usually 40-60 
years, ranging from 6 weeks to 70 years. No sex differ-
ence has been reported [8]. In our case, the patient was a 
78-year-old female. 

Insulinoma become clinically evident because of signs 
and symptoms linked to hypoglycemia due to the hyper-
secretion of insulin. The symptoms of hypoglycemia 
arise from the autonomic nervous system and from an 
insufficient supply of glucose to the brain (neuroglyco-
penia). During acute insulin-induced hypoglycemia in 
healthy persons, symptoms have been recognized at 
plasma glucose levels of approximately 60 mg per deci-
liter as measured in arterialized venous blood, and im-
pairment of brain function has occurred at approximately 
50 mg per deciliter [9-10-11]. In our patient, the first 
report of low plasma glucose levels (40 mg/dL) was as-
sociated with typical hypoglycemic symptoms, sweating, 
trembling, anxiety, palpitations, nausea, dizziness with 
tiredness and headache crisis. Moreover, her past history 
was positive for sporadic and vague symptoms, recurring 
for about 2 years, but no plasma glucose levels was 
measured before. It has been reported that the time in-
terval from the onset of symptoms to diagnosis ranges 
from 10 days to 30 years (median 2 years), and that the 
hypoglycemic episodes may happen at irregular intervals 
with a varying duration [8]. 

The symptoms intermittency and the multifaceted 
characters delay the diagnosis, although all signs and 
symptoms are usually reverted rapidly by oral or par-
enteral glucose administration. Obesity or weight gain is 
present in 25% of patients, justified, at least in part, by 
the need for frequent feeding. Accordingly, our patient 
was overweight, and she reported a weight gain (over 20 
kg) in the past two years. Because of the lack of speci-
ficity of the symptoms, it is necessary to measure a low 
glucose level at the time that the spontaneous symptoms 
occur and that the symptoms are relieved through cor-
rection of the low glucose level (“Whipple’s triad”) be-
fore concluding that the patient have a hypoglycemic 
disorder. The supervised 72-hour fast is the classic di-
agnostic test for hypoglycemia. In our case, the super-
vised 72-hour fast confirmed a hypoglycemic disorder. 
In addition, the appearance of the Whipple’s triad asso-
ciated with plasma glucose level ≤ 45 mg/dl, insulin 
level ≥ 6 /mL and c-peptide level ≥0.2 mmol/L sug-
gested the diagnosis of insulinoma [12].  

When the diagnosis of pancreatic insulinoma has been 
established clinically and biochemically, the precise lo-
calization of the tumor is crucial, to facilitate the surgical 
resection and to prevent a blind partial or subtotal pan-
createctomy [13]. Insulinomas are usually small and 
difficult to detect. The main problem in detecting a pan-
creatic insulinoma lies in the organ’s anatomic structure 
and the tumor’s small dimensions at clinical appearance. 
Most of the tumors are in the body-tail area of the pan-

creas and are less than 2 cm in diameter [14]. Many 
procedures have been proposed for their localization. 
These imaging techniques vary in accuracy, invasiveness, 
operator dependence, and cost. Recent protocols propose 
the combination of advanced imaging techniques as well 
as MRI, endoscopic sonography, and CT as the first 
choice for preoperative detection of insulinomas [2,4]. In 
these proposals, therefore, abdominal ultrasonography is 
not included at all. However, ultrasonography is a non- 
invasive and relatively inexpensive technique, and actu-
ally it is easily available everywhere. In the case report 
we discuss here, we performed abdominal ultrasonogra-
phy as the imaging technique of first choice because it 
was immediately available in our unit. In our patient, 
this technique correctly localized a pancreatic solid mass 
as a well-defined, hypoechoic lesion, without calcifica-
tions or necrosis. This finding was then confirmed by CT 
examination.  

Early studies of preoperative ultrasound localization 
primarily used static scanners, yielding disappointing 
results. More recently, a higher sensitivity (approxi-
mately 60-80%) has been reported using real-time US 
equipment [7,15,16]. This level of accuracy was highly 
dependent on meticulous attention to scanning technique 
[6]. Ultrasonographic detection of insulinomas was dif-
ficult because of the frequent location at the body-tail 
area of the pancreas and the small sizes of the tumours in 
generally obese patients. In our patient insulinoma was 
small, < 1.5 cm, and was localized in head-isthmus pan-
creatis tract. It is important to emphasize the improve-
ment in ultrasonographic technology in terms of spatial 
resolution with increased diagnostic sensitivity and ac-
curacy. In addition, ultrasonography technique enabled 
us to view continuous images of the lesion from several 
angles, with relative ease compared to other imaging 
technique.  

In the current case, after correct diagnosis and local-
ization of pancreatic insulinoma, surgical resection was 
performed successfully and without complication. Actu-
ally, after one year, the patient was free from symptoms. 

In conclusion, the present case supported the value of 
the conventional abdomen ultrasonography as the first 
step in the preoperative localization of pancreatic insu-
linomas, reserving as the second step more expensive 
and invasiveness techniques. 
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ABSTRACT 

The P19CL6 cell-line, a clone of the P19 mouse 
embryonal carcinoma cell-line, has been exten-
sively used as a model for cardiomyocytes as 
these cells can be differentiated into a cardio-
myocyte phenotype upon incubation with di-
methyl sulfoxide. Uniquely, these cells can be 
observed to “beat” when monitored by mi-
croscopy. We started investigating the response 
of P19CL6 cells to fatty acids, but highly vari-
able results lead us to investigate the phenotype 
of the P19CL6 cells in more depth. In this study 
we demonstrated that the P19CL6 cells are re-
sponsive to adrenaline, but loose the “beating” 
phenotype after 16 passages in culture. Analysis 
of specific mRNA transcripts indicated that the 
P19CL6 cells express both cardiac- and skeletal 
muscle-specific genes, while global analysis of 
microarray data showed clear differences be-
tween the P19CL6 cells and cardiac tissue of 
embryonic or adult origin. In conclusion, our 
observations suggest caution in the use of the 
P19CL6 cells as a model of cardiomyocytes 
unless rigorous validation for the intended 
analysis has been undertaken. 

Keywords: Gene expression; Cardiomyocyte; 
P19CL6 Cell-line 

1. INTRODUCTION 

There is a requirement for the development of realistic 
cell culture models both for basic research and the de-
velopment of novel therapeutic agents. However, for 
several tissues, including heart, no individual cell line has 
been successfully validated for these purposes; such a 
failure is usually the result of the loss of one or more 
specific phenotypic features associated with the target  
tissue in the cell line. One approach to mitigate these 

issues has been the utilisation of chemically-stimulated 
differentiation of stem cells, with the hope that these cell 
lines will have a more realistic phenotype than cell lines 
derived from fully differentiated tissue. Pluripotent em-
bryonic carcinoma cells have been reported as successful 
in vitro models of cardiac differentiation; for example, the 
P19 mouse embryonal carcinoma cell-line has been re-
ported to differentiate into an embryonic cardiac-muscle 
phenotype in vitro [1] upon the addition of dimethyl 
sulfoxide (DMSO) [2-5]. Differentiated P19 cells have 
been reported to retain the ability to spontaneously con-
tract and shown to express transcripts in a temporal 
manner during culture, suggestive of a cardiac-muscle 
phenotype [5-7], and as such these cells have therefore 
been extensively used to study cardiac cell physiology 
[1,2,5,6,8], although with the caveat that these cells are 
embryonic instead. However, in addition to these cardiac- 
muscle-specific properties, P19 cells also display pluri-
potent properties and can be differentiated into cells dis-
playing either a skeletal muscle or neural phenotype [1, 
3-5]. There has thus been some concern about the ho-
mogeneity of DMSO-differentiated P19 cultures, with a 
heterogeneous cell population following differentiation 
significantly reducing the utility of these cells as a car-
diac-muscle-specific model: There has thus been much 
interest in identifying subclones of P19 cells that more 
robustly differentiate into cardiomyocytes. The P19CL6 
cell-line, a sub-clone of P19 embryonal cells, has been 
reported to efficiently differentiate into beating cardio-
myocytes upon exposure to DMSO under adherent cul-
ture conditions [9] and has been widely used as an in vitro 
model of cardiovascular cells [1,2,10-16]. 

It is clear that the P19CL6 cell line has potential as a 
model system for the study of cardiomyocyte develop-
ment and differentiation, and indeed they are currently 
used as such. However, full characterisation and valida-
tion is required before they can be used for this purpose 
with full confidence. A review of the literature, focusing 
on P19CL6 and P19 cell culture conditions, shows that 
two separate methods are commonly used, namely ad-
herent and non-adherent culture conditions [1,5,9,10,17]. 



I. Khodadadi et al. / HEALTH 2 (2010) 24-31 

SciRes Copyright © 2010                                  http://www.scirp.org/journal/HEALTH/Openly accessible at  

25

In addition, vitamins and hormones such as adrenaline 
have been shown to act as potent inducers of P19 cell 
differentiation into cardiomyocytes in addition to the 
aforementioned DMSO [1,5,7,9]. In this study we have 
characterized the P19CL6 cells in more detail under dif-
ferent culture conditions, focusing in particular on util-
ising microarray methodologies to compare the P19CL6 
transcriptome against native cardiac-muscle and skele-
tal-muscle transcriptomes. These investigations represent 
the first robust examination of both P19CL6 transcrip-
tome and cardiac phenotype, and demonstrate that the 
P19CL6 cell-line displays only a limited cardiomyocyte 
phenotype that is dependent on passage conditions. As 
such we would advise caution in the use of this cell line as 
a ‘complete’ in vitro model of cardiac-muscle cells. 

2. MATERIALS AND METHODS 

2.1. Materials 

Cell culture media and reagents were obtained from In-
vitrogen Corporation (Paisley, U.K.) and Sigma-Aldrich 
Company Ltd. (Poole, U.K.). Materials and kits for RNA 
extraction, cDNA synthesis and RT-PCR were supplied 
by Promega Corporation (Southampton, U.K.), Amer-
sham Biosciences (Chalfont St. Giles, U.K.) and Qiagen 
Ltd. (Crawley, U.K.). Corning Life Sciences (Schi-
phol-Rijk, Netherlands) supplied the ProntoPlus mi-
croarray kit. Ambion Ltd. (Huntingdon, U.K.) supplied 
mouse heart and embryonic total-RNA, whereas mouse 
skeletal muscle and embryonic heart total-RNA were 
purchased from Panomics Inc. (Redwood City, U.S.A.) 
and Zyagen (San Diego, U.S.A.), respectively. 

2.2. Cell culture 

P19CL6 cells were purchased at passage 9 from Riken 
Cell Bank (Ibaraki, Japan) in growing flask and cultured 
in medium containing -MEM (minimal essential media) 
supplemented with 10% FBS (foetal bovine serum) and 
1% penicillin-streptomycin (10,000 Units/ml and 10 
mg/ml, respectively) [9]. To differentiate P19CL6 cells 
into cardiomyocytes, cells were plated in 6-well culture 
plates (10 cm

2
) at a density of 210

4
 cells/cm

2
 in standard 

medium containing 1% DMSO [9]. Cells were cultured 
for 15 days at 37C and 5% CO2 with medium refreshed 
every second day. For culturing P19CL6 cells under 
non-adherent conditions, cells were stimulated to form 
aggregates by incubation in bacterial petri dishes (110

6
 

cells/dish; 78 cm
2
), containing a thin layer of 0.5% agar, 

for 4 days with standard media containing 1% DMSO, 
before transfer to regular cell culture flasks for the re-
mainder on the incubation period [5]. Cell aggregates 
were collected by centrifugation and replated into culture 
flasks for 15 days at 37C and 5% CO2 in the presence of 
1% DMSO. The H9C2 (2-1) cell-line, a murine cell-line 

that expresses a skeletal muscle phenotype, was obtained 
from the European Collection of Cell Cultures (ECACC; 
Salisbury, U.K.) and cultured under the same adherent 
conditions as the P19CL6 cells. 

2.3. Determination of mRNA Levels by  
Reverse Transcriptase Polymerase 
Chain Reaction (RT-PCR) and cDNA  
Microarrays 

Total RNA was isolated from cells with Trizol reagent, as 
per manufacturer's instructions (Invitrogen Corporation, 
Paisley, U.K.). Whole heart and skeletal muscle tissues 
(upper leg muscle) were dissected from 10 week old male 
CD1 wild-type mice (+/+), homogenised in Trizol reagent 
using an Ultra-Turrax T8 homogeniser, and total RNA 
isolated as per manufacturer’s instructions. Gene-specific 
forward and reverse primers used in the one-step RT-PCR 
or nested PCR reactions are shown in Table 1. In samples 
that did not show detectable cDNA levels after an initial 
RT-PCR amplification the PCR products were reampli-
fied by nested PCR [18]. PCR products were separated by 
electrophoresis on 2% agarose gels containing ethidium 
bromide, and the identity of PCR products verified by 
sequencing.  

Microarray experiments were designed as 
dual-hybridisation optimal interwoven loops 
(http://exgen.ma.umist.ac.uk) [19-21]. cDNA was synthe-
sised from purified total- RNA and labelled by a direct 
labelling method in the presence of Oligo dT, nucleo-
tide mixture, Cy3-/Cy5- dCTP dyes, and SuperScript-II 
Reverse Transcriptase, based on Human Genome Map-
ping Project protocols (http://www.hgmp.mrc.ac.uk/). 
Purified Cy3- and Cy5- labelled cDNA samples (40 pmol 
each) were mixed in pairs (total volume 40 µl), according 
to the experimental plan, and hybridised to microarrays 
by incubation in hybridization chambers for 20 hours at 
50C, before post-hybridization washing and drying. 
Microarray images were acquired using an Affymetrix 
428 scanner (Affymetrix, Santa Clara, USA) and ana-
lysed with BlueFuse (BlueGnome Ltd., Cambridge, 
U.K.), including quantification of pixel intensities of the 
spots and excluding background intensity and artefact 
areas on the arrays. The data was filtered by eliminating 
low quality array spots, as determined by BlueFuse’s spot 
uniformity and circularity measurements (spot uniformity 
and circularity >0.5 in at least 50% of the arrays), and 
normalised by intensity-dependent per spot and per chip 
(LOWESS) normalisation with GeneSpring-7 data 
analysis software (Agilent Technologies UK Ltd, Stock-
port, UK).  

After Lowess normalisation and filtering of microarray 
data linear modelling (LLAMA; Live Linear Analysis of  
MicroArray) was performed (http://exgen.ma.umist.ac.uk) 
to convert data from the loop experiment into a linear 
model and generate differential gene expression estimates 
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(a) 

 
(b) 

Figure 1. Determination of the effect of (a) passage number 
and (b) adrenaline on the beating characteristic in P19CL6 
cells cultured under adherent conditions. (a) P19CL6 cells 
(passage 12) were cultured with 0-20 M adrenaline and 
pulse rate was recorded on day 15 of incubation. Linear re-
gression analysis showed a correlation of pulse rate with 
adrenaline concentration (y = 1.1x + 21.8, R2 = 0.541, P < 
0.001) and one-way ANOVA confirmed a significant effect 
of adrenaline on pulse rate in P19CL6 cells (P < 0.001). Cells 
were cultured in three biological repeats and beating was 
recorded in at least six localized areas in the well. a, b, and c 
represent groups with a significant difference in average 
pulse rate. (b) P19CL6 cells from different passage numbers 
(12-16) were cultured in the presence of DMSO and pulse 
rate (beats/min) was recorded on day 15 of incubation. Linear 
regression analysis shows a significant effect of passage 
number on pulse rate (y = -2.58x + 63.3, R2 = 0.486, P < 
0.001) and two-way ANOVA confirmed significance differ-
ence between the different passage numbers of P19CL6 cells 
(P < 0.01). 

between contrast pairs, i.e. Cy3/Cy5 ratios [20,21,33]. The 

P19CL6 samples consisted of three biological repeats, with 
each sample analyzed on at least three microarray slides 
(technical repeats), and these were reduced to a single 
sample during the LLAMA analysis. The data reduction 
generated by the LLAMA analysis was further evaluated 
by PCA (principal component analysis) and PLS (partial 
least squares regression) (Simca-P+, Umetrics, New Jersey, 
U.S.A.). The PCA analysis generated correlations be-
tween the different samples. In order to simplify the in-
terpretation of the PLS analysis, the P19CL6 sample was 
compared to skeletal muscle, adult and embryonic heart 
samples, with the H9C2 (2-1) sample removed. The PLS 
analysis was used to produce a variable importance (VIP) 
list and all genes with a VIP > 1, i.e. having a significant 
impact on the difference between the P19CL6 and other 
samples, were further analysed with the DAVID software 
suite (http://david.abcc.ncifcrf.gov/home.jsp) for func-
tional annotation clustering according to their biological 
functions [24]. 

a, b, c

a, b

c

b a

3. RESULTS 
a, b

In a series of separate cultures of P19CL6 cells it was 
noted that the cultures did not consistently display a 
“beating” phenotype, a characteristic that has previously 
been used as evidence of the cardiomyocyte properties of 
this P19 sub-clone [9]. 

c

a

b, c

3.1. P19CL6 Cells Exhibit a            
Cardiac-Muscle-Like ‘Beating’     
Phenotype under Specified Culture 
Conditions 

A characteristic of the P19CL6 cells is that they display 
beating in localised nodes following differentiation in the 
presence of DMSO [9]. The cardio-stimulatory chemical 
adrenaline elicited a dose-dependent linear increase in the 
observed pulse rate with statistically significant increases 
observed between 0-20 M adrenaline (Figure 1a). 
However, observation of P19CL6 cells over time in cul-
ture (passages 12-22) demonstrated that beating was 
consistently only observed between passages 12-16, and 
quantification of this beating showed a significant inverse 
correlation of the pulse-rate with passage number (Figure 
1b). Microscopic analysis of DMSO-differentiated P19- 
CL6 cells demonstrated mono-nuclear cells with no evi-
dence of cell fusion; these characteristics were distinct 
from the morphological characteristics of skeletal muscle 
cells, as typified by the H9C2 (2-1) murine cell-line 
(Figure 2), and added further weight to the assertion that 
differentiated P19CL6 cells exhibit a cardiac-specific 
muscle phenotype [5,10,34]. The microscopic analysis 
and response to adrenaline provided an indication of a 
cardiac-type phenotype, although the loss of beating with 
passage number suggested that the phenotype may not be 
robust with regards to culture duration.  
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(A) (B)

 

Figure 2. Microscopic examination of P19CL6 and H9C2(2-1) 
cells. Cells were cultured on coverslips under adherent condi-
tions in the presence of DMSO and collected on day 15 of 
incubation. Cells were fixed using paraformaldehyde and 
observed by light microscopy under 40× magnification. (a) 
P19CL6 cells; (b) H9C2(2-1) cells. 

 
3.2. The P19CL6 Cell-Line Expresses both  

Cardiac- and Skeletal Muscle-Specific  
Transcripts 

To further examine the reported cardiac properties of the 
P19CL6 cell-line, mRNA transcript levels of -MHC, - 
MHC, MyoD and myogenin were determined by RT- 
PCR followed by nested PCR. The expression of these 
gene products are characteristic of cardiac- (-MHC, 
-MHC) and skeletal muscle (MyoD, myogenin) tissues 
[35-38]. Figure 3a shows that P19CL6 cells expressed 
significant levels of -MHC, -MHC, MyoD and myo-
genin transcripts, inconsistent with a cardiac only phe-
notype: To examine if the unexpected expression of 
skeletal muscle markers in P19CL6 cells was caused by 
the culture conditions we also examined P19CL6 under 
non-adherent culturing conditions; under these conditions 
we once again observed both cardiac- and skeletal mus-
cle-specific markers (Figure 3b), suggestive of a mixed 
cardiac/skeletal-muscle transcriptome in P19CL6 cells 
regardless of culture conditons. The identity of the - 
MHC, -MHC, MyoD and myogenin transcripts was 
confirmed by sequencing of the nested PCR products 
(data not shown). The marker transcript specificity was 
confirmed using both the H9C2 (2-1) cell-line, which 
expresses a skeletal muscle phenotype, and only ex-
pressed MyoD and myogenin transcripts and mouse car-
diac tissue, which only expressed the aforementioned 
transcript markers of cardiac phenotype, -MHC and 
-MHC (Figure 3c). These data were thus consistent 
with P19CL6 cells exhibiting a mixed cardiac/skeletal 
muscle phenotype, and therefore a global transcriptome 
analysis was under-taken to examine this hypothesis, 
comparing P19CL6 cells with the H9C2 (2-1) cell-line 
and mouse cardiac and skeletal muscle tissue. 

3.3. Characterisation of the P19CL6 
Cell-Line by Microarray Analysis 

Transcriptomes from three independent P19CL6 cultures 
were compared by microarray analysis to the transcript- 
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Figure 3 Expression of -MHC, -MHC, MyoD and myo-
genin, as detected by nested-PCR, in (a) P19CL6 and 
H9C2(2-1) cells, cultured under adherent conditions, (b) 
P19CL6 cells cultured under non-adherent conditions, upon 
exposure to 1% DMSO, and (c) mouse heart tissue. Cells 
were cultured under adherent or non-adherent conditions for 
15 days in the presence of 1% DMSO, as described under 
Methods. Heart tissue was dissected from 10 weeks old CD1 
wild type (+/+) male mice. Total RNA was isolated and 
mRNA levels determined by RT-PCR followed nested-PCR. 
Theoretical sizes of PCR products are 275 bp or 413 bp 
(GAPDH), 302 bp (-MHC), 410 bp (-MHC), 392 bp 
(MyoD) and 337 bp (myogenin), as indicated by the arrows. 
For Figure 3c the theoretical sizes of PCR products were: 
556 bp (GAPDH); 491 bp (-MHC); 587 bp (-MHC); 513 
bp (MyoD); and 608 bp (Myogenin), as indicated by arrows. 
Data shown of one experiment that is representative of three 
separate biological experiments. 
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tomes of mouse cardiac and skeletal muscle tissue, H9C2 
(2-1) cells, and a reference sample, which was a mixture 
of cDNA from all the samples in equal proportions. An 
interwoven loop design and data reduction by linear 
modelling [21-23] was utilized to compare all samples to 
the reference sample (Figure 4). The transcriptomes of 
all samples were initially analysed by PCA and showed a 
low correlation between the P19CL6 cells and other 
samples (Table 2, Figure 5). Only the embryonic heart 
sample did not differ significantly from the P19CL6 cells 
(P>0.05), although even this comparison showed a very 
low correlation of 0.007 (Table 2). Subsequent PLS 
analysis, excluding the H9C2 (2-1) samples in order to 
simplify interpretation, showed that principal component 
1 (PC1) accounted for 52% of the total variance and 
clearly separated the P19CL6 sample from the heart and 
muscle tissue (Figure 5). The loading factors for PC1 
showing a variable importance (VIP) of >1.0 represent 
those transcripts driving the separation of P19CL6 cells 
from the other samples; these were put into a biological 
context by ascertaining Gene Ontology (GO) identifiers 
that were significantly over-represented in the identified 
transcript level changes, using the DAVID bioinformatics 
suite [24]. Such over-representation is often indicative of 
a significant biological effect in the pathway(s) associated 
with the GO identifiers. Several annotation clusters with 
an enrichment score of greater than 1.0, i.e. showing 
significant enrichment, were identified (502 separate 
genes) and the five main Biological Processes that were 
identified are shown in Table 3. A more detailed analysis 
of the genes identified within the “Regulation of cellular 
processes” cluster showed that 57% (total number 146 
separate gene products) of the identified mRNA levels 
were up-regulated in P19CL6 cells compared to embry-
onic heart tissue, whereas the remainder were down- 
regulated (data not shown). The latter tissue was the 
primary focus for comparison as P19-derived cardio-
myocytes are embryonic in nature and have previously 
been used as a model system for the embryonic heart 
[1,6,8]. However, in the original P19CL6 paper this 
cell-line was proposed to be a good model system for 
adult heart [9]. 

4. DISCUSSION 

The P19CL6 cell-line, a derivative of P19 embryonal 
carcinoma cells, is widely used as an in vitro model of 
cardiovascular cells [1,2,10,16], and has been shown to 
differentiate into a beating phenotype that is reminiscent 
of cardiomyocytes upon exposure to DMSO [9]. Data 
presented here confirm that differentiated P19CL6 cells 
do exhibit some markers of a cardiac phenotype in the 
P19CL6 cells: a beating phenotype that is positively 
responsive to adrenaline; expression of transcript markers 
of cardiac phenotype (-MHC, -MHC); microscopic 
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Figure 4. Representation of dual-hybridisation optimal in-
terwoven loop design for microarray experiments. Loop de-
signs showing three, four, and seven samples (nodes) that 
were compared in three different experiments. The samples 
analysed in each experiment were (a) P19CL6 cells, mouse 
embryonic heart and mouse adult heart tissue (b) P19CL6 
cells, H9C2 (2-1) cells, mouse adult heart and mouse skeletal 
muscle tissue (c) P19CL6 cells (two different biological 
samples), H9C2 (2-1) cells, mouse embryonic heart tissue, 
mouse adult heart tissue, mouse skeletal muscle tissue and a 
reference sample, the latter containing cDNA from all the 
samples. The samples at the start of the arrows were labelled 
with Cy3 and the target samples with Cy5. 
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Figure 5. Analysis of transcriptomic expression data (microar-
rays) by PLS analysis. Gene expression data from microarray 
analysis was reduced by linear regression, using the LLAMA 
algorithm [19-21]. The data was further analysed by PCA and 
subsequently PLS to demonstrate discrimination between the 
samples (R2X for principal components 1 and 2 is 0.52 and 0.33, 
respectively) and generate a list of variable importance that 
could be used in the DAVID analysis. 
 
analysis showing mono-nuclear cells with no evidence of 
cell fusion [1,5,8,25]. However, closer examination of 
these features raises some concerns, and is suggestive of 
an unstable, mixed, cardiac/skeletal muscle phenotype. 
We demonstrated that the pulse-rate for beating was 
negatively correlated with the passage number of the cells, 
with no beating observed after passage 16, suggesting  



I. Khodadadi et al. / HEALTH 2 (2010) 24-31 

SciRes Copyright © 2010                                  http://www.scirp.org/journal/HEALTH/Openly accessible at  

29

Table 1. Sequences of oligonucleotide primers used for PCR. 

Oligo name Sequences %GC TmC Application
Product

size

GAPDH-F 
ATT CAA CGG 
CAC AGT CAA 

GGC 
52 59.8 

GAPDH-R 
CAC ATT GGG 
GGT AGG AAC 

AC 
55 59.4 

RT-PCR 556 bp

GAPDH-F 
AGC TTG TCA 
TCA ACG GGA 

AGC 
52 59.8  

GAPDH-R 
CTA AGC AGT 
TGG TGG TGC 

AG 
55 59.4  

nested PCR 275 bp

GAPDH-F 
GAC TCC ACT 
CAC GGC AAA 

TTC 
52 59.8 

GAPDH-R 
AGT CTT CTG 
GGT GGC AGT 

GAT 
52 59.8 

nested PCR 413 bp

-MHC-F 
ATG GAG CAG 
ACC ATC AAG 

GAC 
52 59.8 

-MHC-R 
TTG TGT ATT 

GGC CAC AGC 
GAG 

52 59.8 

RT-PCR 491 bp

-MHC-F 
AAG AGT GAG 
CGG CGC ATC 

AA 
55 59.4 

-MHC-R 
CTG CTG GAG 
AGG TTA TTC 

CTC 
52 59.8 

nested PCR 302 bp

-MHC-F 
CTT CAA CCA 
CCA CAT GTT 

CGT G 
50 60.3 

-MHC-R 
TCA CCC CTG 
GAG ACT TTG 

TCT 
52 59.8 

RT-PCR 587 bp

-MHC-F 
GAG GGC ATT 
GAG TGG ACA 

TTC 
52 59.8 

-MHC-R 
CTT TCT TTG 
CCT TGC CTT 

TGC C 
50 60.3 

nested PCR 412 bp

MyoD-F 
AGT GAA TGA 
GGC CTT CGA 

GAC 
52 59.8 

MyoD-R 
CTG GGT TCC 
CTG TTC TGT 

GT 
55 59.4 

RT-PCR 513 bp

MyoD-F 
TAC CCA AGG 
TGG AGA TCC 

TG 
55 59.4 

MyoD-R 
GTG GTG CAT 
CTG CCA AAA 

GC 
55 59.4 

nested PCR 392 bp

MyoG-F 
AGC TGT ATG 
AGA CAT CCC 

CCT 
52 59.8 

MyoG-R 
ACG ATG GAC 
GTA AGG GAG 

TG 
55 59.4 

RT-PCR 608 bp

MyoG-F 
ACC AGG AGC 
CCC ACT TCT 

AT 
55 59.4 

MyoG-R 
GCG CAG GAT 
CTC CAC TTT 

AG 
55 59.4 

nested PCR 337 bp

F and R indicate forward and reverse primers, respectively. Tm: an-
nealing temperature (C); bp: base pair. 

Table 2. Correlation matrix of mRNA expression levels in 
P19CL6 and H9C2 (2-1) cells, and skeletal muscle, adult heart 
and embryonic heart tissue samples, as analyzed by microarray 
analysis. 

Samples H9C2 (2-1)
Skeletal 
muscle 

Adult heart
Embryonic 

heart 

P19CL6 -0.058* -0.154** -0.210** 0.007 

H9C2 (2-1) -- 0.031 0.175** -0.023 

Skeletal muscle -- -- 0.299** -0.024 

Adult heart -- -- -- 0.373**

Microarray data was reduced by linear analysis using LLAMA and the 
data analyzed by PCA, with the data fitted to 5 components (explaining 
100% of the cumulative variance).  *P<0.05; **P <0.001. 
 
that the P19CL6 cells are subject to phenotypic drift with 
time in culture, and hence may not represent a stable 
cardiomyocyte phenotype. In addition, while P19CL6 
cells expressed the aforementioned transcript markers of 
cardiac phenotype (-MHC, -MHC), they also ex- 
pressed transcript markers for a skeletal muscle pheno- 
type (MyoD and myogenin), again suggestive of a mixed 
cardiac/skeletal muscle phenotype. Whereas examination 
of single markers can give an indication of the potential 
phenotype for a cell-line they are not necessarily indica-
tive of a fully functioning biological system. For example, 
liver cell-lines such as HepG2 have been validated for use 
in drug screening as hosts for both reporter genes and 
marker transcripts [26,27]; however, in-depth analysis 
demonstrates that this validation is simplified, with 
HepG2 cells unable to support some genome-based 
transcriptional activation and for the transcriptome to be 
markedly affected by culture conditions [28,29]. There-
fore whereas low complexity measurements may be 
suitable for validation of cell-lines for use in individual 
assays, approaches such as transcriptome/proteome 
analysis are more appropriate to fully characterize cell- 
lines [30]; anchoring this data to known phenotypic 
markers then allows an accurate assessment of the ap-
propriateness of any cell-line to the in vivo system they 
are supposed to be modelling [31]. Transcriptome analy-
sis of P19CL6 cells demonstrated significant differences 
in the transcript profile between these cells and other 
samples, including importantly both embryonic and adult 
cardiac cells. Gene Ontology over-representation analysis 
suggests that these transcripts are linked to biological 
pathways associated with cellular metabolism, an inter-
esting observation since it is generally accepted that car-
diac muscle cells have specific metabolic processes that 
differentiate embryonic and adult cardiomyocytes, and 
also skeletal and cardiac muscle cells. 

In conclusion, we have both undertaken physiological 
and transcriptome analysis of P19CL6 cells, assessing 
their suitability as models of cardiomyocytes for in vitro 
experimentation. Our data suggests that whereas the 
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P19CL6 cell-line has some phenotypic similarities to 
cardiomyocytes (e.g. the ability to pulse) there exist sig-
nificant differences between these cells and the in vivo 
situation. Our observations clearly demonstrate that the 
P19CL6 cell line does not maintain a robust cardia- 
myocyte phenotype as shown by the loss of cell beating 
with time in culture. In addition, transcriptome analysis 
clearly shows that even freshly differentiated cells do not 
exhibit a clear cardiac or muscle transcript profile, further 
questioning the utility of P19CL6 as a model system for 
the study of cardiomyocyte physiology. 
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ANOVA: Analysis of variance;  
DMSO: Dimethyl sulphoxide;  
RT-PCR: Reverse transcriptase polymerase chain reaction;  

PCA: Principle components analysis;  
PLS: Partial least squares regression;  
LLAMA: Live Linear Analysis of MicroArray.
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ABSTRACT 

Influenza remains a world wide health threat, 
thus the need for a high-throughput and robust 
assay to quantify both seasonal and avian in-
fluenza A strains. Therefore, a 384-well plate 
format was developed for the median tissue 
culture infectious dose assay (TCID50) utilizing 
the detection of nucleoprotein by an in situ en-
zyme linked immunosorbent assay (ELISA) 
which was optimized for sensitivity in this assay. 
Highly pathogenic avian influenza, A/Vietnam/ 
1203/04 (H5N1), and interpandemic strains, A/ 
New Caledonia/20/99 (H1N1) and A/Brisbane/ 
10/07 (H3N2), were quantified using this high- 
throughput assay. Each 384-well plate can be 
used to analyze ten viral samples in quadrupli-
cate, eight dilutions per sample, including all 
necessary assay controls. The results obtained 
from 384-well plates were comparable to tradi-
tional 96-well plates and also demonstrate re-
peatability, intermediate precision, and assay 
linearity. Further, the use of 384-well plates in-
creased the throughput of sample analysis and 
the precision and accuracy of the resulting titer. 

Keywords: Avian Influenza; ELISA; 
High-Throughput Assay; Interpandemic Influenza A; 
TCID50 

1. INTRODUCTION 

Interpandemic, or seasonal, influenza takes a toll on 
public health resources, economic productivity, and 
causes up to 500,000 deaths annually world-wide [1]. 
Highly pathogenic avian influenza (HPAI) strains cause 
heavy economic losses in countries dependent upon 
poultry revenues and have caused more than 250 deaths  
globally [2]. In addition, HPAI strains could potentially 

give rise to a pandemic. Given the economic and health 
implications of these viral strains, many new vaccines 
and therapeutics are being developed to counter this 
threat.  In order to determine efficacy of these novel 
products, it is necessary to quantify antibody responses 
and influenza A viruses in various matrices, ideally in a 
high-throughput format. Currently, several high throu- 
ghput assays to detect influenza virus exist which utilize 
reverse transcription polymerase chain reaction (RT-PCR) 
alone [3], and coupled with flow cytometery [4] or utilize 
a latex turbidimetric immunoassay [5]. There are also a 
few high-throughput screening methods to determine 
putative antiviral compounds [6] and influenza antago-
nists [7]. Although these methods are able to analyze 
many samples for the presence of influenza or screen 
potential therapeutics, these assays do not quantify in-
fluenza virus.  For high-throughput quantification, a 
reverse-phased high performance liquid chromatography 
has been used to enumerate the amount of hemagglutinin 
in several types of viral stocks [8], but does not provide 
an infectious titer. A branched DNA technology can be 
used for quantification of influenza A viruses, but this 
assay was developed for use as an antiviral assay [9] and 
not for viral quantitation. Median tissue culture infectious 
dose assays (TCID50 assay) utilizing Alamar blue in 
96-well plates have also been described [10]. Analysis by 
this assay provides an infectious titer by indirect means; 
determining the metabolism of uninfected healthy cells 
instead of detecting the presence of viral infection. To 
date, 384-well plate assays have been described for the 
detection of influenza via RT-PCR [11] and for the 
screening of antivirals utilizing Flash plate technology 
[12] or cell based luminescence assays [13]. Thus, 
384-well plates have not been harnessed to provide as-
sessment of infectious titers of influenza viruses. 

As no world wide standard exists for the quantification 
of influenza viruses, the World Health Organization’s 
(WHO) Manual on Animal Influenza Diagnosis and 
Surveillance [14] was chosen as the basis for this work. 
The manual recommends that viral samples be analyzed 

 



M. R. Gainey et al. / HEALTH 2 (2010) 32-37 

SciRes Copyright © 2010                                http://www.scirp.org/journal/HEALTH/Openly accessible at  

33

in quadruplicate by the TCID50 assay in a 96-well mi-
croplate format. These assays may be interpreted by the 
visual observation of cytopathic effect (CPE) or the de-
tection of influenza nucleoprotein by an in situ ELISA. To 
increase the assay throughput and efficiency, a 384-well 
microplate assay with an ELISA readout was developed 
based on recommended WHO manual TCID50 procedures. 
Titration of HPAI and interpandemic influenza A viruses 
in a 384-well microplate was compared to the traditional 
96-well format. Based on preliminary qualification data, 
the 384-well format measures accurate and precise titers 
with less variability and higher assay linearity than the 
96-well plates, suggesting this method provides more 
reliable titer data. Further, the use of 384-well plates 
reduces the time and effort required for analysis to 24 
minutes per sample, a reduction of 80%. This assay for-
mat has also been adapted for micro-neutralization assays 
and is amenable for use with manual or robotic liquid 
handlers. 

2. MATERIALS AND METHODS 

2.1. Metabolic Assay 

384-well plates were seeded with MDCK cells at 2.5 x 
105 or 3.0 x 105 cells/mL and incubated overnight at 37°C 
and 5.0% CO2. A 5% (w/v) Tetrazolium salt, 3- [4,5- 
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide 
(MTT) solution was prepared in 1X phosphate buffered 
saline (PBS), added to each well and incubated 2 hr at 
37°C. The reduced MTT was released from the cells by 
adding Solubilization Buffer (50% dimethyl formamide 
solution containing 20% w/v sodium dodecyl sulfate) and 
incubating for 2 hr at 37°C. The plates were read at 550 
nm with a 690 nm reference. All subsequent experiments 
utilized a seeding density of 3.0 x 105 cells/mL due to 
lower variability, which was analyzed by calculating the 
coefficient of variance according to the location on the 
plate. 

2.2. Viruses and Cells 

Each viral strain was received from the Centers for Dis-
ease Control (Atlanta, GA) and propagated in 8-10 day 
old specific-pathogen free chicken embryos (Charles 
River Franklin, CT) at 37°C for 24 hr for A/ Vietnam/ 
1203/04, 37°C for 72 hr for A/New Caledonia/20/99, and 
35°C for 48 hr for A/Brisbane/10/07. The harvested al-
lantoic fluid was stored at ≤-70°C. Madin-Darby canine 
kidney (MDCK) cells (Salisbury lineage, Sigma St. Louis, 
MO), were maintained in complete Eagle’s minimal es-
sential media (EMEM) containing 1% Penicillin- Strep-
tomycin and 10% fetal bovine serum. MDCK plates 
seeded at 70% confluency were purchased from Diag-
nostic Hybrids, Inc. (Athens, OH). 

2.3. Viral Quantification 

Viral stocks were quantified by inoculating serial dilu-
tions in quintuplicate on 96-well plates or quadruplicate 
on 384-well plates onto confluent MDCK monolayers. 
TPCK-treated trypsin at 2.0 μg/mL (US Biological 
Swampscott, MA) was added to the inoculation media for 
the interpandemic strains. Each plate contained cell cul-
ture control (CC) wells containing inoculation media 
alone. The inoculated plates were incubated at 37°C and 
5.0% CO2 in a humidified incubator for 20 ± 1 hr prior to 
fixation. 

2.4. In Situ Influenza A Nucleoprotein ELISA 

The ELISA was performed as previously described [14] 
with the following noted changes. Plates were fixed by 
the addition of 1 ½ volumes of 80% cold acetone in water 
directly to the inoculum and incubated at room tempera-
ture (RT) for 30 min. All subsequent incubations were 
increased from the recommended RT to 37°C in a hu-
midified incubator to increase the sensitivity of the assay. 
For the primary incubation, an equal mixture of mouse 
anti-influenza A nucleoprotein monoclonal antibody 
clone MAB8257 and MAB8258 (Chemicon International; 
Bellirica, MA) was used. The ABTS Microwell Peroxi-
dase Substrate System (Kirkegaard and Perry Laborato-
ries, prepared according to manufacturer’s instructions) 
substrate and stop solution was used according to the 
manufacturer’s instructions. The plates were read at 405 
nm with a 490 nm reference. The positive threshold was 
calculated as the average optical density (OD) of the CC 
wells plus two standard deviations. Each sample well was 
scored as positive for infection if the OD was above the 
positive threshold and negative for infection if the OD 
was less than or equal to the positive threshold. The me-
dian infectious dose for all samples was calculated using 
the Spearman Kärber formula [15]. 

3. RESULTS 

3.1. Optimization of the 384-Well Plate 

To assess the suitability of 384-well plates for a cell- 
based infectivity assay, MDCK cells were seeded at two 
concentrations and the metabolic activity was determined 
by reduction of MTT. The metabolism of cells seeded in 
the outer wells was identical to the cells seeded in the 
inner wells (see Table 1). The variability was analyzed by 
calculating the coefficient of variance (CV) by location 
on the plate and found to be less than 13% for inner and 
outer wells as well as the entire plate. Therefore, 384-well 
plates were found suitable for this assay due to the low 
variability demonstrated between inner and outer wells. 
Further, seeding the plate at 3 x 105 cells/mL provided 
less variability (CV < 8%, see Table 1). 
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Table 1. 384-well plate variability measured by metabolism. 384-well plates were seeded with two concentrations of MDCK cells and 
metabolism was determined by the reduction of MTT. The delta OD (difference between OD at 550 nm and 690 nm) was averaged for 
the outer and inner wells in comparison to the entire plate. The standard deviation (SD) and coefficient of variance (CV) were deter-
mined for each location. 

 2.5 x 105 cells/mL 3.0 x 105 cells/mL 

 Outer Wells Inner Wells Entire Plate Outer Wells Inner Wells Entire Plate 

Average ΔOD 0.28 0.29 0.29 0.35 0.35 0.35 

SD 0.04 0.03 0.03 0.03 0.03 0.03 

CV 13% 11% 11% 8% 7% 8% 

 
Table 2. In situ nucleoprotein ELISA threshold calculation. Changes made to the WHO animal influenza diagnosis and surveillance 
ELISA threshold obtained titers comparable to visual determination of CPE. 

CPE Readout WHO ELISA ELISA 
(AVG CC + 2SD)  

5.7 5.0 5.6 

Different plate Same plate analyzed with different thresholds 

 
The in situ nucleoprotein ELISA was adapted for this 

plate format and optimized for sensitivity, efficiency, and 
safety (see Materials and Methods 2.4). Removing the 
inoculum and washing the monolayer prior to fixation 
was not desirable for the 384-well plate due to the in-
volvement of multiple pipetting steps and manipulation 
of potentially infectious materials. Thus, the critical step 
for making this assay feasible and safe is the addition of 
the fixative directly to the inoculated wells. Tests dem-
onstrated no adverse effects to the reported titer or in-
crease in the background of the assay by changing the 
fixation step (data not shown). To further optimize the 
ELISA, the incubation temperature was raised which 
reduced the concentration of conjugate required thus 
increasing the sensitivity of the assay. The use of the 
ABTS microwell peroxidase substrate system improved 
the environmental impact of this assay by eliminating the 
waste generated from the o-phenylenediamine dihydro- 
chloride (OPD) substrate, which is both toxic to humans 
and dangerous to aquatic systems according to the mate-
rial safety data sheet. Use of the ABTS substrate in-
creased the positive signal without significantly increas-
ing the background of negative wells (data not shown). 
Unlike OPD, the ABTS substrate does not change color 
upon the addition of the stop solution thus eliminating 
concerns about the timing of stopping the reaction. Fi-
nally, the positive threshold was defined as the average of 
optical density (OD) of the CC wells plus two standard 
deviations which provides titers consistent with side by 
side CPE readout experiments (Table 2). 
Samples and controls are diluted in a standard 96-tube 

microtiter box (see Figure 1A). Inoculation of the 
384-well plate is efficient and simple when utilizing a 
24-channel pipette (see Figure 1B). The content of each 
microtiter tube is inoculated into four wells on the 
384-well plate. This process can be adapted easily to 

1 2 3 4 5 6 7 8 9 10 11 12
A S1-1 S2-1 S3-1 S4-1 S5-1 S6-1 S7-1 S8-1 S9-1 S10-1 PC-1 NC-1
B S1-2 S2-2 S3-2 S4-2 S5-2 S6-2 S7-2 S8-2 S9-2 S10-2 PC-2 NC-2
C S1-3 S2-3 S3-3 S4-3 S5-3 S6-3 S7-3 S8-3 S9-3 S10-3 PC-3 NC-3
D S1-4 S2-4 S3-4 S4-4 S5-4 S6-4 S7-4 S8-4 S9-4 S10-4 PC-4 NC-4
E S1-5 S2-5 S3-5 S4-5 S5-5 S6-5 S7-5 S8-5 S9-5 S10-5 PC-5 CC
F S1-6 S2-6 S3-6 S4-6 S5-6 S6-6 S7-6 S8-6 S9-6 S10-6 PC-6 CC
G S1-7 S2-7 S3-7 S4-7 S5-7 S6-7 S7-7 S8-7 S9-7 S10-7 PC-7 CC
H S1-8 S2-8 S3-8 S4-8 S5-8 S6-8 S7-8 S8-8 S9-8 S10-8 PC-8 CC  

(a) 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
A 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
B 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
C 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
D 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
E 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3
F 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3
G 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
H 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4
I 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 CC CC
J 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 CC CC
K 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 CC CC
L 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 CC CC

M 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 CC CC
N 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 CC CC
O 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 CC CC
P 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 CC CC

S9 S10 PC NC/CCS5 S6 S7 S8S1 S2 S3 S4  
(b) 

(a) TITER-BOX. Samples and controls are diluted in a standard 96-tube 
microtiter box. Each color represents a different viral sample or control, 
thus ten samples (S1 through S10) with a positive control virus (PC), 
sample matrix matched negative control (NC), and cell culture control 
(CC) are prepared. Eight dilutions of each sample and PC are prepared 
with four dilutions for the NC.  
(b) 384-WELL PLATE: Each tube is inoculated into four wells in the 
384-well plate. The number in each well represents the sample/control 
dilution inoculated into that location 

Figure 1. 384-well plate set up and layout.  
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Table 3. Intra-assay and inter-assay variability data for TCID50 assays. The repeatability (intra-assay variability) and intermediate 
precision (inter-assay variability) of each plate format was assessed for three strains of influenza A. 

 
Repeatability                 

(Intra-Assay Variability)1 
Intermediate Precision                

(Inter-Assay Variability)2 

 384-well 96-well 384-well 96-well 

Expected Titer3 

A/Vietnam/1203/04 (H5N1) 

GEOMEAN 
SD 
CV 

7.6 
0.2 
3% 

7.8 
0.2 
3% 

7.6 
0.3 
4% 

7.9 
0.4 
5% 

7.6 

A/New Caledonia/20/99 (H1N1) 

GEOMEAN 
SD 
CV 

4.7 
0.0 
0% 

4.5 
0.1 
2% 

4.9 
0.3 
6% 

5.3 
0.8 

15% 
5.1 

A/Brisbane/10/07 (H3N2) 

GEOMEAN 
SD 
CV 

6.3 
0.1 
2% 

5.7 
0.2 
4% 

6.3 
0.2 
3% 

5.5 
0.3 
5% 

6.1 

1) Value reported is the geometric mean of the titer of three iterations by one operator on one testing day 
2) Value reported is the geometric mean of the titer of three iterations by two operators on two testing days 
3) The expected titer was based on prior titer certification on 96-well plates by two operators over three testing days using nine randomly selected 

aliquots of the stock 

robotic or manual liquid handler capabilities and has been 
used in our facility. 

3.2. Assay Acceptability 

To compare the new 384-well plate with the traditional 
96-well plate, the repeatability (intra-assay variability) 
and intermediate precision (inter-assay variability) were 
evaluated (see Table 3) for three influenza strains (H1N1, 
H3N2, and H5N1). Use of three different influenza vi-
ruses demonstrated the robustness of the assay for quan-
tification of any influenza A strain. The expected titer of 
each strain was established using 96-well plates prior to 
the experiment. To establish repeatability and precision, 
the mean titer obtained must be within 0.5 log of the ex-
pected titer. 

The repeatability was assessed by three iterations of the 
same viral lot by one operator on a single day of testing. 
The geometric mean and standard deviation were calcu-
lated for each plate type and viral strain (see Table 3). For 
the 384-well plates, all mean titers were within 0.4 log of 
the expected titer and were deemed repeatable for all three 
strains. Further, the standard deviations were less than or 
equal to 0.2 log TCID50/mL which demonstrates low 
variability regardless of the influenza strain quantified on 
the 384-well plate. The 96-well plates produced titers 
within 0.6 log of the expected titer, indicating less re-
peatability with this plate format. 

The intermediate precision for each assay format and 
viral strain was assessed by three iterations of the same 
viral lot by two operators on two testing days. The geo-
metric mean and standard deviation of the resulting 12 

data points were calculated (see Table 3). All of the mean  
titers obtained with 384-well plates were within 0.2 log of   
the expected titer, thus establishing the intermediate pre-
cision of the 384-well plate. The 96-well plate demon-
strated less precision with all mean titers falling within 0.6 
log of the expected titer. In addition, the standard devia-
tions for the 384-well plates were calculated to be 0.3 log 
TCID50/mL or less, compared with 0.8 log TCID50/mL or 
less for 96-well plates, indicating lower variability be-
tween assays, operators, and testing days for the high- 
throughput plate format. All strains performed as ex-
pected in comparison to titers established using 96-well 
plates, thus verifying the robustness of the 384-well plate. 
The linearity of an assay measures the ability to obtain 
results proportional to the concentration of the sample. 
For each assay format, the linearity was assessed by pre-
paring four serial dilutions of the viral stock. Each dilu-
tion was then quantified in each plate type. The predicted 
titer for each dilution was calculated based on the dilution 
from the certified stock titer. The observed titer was 
plotted against the predicted titer and a linear regression 
analysis was performed (see Figure 2). For the purposes 
of this study, an r2 ≥ to 0.85 was considered linear. Al-
though the 96-well plate for both the A/ Vietnam/1203/04 
and A/New Caledonia/20/99 strains demonstrated linear-
ity, r2 >0.96, the 384-well plate for both strains demon-
strated greater linearity, r2 >0.99 which suggests the use of 
a 384-well plate format provides more reliable data. 
However, both 96-well and 384-well plates are expected 
to produce results proportional to the concentration of the 
sample quantified.
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Four serial dilutions of each strain were prepared and then quantified in each assay format. The observed log titer was compared 
with the predicted titer for each dilution. The linear regression for each format was determined. An r2 >0.85 was considered linear 
for each assay format. 

Figure 2. Assay linearity for influenza A (H5N1 and H1N1). 
 
3.3. Advantage of High-Throughput 384-Well  

Plate 

To compare efficiency of the new 384-well plate format 
with the standard 96-well plate, the average time required 
to analyze one sample in a TCID50 assay from seeding the 
plate to analysis of the data was determined. The average 
time for the 96-well assay (plates seeded in house) was 2 
hr per sample from start to finish. For the most efficient 
384-well assay, commercially available seeded plates 
were used, removing the need for cell culture mainte-
nance. An additional advantage of these pre-seeded plates 
is that more assays can be conducted each week without 
the need of multiple cell lines being maintained for har-
vest. The average time for the analysis of one sample on a 
pre-seeded 384-well plate was 0.4 hr. Thus, using pur-
chased 384-well plate increases efficiency of the TCID50 
assay by 80%, thereby reducing cost significantly. 

4. DISCUSSION 

HPAI infections in animals cause economic losses in 
countries dependent on poultry revenues [16]. Further, 

HPAI and interpandemic (seasonal) influenza infections 
in humans burden public health resources [17]. A myriad 
of vaccines and therapeutics are under development; 
however, assays that test influenza virus titers and screen 
the efficacy of vaccines and therapeutics cannot be used 
to quantify influenza virus and those that do measure 
infectious virus, do so by indirect methods [9, 10]. The 
TCID50 assay directly quantifies infectious influenza A 
viruses by utilizing an in situ nucleoprotein ELISA that 
detects the influenza A nucleoprotein in infected mon- 
olayers [14]. Therefore, a 384-well plate TCID50 assay 
with an ELISA readout was developed and tested for 
robustness, accuracy, precision, and reliability. The time 
and effort required for sample testing was also deter-
mined. For this study, two plate formats were examined: a 
traditional 96-well plate and a high throughput 384-well 
plate. To demonstrate the robustness of the assays, three 
influenza A strains were quantified: A/ Vietnam/1203/04 
(H5N1), A/New Caledonia/20/99 (H1N1), and A/ Bri- 
sbane/10/07 (H3N2). All viral strains performed as ex-
pected without modification of the procedure, demon-
strating the robustness of the new 384-well plate format 
when compared with the traditional 96-well plate. Addi-
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tionally, each assay format was tested for intra- and in-
ter-assay variability to ascertain the precision of the assay 
and for linearity to verify the overall performance of the 
plate format. Both 96-well and 384-well plate formats 
tested were found to be repeatable, precise, and linear. 
The 384-well plate appears to be more accurate, precise 
and linear than the traditional 96-well plate and demon-
strated less overall variability. Further, the efficiency 
afforded by using purchased pre-seeded 384-well plates 
was substantial. The increase in efficiency greatly lowers 
the cost and time required to obtain an infectious titer for 
a variety of viral samples without sacrificing precision. 
The 384-well plate format with ELISA readout offers a 
high-throughput, more efficient alternative for the de-
termination of infectious influenza A titers in compliance 
with WHO recommendations for the assay. The 384-well 
plate has also been adapted for automation via liquid 
handling, considerably increasing the throughput of 
sample analysis in order to determine the efficacy of 
novel vaccines and therapeutics. 
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ABSTRACT 
This paper introduces a simple, quantitative as-
sessment tool to follow up the recovery of gait. 
Today, micro-electro-mechanical systems (MEMS) 
technology provides with small, simple, low-pow- 
er consuming and easy to don and doff sensors. 
In our approach we have selected an accelerome- 
ter and introduced a new quantity that charac-
terizes the gait pattern in the frequency domain, 
we term it Gait Spectral Index (GSI). GSI allows 
assessing gait quality and closely relates to the 
speed and cadence of gait (dynamics). We have 
tested the GSI approach to quantify the quality 
of the gait of healthy young and elderly, and post- 
stroke hemiplegic individuals. We investigated 
the repeatability and coherence of GSI in healthy 
individuals (young and elderly) and contrasted 
this to the post-stroke hemiplegic individuals. 
We found that high correlation of the GSI with 
conventional gait parameters. This suggests that 
GSI, which needs only data from one acceler-
ometer, could be an objective quantitative mea- 
sure of the quality of the walking thereby a sim- 
ple yet reliable measure of the recovery of func-
tion during neuronrehabilitation. 

Keywords: Gait Evaluation; Walk Training;     
Accelerometer; Spectral Analysis 

1. INTRODUCTION 

Clinical methods for gait evaluation consist in standard-
ized functional tests (Barthel Index, Rivermead Mobility 
Index (Bohannon et al. 1987), Functional Ambulation 
Category (FAC)) are qualitative; thereby, somewhat sub- 
jective because they depend on individual observation 
skills of the rater. We developed a simple instrument that 
after appropriate processing provides objective quantita-

tive measure of the gait performance. This new instru-
ment is of great importance for clinical use for assessing 
the gait pattern in all, including elderly and individuals 
with disabilities (Sekine et al., 2002). The heart of the 
instrument is the accelerometer that is being mounted on 
the leg, does not need calibration and provides data that is 
highly reproducible. 

The development of this instrument follows the fast 
growth of the filed of Micro-electro-mechanical systems 
(MEMS). The MEMS sensors have been applied for the 
assessment of physical activities using body-mounted 
systems (Jasiewicz et al., 2006; Luinge and Veltink, 2004 ; 
Pappas et al., 2002). MEMS based accelerometers pro-
vide a good representation of movement dynamics (Ja- 
siewicz et al., 2006; Hester et al., 2006; Brandes et al., 
2005; Luinge and Veltink, 2004). The typical application 
of multiple accelerometers is for reconstruction of the 
kinematics of the gait (Wagenaar et al., 1992; Bussmann 
et al., 2000). Reconstruction of gait kinematics is difficult 
since the integration of data captured by accelerometers 
results with drift and substantial errors. The alternative is 
to use the acceleration data directly as a measure of the 
quality of gait. Acceleration patterns of trunk have ex-
tensively been employed since they have been shown to 
comprise low intra-variability; thereby suitable for de-
tection of phases of the gait cycle (Ziljstra et al., 2003; 
Brandes et al., 2006). The reproducibility of trunk ac-
celerations declined as gait speed decreases which is the 
case when analyzing the gait of elderly and even more of 
subjects with gait disabilities (Saremi et al., 2006). 

Acceleration can be analyzed in the frequency domain. 
The fundamental frequency is equivalent to the stride 
frequency, and the harmonics amplitudes vary depending 
on the gait pattern. It is important to notice that the posi-
tion of the accelerometer on a body segment does not 
affect the frequency content of the signal. One of the best 
confirmations was presented by Waarsing et al. (1996) 
showing that the power contained in the peaks is in-
versely proportional to stability performance.  

Here, we show that only one accelerometer can be used 
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as a good source of data for gait characterization. One of 
the features of this gait assessment system is that it does 
not need to be calibrated to each individual, and provides 
with easy donning and doffing. The major novelty that 
allows the use of this simple hardware is the Gait Spectral 
Index (GSI). The GSI is the new measure that character-
izes the gait pattern in the frequency domain. We hy-
pothesized that the GSI is highly correlated with the 
conventional gait parameters. Based on proved hypothe-
sis we performed the experiments in which we compared 
the GSI determined from analysis of the gait of healthy 
young and elderly subjects with the GSI determined for 
the gait of individuals of hemiplegia. 

2. METHODS 

2.1. Subjects 
Six healthy young (HY) (age 31. 8 years ± 7. 2), and ten 
healthy elderly (HE) (age 67 years ± 6. 9) individuals 
participated in the study to confirm the high correlation of 
the GSI and conventional gait parameters. 19 post-stroke 
hemiplegic individuals (SP) (age 58. 6 years ± 10.18) also 
participated in the study in order to analyze the differ-
ences between healthy and pathological gait. Basic tada 
on study the subjects is summarized in Tables 1-4. 

The HY group was formed from volunteers from our 
laboratory in LIRMM, France. Two subjects, out of ten, in 
the HE group were recruited in an elderly cultural asso-
ciation while the other eight from a local waling club. 

Hemiplegic individuals were recruited from the inpa-
tient population of the Institute for Rehabilitation “Dr 
Miroslav Zotovic” in Belgrade. The hemiplegic gait abili- 
ties were assessed by using the Functional Ambulation 
Category scale (Holden et al, 1984). The FAC scale has 
five grades: 1 - person needs to be physically supported 
for any ambulation (the worst), and 5 - the person can 
walk independently anywhere (the best). All hemiplegic 
individuals could walk with their usual walking aid (13 
patients used cane or tripod, 4 patients had also an ankle 

or foot orthosis) as shown in Tables 3 and 4. 
The (SP) group was divided into two sub-groups: (SP1) 

includes the eight individuals with a 5 FAC rank and (SP2) 
with the 11 remaining individuals. 

This study was approved by the local ethics Committee, 
and all study participants signed the informed consent. 

2.2. Equipment 
We used a uniaxial-accelerometer (ADXL-203, Analog 
Devices) positioned on the shank close to the ankle. The 
accelerometer axis was directed along the shank with the 
positive direction pointing upwards (Figure 1). The alig- 
nment was performed visually, except from this con-
straint, no specific care was needed for the positioning of 
the accelerometer. In the case of hemiplegic individuals 
the accelerometer was positioned on the non-paretic leg. 
In order to determine the correlation with the conven-
tional gait parameters subjects were also equipped with 
two 3-contact point insoles used to detect gait phases, gait 
cadence and assess the averaged stride length when as-
sociated to chronometric recordings. The sampling rate 
was 100 samples per second based on known low fre-
quency content of the signal. 

2.3. Protocol  
Subjects were asked to walk 10 meters at their normal 
self-paced speed. Depending on the individual ability to 
 
Table 1. Healthy young subject group (HY) gait description. 

# Age Cadence 

6 30 0.90 
1 46 0.96 
2 28 0.78 
3 32 1.05 
5 26 0.99 
4 29 0.84 

Mean 31.8 0.92 
Std 7.2 0.1 

 
Table 2. Healthy elderly subject group (HE) gait description. 

# Age Walking 
speed Cadence Stride 

length 
5 73 1.39 1.02 1.36 
1 67 1.49 0.93 1.61 
8 65 1.35 0.97 1.39 
7 63 1.24 0.92 1.36 
6 61 1.19 0.9 1.31 
2 63 1.06 0.92 1.53 
3 60 1.23 0.91 1.36 
4 62 1.22 0.86 1.4 
10 79 1.36 1.05 1.29 
9 77 1.24 1.09 1.14 

Mean 67 1.27 0.96 1.38 
Std 6.87 0.12 0.07 0.13 
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Table 3. Stroke patient group 1 (SP1) gait description. 

# Age FAC Walking aid Walking 
speed Cadence Stride 

length SI 

4 54 4 Cane 0.3 0.44 0.68 15.47 
3 69 4 Cane 0.38 0.56 0.68 27.61 
6 71 3 Tripod 0.13 0.29 0.46 27.47 
13 53 4 AFO+tripod+physio 0.1 0.22 0.48 16.99 
5 67 1 AFO+tripod 0.12 0.32 0.4 9.83 
16 77 3 Tripod 0.17 0.33 0.51 17.06 
17 59 2 Tripod+physio 0.11 0.2 0.58 22.18 
8 47 3 Tripod 0.29 0.39 0.75 66.57 
11 46 3 Cane 0.07 0.33 0.24 3.71 
7 77 4 AFO+tripod 0.2 0.54 0.72 6.54 
9 58 4 Tripod 0.17 0.28 0.6 11.65 

Mean 61.64 3.18  0.19 0.35 0.55 20.46 
Std 11.20 0.98  0.10 0.12 0.15 17.15 

 
Table 4. Stroke patient group 2 (SP2) gait description. 

# GSI 

6 1.57 
1 1.46 
2 1.42 
3 1.40 
5 1.28 
4 0.92 

Mean 1.34 
Std 0.23 

 
walk for extended period of time, the data between four 
and eight trials were collected for each subject. 

2.4. Symmetry Index 
The symmetry index (SI) can be calculated for swing and 
stance phases using the following formula (Robinson et 
al., 1987): 

SI[%]=200(Tnonparetic-Tparetic)/(Tparetic+Tnonparetic) (2) 

Tparetic and Tnonparetic are the durations of stance or swing 
phases for paretic and non paretic legs. SI can be positive 
or negative and the perfect symmetry index is SI=0. 

2.5. Spectral Analysis and Gait Spectral  
Index 

The recorded acceleration was transformed using the Fast 
Fourier transform (FFT) to obtain the frequency spectrum 
of the signal. There was no averaging; the spectrums were 
computed over the whole trial duration (10 meters). The 
gait spectral index (GSI) was defined as a ratio between 
the power of the second harmonic component with re-
spect the power of the fundamental component. 

GSI =Power_of_second_harmonic/ 
Power_of_fundamental          (1) 

 
Figure 1. Protocol description. 

 
3. Results 

In Tables 1-4 we reported the gait characteristics (walking 
speed, cadence, stride length, symmetry index) measured 
for each of the four groups.  

Figure 2 shows the spectrums corresponding to one 
individual of each population. Spectrums from a given 
subject are highly reproducible from a trial to another and 
spectrums for each of the groups are significant in terms 
of harmonic repartitions (Tables 7 and 8). The computed 
GSI for the three groups are reported in tables 5 to 8. The 
aim of healthy group individuals was to compute GSI, 
therefore we did not analyze all the gait characteristics for 
these two populations. 

3.1. Patients 
In patient group GSI index varies from 0.52 to 1.69 (ta-
bles 7 and 8) with a low intra variation (average standard 
deviation 0.16). The spectrum reproducibility is good as 
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stated by the low intra variability associated to funda-
mental and 2nd harmonic amplitudes (tables 7 and 8). For 
each individual, we have also estimated the correlation 
between each trial spectrum and the average spectrum for 
this given individual. The good correlation (r=0.78) vali- 
dates the hypothesis of the spectrum reproducibility. There 
is a moderate correlation between GSI and FAC rank (r= 
0.66). In figure 3 we plotted the GSI values obtained for 
the two patient groups in function of FAC rank. In table 7, 
the patients are classified in terms of GSI index values. 
The higher GSI values correspond to best walkers in FAC 
quotation (level 5-group SP1), they vary from 1.22 to 
1.69. The mean value is 1.21. In SP2 group, GSI varies 
from 0.52 to 0.89 (table 8). For lower levels, the GSI does 
not seem to allow to discriminate between the different 
levels. The mean value is 0.71. 

There is a good correlation between GSI and gait speed 
(r=0.81) and gait cadence (r=0.74). Correlation between 
GSI and stride length is moderate (r=0.66). Correlation 
with symmetry index is not significant. The mean value 
of symmetry index is 21%. 

It is interesting to notice that FAC rank and symmetry 
index are not correlated (r=0.03). FAC rank is correlated 
with gait speed (r=0.7), gait cadence (r=0.72) and stride 
length (r=0.66). 

3.2. Elderly 
In elderly subject group GSI index varies from 0.4 to 1.3 
(table 5). The mean value is 1.02. In healthy elderly group, 
only stride length appeared to be significant in terms of 
correlation with GSI (r= 0.72). The two older subjects (77 
and 79) have the lower GSI scores. 

3.3. Young 
In young subject group GSI index varies from 0.92 to 
1.57 (table 6). The mean value is 1.34. 

4. Discussion 

The results presented document that the spectrum of the 
shank acceleration is highly reproducible from trial to 
trial in the same subject and can be considered as an 
individual signature pattern. We noticed the presence of 
strong high frequencies components in the spectrums of 
healthy and patient best walkers. High frequencies 
components are likely present due to the richer dynamics 
of healthy gait compared to the gait of hemiplegic and 
poor walkers.  

The proposed GSI ratio compares fundamental am-
plitude with second harmonic amplitude; it correlates 
with gait speed which is classically considered as an 
indirect measurement of gait quality. It is important to 
notice that to be valuable speed should be evaluated 
through distances long enough to assess adaptation and 

gait efficiency.  
The low correlation between FAC score and GSI 

should be counterbalanced by the fact that the higher GSI 
values correspond to best classification in FAC. But. FAC 
classes are not varying linearly with gait quality and the 
number of patients in each of the categories is not similar 
enough to conclude.  

The GSI scores in elderly population are higher com-
pared to our expectations. We suggest that this is due to 
the fact that the population included in the study was 
mainly recruited in a gait club. Hence, they are not rep-
resentative for typical aged walkers with limited sen-
sory-motor capacity. 

Nor GSI, nor FAC are correlated with symmetry of gait 
in patients. This should be an improvement of GSI in 
future. 
 
5. CONCLUSIONS 
 
The spectral analysis of the shank acceleration, in the 
direction aligned with the shank can characterize the gait. 
Two main observations can be made: 1) dealing with a 
given subject: high reproducibility of spectrums from 
trial to trial, and 2) presence of strong high frequencies 
components in the spectrums of healthy and patients who 
are good walkers.  

We found out that placing one accelerometer on the 
“healthy” leg of post-stroke hemiplegic patient allows 
assessing the effects of gait reeducation. The instrumen-
tation and processing that we described are simple and 
they comprise light and non expensive setup, including 
wireless communication of sensory output to computer. 

At this point the GSI index is mainly correlated with 
gait speed and gait cadence and better than what FAC 
rank. This is an interesting result as our approach is 
technically less constraining than classical methods to 
 

 
Figure 1. Hemiparetic stroke GSI. 
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Figure 2. Accelerometer signals spectrums examples for all 4 groups. The values on the vertical axis are normalized relatively to the 
amplitude of the fundamental amplitude. The value of the 2nd harmonic therefore corresponds to GSI. 
 
Table 5. Healthy young subject group (HY)  mean value of the 
GSI index over different trials for each subject for comparison 
purposes. 

# GSI 
6 1.57 
1 1.46 
2 1.42 
3 1.40 
5 1.28 
4 0.92 

Mean 1.34 
Std 0.23 

 
assess the gait speed and cadence (chronometer, insoles). 

The GSI could be applied not only for the individuals 
who participated in this study, but in many other types of 
pathological gait. The GSI needs then to be improved and 
adapted to meet the specific pathologies and give object- 

Table 6. Healthy elderly subject group (HE) mean value of the 
GSI index over different trials for each subject for comparison 
purposes. 

# GSI 

5 1.3 
1 1.29 
8 1.2 
7 1.19 
6 1.12 
2 1.11 
3 0.98 
4 0.88 

10 0.78 
9 0.4 

Mean 1.025 
Std 0.28 

 
tive measures of the improvement. 

  
Healthy young control subject (HY) Healthy elderly control subject(HE) 

  
Hemiparetic stroke patient subject - FAC 5 (SP1) Hemiparetic stroke patient subject FAC=3 (SP2) 
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Table 7. Stroke patient group 1 (SP1) GSI indexes and spectral analysis results. 

GSI 
GSI 

Fundamental 
amplitude 

2nd harmonic 
amplitude 

Spectrum 
correlation # 

mean 
GSI 

std mean std mean std  
2 1.69 0.10 0.85 

0.70 
0.07 1.46 0.20 0.79 

1 1.36 0.20 
. 

0.70 0.25 0.93 .027 0.81 
20 1.31 0.22 

0.21 
0.82 0.16 1.09 0.27 0.79 

15 1.22 0.21 0.94 0.05 1.15 0.19 0.51 
14 1.16 0.09 

0.09 
0.89 0.13 1.03 0.21 0.77 

19 1.02 0.09 0.93 0.08 0.96 0.14 0.67 
10 1.01 0.09 0.89 0.08 0.90 0.11 0.79 
18 0.95 0.14 0.93 0.03 0.89 0.16 0.79 

Mean 1.22 0.14 0.87 0.11 1.05 0.19 0.74 
Std 0.24 0.05 0.08 0.07 0.18 0.05 0.10 

 
Table 8. Stroke patient group 2 (SP2) GSI indexes and spectral analysis results. 

GSI 
GSI 

Fundamental 
amplitude 

2nd harmonic 
amplitude 

Spectrum 
correlation # 

mean 
GSI 

std mean  mean std  
4 0.89 0.15 

0.1 
0.90 0.06 0.80 0.16 0.80 

3 0.87 0.10 0.92 0.05 0.81 0.13 0.85 
6 0.75 0.25 0.71 0.31 0.47 0.14 0.92 

13 0.75 0.45 0.61 0.42 0.35 0.15 0.63 
5 0.75 0.12 0.85 0.07 0.64 0.14 0.89 

16 0.72 0.13 0.91 0.07 0.66 0.10 0.94 
17 0.69 0.24 0.53 0.40 0.32 0.14 0.49 
8 0.68 0.19 0.75 0.19 0.51 0.16 0.80 
11 0.63 0.12 0.64 0.37 0.37 0.18 0.65 
7 0.59 0.14 0.75 0.25 0.43 0.14 0.95 
9 0.52 0.04 

 
0.88 0.11 0.46 0.07 0.96 

Mean 0.71 
0.11 

0.17 0.77 0.21 0.53 0.14 0.81 
Std 0.11 0.10 0.13 0.14 0.17 0.03 0.15 

 

 

Figure 3. Hemiparetic stroke GSI. 
 
In the future, we propose to improve GSI in order to 

include gait symmetry parameter. It would also be possi-
ble to give different weights to different gait quality cri-
teria within GSI. 

 
Figure 4. GSI / subject ages. 

 
The low intra variability of this spectral analysis could 

easily be employed to assess the gait improvement of 
each individual patient. A low GSI score could alert the 
therapist on possible pathological problems. 
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ABSTRACT 

To evaluate the effects of high fat food consisted 
of tallow (19% of total diets) and cholesterol (2%) 
on modification of erythrocyte phospholipids, 
fatty acids composition and glutathione redox- 
system of male Wistar rats with alimentary dysli- 
pidemia. The results demonstrated that after 30 
and 180 days of high-fat feed erythrocyte phos- 
phatidylinositol and phosphatidylcholine levels 
were reduced, phosphatidylserine were in-
creased. Only on the 90 days of the experiment 
phosphatidylinositol level increased. In all grow- 
ups the erythrocyte 18:0 saturated fatty acids 
and 20:4n6, 22:4n6 polyunsaturated fatty acids 
(PUFA) were increased. Deficit of n3 PUFA- 
20:5n3 and 22:6n3 after 90 and 180 days high fat 
feed promoted compensatory synthesis from 
18:1n9 on 20:3n9. Erythrocyte maleic dialde-
hyde increased, glutathione level decreased in 
all groups of rats after fed with high-fat feed. 
Glutathione reductase and glutathione peroxi-
dase activity decreased in erythrocytes after 30 
and 180 days of high-fat feed. In conclusion: 
high-fat diet during 30-90 days started adaptive 
answer in lipids of membrane and glutathione 
redox-system. Important mechanism of adapta-
tion of a cellular membrane to high-fat diet is 
increase major, structuring a membrane phos-
phatidylethanolamine and minor, most meta-
bolic significant fractions phospholipids (phos- 
phatidylinositol), keeps homeostasis of 18:2n6 
and 22:6n3, 20:3n9 compensatory synthesis, 
decrease in activity of processes lipid peroxi-
dation, activation of enzymes of redox-system 
glutathione. But prolonging the high-fat feeding 
(180 days and more) formed failure compensa-
tory processes (dysadaptation). It is a risk factor 
of developmening atherosclerosis, diabetes, 
steatogepatitis and other diseases. 

Keywords: Fatty Acids; Phospholipids; Adaptation; 
Dyslipidemia; GSH; Glutathione Reductase;    
Glutathione Peroxidase 

1. INTRODUCTION 

Clinical, experimental and epidemiological researches 
have proved that the high-fat feeding is a risk factor of 
development of atherosclerosis, diabetes, steatogepatitis 
and other diseases [1-4]. Insufficient or superfluous con-
sumption of separate components of food (deficiency of 
fiber, surplus of fat, carbohydrates etc.) at the initial 
stages forms the cascade of the stressful reactions di-
rected on activation of mechanisms of adaptation in an 
organism.  

In cellular processes of adaptation one of leading roles 
is occupied with a plasma membrane and forming it 
phospholipids (PL) and fatty acid composition [5,6]. The 
fatty acid composition of phospholipids affects the phys-
icochemical properties of the membrane and thus influ-
ences conformation and function of membrane-bound 
proteins, such as receptors, ion channels, and transporters 
and also influences cell function by serving as precursors 
for prostaglandins and other signaling molecules and 
modulating gene expression through the activation of 
transcription factors [7-9]. Thanks to ability PL transform 
each other and also to be redistributed in a membrane 
between an internal and external layer realize important 
adaptable mechanism supporting the structural organiza-
tion and functional properties of a plasma membrane [10] 
is carried out. The lipid peroxidation initiate modification 
membrane PL and it fatty acid composition. The impor-
tant role in realization antioxidant protection from lipid 
peroxidation is played by glutathione redox-system 
which regulation of NF κβ (nuclear factor-κβ), ARE 
(antioxidant response element) [11-14]. The urgent fast 
adaptive answer of glutathione redox-system, consisting 
of activation of enzymes glutathione reductase, glu- 
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Table 1. Daily allowance of rats (g/kg of animal weight). 

Ingredients Experimental diet General vivarium diet 

Tallow 42.5 5 

Cholesterol 4.3 - 

Sunflower oil 5 5 

Grain mixture 50 50 

Bread 20 20 
Grits 13 13 
Beef 20 20 

Skim cheese 8 8 
Carrot 33 33 
Greens 33 33 

 
Table 2. Effect of high-fat diet on serum lipids. 

Days of fed high-fat diet 

Parameter 
Control group, 

n=10 
30 days 

(group 1), 
n=10 

90 days 
(group 2), 

n=10 

180 days 
(group 3), 

n=10 

TC, mmol/l 1.57±0.04 3.34±0.04*** ***1.68±0.08 2.04±0.17* 

TG, mmol/l 1.12±0.04 1.95±0.06*** ***0.51±0.05*** 1.17±0.08 

HDL-C, mmol/l 0.67±0.04 0.26±0.02*** ***0.50±0.08 ***0.5±0.15 

IA 1.43±0.15 11.87±1.55*** ***2.46±0.35* ***7.4±0.8*** 

in Table 2, 3, 4 (*) left – statistic significance of differences in to control group; right – group 1;  
* р < 0.05; ** – р < 0.01; *** – р < 0.001. 

 
tathione peroxidase and synthesis GSH prevents oxida-
tion phospholipids and membrane infringement. Data on 
the specific features of membrane lipids behavior and 
adaptive answer by high-fat diet are scarce. Identification 
of adaptive response to the nutrition factor through the 
investigation of membrane forming lipids and glutathione 
redox-system will help to understand mechanism of cel-
lular adaptation and dysadaptation, how predictor of 
pathogenesis many dietary-induced diseases. 

The aim of the current study was to evaluate the effects 
of high fat food on serum lipid, erythrocyte phospholipids, 
fatty acids and oxidative stress in rats with experimental 
dyslipidemia and establish the possible adaptation mech- 
anism by high-fat diet. 
 
2. METHODS 
 
2.1. Animals and Diets 

Subject to the research were 40 pubescent white male 
Wistar rats with initial weight 173 ±5.6 g. Alimentary 
dyslipidemia was induced in rats by high-caloric diet 
(Table 1) [15].  

The animals were divided into 4 groups, 10 rats in each: 
normal, control group, fed with basic feed; and groups 
comprising animals kept on experimental high-fat diet 
(30 days – group 1; 90 days – group 2; and 180 days – 
group 3). Experimental high-fat diet consisted on 19% 
tallow and 2% cholesterol. Euthanasia was performed by 

in conformity with the requirements of Directive 86/609 
EEC on the protection of animals used in scientific re-
search [16]. 

2.2. Material 

Venous blood samples of rats were drawn after decapita-
tion. 

2.2.1. Blood Serum Lipid Investigation 
Lipid spectrum of blood serum was investigated by Lab-
sistems biochemical analyzer FP-901 (Finland). Pa-
rameters to be determined included level of total choles-
terol (TC), triglyceride (TG), and high density lipopro-
teins (HDL). Index of atherogenesis (IA) was calculated 
by formula: (TG - HDL)/HDL. 

2.2.2. Erythrocyte Phospholipids and Fatty  
Acid Investigation 

The erythrocytes were washed three times with 0.9% 
NaCl solution. Lipids were extracted from erythrocytes 
by Bligh and Dyer method [17]. Bidirectional micro thin 
layer chromatography on glass plates 6x6 with silica gel 
and plaster suspension was used to separate polar lipids. 
Quantitative analysis of certain phospholipids (PL) 
classes after thin layer chromatography was made ac-
cording to V.E. Vaskovsky et al method [18,19]. Content 
of each component was represented as percentage of total 
PL. FA methyl ethers were received by Carreau and Du-
back method [20], analyzed on Shimadzu GC17A 
gas-liquid chromatographer equipped with flame ioniza-
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tion detector and capillary column (0.25 mm х 30 m) 
with implanted phase Supelcowax 10. Temperature of 
column and detector was 210С, temperature of evapo-
rator was 240С. Media gas was helium. Gas discharge 
ratio in the evaporator was 1:30 at 1.8 atm. Z-Chrom 
station was used for calculating area of chromatographic 
peaks and processing the results. FA methyl ethers were 
identified by retention time using standards and carbon 
numbers [21]. Results were represented in relative per-
centage of total FA. 

2.2.3. Determination of Srythrocyte Pro-Oxidant 
and Anti-Oxidant 

Erythrocyte maleic dialdehyde (MDA) was estimated 
spectrophotometrically using thiobarbituric acid assay 
[22]. GSH was measured according to the Ellman method 
[23]. Glutathione reductase activity was measured ac-
cording to the method described [24], glutathione per-
oxidase activity – [25]. 

2.2.4. Statistic Methods 
All data were analyzed by ANOVA using computer pro-
gram Statistika 6.1 (series 1203С for Windows). Data 
present as means ± SEM. (М). Differences between 
means were assessed by Student's significance test. 
 
3. RESULTS AND DISCUSSION 
 
Analysis result of serum lipids indexes of rats in different 
stages are shown in Table 2. Serum TC, TG levels, index 
of atherogenesis increased (р < 0.001) of rats in the group 
1. Serum HDL-C levels reduced (р < 0.001). After 90 
days of the experiment, serum TG, TC levels of rats in the 
group 2 decreased compared with of rats in group1. At the 
end experiment, no significant difference was present 
between TG levels of group 3 and control group, neither 
between HDL-C levels. Compared with the result of 
group 2, the TG, TC levels were increased; the index of 
atherogenesis of group 3 was lower than that of group 1 
and group 2. 

3.1. Erythrocyte Phospholipids 

Separation of erythrocyte PL of rats identified six com-
ponents including phosphatidylcholine (PC), phosphati-
dylethanolamine (PE), phosphatidylserine (PS), sphin-
gomyelin (SM), phosphatidylinositol (PI) and phos-
phatidic acid. Phosphatidic acid was found as traces 
(Table 3). 

Erythrocyte phospholipids fraction of phosphatidy-
linositol and phosphatidylcholine were reduced in the 
group 1 (р < 0.001). Levels of phosphatidylserine and 
phosphatidylethanolamine were increased in erythrocyte 
membrane. Onset of the deficit PI and PC which form 
outer layer of membrane, indicate activation of specific 
phospholipases and intensification of lipid peroxidation 
processes contributing to plasma membrane destruction 

[26,27]. A quick-response was increase in PE level ac-
cumulating in inner layer of membrane lipid fraction, 
where most of the active centers of membrane bonded 
enzymes are located. Research results prove that on the 
30 day of high-fat diet membrane forming lipids promptly 
responded to the stress to prevent deep structural and 
functional damage to cell. 

Changes in erythrocyte membrane at PS, PC and PE 
level in rats of group 2 was of the same direction as in rats 
of group 1. Decrease PC lever in outer layer of erythro-
cyte membranes was compensated by SM maintenance 
within the range pertinent to control group animals. Such 
condition can be described as a compensatory response of 
cell to long-term exposure to stress alimentary factors. 
Moreover, due to the high saturation of PE the cholesterol 
is not hardly building into the inner monolayer. This helps 
to preserve hydrophilic surrounding of cell membrane 
integral proteins and, therefore, their function [28].  

Depletion of erythrocyte PC which forms outer shell of 
cell lipid matrix was evidenced at a longer exposure to 
high-caloric diet (180 days) as well. PC reduction in 
group 3 was accompanied by reliable increase in PS and 
SM level as compared to control group, meaning that 
erythrocyte cell was structurally and functionally inade-
quate. Due to high saturation with SM, the clusters 
forming phospholipids in a membrane receive large 
quantity of cholesterol, and this results in lower perme-
ability of cell membrane and interference in active 
metabolic processes [28]. Thus, on the 180 day of the 
experiment cell membrane became unable to resist the 
continuous flow of alimentary stress factors, and the stage 
of cell compensatory protection depletion occurred that 
had been formed by the 90 day of high-caloric diet. 

3.2. Erythrocytes Fatty Acids 

Qualitative composition of erythrocytes FA in rats was 
represented by components with carbon chain length 
from С10 to С24, both even and odd, of normal and isomeric 
structure, saturated, monounsaturated and polyunsatu-
rated (Table 3). Certain FA with content below 0.1% were 
not included into Table 3. These mostly include saturated 
FA with normal structure, (10:0, 19:0, 20:0, 22:0), some 
monounsaturated (14:1, 18:1n5, 20:1, 22:1), 18:2n5/9 and 
20:3n3 FA. 

Analysis of the qualitative composition of FA of 
erythrocyte lipids showed that rats with dyslipidemia 
have considerable changes in FA composition as com-
pared to control group. Myristic (14:0), stearic (18:0) FA 
share was observed to increase in group 1. Unsaturated 
FA demonstrated minor increase of monoenoic oleic FA 
(18:1n9, р<0.01) level, reliable accumulation of n6 FA – 
20:4n6, 22:4n6, 22:5n6 and decrease in essentially li 
group 1 is related to the specific features of experimental- 
noleic FA (18:2n6). Share of n3 polyunsaturated fatty 
acids (PUFA) slightly reduced due to the identified de 
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Table 3. Effect of high-fat diet on phospholipids and fatty acids percentage in the erythrocyte of rats. 

Days of fed high-fat diet  
Phospholipids and fatty acids 

components 
Control group, 

n=10 30 days 
(group 1), 

n=10 

90 days 
(group 2), 

n=10 

180 days 
(group 3), 

n=10 

Phospholipids, % 

PS 6.800.85 13.000.67*** 11.10.5*** *13.011.04*** 

PI 3.900.00 1.140.17*** ***4.690.19* 1.660.29*** 

SM 14.420.97 15.772.09 14.50.39 ***17.80.52*** 

PC 55.881.14 42.380.96*** 47.70.66** 46.42.37** 

PE 21.500.75 28.820.99*** *22.010.34 **20.41.05 

Fatty acids, % 

12:0 0.25±0.02 tr 0.100.01*** ***0.400.07*** 

14:0 0.52±0.04 0.83±0.08* **0.5±0.06 ***1.010.12*** 

15:0 0.74±0.11 0.58±0.07 0.43±0.02** *0.560.04 

15:1 0.24±0.08 0.18±0.02 tr **0.300.05 

16:0 23.72±0.84 24.38±0.57 **28.6±0.56*** 27.61.4*** 

16:1n7 1.90±0.25 1.83±0.12 ***0.83±0.05*** 2.040.21 

17:0 0.94±0.11 0.65±0.10* 0.7±0.01** 0.580.05 

17:1 0.96±0.16 0.32±0.02*** ***0.18±0.03* 0.260.04 

18:0 10.1±0.5 14.68±0.48** 17.3±0.57*** 13.92.77*** 

18:1n9 7.66±0.57 11.45±1.22** 10.5±0.31 11.21.38 

18:1n7 3.90±0.25 2.95±0.38 3±0.08 2.590.13** 

18:2n6 14.02±0.64 9.78±0.23*** *12.6±0.4 **11.30.97** 

18:3n3 1.45±0.32 tr tr 0.30.08*** 

20:2n6 0.27±0.02 0.43±0.03 **0.78±0.06*** ***0.290.02** 

20:3n9 0.35±0.12 tr 0.17±0.03 ***0.950.09*** 

20:3n6 0.6±0.13 0.88±0.09 *1.23±0.06** 0.90.08** 

20:4n6 6.78±1.72 21.27±1.92*** *16.3±0.5*** **16.30.94*** 

20:4n3 0.17±0.03 0.38±0.02*** tr 0.320.08*** 

20:5n3 0.9±0.23 0.73±0.29 0.58±0.05* 0.680.05** 

21:5n3 0.67±0.09 tr 0.3±0.01*** **0.780.18 

22:4n6 0.58±0.07 1.58±0.09** ***0.85±0.05** ***0.660.08 

22:5n6 0.23±0.15 0.55±0.05* ***0.17±0.03 ***0.530.13*** 

22:5n3 1.32±0.16 1.62±0.27 1.68±0.09** 1.150.27 

22:6n3 5.53±0.92 3.93±0.71 *2.22±0.08** *2.850.53*** 

Total n6 36.4±1.1 34.32±1.86 31.9±0.26** *27.11.93*** 

Total n3 8.77±0.22 6.47±1.19 4.55±0.1** *3.750.68*** 

UI 183.5±20.8 167.92±3.14* *140±1.35* ***11811.3*** 

U
 

I – unsaturation index (sum of products of double bond and FA relative percentage in each FA); tr – less 0.1 %. 

crease in eicosapentaenoic (20:5) and docosahexaenoic 
(22:6) FA. FA saturation index in rats of group 1 was low. 
The reduction of general erythrocyte lipids unsaturation 
revealed by the experiment is mostly conditioned by 
decrease in relative level of essential linoleic FA and 
redistribution between n6 and n3 family acids [29,30]. 
Metabolism of n6 FA is known to originate from linoleate 
consumed with food. Low linoleate content in rats of diet, 

poor in PUFA. Further metabolic transformations of es-
sential FA resulted in accumulation of arachidonic 
(20:4n6) FA, which is a predecessor of synthesis of 
anti-inflammatory leukotriens and thromboxanes with 
their strong aggregation and vasoconstriction properties 
[31, 32]. Growing share of 22:4n6 and 22:5n6 in eryth-
rocyte lipids can be deemed a compensatory response to 
the deficiency of docosahexaenoic FA. 
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Table 4. Effect of high-fat diet on parameter of erythrocytes pro-oxidant and anti-oxidant. 

Days of fed high-fat diet 

Parameter 
Control group, 

n=10 
30 days 

(group 1), 
n=10 

90 days 
(group 2), 

n=10 

30 days 
(group 1), 

n=10 
MDA, mkmol/g Hb 4,6±0,3 5,3±0,3* ***8,1±0,2** 9,1±0,2*** 

GSH, nmol/g Hb 5,30,2 3,50,3*** **4,10,1* **2,00,2*** 
Glutatione reductase, mkmol 

NАDPН/mgHb/min 75,11,5 68,01,5** *73,31,6 **50,12,4*** 

Glutathione peroxidase, mkmol 
GSH /mgHb/min  

44,5±0,8 32,51,3** **40,1±2,2 ***21,4±1,2*** 

 
In group 2 unsaturated fatty acids (12:0, р<0.001) in-

crease in comparison to the control group. On the contrary, 
rats of group 3 demonstrated growth of 12:0 level 
(р<0.001). Accumulation of saturated 14:0, 16:0 FA in 
erythrocyte lipids group 3 was more evident than in rats 
of group 2.  Modification of n6 composition in PUFA 
was distinguished by reducing 18:2n6 (р<0.01) share in 
comparison to the control group, reliable figures being 
obtained from rats of group 3; and growth of 20:2n6 
(р<0.001), 20:3n6 (р<0.01) and 22:4n6 (р<0.01) content, 
more considerable in rat of group 2. Increase in 22:5n6 
(р<0.001) share was noticed for rats of group 3 only. Rats 
subject to long-term high-caloric diet demonstrated defi-
cit of n3 PUFA – 20:5n3 (р<0.01) and 22:6n3 (р<0.001) 
FA. 20:3n9 compensatory synthesis from 18:1n9 FA was 
a natural consequence of n3 deficit in rats with prolonged 
dyslipidemia. The change in FA composition profile, as 
revealed by the experiment indicates higher risk of car-
diovascular pathology occurrence [30]. 

3.3. Erythrocytes Pro-Oxidant and 
Anti-Oxidant 

MDA erythrocytes content increased in all groups of rats 
with dyslipidemia in comparison to the control group 
(Table 4). GSH level decreased in all groups after fed 
with high-fat feed in comparison to the control group (р < 
0.001). GSH differences of rats in group 1 and group 2 
had no statistical significance. Glutathione reductase 
activity decreased in erythrocytes in group 1 (р < 0.01) 
and group 3 (р < 0.001) in comparison to the control 
group (р < 0.001). Glutathione reductase activity in group 
2 was higher then in group 1 (р < 0.05) and no statistical 
significance in comparison to the control group. Glu-
tathione peroxidase activity decreased in 1 group and 3 
group of rats with dyslipidemia. Glutathione reductase 
activity in group 2 had no statistical significance the 
control group. 
 
4. CONCLUSIONS 
 
Thus, generalizing results of researches it is possible to 
conclude that the important mechanism of adaptation of a 
cellular membrane to high-fat diet loading is increase 

major, structuring a membrane PL (PE) and minor, most 
metabolic significant fractions PL (PI), keeps homeosta-
sis of 18:2n6 and 22:6n3 FA, 20:3n9 compensatory syn-
thesis, decrease in activity of processes lipid peroxidation 
at the expense of activation of enzymes of glutathione 
redox-system and glutathione synthesis. Active formation 
and realization by a cage of the adaptable answer at 
high-fat diet loading occurs during the period from 30 till 
90 days. Apparently, at the expense of exhaustion com-
pensatory mechanisms in glutathione system and inten-
sifications of processes lipid peroxidation for 180 days of 
fatty loading occur more essential deep reorganizations of 
lipids at biological membrane. This is one of the impor-
tant mechanisms of pathogenesis heart diseases, meta-
bolic syndrome. The received results of research expand 
knowledge of mechanisms of adaptation and dysadapta-
tion cages at stressful loadings and can be a basis for 
diagnostics and treatment of a cellular pathology. 
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ABSTRACT 

Novel boron-containing bioengineering copoly- 
mer and its α-hydoxy-ω-methoxy-poly(ethy- 
lene oxide (PEO) macrobranched derivatives 
were synthesized by (1) partially amidolysis of 
poly(maleic anhydride-alt-methyl vinyl ether) 
wıth ethanolamine ester of diphenylboronic acid 
and (2) esterification of synthesized B-con- 
taining copolymers with PEO. They had a com- 
bination of hydrophilic/hydrophobic linkages, 
free carboxylic groups, positive charges and an 
ionized organoboron linkage as antitumor sites, 
along with an ability to interact with HeLa cells. 
The structure, composition and properties (cy- 
totoxicity and antitumor activity) of synthe- 
sized copolymers were investigated. In vitro 
cytotoxicity results, obtained by the fluore 
scence microscopy measurements indicate that 
unlike the virgin copolymer, boron-containing 
and PEO macrobranched derivatives exhibit 
higher antitumor activity. It was found that 
organoboron copolymer exhibits the most apo- 
ptotic and necrotic effects against HeLa cells 
whereas a minor effect relative to cancer cells 
was observed on L929 Fibroblast cells. 

Keywords: Synthesis; Organoboron Copolymers; 
Structure-Property Relations; Cytotoxicity; 
Antitumor Activity; Apoptotic Effect  

1. INTRODUCTION 

The bioengineering functional polymers exhibit the 
characteristics of 1) alternating and random copolymers 
of maleic anhydride (MA) and 2) poly(ethylene oxide) 
(PEO), as well as 3) PEO grafted functional macro-
molecules. They are of great interest for many researchers 

due to their nontoxic, cell-compatible, biodegradable, 
stimuli-responsive properties, and therefore, a wide range 
of biomedical and bioengineering applications exist as 
drug or enzyme carriers and biomacromolecular conju-
gates both in diagnostics and chemotherapy as effective 
antitumor agents [1-8]. It is known that these copolymers 
can be regarded as pre-activated polymers due to the 
presence of anhydride moieties susceptible to the reaction 
with a primary amine of a biomolecule [9]. The alternat-
ing copolymers of maleic anhydride (MA) with methyl 
vinyl ether (MVE) or divinyl ether (DVE) were utilized in 
various applications in diagnostics [10,11] and in che-
motherapy as effective antitumor agents [8]. Poly 
(MA-alt-DVE), known as pyran copolymer is one of the 
well known bioengineering polymers having a wide 
range of biological activity. It processes antitumor, anti-
viral, antibacterial and antifungal activities, induces in-
terferon formation, and acts as an anticoagulant and 
anti-inflammatory agent [8,12-17]. Hirano et al. [18,19] 

reported that the poly (MA-alt-DVE) conjugated with 
bovine erythrocyte superoxide dismutase (SOD) is re-
sistant against the proteolytic enzymes in serum, and 
shows a prolonged half-life in vivo. They established an 
increase in half-life after intravenous injection, as well as 
its decreased immunogenicity [19]. It was demonstrated 
that the copolymer-SOD conjugate shows anti-inflam- 
matory effect against rat re-expansion pulmonary edema 
at the first step of leukocyte adhesion [15]. Maeda [20] 

discussed the development and therapeutic potential of 
prototype macromolecular drugs for use in cancer che-
motherapy an artificial bioconjugate of neocarzinostatin 
(NCS) and poly(maleic acid-alt-styrene) copolymer. The 
biological response-modifiying effects, the mechanism of 
a tumor “enhanced permeability and retention” effect and 
the tumor-targeting mechanism of NCS-copolymer con-
jugate were also discussed. According to the author, a 
principal advantage in the use of this bioconjugate is the 
potential for a reduction or elimination of toxicity.  

The copolymers of fumaric, citraconic and itaconic 
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acid and their derivatives as isostructural analogues of 
MA, as well as copolymers of some N-substituted 
maleimides can also included to class of bioengineering 
polymer systems.  Cam et al. [21] evaluated the in vitro 
cytotoxicities of glycinylmaleimide (GMI) copolymers 
using K-562 human leukemia cells and HeLa cells. They 
also evaluated the in vitro antitumor activities of co-
polymers against mice bearing sarcome 180. Monomeric 
GMI and its copolymers showed higher antitumor activ-
ity than well known 5-fluorouracil (5-FU) at any dosage 
tested. 

One the other hand, growıng interest and much effort 
have been also focused on the synthesis of organoboron 
low molecular-weight functional compounds, biopolymer 
and drugs with boron ligands and evaluation of their 
suitability for the bioengineering applications. Aromatic 
boronic acid and its functional derivatives, and some 
functionalized carboranes have become an very important 
class organic compounds, which are utilized in a variety 
of biological and medical applications, such as carbohy-
drate recognition [22], neutron capture therapy for cancer 
treatment as effective tumour-targeting agents [23,24], 
especially for brain tumours [25,26], and protease enzyme 
inhibition [27]. Kataoka et al. [28-32] synthesized a novel 
water-soluble polymer with lectin-like function by in-
troducing phenylboronates, as sugar -recognizing moie-
ties, into the side-chain of poly (N,N-dimethylacrylamide) 
[28,29]. According to the authors, at physiological pH 
medium, phenyl-boronates form an appreciably stable 
complex with sialic acid (Neu5Ac), a chacteristic anionic 
carbohydrate on the surface of the plasma membranes 
[30,31]. Authors suggested that boronate-containing pol- 
ymer may be an effective immune-adjuvant for the indu 
ction of lymphokine-activatd killer (LAK) cell [31]. They 
also demonstrated that the copolymers of 3-acry- lami-
dophenylboronic acid and dimethylacrylamide with dif-
ferent compositions coated onto solid substrates support 
function as synthetic mitogens for mouse lymphocytes 
[32]. 

However, a wide range of functional polymer synthesis 
techniques can be utilized for the design of more effective 
synthetic routes to prepare new B-containing bioengi-
neering polymers, especially copolymerization of or-
ganoboron monomer and chemical modification of bio-
compatible polymers with organoboron reactive com-
pounds and monomers. Several researchers synthesized 
some bioengineering copolymers containing phenylbo-
ronic acid linkages by radical copolymerization and 
chemical modification methods, which are exhibit 
glugose-, RNA- and DNA-sensitive behavior [33-36]. 
Recently, we report the synthesis and chracterization of 
organoboron copolymers by complex-radical copoly-
merization of p-vinylphenylboronic acid with N-isopro- 
pylacrylamide (NIPA), maleic and citraconic anhydrides, 
maleimide and chemical modification of poly(NIPA- 

rand-MA)s with organoboron amine, as well as synthesis 
of supramacromolecular poly(ethylene imine) macro-
complexes and PEO long branched derivatives of or-
ganoboron copolymers having stimuli-responsive and 
high HeLa cell transfection behavior [37-40].  

The objective of this work is to develop novel boron- 
containing functional copolymers with antitumor activity. 
In the present article, results of synthesis and characteri-
zation of a new generation of biocompatible boron-con- 
taining functional macromolecules having a combination 
of hydrophilic and hydrophobic segments, free carbox-
ylic groups, positive charges and an ionized linkage as 
antitumor sities, along with an ability to conjugate with 
cancer cells were described and discussed. These or-
ganoboron copolymers were synthesized by 1) partially 
amidolysis of bioengineering alternating copolymer of 
maleic anhydride (MA) and methyl vinyl ether (MVE) 
with ethanolamine ester of diphenylboronic acid (EAPB) 
and 2) chemical modification (esterification) of synthe-
sized organoboron copolymer with α-hydoxy-ω-meth- 
oxy-poly (ethylene oxide (PEO). Special attention was 
paid to the role of structural effects, especially to the 
influence of organoboron linkage, for the interaction of 
organoboron functional copolymers with HeLa cells and 
to the evaluation of citotoxisity and antitumour activity 
by using a combination of various methods such as sta-
tistical, hematoxylen/eosin staining, apoptotic and ne-
crotic cell indexes, and M30 immunostaining analyses. 
 
2. MATERIALS AND METHODS 
 
2.1. Materials 

Ethanolamine ester of diphenyl boronic acid (EAPB) 
(Sigma-Aldrich, Germany) was purified by recrystall- 
ization from anhydrous ethanol: m.p. 193.5oC (by DSC). 
1H NMR spectra (δ, ppm) in CHCl3-d1: CH2-O 1.49, 
CH2-NH2 2.96, and 7.38-7.40 (1H), 7.19-7.24 (2H) and 
7.13-7.16 (2H) for protons of p-, o-and m-positions in 
benzene ring, respectively. Poly(maleic anhydride-alt- 
methyl vinyl ether), poly(MA-alt-MVE) (C1) (Sigma- 
Aldrich, Germany): Mn 80,000 g.mol-1, Tg 148oC (by 
DSC); 1H NMR spectra (δ, ppm) in DMSO-d6: CH2 1.23, 
CH-O 2.11, O-CH3 2.08 and CH-CH 3.38. α-Hydoxy-ω- 
methoxy-poly(ethylene oxide) (Fluka; PEO, Mn 2000 

g.mol-1):1H NMR spectra (δ, ppm) in CHCl3-d1: CH2-O 
3.75-3.45, OH end group 2.61 and O-CH3 end group 2.16.  

Human cervix epithelioid carcinoma cell line (HeLa) 
was obtained from the tissue culture collection of the SAP 
Institute (Turkey). Cell culture flasks and other plastic 
material were purchased from Corning (USA). The 
growth medium, which is Dulbecco Modified Medium 
(DMEM) without L-glutamine supplemented fetal calf 
serum (FCS), and Trypsin-EDTA were purchased from 
Biological Industries (Israel). M30 CytoDEATH antibody 
(Roche). 
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2.2. Synthesis 

Boron-contaning copolymer (C1-B) was synthesized by 
the partially amidolysis of succinic anhydride units of 
alternating copolymer C1 with EAPB, containing a pri-
mary amine group, in the 1,4-dioxane solution at 40oC for 
3 h under nitrogen atmosphere at molar ratio of C1:EAPB 
= 2:1. Approbriate quantities of C1 and EAPB, solvent 
were placed in a standard Pyrex-glass tube and flushed 
with dried nitrogen gas for at leeast 3 min, then placed in 
a carousel type microreactor with a thermostated heater 
and magnetic mixer. The resulting copolymer C1-B was 
isolated from reaction mixture by precipitating with di-
ethyl ether. Purification of copolymers was done by 
dissoving in dioxane and reprecipitating in diethyl ether, 
extraction with hexane and draying under vacuum at 50oC 
until constant weight. 

PEO macrobranched copolymer (C1-B-PEO) was syn- 
thesized by the esterification of anhydride unıts of par-
tially amidolysed C1-B copolymer with PEO, containing 
an end hydoxyl group, in the same conditions using in our 
previous publications [5,37]. 

2.3. Characterization 

FTIR spectra of the organoboron copolymers (KBr pellet) 
were recorded with FT-IR Nicolet 510 spectrometer in the 
4000-400 cm-1 range, where 30 scans were taken at 4 cm-1 
resolution. 1H {13C} NMR spectra were performed on a 
JEOL 6X-400 (400 MHz) spectrometer with DMSO-d6 as 
a solvent at 25oC.  

The differential scanning calorimetry (DSC) analysis 
was performed on a Shimadzu calorimeter (Japan) at a 
heating rate of 5oC/min, under nitrogen atmosphere. The 
X-ray diffraction (XRD) patterns were obtained from a 
Rigaku D-Max 2200 powder diffractometer. The XRD 
diffractograms were measured at 2θ, in the range 1-50o, 
using a Cu-Kα incident beam (λ = 1.5406 Å), mono- 
chromated by a Ni-filter. The scanning speed was 1 o/min, 
and the voltage and current of the X-ray tubes were 40 kV 
and 30 mA, respectively.  

The number of living and dead cells were counted with 
a haemacytometer (C.A. Hausse & Son Phluila, USA) at 
X200 magnification. The number of apoptotic and ne-
crotic cells were determined by Fluorescence Inverted 
Microscope (Olympus IX70, Japan). The cell images 
were also recorded using the both above mentions mi-
croscopes. Statistical analyses were performed using 
Student’s t-test for unpaired data and P values of less than 
0.05 were considered significant. Data are presented as 
means ± SEM (standard errors of the mean). 

2.3. Cytotoxicity 

For cytotoxicity experiments, HeLa cells and L929 Fi-
broblast cells respectively. (25x103 cells per well) were 
placed in DMEM by using 24-well plates. Different 
amounts of copolymers (C1, C1-B and C1-B-PEO) 

(about 50-500 g.mL-1 in aqueous solutions) were put 
into wells containing cells, respectively. The plates were 
kept in the CO2 incubator (37 C in 5% CO2) for 2-24 h; 
the medium was replaced with fresh medium, and incu-
bated at the same conditions for 24 h. Following of this 
incubation, HeLa cells and L929 Fibroblast cells were 
harvested with trypsin-EDTA, and then were dyed with 
trypan blue [41]. The viable cells were counted with a 
haemacytometer (C.A. Hausse & Son Phluila, USA), 
using light microscope. 

2.4. Hematoxylen/Eosin Staining 

HeLa cells and L929 Fibroblast cells (25x103 cells per 
well) were placed in DMEM by using 24-well plates. 
After treating with different amount functional copoly-
mers (C1, C1-B and C1-B-PEO) (about 50-500 g.mL-1 
in aqueous solutions) for 2-24 hours period, the medium 
was removed, the cells washed with distilled water and 
fixed in ethanol, and stained with Hematoxylen/Eosin. 
After staining, the cells were observed by light micros-
copy. By this way, cellular and nuclear morphology have 
been shown in cultured cells stained with Hematoxy-
len/Eosin. 

2.5. Analysis of Apoptotic and Necrotic 
Cells 

Double staining were performed to quantify the number 
of apoptotic cells in culture on basis of scoring of apop-
totic cell nuclei. HeLa cells and L929 Fibroblast cells 
(25x103 cells per well) were placed in DMEM by using 
24-well plates. After treating with different amount 
functional copolymers (C1, C1-B and, C1-B-PEO) (about 
50-500 g.mL-1 in aqueous solutions) for 2-24 hours 
period, both attached and detached cells were collected, 
then washed with PBS and stained with Hoechst dye 3342 
(2 g.mL-1), propodium iodide (PI) (1 g.mL-1) and 
DNAse free-RNAse (100 g.mL-1) for 15 min at room 
temperature. After that 10-50 L of cell supension was 
smeared on slide and coverslip for examination by fluo-
rescence microscopy [42,43]. The nuclei of normal cells 
were stained light blue but apoptotic cells were stained 
dark blue by the hoechst dye. The apoptotic cells were 
identified by their nuclear morphology as a nuclear 
fragmentation or chromatin condensation. Necrotic cells 
were staining red by PI. Necrotic cells lacking plasma 
membrane integrity and PI dye cross cell membrane, but PI 
dye don’t cross non necrotic cell membrane. The number 
of apoptotic and necrotic cells in 10 randomly chosen 
microscopic fields were counted and the result expressed 
as a ratio of apoptotic and necrotic to normal cells. 

2.6. M30 Immunostaining 

The percentage of apoptotic cells was determined by M30 
CytoDEATH antibody [44]. This is a monoclonal mouse 
immunoglobulin (Ig) G2b antibody (clone M30; Roche, 
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Mannheim, Germany) that binds to a caspase-cleaved, 
formalin-resistant epitope of cytokeratin 18 cytoskeletal 
protein. The immunoreactivity of the M30 antibody is 
confined to the cytoplasm of apoptotic cells. HeLa cells 
(25x103 cells per well), treated with C1, C1-B and, 
C1-B-PEO copolymers (about 50-500 g. mL-1 in aque-
ous solutions) for about 2-24 h, were fixed in 10% neu-
tral-buffered formalin for 15 min, treated with 0.3% hy-
drogen peroxide in methanol for 10 min to block the 
endogenous peroxidase activity, washed in the standard 
phosphate buffer solution, and then incubated with M30 
antibody at room temperature for 1 h. In negative controls, 

preimmune mouse serum instead of primary antibody 
was used. Immunoreactions were revealed by the 
avidin-biotin complex technique using diaminobenzidine 
(DAB) as substrate. We counted the number of M30- 
positive cytoplasmic staining cells in all fields found at 
x400 final magnification. For each image, three randomly 
selected microscopic fields were observed, and at least 
100 cells/field were evaluated. M30 CytoDEATH anti-
body was not sensetive to L929 Fibroblast. On account of 
this reason, M30 CytoDEATH antibody did not applied to 
L929 Fibroblast cells. 
 
3. RESULTS AND DISCUSSION 
 
3.1. Synthesis and Characterization  

of Organoboron Functional Copolymers 

Boron-containing bioengineering functional copolymer 
(C1-B) and its α-hydoxy-ω-methoxy-poly(ethylene oxide) 
(PEO) long branched derivatives were synthesized by (1) 
amidolysis of succinic anhydride units of biocompatible 
poly(MA-alt-MVE) alternating copolymer (C1) with 
EAPB containing a primary amine group, and (2) esteri-
fication (grafting) of free anhydride unıts of partially 
amidolysed C1-B copolymer with PEO, containing an 
end hydoxyl group, respectively. General scheme of 
synthesis of the organoboron functıonal copolymer and 
its PEO branched derivative can be represented as follows 
(Scheme 1). 

The synthesized boron-containing copolymers contain 
a combination of hydrophilic/ hydrophobic linkages, free 
carboxylic groups, positive charges and ionized organo-
boron linkage as antitumor sities, along with an ability to 
interact with canser biomacromolecules, especially with 
HeLa cells. The chemical and physical structure, com-
position and properties (temperature-responsiveness, 
glass-transition, melting and degradation temperatures, 
andantitumor activity and cytotoxicity) of synthesized 
copolymers were characterized by spectroscopy (FTIR, 
1H and 13C NMR), viscometry, DSC, X-ray diffraction 
and Fluorescence microscopy analyses. 

The results of chemical structural analysis of the syn 
thesized organoboron copolymers FTIR (KBr pellet) and 
(1H and 13C) NMR spectroscopy (in DMSO-d6 solution) 

were summarized in Table 1 (FTIR analysis data for 
C1-B) and illustrated in Figure 1 (NMR spectra of C1-B) 
and Figure 2 (FTIR spectra of C1-B-PEO). The forma-
tion of amide, carboxyl and organoboron groups in the 
structure of C1-B copolymer as results of amidolysis 
reaction was confirmed by apearance of the correspoded 
characteristic absorption bands for each monomer unit 
and diphenylboronic fragment in the spectra. Absorption  
 

 

Scheme 1. Schematic representation of the synthesis routes of 
organoboron functional copolymers (C1-B and C1-B-PEO) by 
the amidolysis of poly(MA-alt-MVE) (C1) with organoboron 
amine (AEPB) and esterification of poly (MA-alt-MVE)-g 
-AEPB) (C1-B) with PEO, respectively. 
 
Table 1. The results of FTIR analysis organoboron functional 
copolymer: Poly(MA-alt-MVE)-g-AEPBA) (C1-B). 

Absorption bands (cm-1) Band assignments 
MA unit   

1980-1925 (w) C=O (overtones) 
1864 (m-s), 1781 (vs) C=O stretching (anhydride)  
1227 (s, broad), 1094 (s) C–O and C–O–C bands 
650 (w) CH (in chain backbone) 
MVE unit  

2942 (m-s) CH3 C–H stretching 
2854 (m) CH2 C–H (chain backbone) 
1475-1416 (m) CH2 and CH3 deformation 
1372 (m) CH3 deformaton ( in O–CH3) 
975 (m) CH3 rocking  
926 (vs) C–O deformation 
735 (m-w), 720 (w) CH2 and CH3 deformation 
Maleamide unit  
1736 (m-s) C=O strtchıng (in -COOH) 
1575-1510 (m-w) COO– stretching (H-bonding) 
1650 (m),1720 (m-w) NH–C=O amide I band 
1315 (w) amide III band 
Organoboron linkage  
3240 (w), 3100,1600 (m)  CH= (in aromatic ring) 
1545 (m-w) B–O stretching 
1443 (m), 1420 (w) B–Ph aromatic ring 
1180 (m) CH in-put-bending 
770 (w) CH out-put-bending 
702 (m) O-B-Ph aromatic ring 



M. Türk et al. / HEALTH 2 (2010) 51-61 

SciRes Copyright © 2010                                  http://www.scirp.org/journal/HEALTH/Openly accessible at  

55

bands at 1864 and 1781 cm-1, relating to C=O groups of 
free anhydride units, indicated the partially amidolysis of 
these units as shown in Scheme 1. 

From the comparative analysis of 1H and 13C NMR 
spectra of virgin alternating copolymer (C1) and its or-
ganoboron derivative (C1–B) (Figure 2a, 2b), the fol-
lowing changes of the characteristic signals were ob-
served: unlike the spectra of C1 copolymer having the 
peaks from chemical shifts of the CH and CH2 backbone 
and CH3 (in methoxy group) protons new signals from 
protons of amide NH, COOH and phenyl groups (in or 
ganoboron linkage) were appeared in the spectra of or-
ganoboron copolymer (C1–B). More detailed informa-
tions about micristructure of C1–B copolymer were 
pre-pared by analysis of 13C NMR spectra (Figure 2c). 
The following chemical shifts (, ppm) of carbon atoms 
were observed in the spectra: 174.4 (–C=O of the 
maleamide and anhydride units), 128-136 (–B–C6H5 
mono-substitued benzene ring), 77.2 (–CH–NH in or-
ganoboron linkage), 58.01 (–CH–O), 49.08 (–CH– 
CH-chain backbone), 30.3 (–CH3-O), and 30.15 (–CH2).  

Chemical structure of C1–B–PEO long branched co-
polymer was confirmed by the appearance in the FTIR 
spectra (Figure 3) the following characteristic absorption 
bands (cm-1): 3400 (strong broad peak for OH in H- 
bonded carboxyl groups), 2933-2735 for C–H stretching 
in CH2 and CH3), 2667 and 2600 (C-H stretching in 
CH2–O of PEO branched segments), 2280 and 2135 
(Fermi doublet for C–N band), 1986 and 1966 (overtones 
of C=O), 1746 (C=O of ester groups), 1710 (C=O of 
carboxyl groups), 1630 (NH–C=O amide I band), 1592 
(phenyl groups), 1558 (H-bonded COO– stretching), 1545 
(weak peak for B–O stretching), 1490 (C-H deformation 
for CH2–O in PEO branches), 1480 and 1466 (CH2 de-
formation), 1450 (B–Ph aromatic ring), 1405 (amide III 
band), 1372 and 1352 (CH3 deformation in O–CH3), 1115 
(broad peak for C–O band in CH2–O and CH3–O of PEO 
and MVE units, respectively), 948 (strong peak for C–O 
deformation in PEO branchs), and etc. 
  The comparative analysis of the XRD patterns of alter-
nating copolymer and its organoboron derivative show a 
significant difference between physical structures of 
these copolymers (Figure 3). C1 copolymer has an 
amorphous structure, while C1-B copolymer exhibits 
pseudo-crystallinity behavior (without re-crystallization 
process due to macromolecular physical interactions via 
H-bonding, hydrophobic-hydrophilic interactions, etc.) 
with degree of pseudo-crystallinity χc = 26.2 % (by XRD 
analysis), glass-transition Tg and pseudo-melt phase 
transition Tm at 84.2oC and 136.3 oC, respectively (by 
DSC analysis). It can be proposed that the producing the 
amphiphilic organoboron linkages in side chain of co-
polymer causes a formation of hydrophilic/hydrophobic 
balance, more polar amide and carboxyl groups, which 
are able to form strong H-bonded segments, and therefore, 
self-assembled suramacromolecular structure of C1-B 

copolymer as in other organoboron polymer systems [37]. 

3.2. Cytotoxicity of the Copolymer and its  
B-Containing and PEO Branched     
Derivatives 

In this study, the comparative analysis of HeLa cells 
(cancel cells) and L929 Fibroblast cells (normal cells) 
has been investigated. The cytotoxicities of C1 co-
polymer and corresponding C1-B, C1-B/PEO deriva-
tives were inquired about the utility for antitumor drugs. 
Figures 4 and 5 give the number of viable cancer and 
normal cells in each group after incubation of the cells 
with copolymer and organoboron copolymers at their 
different concentrations for 24 h incubating time in cell 
culture media, respectively. Under the same conditions, 
the wells containing cells without copolymers were also 
studied as a control. The following important results can 
be drawn from this graph which is illustrated in these 
figures. The C1 copolymer does not exhibit any ob-
servable toxicity in the chosen range of copolymer 
concentration. The toxicity of polymers containing bo-
ron (C1-B and C1-B-PEO) was significant, most 
probably due to hydrogen bonding supramacromolecu-
lar structure of these copolymers containing a combi-
nation of hydrophilic/hydrophobic linkages, free car-
boxylic groups, which are formed after partial amido-
lysis of anhydride containing copolymer C1 and full 
hydrolysis of free anhydride units in the chosen 
physiological medium where positive charges and ion-
ized organoboronoxy groups also exist as antitumor sites 
along with an ability to interact with cells. 

It was observed that an increase of C1-B and C1- 
B-PEO concentrations in each well caused higher degree 
of dying cells as compared to virgin C1 copolymer tested 
under the same conditions. C1-B copolymer exhibits 
relatively higher in vitro cytotoxicity than C1-B-PEO 
branched copolymer which can be explained by the 
higher content of organoboron linkages in C1-B co-
polymer. It is important to note that the boron containing 
side chain linkages, rather than the individual copolymers, 
increase the cytotoxicity more profoundly; an important 
feature which has a significant role in leading us to the 
present study. C1 copolymer had less toxicity compared 
to cultured cells at various quantities and different incu-
bation times. On the contrary, the toxicity of C1-B and 
C1-B-PEO organoboron copolymers towards the HeLa 
cells increased by increasing their quantity from 50 to 500 
µg.mL-1, whereas, no significant change was observed 
with varying time. According to Figure 4, C1 did not 
show high toxicity at all although the copolymer amount 
was increased from 50 to 500 µg.mL-1 whilst, a signifi-
cant toxicity of C1-B andC1-B-PEO (100 µg.mL-1 and 
above) started to be observed when cancer and normal 
cells (Figure 5) were incubated for about 4 h. As the 
amount of boron con taining polymers and their incubtion 
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Fıgure 1. 1H NMR spectra of (A) C1 copolymer and (B) C1-B organoboron copolymer; (C) 13C NMR spectra of C1-B 
copolymer. 

 
time increased, toxicity to cultured cells was increased. 
C1-B-PEO and especially C1-B showed higher toxicity at 
500 µg. mL-1. Thus, it can be concluded that virgin C1 
alternating copolymer does not exhibit any toxic effect on 
cultured HeLa cells, whereas, its organoboron and PEO 
branched derivatives are definitely toxic to cells. In par-
ticular, C1-B copolymer containing relatively high 
amount of organoboron linkages exhibits high toxicity 
toward cancer cells compared to normal cells at 500 
µg.mL-1 for 24 h. 

3.3. Staining Results 

The important observations can be summarized as fol-
lows: we checked for apoptosis or necrosis with double 
staining (Hoescht 3342 and PI), M30 immunostaining for 
cancer cells. For the morphological observations, cancer 
and normal cells were stained by hematoxylen-eosin. 

3.4. Hematoxylen-Eosin Staining Results 

In this study, C-1 copolymers treated cancer and normal 
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Figure 2. FTIR spectra of PEO macrobranched organoboron 
copolymer (C1-B-PEO). 

 

 
 

 
Figure 3. XRD patterns of (A) alternating copolymer (C1) and 
(B) its branched organoboron derivative. 
 
cells have intact nucleus of about 50-200 μg.mL-1 con-
centration during 2-14 h incubation. Cell morphology has 
not been changed at the same concentration for 2-14 h 
(Figure 6b). While C1-B and C1-B-PEO copolymers  

 

Figure 4. In vitro cytotoxicity of C1, C1-B and C1-B-PEO 
copolymers with different amount at 24 h incubation. Number 
of viable HeLa cells in wells. Results are presented as 
means ± SEM. *Significant difference from control (p < 0.05). 
 

 

Figure 5. In vitro cytotoxicity of C1, C1-B and C1-B-PEO 
copolymers with different amount at 24 h incubation. Number 
of viable L929 Fibroblast cells in wells. Results are presented as 
means ± SEM. *Significant difference from control (p < 0.05). 

 
treated HeLa cells has no morphological changes at 
50-200 μg.mL-1 concentration for about 2-4 h, they have 
vacuole formation in their cytoplasms with C1-B co-
polymer between 6-12 hours (Figure 6c). Vacuole for-
mations determined rarely in normal cells (Figure 6e, f). 
In addition, cell membranes have lysed with C1-B co-
polymer around 12-24 h but, there was no change in their 
nuclei of cancer and normal cells. Moreover, some of the 
cells (30% and 15% for HeLa and fibroblast, respectively) 
have been detached from the well. Unaffected cells dis-
played similar morphological characteristics as with un-
treated (control) cells. 
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3.5. Double Staining and M30 
Immunostaining Results 

In this study, if the HeLa and L929 Fibroblast cells treated 
by C1, C1-B, C1-B-PEO copolymers at low conce ntra-
tion for a short time, the number of apoptotic and necrotic 
cells was not high (Tables 2 and 3). However, if the 
polymer concentration and incubation time were in-
creased, the number of apoptotic and necrotic cells was 
increased as well. Especially, the number of apoptotic and 
necrotic cells was increased when they were treated by 
C1-B copolymer at 500 μg.mL-1 concentration in cancer 
cell culture for 24 h (Table 2). The number of apoptotic 
and necrotic Fibroblast cells was not increased according 
to HeLa cells at the same concentration (Table 3). If cells 
were treated by the other copolymer under similar con-
ditions, their apoptotic index was below 30 %. The results 
obtained at 500 μg.mL-1 concentration for 24 h are shown 
in Table 2. Meanwhile, apoptotic HeLa cells were im-
munostained by M30 antibody (Figure 7a, 7b). The 
double staining and M30 immunostaining results were 
similar to each other in HeLa cells. Apoptotic indexes of 
HeLa cells for M30 immunostaining were 12% for C1, 45 
% for C1-B, 23 % for C1-B-PEO at 500 μg.mL-1 and 24 h 
incubation. Apoptotic L929 Fibroblast cells were stained 
only double staining method (Table 3). In addition to 
these polymers, especially boron containing polymers 
had toxic effects towards cancer and normal cells. But 
toxic effect of boron containing polymers was lower to 
normal cells than cancer cells. After an incubation at 
50–500 µg.mL-1 for 24 h period, C1 resulted in less 
apoptosis, while incubation with C1-B and C1-B-PEO at 
the same concentration and incubation time led to high 
apoptosis of HeLa cells compared to L929 Fibroblast 
cells. Both C1-B and C1-B-PEO may well inhibit cell 
growth and viability in HeLa (Figure 7b, c, d) and L929 
Fibroblast cells (Figure 7e, f). One the other hand, around 
50-500 μg.mL-1 of C1-B and C1-B-PEO copolymer 
contents for 24 h gave rise to an increase in necrosis 
stained with PI dye (Figure 7c, e and Tables 2 and 3). It is 
important to note that incubation for 24 h with 500 μg. 
mL-1 C1-B produced apoptosis supporting its high toxicity 
and necrotic effect. Furthermore, incubation without 
polymers as control cells resulted in a few PI-positive 
cells. Whereas, cells exposed to C1-B and C1-B-PEO- 
became highly PI-positive, suggesting that they were in 
necrosis. HeLa cells incubated with a high dose of boron 
containing copolymers resulted in rupture of cell mem-
brane at around 12-24 h incubation period. Cell cyto-
plasm was discharged out of HeLa cells. On the other-
hand, great of number vacuole originated in most of HeLa 
cells cytoplasma. It may have given rise to metabolic-
changes of cells, affected by boron containing copoly-
mers. C1-B copolymer was more toxic than virgin 
counder the testing conditions determined by us. 

 

Figure 6. Light microscope image of (A) non stained HeLa cell 
culture as a control, (B) C1-B-PEO copolymer/HeLa cells 
conjugate (stained with hematoxilen-eosin dye); dense spots 
were showed nucleus of cells, and distinct violet were indicated 
cytoplasma of cells as a control, (C) Light microscope image of 
vacuole of HeLa cells cytoplasma; dense spots were showed 
nucleus of cells in C1-B copolymers (500 g.mL-1 consantration) 
at 24 h incubation. Light microscope image of (D) non stained 
L929 Fibroblast cell culture as a control, (B) C1-B-PEO co-
polymer/L929 Fibroblast cells conjugate (stained with hema-
toxilen-eosin dye); dense spots were showed nucleus of cells, 
and distinct violet were indicated cytoplasma of cells as a con-
trol, (C) Light microscope image of vacuole of L929 Fibroblast 
cells cytoplasma; dense spots were showed nucleus of cells in 
C1-B copolymers (500 g.mL-1 consantration) at 24 h incuba-
tion. Images (A) and (D) taken under X200 magnification, 
others images taken under x400 magnification. 

 
4. CONCLUSIONS 
 
This work has attempted to develop novel bioengineering 
functional organoboron copolymers (C1-B and C1-B- 
PEO), namely, amphiphilic macromolecules of which 
contained hydrophilic/hydrophobic fragments, ethylene 
amidodiphenylborinate linkages, long branched PEO 
segments and free carboxylic groups with an ability to 
conjugate with cancer HeLa cells. These copolymers 
were synthesized by amidolysis and esterification of 
anhydride units of poly(MA-alt-MVE) (C1) as a bio- 
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Table 2. The comparative analysis of apoptotic and necrotic 
HeLa cell index for copolymer (C1), organo-boron (C1-B) and 
organoboron PEO branched (C1-B-PEO) copolymers at 24 h 
incubation. 

Polymer amount 
(µg.mL-1) 

Apoptotic 
cells (%) 

Necrotic 
cells (%) 

C1 
control 

 
3 ± 2 

 
4 ± 2 

50 3 ± 1 5 ± 1.5 
100 6 ± 1.5 9 ± 3 
250 8.5 ±1 13.8 ± 1.5 
500 15 ± 2 27 ± 3 

C1-B   
control 5 ± 3 2 ± 1 

50 13 ± 2 20 ± 3 
100 18 ± 2.5 31 ± 4 
250 32 ± 1 41 ± 2 
500 43 ± 2 53 ± 3 

C1-B-PEO   
control 3.5 ± 1.5 5 ± 1.5 

50 9 ± 1 11 ± 1.5 
100 12 ± 1 16 ± 2 
250 15 ± 2 25 ± 3 
500 28 ± 2.5 43.5 ± 5 

 

Table 3. The comparative analysis of apoptotic L 929 Fibroblast 
cells index for copolymers (C1), organoboron (C1-B) and or-
ganoboron PEO branched (C1-B-PEO) copolymers at 24 h 
incubation. 

Polymer amount 
(µg.mL-1) 

Apoptotic 
cells (%) 

Necrotic 
cells (%) 

C1 
control 

 
2±1 

 
3 ±1 

50  3±1 3±1.5 
100  4±1 6±2 
250  7±1 11±1.5 
500  9±1.5 17±2 

C1-B   
control 2±1 2±1 

50  7±2 12±2 
100  12±2.5 17±3 
250  16±1 25±2 
500  27±2 38±2 

C1-B-PEO   
control 3±2 3±1 

50  4±1 8±1.5 
100  6±1 11±2 
250  9±2 16±3 
500  17±2.5 30±1 

   

 
compatible and non toxic polymer matrix with organo-
boron amine and PEO, respectively. Chemical and 
physical structure of organoboron copolymers were con-
firmed by FTIR and 1H (13C) NMR spectroscopy and 
X-ray powder diffraction methods. The comparative 
analysis of novel organoboron functional copolymers 
with antitumor acivity towards cancer and normal cells 
was achieved. It was found that unlike the virgin amor-
phous C1 copolymer, organoboron copolymer (C1-B) 
exhibited semi-crystalline phase transition behaviour due 
to the formation of self-assembled supramacromolecular 
structures through strong intra-and intermolecular hy- 

 

Figure 7. Light microscopy images of (A) virgin (nonapoptotic) 
HeLa cells as a control group (stained with M30 immu-
nostaining kit), and (B) organoboron copolymer C1-B copoly-
mer/HeLa cells conjugate (stained with M30 immunostaining 
kit), where brown cytoplasma of cells image indicates the for-
mation of apoptotic cells; Fluorescence microscopy image of (C) 
nucleus of HeLa cells (stained with PI), where formation of red 
spots demostrates nucleus of necrotic cells, and (D) nucleus of 
HeLa cells (stained with Hoescht 3342), where dense spots 
indicates nucleus of apoptotic cells. Fluorescence microscopy 
image of (E) nucleus of L929 Fibroblast cells (stained with PI), 
where formation of red spots demostrates nucleus of necrotic 
cells and green spots demostrates nucleus of living cells, and (F) 
nucleus of L929 Fibroblast cells (stained with Hoescht 3342), 
where dense spots indicates nucleus of apoptotic cells. İmages 
of Cand D were recorded with x400 magnification, others image 
were recorded with x200 magnification. 
 
drogen bonding. The interactions of these copolymers 
with HeLa cells were investigated by using a combination 
of different methods such as cytotoxicity, statistical, he-
matoxylen/eosin staining, apoptotic and necrotic cell 
indexes, M30 immunostaining, double staining and M30 
immunostaining, light and fluorescence microscopy 
analyses. In vitro cytotoxicities and antitumor activities of 
organoboron copolymers (C1-B and C1-B-PEO) against 
human cervix epithelioid carcinoma cell line (HeLa) was 
as well evaluated. It was observed that organoboron co-
polymers exhibited the most apoptotic and necrotic ef-
fects against HeLa cells whereas a minor effect relative to 
cancer cells was observed on L929 Fibroblast cells. Thus 
the obtained results allow us to propose that synthesized 
organoboron copolymers containing a combınation of 
non toxic and biocompatibile polymer matrix and long 
branched PEO segments with functional groups as anti-
tumor sities, can be utilized as therapeutic potential 
functional copolymer drugs, which are able to form an 
artificial bioconjugate with HeLa cells, in cancer che-
motherapy. 
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ABSTRACT 

Aim: Repeated microinjections of non-opioid an-
algesics into the midbrain periaqueductal gray 
matter and rostral ventro-medial medulla induce 
antinociception with development of tolerance. 
Antinociception following systemic administra-
tion of non-steroidal anti-inflammatory drugs (N 
SAIDs) also exhibit tolerance. Presently our aim 
was to investigate the development of tolerance 
to the antinociceptive effects of NSAIDs analgine, 
ketorolac, and xefocam microinjected into cen-
tral nucleus of amygdala (Ce) in rats. Methods: 
Under anesthesia with thiopental a stainless steel 
guide cannula was stereotaxically implanted uni- 
laterally or bilaterally into the Ce using stereo-
taxic atlas coordinates, and anchored to the cra- 
nium by dental cement. Five days after surgery, 
3 µl of these NSAIDs were injected via the injec-
tion cannula while the rat was gently restrained. 
Twenty min post microinjection, i.e. 10-min be-
fore the peak of the drugs’ effect is normally rea- 
ched, animals were tested with tail flick (TF) and 
hot plate (HP) tests. On the 5th experimental day 
all animals received a Ce microinjection of mor-
phine. Results: Daily microinjection of NSAIDs 
into the Ce uni- or bilaterally, produced antino-
ciception with development of complete toler-
ance over a 5-day period. Following the treat-
ment period, morphine microinjection into the 
Ce failed to elicit antinociception, indicating cro- 
ss-tolerance to the antinociceptive effect of N 
SAIDs. In other words, the “non-opioid tolerant” 
rats showed cross-tolerance to morphine. Con-
clusions: Our data confirmed the suggestion that 
NSAIDs interact with endogenous opioid systems, 
which likely play a key role in the development of 
tolerance to the antinociceptive effects of NSA 
IDs. 

 
Keywords: Descending Inhibition; Morphine 
Cross-Tolerance; Nociception 

1. INTRODUCTION 

Microinjection of non-opioid analgesics metamizol, and 
lysine-acetylsalicylate (LASA) into certain brain areas, 
including the midbrain periaqueductal gray matter (PAG) 
and rostral ventro-medial medulla (RVM), produces an- 
tinociception with development of some degree of tol-
erance [1-4]. We have also observed tolerance to the an- 
tinociceptive effects of analgine (metamizol), ketorolac, 
and xefocam administered systemically [5-7]. These stu- 
dies are consistent with the possibility that endogenous 
opioidergic mechanisms associated with descending pain 
modulation may partly mediate the tolerance observed 
with non-steroidal anti-inflammatory drugs (NSAIDs) [8]. 

The amygdala receives massive input from the hippo-
campus and the neocortex and provides a major source of 
afferents to PAG [9]. Analgesia resulting from microin-
jection of opioid agonists into the basolateral amygdala 
is blocked by lidocaine inactivation of, or opioid antago-
nist injection into, the PAG [10-12]. Cortical afferents to 
the amygdala largely target its basolateral component. 
The basolateral amygdala then projects to the central 
nucleus of amygdala (Ce), which in turn projects densely 
to the PAG [13]. The Ce also receives nociceptive input, 
both directly from the spinal cord, and indirectly via a 
large projection from the dorsal horn to the parabrachial 
nucleus [14,15]. The Ce is an integral component of the 
endogenous pain-modulatory circuit and is critical for 
systemic morphine-induced suppression of spinal noci- 
ceptive reflexes [16].  

The present study reports that microinjection of an-
algine, ketorolac, and xefocam into the Ce of rats elicits 
antinociception with the development of tolerance.  

2. MATERIALS AND METHODS 

The experiments were carried out using male Wistar rats, 
200-250g in body weight, bred at the Beritashvili Insti-
tute of Physiology. The animals were kept under standard 
housing conditions (22±2 C, 65% humidity, light from 
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7:00 a.m. to 8:00 p.m.) and were fed a standard dry diet; 
water was freely available. Experiments were performed 
during the light phase of the circle between 10:00 and 
14:00 clock. Guidelines of the International Association 
for the Study of Pain regarding animal experimentation 
and Guide for the Care and Use of Laboratory Animals 
(National Academy Press, Washington, DC, 1996) were 
followed throughout.  

Under anesthesia with thiopental (55 mg/kg, i.p. “Kiev- 
med” Ukraine) a 12-mm stainless steel guide cannula (Pla- 
stic One, Inc., USA) was stereotaxically implanted uni-
laterally (left side) or bilaterally into the Ce amygdala us- 
ing coordinates from the atlas of Paxinos G. & Watson C. 
[17], and anchored to the cranium by dental cement. The 
guide cannula was plugged with a stainless steel stylet. 
Thereafter, the rats were handled in 3 daily 15 min peri-
ods to become habituated to the experimental environ-
ment and test protocol that involved removal of the stylet 
and insertion of injection cannula (10 mm length of PE 
tubing attached to a 50 µl Hamilton syringe; Hamilton, 
Inc., USA) without drug injection. Five days after surgery, 
three µl of drug was injected via the injection cannula 
while the rat was gently restrained. Drugs were: Analgine 
(metamizol sodium, 1.5mg/3µl, “Sanitas”, Ltd, Lithua-
nia), ketorolac (ketorolac tromethamine, 90µg/3µl, “Zee 
Drugs”, India), xefocam (lornoxicam, 12µg/3µl, “Ny-
comed”, GmbH, Austria), or saline (3µl) (“Galichpharm” 
Ltd. Ukraine). Twenty min post microinjection, i.e. 10- 
min before the peak of the drugs’ effect is normally rea- 
ched, animals were tested with TF or HP. For the TF test, 
the distal part of the tail was stimulated with a light beam 
(IITC #33, IITC Life science, Inc., Woodland Hills, CA, 
USA) and the latency measured until the tail was reflex-
ively flicked away from the beam. For the HP test, the 
rat was placed on a 52ºC hot plate (IITC #39) and the la- 
tency to lick paw or jump was measured. The cut-off 
time was 20 s for both TF and HP latencies. Each rat was 
tested with both tail flick (TF) and hot plate (HP) laten-
cies in the same session. The same procedure was fol-
lowed to deliver repeated microinjections of each drug (an- 
algine, ketorolac, xefocam) or vehicle (saline) over five 
consecutive days. On the 5th experimental day all ani-
mals received a Ce microinjection of morphine hydro-
chloride (3µg/2µl, “Laboratoires Stella”, France) and TF 
and HP latencies were measured 20 min thereafter. At 
the conclusion of experiment on the fifth day, the micro- 
injection site was marked with 2 µl of a saturated solu-
tion of Pontamine Sky Blue (Sigma Chemical Co.,USA), 
and the animal was sacrificed by ester inhalation. After 
fixation by immersion in 10% formalin the brain was 
sectioned and the microinjection site was identified with 
the aid of Paxinos & Watson’ stereotaxic atlas [17]. 

All data are presented as meanS.E.M. Analysis of 
variance (ANOVA) with post-hoc Tukey-Kramer multi-
ple comparisons were used for statistical evaluations. The 

statistical software utilized was InStat 3.05 (GraphPad 
Software, Inc, USA). Statistical significance was ac-
knowledged if P<0.05. 

3. RESULTS 

Only rats with microinjections into Ce were included for 
data analysis. Histological location of microinjection 
sites is shown in simplified drawing section from the 
Paxinos and Watson atlas [17] (Figure 1). These data 
consisted of 13 rats microinjected with analgine (6 uni- 
and 7 bilaterally), 13 with ketorolac (6 and 7), 12 with 
xefocam (6 and 6), and 15 with control saline (8 and 7), 
respectively. Injection sites outside the boundaries of the 
Ce (the shaded region in Figure 1) were not included in 
data analysis. In special control experiments with inten-
tionally microinjections of NSAIDs out of Ce we did not 
reveal significant changes in TF and HP latencies (data 
not shown).  

On the first test day, unilateral microinjection of each 
NSAID into the Ce produced antinociception as revealed 
by significant increases in latency for TF [ANOVA: 
F(3,20)=21.251; P<0.001] and HP [ANOVA: F(3,20)= 
15.872; P<0.001] compared to saline controls (P<0.001 
for all drugs) (Figure 2). However, on successive days, 
microinjection of each NSAID had a progressively 
weaker antinociceptive effect such that on the fourth 
and/or fifth experimental days the TF and HP latencies 
were not significantly different compared to saline injec-
tions. This was similar to the development of tolerance 
to morphine administration to PAG in similar prepara-
tions [18,19], and we therefore refer to it as “non-opioid 
tolerance”. Note, however, that tolerance to the antino-
ciceptive effect of xefocam was slower compared to an-
algine and ketorolac. On day 5, both experimental and 
 

 
Figure 1. Location of microinjection sites in the Ce. 
Only NSAIDs and saline injections within the shaded 
regions were included in data analysis. Coronal sec-
tions are taken from the atlas of Paxinos and Watson 
(1998). The Distances from interaural line ±5.7 mm 
and from the bregma -3.3 mm respectively. All injec-
tions fell within ±0.5 mm of this coronal plane. 
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control groups received a morphine microinjection at the 
same Ce sites, and only the saline group exhibited anti-
nociception (P<0.001). The latencies of the non-opioid 
tolerant rats were not altered by the morphine microin-
jections, i.e. they showed cross-tolerance to morphine 
(Figure 2). 

Bilateral microinjections into the Ce also increased 
latency of TF [ANOVA: F(3,20)=8.873; P=0.006] and 
HP [ANOVA: F(3,20)=11.933; P<0.001] compared to 
control rats on the first day for these NSAIDs, in TF 
(P<0.01) and in HP (P<0.001) respectively (Figure 3). 
Similar to the unilateral drug injections, there was a pro-
gressive decline in the antinociceptive effect elicited by 
bilateral injection of each drug over the 5-day period,  
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Figure 2. Response latencies in unilateral microinjections. Mean 
response latencies following unilateral microinjections of each 
NSAIDs are plotted over the 5-day period, followed by mor- 
phine, for TF (A) and HP (B) tests. Cutoff latency (20 sec) 
was reached in some animals for xefocam and morphine mi-
croinjections. Asterisks mark significant difference of latency 
in comparison to saline control as analyzed by post hoc tests 
(*p<0.05, **p<0.01, ***p<0.001). 
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Figure 3. Response latencies in bilateral microinjections. Mean 
response latencies following bilateral microinjections of each 
NSAIDs are plotted over the 5-day period, followed by mor-
phine, for TF (A) and HP (B) tests. Cutoff latency (20 sec) 
was reached in some animals for xefocam and morphine mi-
croinjections. Asterisks mark significant difference of latency 
in comparison to saline control as analyzed by post hoc tests 
(*p<0.05, **p<0.01, ***p<0.001). 

 
such that TF and HP latencies were not significantly 
different from saline controls after the 4th-5th day (Fig-
ure 3). Again, xefocam exhibited a slower time course 
for development of tolerance. Bilateral microinjection of 
each NSAIDs also exhibited cross-tolerance to morphine 
as compared with saline controls (P<0.001) (Figure 3).  

4. DISCUSSION 

The present study revealed that microinjection of an-
algine, ketorolac, and xefocam into the Ce induced anti-
nociception in awake rats. This confirmed our previous 
results with systemic (i.p.) administration of NSAIDs 



M. G. Tsagareli et al. / Health 2 (2010) 62-66 

SciRes Copyright © 2010                               Openly accessible at http://www.scirp.org/journal/HEALTH/ 

65

[5-7], and results of others using microinjection of the 
same NSAIDs into the PAG [2-4]. Importantly, repeated 
microinjections of NSAIDs into the Ce resulted in a pro- 
gressive decrease in antinociceptive effectiveness (tol-
erance) similar to that observed with intra-PAG injec-
tions [2-4], and reminiscent of the effect of opiates. 

A major involvement of opioidergic mechanisms in 
tolerance to the analgesic effect of NSAIDs was surpris-
ing, because traditionally the cellular and molecular ac-
tions of opioids were thought to differ from those of 
nonopioid analgesics. One interesting aspect of NSAIDs 
administration, namely tolerance, emphasizes their simi-
larity to opioid analgesics. Indeed, microinjection of meta- 
mizol [3,4,20], or LASA [2,20] into PAG or into Ce, pro- 
gressively led to a loss of their antinociceptive effects, 
i.e. produced tolerance. Furthermore, tolerance to meta- 
mizol or LASA was accompanied by cross-tolerance to 
morphine [2-4] as if opioid analgesics had been repeat-
edly administered. Interestingly, tolerance to the effect of 
PAG-microinjected metamizol can, like tolerance to mor- 
phine, be reversed by microinjection of proglumide, a 
cholecystokinin antagonist, at the same PAG site [3]. The 
latter finding constituted additional evidence that the PAG 
effects of non-opioid analgesics are similar to those of 
morphine. Moreover, the data suggested that Ce should be 
incorporated into current models of endogenous pain con-
trol circuitry [21]. 

It is well known that morphine injection after admini-
stration of NSAIDs or in combination, morphine plus 
NSAIDs usually potentiates their own analgesic effects 
[8]. We have recently tested each of NSAIDs for cross- 
tolerance to morphine given over a 5-day period in two 
age groups of rats. There was a significant difference be- 
tween adult and juvenile rat groups for the degree of mor- 
phine analgesia, which was most marked on the first and 
second experimental days. Furthermore, morphine-tole- 
rant rats exhibited cross-tolerance to analgine, ketorolac, 
and xefocam for both TF and HP tests, respectively (data 
not shown).  

In conclusion, our data confirmed previous studies in-
dicating that the antinociceptive action of NSAIDs may 
be closely related to that of endogenous opioids, includ-
ing the development of tolerance. In addition, the Ce 
along with PAG and RVM represents an important com- 
ponent of the endogenous antinociceptive system. 
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ABSTRACT 
Introduction: Gall stones disease is a rare oc-
currence in paediatric patients and the diagno-
sis is often overlooked. Patients often present 
with non-specific symptoms of abdominal pain 
and the classic features of gallstones are some-
times absent [1]. The aim of our study is to in-
crease the awareness of cholecystitis and acute 
pancreatitis being a possible occurrence in the 
paediatric age group and should therefore be in 
the differential diagnosis of acute abdominal pain 
in children. We undertook a retrospective analy- 
sis of all the paediatric patients recorded as hav- 
ing had a laparoscopic Cholecystectomy per-
formed at Prince Charles Hospital. 8 paediatric 
patients underwent Laparoscopic cholecysteco- 
my between 2000 and 2008 consisting of 5 fe-
male patients and 3 male patients. The average 
age of the cohort was 14.1 years [12-16]. Pre- 
morbid obesity was a feature in 4 patients and 
all patients reported high fat diet. Abdominal Ul- 
trasound used to assess all 8 patients who pre- 
sented with acute abdomen showed gallstones 
to be present in all. 7 patients underwent an ele- 
ctive procedure 3-6 months after the initial di-
agnosis was made and 1 patient had laparosco- 
pic Cholecystectomy within 72 hours of initial 
presentation. 1 patient was found to have an in- 
herited haematological disorder and 2 of the pa- 
tients were sisters with a family history of gall- 
stone disease. 2 patients presented with acute 
pancreatitis. Gallstone related cholecystitis is a 
rare occurrence amongst paediatric patients and 
is often overlooked as a differential diagnosis. 
We report 8 patients over an 8 year period. Con- 
clusion: It is important that clinicians include 
cholecystitis and biliary colic in the differential 
diagnosis of patients presenting with acute ab-
domen in childhood not explained by other di-
agnoses. Laparoscopic Cholecystectomy is the 
treatment of choice and has minimal complica-
tions. 

Keywords: Gallstones; Cholecystitis; Paediatrics; 
Laparoscopic Cholecystecomy  

1. INTRODUCTION 

Gallstones in children are rare but can become a poten-
tially serious condition [1]. It does not always present itself 
in the classical clinical picture of adult gallstones and is 
not considered as a typical differential diagnosis of abdo- 
minal pain [1,2]. Right upper quadrant pain, nausea and 
vomiting may not always be present and initial diagnosis 
may be overlooked or delayed. We present our experience 
as a paediatric surgical team in managing Paediatric gall- 
stones at a District General Hospital in South Wales. In 
order to assess how common paediatric gallstones are at a 
typical District general Hospital we re- viewed our patient 
records was carried at Prince Charles Hospital to identify 
any paediatric patient (aged 16 years or under) who had 
undergone a Cholecystectomy. Theatre reports and full case 
history notes were reviewed and data was extracted ac-
cordingly. Correspondence were also re- viewed to note 
the outcome of any subsequent follow up and to identify 
any other medical problems which may have arisen after 
the procedure or had an impact on the patient developing 
gallstones. All 8 patients underwent a laparoscopic Chole- 
cystectomy performed by a single Consultant Paediatric 
Surgeon (Mr Asal Y Izzidien) at Prince Charles Hospital, 
Merthyr Tydfil. 
 
2. THE PATIENT COHORT 
 
All patients presented with abdominal pain but only 3 
(37.5%) patients localised this pain in the right upper 
quadrant. All patients eventually underwent Abdominal 
Ultrasound examination (USS) which showed the pres-
ence of gallstones. 3 patients underwent a Magnetic Retro- 
grade Cholangio-Pancreotography and 1 patient under-
went a HAIDA scan to assess gallbladder function. Every 
patient had a full history work up including a family 
history screen. Blood tests were assessed in each patient 
for the signs of haemolytic abnormalities. 2 patients (25%) 
presented with pancreatitis and 1 patient had a known 
hereditary haemolytic condition (hereditary spherocytosis). 
This patient presented with jaundice and had an obstruc-
tive biochemical pattern. 

Appendicitis was the initial working diagnosis in 3 of 
our patients and a Urinary tract Infection was suspected 
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and treated empirically in another 2 patients. 
Following diagnostic confirmation of gallstones, all 8 

patients underwent laparoscopic Cholecystectomy. 7 pa-
tients underwent the procedure electively 4-6 months after 
the initial diagnosis was made and one patient had the 
procedure within 72 hours of initial presentation. When 
we reviewed the histopathology of our sample all 8 pa-
tients had evidence of acute cholecystitis changes in their 
gallbladder with oedematous, thick walled gallbladders. 
Stones were analysed and in 7 patients the stones were 
reported as being mixed cholesterol pigment stones. 1 
patient had pigmented stones in keeping with their he-
reditary haemolytic condition. 

Our only short term complication was one patient who 
developed an infection in his umbilicus portal site scar. 
This was treated with Augmentin 250/62 mg tds. He 
recovered and was discharged without any further prob-
lems. One patient developed keloid at one of her scar sites 
although no further action was taken and the patient was 
discharged. 
 
3. DISCUSSION 
 
Paediatric gallstones and pancreatitis are rare occurrence 
and in most cases, caused by trauma or chronic illness 
[1-3]. Gallstone related disease can often present in a 
non-specific manner and the classical signs are often 
absent. Murphy’s sign is unreliable and children may find 
it difficult to describe the typical pain of biliary colic and 
cholecystitis. Clinicians often misdiagnose the condition 
as a Urinary tract infection and Appendicitis is also com- 
monly documented in differential diagnoses [1,2]. Usu-
ally there is a chronic history of generalised abdominal 
pain of some months or more. In several cases, this had 
not been followed up to identify an underlying cause. 
Clinicians should therefore hold an index of suspicion for 
a diagnosis of gallstones in any paediatric presentation of 
abdominal pains, raised White cell count and fever [3]. 

Patients should undergo screening and evaluation for 
hereditary haemolytic conditions [1] as an increased break- 
down of haemoglobin can produce large amounts of pig- 
mented gallstones. Other underlying causes such as obe-
sity, hypercholesterolemia, chronic liver disease and Cystic 
fibrosis may also be the primary cause of paediatric gall-
stones and should be excluded. There may be also a need 
to investigate for genetic predisposition as 2 of the cases 
were sisters and had strong family history of gall stones. 

In the paediatric group non-invasive investigations 
should be the preferred choice if possible. Abdominal 
Ultrasound provides an effective method of identifying 
gallstones [2,4]. MRCP may be used to exclude stones in 
the common bile dict [5]. 

Weight loss is almost always advised in adult patients 
and the same rule appears to hold true for the paediatric 
population. Most of our patients were obese and being 

overweight is recognised as a risk factor for developing 
gallstones. Modern diets are often high in fat and with an 
obesity epidemic being predicted by some corners of 
medical society, the medical profession needs to be aware 
that gallstones are likely to become more common in 
children in years to come. Other factors associated with 
gallstones include use of the Oral contraceptive pill [4] 
and pregnancy at an earlier age may also contribute to a 
rise on paediatric gallstones in years to come. 
 
4. CONCLUSIONS 
 
There is increase in the incidence of gallstones in the 
paediatric age group possibly due to the worldwide epi-
demics of obesity but genetic predisposition may be a 
factor that needs more study to explore. Our study shows 
that the condition remains an uncommon presentation but 
should be considered in children presenting with abdo- 
minal symptoms, especially when other diagnoses have 
been excluded. Laparoscopic Cholecystectomy app- ears 
to be and appropriate and safe procedure to carry out on 
paediatric patients and has a low incidence of morbidity. 
It should therefore be considered as the procedure of 
choice in paediatric patients [6,7] with gallstones. Due to 
early development of gall stones, hence the longer span of 
this pathology, paediatric patients may be more prone to 
developing complications including pancreatitis. It is 
paramount to prevent this condition as this carries a high 
risk of morbidity and mortality in the paediatric cohort 
[5,8,9].We advocate carrying out surgery at the earliest 
opportunity. However, decisions should be taken on an 
individual basis if the clinical status of the patient dictates 
that more immediate surgery would be appropriate. At 
present our hospital has not performed Endoscopic pro-
cedures on paediatric patients and cases are typically 
referred to tertiary centres. However, if the incidence of 
paediatric gallstones continues to rise in line with child-
hood obesity, the likelihood of having to performing Endo- 
scopic retrograde Cholangio Pancreatography (ERCP) will 
increase. This will in itself will have implications for ser- 
vice provision, patient safety and long term implications 
for patients. 
 
5. ACKNOWLEDGEMENTS 

D. S. carried out the relevant literature review and wrote the paper. He 
also analysed the patient data and reviewed the patient notes. N. N. and 
A. I. reviewed the paper and critically analysed the data. A. I. performed 
all the operative procedures 

REFERENCES 
[1] Sutton, R. and Cheslyn-curtis, S. (2001) Acute gallstone 

pancreatitis in childhood. Ann R Coll Surg Engl, 83, 406- 
408. 



D. G. Samuel et al. / HEALTH 2 (2010) 67-69 

SciRes Copyright © 2010                               Openly accessible at http://www.scirp.org/journal/HEALTH/ 

69

[2] Bruck, S.W., Sigmund, H.E., Rocchi, C. and Kim, P.C.W. 
The management of nonpigmented gallstones in children. 
Journ Paediatr Surg, 35, 729-732. 

[3] Davenport, M. (2003) Laparoscopic surgery in children 
review. Ann R Coll Surg Engl, 85, 324-330. 

[4] Haddock, G., Coupar, G., Youngson, G.G., MacKinlay, G.A. 
and Raine, P.A. (1994) Acute pancreatitis in children: A 
15-year review. J Paediatr Surg, 29, 719-22 

[5] Lerner, A., Branski, D. and Lebenthal, E. (1996) Pancre-
atic diseases in children. Paediatr Clin North Am, 43, 125- 
56. 

[6] De Caluwe, D., Akl, U. and Corbally, M. Cholecystectomy 

verus cholecystolithotomy for cholelithiasis in childhood: 
Long-term outcome. Journ Paedr Surg., 36(10), 1518- 
1521. 

[7] St Peter, S.D., Keckler, S.J., Nair, A., Andrews, W.S., 
Sharp, R.J. et al. (2008) Laparascopic cholecystectomy in 
the paediatric population. J Laparoendosc Adv Tech A., 
18(1), 127-30. 

[8] Weizman, Z. and Durie, P.R. (1988) Acute pancreatitis in 
childhood. J Paediatr, 113, 24-9 

[9] Lowe, M.E. and Greer, J.B. (2008) Pancreatitis in chil-
dren and adolescents. Curr Gastroenterol Rep., 10(2), 
128-35. 

 



Vol.2, No.1, 70-77 (2010)
doi:10.4236/health.2010.21012 
 

SciRes Copyright © 2010                                 Openly accessible at http://www.scirp.org/journal/HEALTH/

                                                                  Health 

 

Troponin based studies in search of a biomarker for 
cardiac arrest 

Pasha Ghazal1,2, Kaneez Fatima Shad1, Nikhat Sidduiqui2 

1Dr Panjwani centre for molecular medicine and drug design, ICCBS, University of Karachi, Karachi, Pakistan 
2Neurochemistry Research Unit, Department of Biochemistry, University of Karachi, Karachi, Pakistan; 
ftmshad@yahoo.com, ftmshad@gmail.com 

Received 3 November, 2009; revised 13 December, 2009; accepted 14 December, 2009. 

ABSTRACT 

Cardiac arrest is shown to be a cause of a large 
number of deaths not only in Pakistan but 
around the globe. The prevalence of this dis-
ease demands identification of its etiology. The 
science of proteomics can be used to identify 
cardiac specific proteins. The subsequent over 
expression or under expression of these pro-
teins can be utilized as targets not only for 
therapeutical interventions but also for identi-
fying molecular signatures for Cardiac diseases. 
In context of a number of studies which  have 
shown that the specificity of serum biomarkers 
like troponin (cTnI and cTnT) are questionable 
as they may also appear in serum in pathologi-
cal conditions other than cardiac dysfunction, 
the search of a specific marker for cardiac arrest 
becomes imperative. In this study protein pro-
filing of cardiac arrest patients was performed 
after its quantification through Bradford assay. 
SDS-PAGE and 2 DE techniques were used as to 
characterize proteins. The samples of the pa-
tients prior to characterizing of proteins were 
subjected to lipid and cardiac enzymes profiling. 
The results of these investigations have shown 
an increase in almost all of these parameters by 
many folds from that of normal values. In addi-
tion to this the samples were found out to be 
positive for troponin T which strongly confirms 
the incidence of the cardiac arrest. The results 
of SDS-PAGE exhibited the induction of three 
proteins of 100 kDa, 97 kDa and of 66 kDa with 
100 kDa as the most highly expressed protein. In 
addition to that SDS-PAGE gels have shown the 
down regulation of 45 kDa protein, again indi-
cating the changes as a result of cardiac arrest. 
2DE gel patterns of cardiac arrest samples 
demonstrated higher number of protein spots as 
compare to control in the alkaline range, which 
might suggest their role in cardiac dysfunction. 

Therefore it can be concluded that this study 
may pave the grounds for identification of such 
proteins which can serve not only as potential 
therapeutical targets but also as candidate 
markers for accurate diagnosis of the disease. 

Keywords: Cardiac arrest; Troponins; Proteomics, 
SDS-PAGE; 2DE; Therapeutical Targets. 

1. INTRODUCTION 

Cardiovascular diseases(CVD) have been identified as 
being the single most significant cause of morbidity [1] 
and global mortality, accounting for almost 17 million 
deaths annually i.e. 30% of global mortality, moreover 
survival rates from cardiac arrest is less than 1% [2]. This 
situation is prevalent not only in the developing countries 
but in the western industrialized part of the world as well. 
The statistical analysis is in evidence to this, in United 
States of the 2 400 000 US deaths in 1999, 720 000 (30%) 
were directly attributed to cardiac diseases. Of this 
number, the US Centers for Disease Control and Preven-
tion estimated that 462 000, or 64% of the subtotal, were 
sudden cardiac deaths (SCDs) [3]. In the context of 
phenomenal advances in the physical and biological 
sciences, the limited number of viable therapeutic targets 
and effective cardiovascular therapies are a source of 
sheer surprise [4]. In addition to that, molecular causes 
underlying cardiac dysfunction in most heart diseases are 
unknown and expected to result from causal alterations in 
gene and protein expression [5]. Increasing body of evi-
dence suggest that examining changes in the protein ex-
pressions arising due to intrinsic and extrinsic perturba-
tions [4], offer insight into the understanding of cellular 
and molecular mechanisms that cannot be obtained from 
genomic analysis[6]. Proteins are considered to be the 
central executors of all life programs [7]. Up till now only 
150 proteins have been identified from human heart tissue 
using 2D-gel electrophoresis and sequencing [8]. There-
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fore in context of this situation, the emerging global 
trends of CVD demands identification of upstream and 
downstream effectors forming the basis of the disease 
which could also serve as targets for therapeutical inter-
vention. The myofilament proteins, including Troponin T 
are responsible for the contractile nature of the cardio-
myocytes. These proteins are highly regulated by a 
number of specific post translational modifications 
(PTMs), some of which have been discovered through 
proteomic studies [9]. These altered PTMs lead to heart 
failure and ischemia. Proteomic analysis facilitates in 
comprehending the pathophysiology of the diseases in 
non-biased manner and also provides oppourtunity for the 
development of a suite of candidate biomarkers for the 
diagnosis, staging and tracking of disease .Still, the 
number of useful cardiovascular biomarkers are limited 
[5]. Although, Troponin as proteins have proved to be 
ideal biomarkers because of being low molecular weight 
and due to complete specificity of the cardiac isoforms of 
TnT and TnI. These protein markers arise from damaged 
cardiomyocytes which release their cellular components 
into blood after necrosis [1]. 

Although the value of Troponins cannot be negated, yet 
there is a room for identification of more specific bio-
markers as, elevated serum troponins can be seen not only 
with acute cardiac injury but also with other non-cardiac 
disorders [10]. This risk factor creates possibility for 
pursuit of new biomarkers which decreases the risk of 
elevation of these in diseases secondary to myocardial 
infarction and may lead to wrong diagnosis of disease. 
The present study which employed the technology of 
proteomics is an effort in this regard, as with the advent of 
proteomics, it is possible to examine global alterations in 
the expression of diseased heart and hence has potential 
to provide insights into the molecular and cellular mecha- 
nisms of cardiac arrest. Ultimately, a better understanding 
of the role of these proteins should increase the likelihood 
of new effective therapies developed through rationale 
design [11]. 

2. MATERIALS AND METHODS 

2.1. Study Group 

Collection of serum samples was made from 50 appar-
ently healthy Pakistani male from University of Karachi. 
All of the subjects belonged to the same age group 
(35-40), were non smokers and were not on any type of 
medication. An equal number of samples were collected 
from patients with cardiac arrest pathology who pre-
sented themselves at Karachi University clinic. Prior to 
sampling, written consent was obtained from both groups 
of subjects and studies were carried out in accordance 
with human ethical approval from PCMD, University 
of Karachi. 

2.2. Sampling and Biochemical Analysis 

The samples taken were stored at-70oc until used for 
protein analysis. Prior to protein profiling serum from 
cardiac arrest patients was also evaluated for lipid profile 
and cardiac enzymes assay followed by Troponin T 
quantification. 

Assessment of different parameters of lipid profile was 
made, which included test for cholesterol Triglycerides, 
HDL and LDL and total lipids. HDL and LDL were 
measured using Cholestrol precipitant method.  

Cholesterol levels were estimated using kit-method 
specifically, CHOD-POD enzymatic colourimetric me- 
thod by spectrophotometer. The absorbance of the sample 
and the standards was read at 550 nm against the blank. 
TG levels were determined by using Bioscience kit spe-
cifically CPO-POD enzymatic colourimetric method. The 
absorbance of the samples and standards was read at 
505nm against the blank. 

HDL and LDL were measured using Cholestrol pre-
cipitant method.  

Precipitation of HDL and LDL cholesterol was made 
by using precipitating reagent, according to the kit 
method and the absorbance of the samples and standards 
was read at 500 nm against the blank. 

Cardiac enzyme profiling was carried out which in-
cluded tests for SGOT, CPK, LDH, and CK-MB. 

The SGOT levels in Cardiac arrest patients were esti-
mated spectrophotometrically by kit method at 340nm 
wavelength. The CPK levels in cardiac arrest patients 
were estimated spectrophotometrically by kit method at 
480 nm wavelength. The LDH levels in cardiac arrest 
patients were estimated spectrophotometrically by Breuer 
and Breuer kit method at 340,334 and 365 nm wave-
lengths. 

The CK-MB levels in cardiac arrest patients were es-
timated spectrophotometrically by Breuer and Breuer kit 
method at 340 nm and 334 nm wavelengths. 

2.3. Troponin T Quantification 

Troponin T quantification was made through Roche 
Cardiac T reader. 

2.4. Protein Quantification  

After biochemical analysis serum samples were subjected 
to protein quantification by using Bradford assay. 

2.5. Protein Characterization 

Separation of serum proteins was carried out using So-
dium Dodecyl Sulphate Polyacrylamide gel electropho-
resis (SDS-PAGE) of cardiac arrest samples. 

SDS-PAGE was performed in a Bio-Rad Mini-PROT- 
EAN III apparatus using Discontinuous gel system ac-
cording to Laemmli, 1970 protocol. The experiment was 
conducted in the electrode tank buffer. Tris/Glycine 
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(pH8.3) using 4% stacking gels and 10% separating gels. 
100g of protein was loaded on to the wells of the 
stacking gel. Glass plates were assembled with electrodes 
and electrode tank buffer was poured between the slabs. 
The comb was removed from stacking gel. 100g protein 
samples were loaded into each well along with 5 l of 
protein marker. Electrophoresis was carried out at con-
stant voltage of 90 volts. After completion of electro-
phoresis, the glass plates were taken out and gel was 
removed. The gel was left overnight in staining solution. 
The staining solution was discarded and destaining solu-
tion was added until a clear background was obtained and 
bands were visible. The gel was then photographed and 
analyzed through Quantity One software. 

Protein Profiling was carried out by Two Dimensional 
Gel Electrophoresis.The 2D electrophoresis was carried 
out by the modified procedure of O Farrell (1975). De-
naturing Acrylamide tube gels were used to separate 
proteins (isoelectric focusing, IEF) and then run on SDS- 
Polyacrylamide gel (10%).0.688g of urea was dissolved 
in 0.5 ml of double distilled water at 40oC in a water bath. 
0.16 ml monomer solution, 0.06 ml ampholytes and 0.025 
ml NP–40 were added. The solution was then de-
gassed.0.83l of TEMED and 5.83 l APS were added to 
solution and poured into the capillary tubes. Gels were 
allowed to polymerize for 1hr. Tubes and upper reservoir 
was filled with NaOH (2mM), while lower reservoir was 
filled was phosphoric acid. Gels were then pre-run at 
200V for 10 minutes, then at 300V for 15 minutes fol-
lowed by 400V for 15 minutes. After the pre-run, 100 g 
of protein samples was then loaded on the gel surface. 
9.0M urea (10l) was used to overlay the samples. The 
tubes and upper reservoir were filled again with NaOH 
(2mM). Gels were run at 750V for 5hrs. After isoelectric 
focusing, the gels were protruded from the tubes and 
equilibrated with SDB for 15 minutes. Gels were then 
loaded on the prepared SDS polyacrylamide gel (10% 
separating, 4% stacking). 0.5% Agarose was layered on 
the IEF gel and left to solidify for 15min. Electrophoresis 
was performed as for SDS-PAGE. The gel was then 
stained with Coomassie brilliant blue overnight. This was 
followed by destaining of the gels until a clear back-
ground was obtained and bands were visible. 

2.6. Silver Staining of Polyacrylamide Gels 

Silver staining protocol was used as described by Swan et 
al., (1995) for the visualization of proteins specifically 
low abundance protein. The gel was placed in fixative for 
10 min and then rinsed with double distilled water for 
another 10 min. The double distilled water was replaced 
with fixer/sensitizer for 15 min. Gel was rinsed first with 
ethanol (40%) and then with double distilled water for 20 
min each. For 1 min the gel was immersed in sensitizer, 
and then rinsed twice with double distilled water (1 
min/wash). Gel was then placed in staining solution for 

20 min and rinsed again in double distilled water for 1 
min. The bands were developed in the developer until the 
desire level of staining was obtained after which the de-
veloper was discarded and the gel was immersed in stop 
solution for 5 min. The stop solution was replaced with 
storage solution and the photograph of the gel was taken. 
Throughout the procedure the gel was agitated on an 
orbital shaker. 

2.7. Statistical Analysis 

Statistical analysis using student’s t test was carried out in 
order to establish the degree of significance for lipid profile 
and for assessment of cardiac enzymatic level for both the 
control and cardiac arrest samples. The p-value was found 
to be less than 0.001 with 95% confidence level which 
clearly depicts the statistical significance of the results. 
 
3. RESULTS 
 
3.1. Protein Yield 

The protein yield of cardiac arrest patients and normal 
control were expressed as µg of protein per ml. As shown 
in Figure 1 the yield of serum protein samples was ±72. 
The protein yield of the diseased samples was found out 
to be much less than that of the controls which is in direct 
relation to the cardiac arrest pathology. 

3.2. Lipid Profile 

The lipid profile test was performed on samples of car-
diac arrest and on its respective control before protein 
profiling was carried out (see Table 1). 

Comparison between normal serum and control of 
different plasma lipid parameters was performed in order 
to assess the degree of severity of the pathology as shown 
in Figure 2. It was found out that there is a 1.44796 fold 
increase in cholesterol levels followed by a 0.775 fold 
decrease in TG levels, 1.415 decrease in HDL levels, 
1.266 fold increase in LDL levels and 1.322fold increase 
in total lipids when comparison was made between car-
diac arrest sample and its respective control. 

 
Figure 1. Quantification of proteins in cardiac ar-
rest sample by ELISA using Bradford Assay. 
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Table 1. Comparison and contrast between control and cardiac 
arrest sample of different plasma lipid parameters. 

Parameters 
Normal serum 

(mg/dl) 
Cardiac arrest 
sample (mg/dl) 

Cholesterol 200±14.61 288.9592±14.59 

Triglycerides(TG) 274±14.14 212.3878±16.86 

HDL 59±14.152 41.69388±4.77 

LDL 154±14.16 195.0612±16.22 

Total. lipids 624±14.15 825±14.710 

HDL: High density lipoproteins 
LDL: Low density lipoproteins 
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Figure 2. (a) Standard error bars for different parameters 
of lipid profiling of controls. (n=50, p>0.001). (b) Stan-
dard error bars for different parameters of lipid profiling 
of cardiac arrest sample (n= 50, p>0.001). 

3.3. Cardiac Enzyme Test 

Tests were performed on serum samples of cardiac arrest 
patients and their respective control for assessment of 
cardiac enzyme levels. When comparative studies were 
made it was found out that SGOT level demonstrated an 
increase by 2.988 fold, CPK by 1.246 fold LDH by 
1.31935 fold and CK-MB by 2.34fold between serum of 
diseased patients and control (see Table 2). 

3.4. Troponins T Test 

The cardiac arrest samples used were found out to be 
troponin T positive. The tests for troponins are carried out 
in situations when there is a many fold increase in HDL, 
LDL and cholesterol levels of the patient. The troponin T 
values of all the healthy subjects were assumed to be 
within the reference range of (0-<0.05 ng /ml) while that  
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Figure 3. (a) Standard error bars for cardiac enzymatic 
levels of control. (n=50, p>0.001). (b) Standard error bars 
for cardiac enzymatic levels of cardiac arrest sample. 
(n=50, p>0.001). 

 
Table 2. Comparisons and contrast of different cardiac enzymes 
in normal serum and cardiac arrest sample. 

Cardiac enzymes Normal serum (µ/l) Cardiac arrest sample

SGOT 24.5±1.414 73.2449±15.78 

CPK 173.35±7.77 216.1633±14.08 

LDH 324±14.142 427.4694 ±22.87 

CK-MB 22.4±1.414 52.4898±13.73 

SGOT: Serum glutamic oxaloacetic transaminase 
CPK: Creatine phosphokinase 
LDH: Lactate dehydrogenase 
CK-MB: Creatinine Kinase 

 
of patients were found out to be within (0.8-1.04±0.1413) 
which is in absolute concordance with the established 
ranges for the determination of myocardial damage. (0.1- 
2.0 ng/ml). 

3.5. Protein Components Analyzed Using 
SDS-PAGE (10%) 

Serum protein (100g) of control and cardiac arrest pa-
tients (n=50 for each group) were subjected to SDS Page 
(10%). The proteins were visualized by Coomassie bril-
liant blue. 

As shown in Figure 4 the electrophoretic patterns of 
the components of control (normal serum) and of cardiac 
arrest sample demonstrated approximately 16 and 9 
bands respectively in the silver stained gel. The molecular 
weight of the protein components ranged from 200- 
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25kDa. The silver stained electrophoretic patterns were 
used for the molecular weight determination and semi- 
quantitative analysis was made using Quantity one soft-
ware. Protein components (P1, P7, P11, P14, and P16) 
with molecular weights (200kDa, 100kDa, 97kDa, 66kDa, 
45kDa and 25 kDa) respectively were found to be both 
common in control and cardiac arrest sample as shown in 
Table 3. The difference in expression of protein compo-
nents between control and cardiac arrest patient samples 
was obtained through R.Q values (see Table 4 The 
135kDa (P4), 116kDa (P6), 87kDa (P9) protein compo-
nents were present in the cardiac arrest sample but were 
absent in normal control. The results showed that the 
45kDa (P14) protein present in control was under ex-
pressed or down regulated in cardiac arrest sample, where 
as the 100kDa (P7), 97kDa (P8) and 66kDa (P11) were 
over expressed in cardiac arrest samples (see Table 5). 

There was a 5.6 fold up regulation of 100kDa protein, 
4.5 fold up regulation of 97 kDa protein, while 2.13 fold 
up regulation of 66 kDa protein, and in contrast there was 
a 0.75 fold, down regulation of 45kDa protein in the 
serum of cardiac arrest patients. 100kDa molecular wei- 
ght protein was the most highly expressed followed by 
97kDa and 45kDa. Differential expression of above 
mentioned proteins in cardiac arrest patients illustrate 
their possible role in the pathogenesis of cardiac arrest. 
100kDa, 97kDa and 45kDa proteins can be identified as 
potential markers of cardiac arrest .Up regulation of these 

proteins are involved in the pathogenesis of this disease. 
Low level of 45 kDa protein depicts that the high level of 
this protein should be maintained to avoid the patho-
genesis. 

3.6. Protein Components Resolved Using 
Isoelectric Focusing (IEF) 

2 DE performed on cardiac arrest sample had shown large 
number of proteins in acidic range of pI range of 4.75-7.1 
(see Figure 6), however those proteins which were ex-
clusively expressed in cardiac arrest sample were alkaline 
in nature with pI range 7.6-10. The 2DE gel patterns of 
control showed large number of proteins towards  acidic 
side with in the pI range of 4.3-6.4(see Figure 5).While 
there are only 8 protein spots present in control as well as 
in the diseased samples and were in the pI range 4.6 to 8.2. 
This is an important observation suggesting a possible 
role of alkaline proteins in the progression of cardiac 
arrest and can be confirmed in future after further char-
acterization. 

These findings suggest the potential role of these pro-
teins in disease progression and pathology. The altered 
expression of several proteins observed in the present 
study strengthened the hypothesis of the involvement of 
these proteins in disease etiology. The proteins identified 
here could be used in future as diagnostic and therapeutic 
biomarker. 

 

Figure 4. SDS-PAGE analysis of cardiac arrest sample, with normal serum and marker. 

Openly accessible at  
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Figure 5. 2D gel electrophoresis serum proteins from controls resolved through IEF and visualized by silver staining. The 
spots show differentially expressed proteins. Protein marker used was with in the range of Mr 66-24kDa. 

 

Figure 6. 2DE electrophoretic pattern of cardiac arrest proteins resolved through IEF and visualized by silver staining. The spots 
show differentially expressed proteins Protein marker use was with in the range of Mr 200-29 kDa.
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Table 3. Difference in expression of protein components be-
tween control and cardiac arrest patient samples as obtained 
through R.Q values using quantity one software. 

Protein  
components 

Molecular 
weight(kDa) 

Relative 
quantity% 
(control) 

Relative 
quantity% 

(cardiac arrest 
samples) 

P1 200 3.8 3.7 

P2 165 2.3 - 

P3 155 3.3 - 

P4 135 - 4.8 

P5 120 2.6 - 

P6 116 - 5.1 

P7 100 2.4 13.6 

P8 97 2.3 10.3 

P9 87 - 4.4 

P10 76 4.6 - 

P11 66 4.5 9.6 

P12 62 4.9 - 

P13 52 2.7 - 

P14 45 5.4 4.1 

P15 35 3.0 - 

P16 25 0.9 0.2 
 
Table 4. Protein components differentially expressed as in car- 
diac arrest sample and in control. (n=50) as visualized by 10% 
SDS. 

Protein 
components 

Molecular 
weight(kDa) 

Control Cardiac arrest sample

P1 200 + + 
P2 189 - + 
P3 165 + - 
P4 155 + - 
P5 120 + - 
P6 116 - + 
P7 100 + + 
P8 97 + + 
P9 87 - + 

P10 76 + - 
P11 66 + + 
P12 62 + - 
P13 52 + - 
P14 45 + + 
P15 35 + - 
P16 25 + + 

 
Table 5. Protein components of patient in control and cardiac 
arrest sample which have been up regulated or down regulated. 

Protein  
components 

Molecular 
weight(kDa) 

Control 
Cardiac arrest 

sample 

P7 100 normal up regulate 
P8 97 normal up regulate 
P11 66 normal up regulate 
P14 45 normal down regulate 

4. DISCUSSION 

Heart diseases resulting in heart failure are a leading 
cause of morbidity and mortality in developing countries 

[1]. In context of this situation, the importance of a spe-
cific biomarker which precisely marks the prognosis of 
the disease like cardiac arrest, increases by many folds. In 
terms of availability and ease of measurement , a protein  
that is very abundant in the target cell, has a means of 
reaching blood and ideally a specific form reflective only 
of the target cell in the tissue can serve out to be a good 
candidate marker. We focused on heart muscle contractile 
proteins as their levels in blood reflect the amount of 
damage to the heart due to the necrosis of cardiomyocytes 
[12]. The quest for a specific biomarker for ischemic 
injury and heart failure began in 1950 and in 1990’s 
trponins, specifically cardiac TnT and TnI became ideal 
because of their low molecular weight, the apparent 
specificity of the cardiac isoforms of TnT and TnI for the 
myocardium and in addition to this, the ease with which 
they can be detected in serum by chemical laboratory 
analysis, 4-6 hours of an acute event and may remain 
elevated for 7-10 days after the event [10]. However, 
elevated serum troponins can be seen not only with acute 
cardiac injury but also with other non-cardiac disorders 
including pulmonary embolus, sepsis and renal failures, a 
number of studies [13-15], have confirmed that cTnI 
along with cTnT were found to be elevated in renal failure 
cases. This finding supported our search of a more spe-
cific protein as biomarker for cardiac arrest. 

Nevertheless, the presence of troponins in the serum 
are detected only after the occurrence of cardiac injury.i.e 
when the ideal period for thereuptical intervention has 
passed by a large extent.Consequently, the present study 
was an effort in this regard. In this study, the serum 
sample of only those cardiac arrest patients were included, 
which were found out to be positive for troponins cTnT 
and cTnI so in the presence of these established bio-
markers, some new proteins could be identified which 
could serve the purpose of new diagnostic or prognostic 
biomarkers. Apart, from that another move was made 
towards the discovery of such proteins which could serve 
as potential drug targets for the development of new 
thereuptical approaches for combating heart diseases. As 
a result of which in this study, protein components from 
cardiac arrest sample and their respective controls were 
differentially expressed on SDS-PAGE gel pattern and 
2DE.Most of the diseases cause induction or suppression 
of some proteins associated with them. Differentially 
expressed three proteins P7(100kDa), P8(97kDa),and 
P11(66kDa) on SDS-PAGE were found out to be over 
expressed in the cardiac arrest sample ,suggesting their 
role in progression of disease while it can be hypothe-
sized that normal expression of the  P14(45kDa) which 
was found out to be  down regulated in this study can be 
conducive in rectification of the disease. From 2DE gel 
patterns of the cardiac arrest samples it can be concluded 
that that there is a role of alkaline proteins in the etiology 
of the disease. The overall study concludes that the above 
mentioned three proteins with 100kDa protein being the  
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Table 6. Difference in expression of protein components be-
tween control and cardiac arrest patient samples as obtained 
through R.f values using graphical methods. The protein com-
ponents were obtained through 2D gel electrophoresis. 
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