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Despite the success of biomedical engineering that made it
possible to reproduce in vitrowhole organ systems, biological
processes are complex and cannot be replaced or properly
simulated in vitro or in silico. Therefore, medicine still needs
in vivo studies in whole organisms to ensure that the scientific
demonstrations are as close as possible to human life.

In this special issue we collected six reviews and nine
research articles describing studies using animals as disease
models. In particular, you will read about the development
and use of animal models for new therapeutic strategies, as
well as for the development of the scientific understanding,
related to different human pathologies, including cancer,
autism, osteoarthritis, cardiovascular diseases, secondary
lymphedema, metabolic syndrome, and abnormal scarring.

Several contributions focus on cancer: M. Lamberti et
al. discuss about the different mechanisms of cardiotoxicity
induced by antiblastic drugs assessed using animal models; S.
Bimonte et al. review the role of morphine in primary tumor
growth in animal models, focusing upon invasiveness and
development of metastasis; the same group also presents a
nice contribution showing, in an orthotopic mouse model
of pancreatic cancer, that curcumin has a great potential in
treatment of human pancreatic cancer, through the mod-
ulation of NF-𝜅B pathway; M. Carvalho et al. review the
role of T-lymphocytes in breast cancer, both in human and
canine models; C. Calixto-Campos et al. describe a novel
model of cancer pain for pathophysiological studies and
pharmacological screening.

Four research articles are interested in the topic of cardio-
vascular diseases: N. E. Beltran et al. analyze the gastric tissue

damage induced by ischemia, using a bioimpedance confocal
endomicroscopy; G. Biondi-Zoccai et al. report the design
and ensuing application of a novel porcine experimental
model of closed-chest chronic ischemia, suitable for biomed-
ical research, mimicking postmyocardial infarction heart
failure; T. Spata et al. tackle the development of a platelet-
induced coronary occlusion in a large animal, such as the
sheep; Y. Cheng et al. show, in ovariectomized rats, that
estradiol attenuates the decreased hippocampal neurogenesis
produced by poststroke depression.

A new promising therapy for the autism is reviewed by
A. C. Santini et al. who describe the treatment with the
NMDAR glycine site against GLYX-13 for the therapy in
autistic children, whereas themetabolic syndrome is the topic
of V. Venkatesan et al. who evaluate the pancreatic features in
a peculiar obese rat model (WNIN/Ob), showing that several
cofounding factors in the pancreatic milieu take part to a
profound state of inflammation in pancreas, leading to the
onset of obesity/insulin resistance, which get worsened with
age.

Finally, three papers describe animal models for three
different human pathologies: B. F. Seo et al. review the current
status of animal models of keloid and hypertrophic scarring;
H. S. Park et al. show interesting data sets in creating an
improved rodent hindlimbmodel of secondary lymphedema;
M. Moreau et al. optimize the dog model of experimental
osteoarthritis and show how the combination of this model
with the dog model of naturally-occurring osteoartritis has
the potential to be translated to the human condition, offering

http://dx.doi.org/10.1155/2014/861424
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the opportunity to investigate structural and functional
benefits of disease modifying strategies.

We hope that the articles in this special issue will be of
interest to the scientific community, providing new elements
for the study and treatment of some human diseases.

Lastly, we would like to thank all the authors for their
efforts and all the reviewers for their critical notes useful to
improve the papers.

Monica Fedele
Oreste Gualillo

Andrea Vecchione
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Cardiotoxicity is an important side effect of cytotoxic drugs andmay be a risk factor of long-termmorbidity for both patients during
therapy and also for staff exposed during the phases of manipulation of antiblastic drugs. The mechanism of cardiotoxicity studied
in vitro and in vivo essentially concerns the formation of free radicals leading to oxidative stress, with apoptosis of cardiac cells or
immunologic reactions, but other mechanisms may play a role in antiblastic-induced cardiotoxicity. Actually, some new cytotoxic
drugs like trastuzumab and cyclopentenyl cytosine show cardiotoxic effects. In this report we discuss the different mechanisms of
cardiotoxicity induced by antiblastic drugs assessed using animal models.

1. Introduction

Many anticancer drugs have, as side effect, the risk of
severe cardiotoxicity by a cumulative, dose-dependent toxi-
city for both patients during therapy and also for healthcare
workers during the phases of manipulation of antiblastic
drugs (Table 1). In fact, several scientific studies have shown
that in exposed workers the presence of several cardiotoxic
drugs like doxorubicin, epirubicin, cyclophosphamide, and
5-fluourouracil was often identified in urine [1, 2]. Car-
diotoxicity effects include small changes in blood pressure as
well as arrhythmias and cardiomyopathy [3]. Mechanisms of
cardiotoxicity by antiblastic drugs comprise cellular damage,

with the formation of free oxygen radicals and the induction
of immunogenic reactions with the presence of antigen
presenting cells in the heart [4]. Early and late onset cardiac
effects are reported; the first effect can be acute, subacute, or
chronically progressive [5]. Acute or subacute cardiotoxicity
effects of antiblastic drugs are rare; they occur during or
immediately following infusion and are usually transient
(e.g., electrocardiographic abnormalities such as nonspecific
ST-T changes and QT prolongation, pericarditis-myocarditis
syndrome, and ventricular dysfunction with congestive heart
failure) [6]. The late effect generally starts within one year
after the beginning of antiblastic therapywith chronic cardiac
abnormalities and can progress to overt cardiac disease.
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However a sudden atrial fibrillation was observed at the
third week of chemotherapy administration in patients with
myotonic dystrophy [7]. The clinical symptoms may include
all signs of cardiomyopathy with electrophysiologic changes,
decrease of left ventricular function, changes in exercise-
stress capacity, and overt signs of congestive heart failure
[8]. During administration of taxoids, as paclitaxel, combined
or with cisplatin, various cardiac disturbances, like brady-
and tachyarrhythmias, atrioventricular and bundle branch
blocks, and cardiac ischemia were reported [9]. Evidence
of hypotension is also described, probably correlated to
hypersensitivity reaction. A combination of doxorubicin and
paclitaxel administration in rats is correlated to an increase of
myocardial necrosis compared with those treated with DOX
alone [10].

5-Fluorouracil (5-FU) has direct toxic effects on vascular
endothelium that involves endothelial nitric oxide synthase
and leads to coronary spasms and endothelium-independent
vasoconstriction via protein kinase C [11, 12]. Cardiotoxicity
effects of 5-FU include cardiac arrhythmias, silentmyocardial
ischemia, angina, congestive heart failure, and even sudden
death [13]. Various neoadjuvant chemoradiation therapies
of squamous cell carcinoma are reported in the literature.
They consisted of a combination between radiotherapy treat-
ments and mitomycin-C and 5-fluorouracil [14]. A recent
large meta-analysis shows that notwithstanding ongoing
improvements in chemotherapy treatments, anthracyclines
still represent a considerable risk of cardiotoxicity [15].

Other cytotoxic drugs that have been reported to be car-
diotoxic are capecitabine, mitoxantrone, cisplatin, and newer
drugs, like the monoclonal antibody trastuzumab or mel-
phalan, fludarabine, mitomycin, busulfan, mechlorethamine
and dacarbazine [16]. New generation of tyrosine kinase
inhibitors (TKIs), like sorafenib and sunitinib, are associated
with direct cardiotoxicity [17]. Since the antiblastic-induced
cardiotoxicity is generally irreversible, it is crucial to detect
the myocardial injury at its earliest possible stage; for this
reason several experimental studies on cell cultures or animal
models have been carried out.

Results on toxic effects of antiblastic drugs in various
species were found extremely variable. Not only does the
LD50 vary from species to species [18] but the qualita-
tive character of the pharmacodynamic action of the drug
also is equally varied [19]; therefore we can only par-
tially compare precisely the dose and the toxic effects of
antiblastic drugs between the model and the human animal
model.

The major point of attack may be either the central
nervous system or the heart. The rabbit is a representative
animal showing cardiac responses [20], while in the dog [21]
effects on central nervous system are the main response; rhe-
sus monkey produces mixed-type responses [22]. However,
despite the large number of investigations made, the results
obtained in animal models are still hard to be translated
to humans; therefore there is a critical need for continued
translational research and animal studies to improve our
understanding of the molecular mechanisms that underlie
the cardiac dysfunction of antiblastic drugs.

2. Mechanisms of Cardiotoxicity

2.1. Role of Oxidative Stress. Antiblastic drugs, as most of
xenobiotics, are generally metabolized through the NADPH-
cytochrome P450 system in order to increase their solubil-
ity in urine. In particular, doxorubicin could be substrate
of several oxidoreductases like NADH-dehydrogenase of
mitochondrial complex I and various cytoplasmic oxidore-
ductases, including xanthine oxidase. The oxidoreductive
reaction starts with a single electron transfer from NADPH
to doxorubicin forming a semiquinone radical that is com-
plexed with iron ion in a ferrous form; this complex is
responsible for the oxygen reduction, thus producing a
superoxide ion [8]. The superoxide free radicals generated
in mitochondria have cardiolipin as a preferential target.
Cardiolipin is a major phospholipid component of the inner
mitochondrial membrane and is required for the activity of
respiratory chain. It is rich in polyunsaturated fatty acids and
is particularly susceptible to peroxidative injury [23]; further-
more, evidence has been reported showing a strong affinity
of doxorubicin for cardiolipin [24]. The drug-phospholipid
complex formation leads to an inhibition of mitochondrial
enzymes involved in oxidative phosphorylation. The mito-
chondrial membrane damage can also generate the inac-
tivation of key transporters involved in ion homeostasis.
Thus, the well-known cardiotoxicity of anthracycline could
simply explain considering the fact that the cardiac tissue is
rich in mitochondria. However, other factors are involved in
anthracycline cardiotoxicity among which the relative lower
amount of antioxidant defenses of heart compared with other
tissues. It should be also considered that when the levels
of free radicals increase, the apoptotic cascade is activated
by cytochrome c being released from the damaged mito-
chondria, thus triggering apoptosis. Vásquez-Vivar et al. [25]
have shown that doxorubicin binds to the reductase domain
of endothelial nitric oxide synthase causing an increase in
superoxide and a decrease in nitric oxide formation.

2.2. Role of Cytokines. Anthracyclines produce a drug-related
systemic inflammation which has been found to be mediated
by interleukins [26]. In particular, interleukin-1beta (IL-
1beta) has been implicated in this mechanism. Doxorubicin
induces a systemic increase in IL-1beta and other inflam-
matory cytokines, chemokines, and growth factors including
TNF-alpha, IL-6, CXCL1/Gro-alpha, CCL2/MCP-1, granulo-
cyte colony stimulating factor, and CXCL10/IP-10. Studies on
mice deficient in IL-1 receptor demonstrate that IL-1 signaling
plays a role in the increase of IL-6 and GCSF induced by
doxorubicin. The IL-1beta release required the expression of
caspase-1, NLRP3, and the adaptor protein ASC indicating
that inflammation is mediated by the NLRP3 inflammasome.
The molecular mechanisms by which anthracyclines trigger
IL-1beta release are not completely understood; however
the undesirable consequences of anthracyclines due to their
inflammatory activity that complicate chemotherapy may
be reduced by suppressing the actions of IL-1beta. It has
been also showed that the administration of anthracyclines
to mice having cancer stimulates the secretion of tumor
necrosis factor alpha (TNF-alpha) in neoplastic tissue [27].
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The antineoplastic effects of anthracyclines could be partially
due to a local immune response that involves several distinct
subsets of T lymphocytes and dendritic cells. However, the
blockage of the TNF-alpha/TNF receptor system did not
influence the antineoplastic effects of doxorubicin against
MCA205 fibrosarcomas growing in C57BL/6 mice, F244
sarcomas developing in 129/Sv hosts, and H2N100 mammary
carcinomas in BALB/c mice. These findings show that, in
contrast to other cytokines, TNF-alpha is not required to
elicit anticancer immune responses. Aluise and coworkers
[28] demonstrate that doxorubicin oxidizes plasma APOA1
that, in turn, enhances macrophage TNF-alpha release con-
tributing to a possible TNF-alpha-mediated toxicity. Fur-
thermore they produced evidence that reducing agent 2-
mercaptoethane sulfonate blocks this mechanism suggesting
that this antioxidant could reduce systemic side effects of
doxorubicin.

Doxorubicin has been also showed to be a potent inducer
of apoptosis in both cardiomyocytes H9c2 and osteosarcoma
tumor cells U2OS; however, caspase activation and kinetics
take place with significant differences between the two cell
lines [29]. In fact, apoptosis is accompanied by relevant
changes in levels of TNF-alpha receptor in H9c2 cardiomy-
ocytes but not in U2OS cells. Moreover, treatment with
exogenous TNF-alpha strongly increases the apoptotic effect
of doxorubicin in H9c2 cardiomyocytes but not in U2OS
cells. The function of TNF receptors I and II is differently
affected by doxorubicin which induces in H9c2 cells an
increase in the death domain-containing TNFR-1 protein
levels and a decrease in the survival domain-containing
TNFR-2 protein levels. These findings demonstrate a balance
between proapoptotic and antiapoptotic signaling pathways
in the cardiomyocyte survival after TNF stimulation showing
a relevant role of TNF-alpha receptor-mediated signaling in
cardiotoxicity induced by anthracyclines.

2.3. CalciumHomeostasis. Another aspect to be considered is
the effect of anthracyclines on the role played by mitochon-
dria in calcium homeostasis [30]. In fact the drug-induced
malfunction of transporters involved in ion homeostasis can
lead to a loss of mitochondrial calcium loading capacity
which is observed in several in vitro and in vivo models
[31, 32]. Alterations in calcium transport can lead to tissue
damage impairing the cardiac contraction. In vitro exper-
iments demonstrate that doxorubicin treatment produces
an irreversible decrease in mitochondrial calcium loading
capacity. Moreover, anthracyclines could stimulate “in vitro”
the release of calcium from isolated sarcoplasmic reticulum.
In rodent models a decrease of calcium loading capacity
together with alterations in cardiac mitochondrial function
has been observed [33]. Verapamil, a calcium blocking agent,
shows a protective effect against doxorubicin cardiotoxicity
[34]. The antagonizing effect could be due to the ability of
verapamil to inhibit the intracellular calcium overload. Con-
tradictory results, however, arise from experiments showing
an increase of cardiotoxicity when doxorubicin was given in
combination with verapamil [35]. A possible explanation for
this discrepancy could be due to the capacity of verapamil

to inhibit the function of P-glycoprotein and therefore may
increase intracellular cytotoxic drug concentrations. Other
authors found that the additive cardiotoxicity of verapamil
was due to its selective inhibition of cardiac actin gene [36],
an effect which was also demonstrated with doxorubicin
alone. Tagliaferri and coworkers [37] found side effects on
heart electric conductance following infusion of high dose
verapamil incorporated into cytotoxic chemotherapy. Several
symptoms like premature ventricular beats, and mild and
transient hypotension were observed. Hypokalemia was also
detected probably as a consequence of transient activation of
the renin-angiotensin system.

2.4. Metabolite Theory. To overcome the cardiotoxic effect of
anthracyclines the use of antioxidants have been suggested
[38, 39], however antioxidants has proven to be useful in
delaying or preventing chronic cardiotoxicity in rodents [40]
but not in dogs [41] or sheep [42]. For patients, contradictory
results have been reported showing positive [43, 44] or no
[45] effect. Taking into account these discrepancies, a new
hypothesis has been made on the evidence that chronic car-
diomyopathy develops after conversion of doxorubicin to the
corresponding secondary alcohol metabolite doxorubicinol
[46].Thismetabolite is formed after the reduction of carbonyl
group on the C-13 side chain; the reaction is probably medi-
ated by cytoplasmic oxidoreductases [47]. The secondary
alcohol metabolite production is suggested by several lines
of evidence: (i) in rodents, after anthracycline treatment, a
decline of cardiac function usually is observed when alcohol
metabolite reachs its maximum levels in the heart [48]; (ii)
overexpression of human carbonyl reductase in transgenic
mice heart produces an accelerated development of car-
diomyopathy [49]; (iii) modified anthracyclines with resis-
tance to reduction of carbonyl moiety produce a less severe
chronic cardiotoxicity in rats [50]. Due to their chemical
structures, secondary alcohol metabolites are considerably
less effective than their parent drugs at producing oxygen
radicals, probably for their reduced affinity for quinone
reductases [51]. However, secondary alcohol metabolites are
several times more potent at inactivatingmembrane ATPases
[52] and cytoplasmic aconitase/iron regulatory protein 1 [53].
The evidence that secondary alcohol metabolites can be
involved in chronic cardiomyopathy suggested the hypothesis
that the clinical use of anthracyclines could be improved
by reducing their conversion to secondary alcohol. This
goal could be reached in at least two ways: (i) a chemical
modification of drugs to produce less alcohol metabolites
and (ii) a development of inhibitors of reductases which are
responsible for transformation of ketone/aldehyde moiety to
alcohol. Obviously the investigations on the inhibitors have
to consider possible differences in specificity and affinity
between the reductases of humans and those of labora-
tory animals used to verify the protective efficacy of these
inhibitors.

Recently [54] an effect of glutamine against oxidative
damage due to doxorubicin has been reported. The free
radicals produced by doxorubicin result in a decrease of
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glutathione (GSH) and a depletion of superoxide dismu-
tase in cardiac muscle [55]. It seems that glutamine has a
protective role in the myocardial cell by upregulating GSH
and also by inducing the synthesis of heat shock protein
72 [56]. This protein is known to protect the myocardium
against hypoxic/ischemic injury. Furthermore, the induction
of heat shock protein 27 has been shown to be protective
against cardiac injury induced by doxorubicin [57]. Glu-
tamine also appears to be a potent inducer of myocardial
HSP 72 in an in vivo rat model. Recently evidence has
been produced indicating that glutamine can preserve the
level of high-energy phosphate in myocardial tissue and pre-
vent the stress-dependent accumulation of lactate, including
ischemia/reperfusion injury [58].

It is now well assessed that anthracyclines possess the
ability to bind covalently to DNA; the bind is strictly
dependent on the availability of formaldehyde [59]. In fact,
formaldehyde supplies the carbon required for the N–C–
N linkage necessary for the adduct formation with DNA.
The resulting adduct is further stabilized by the formation
of hydrogen bond with the complementary strand of DNA
to crosslink the DNA duplex resulting in stabilization of the
local region of DNA.

Doxorubicin is also known to intercalate itself into the
DNA, with the inhibition of bothDNA and RNApolymerase,
thus blocking DNA replication and RNA transcription [60].
Recently it has been reported that doxorubicin is capable of
intercalating with not only nuclear DNA but also mitochon-
drial DNA [61].

2.5. Tyrosine Kinase Inhibitors. Recent years have seen signif-
icant progress in cancer therapy through the development of
“targeted therapies”, in particular those using TKIs directed
against certain tyrosine kinases whose abnormal activity
triggers cancer development and progression through cell
proliferation and neoangiogenesis. Multikinase inhibitors
have been widely used alone and in combination with
other drugs in cancer therapies for different tumor types
[62, 63]. Unfortunately, due to their large spectra of action,
these inhibitors are also associated with toxicity to the
heart [64, 65]. For example, sunitinib inhibits a number of
growth factor receptors regulating both tumor cell prolif-
eration/survival and tumor angiogenesis including vascular
endothelial growth factor receptors, platelet-derived growth
factor receptors 𝛼 and 𝛽, c-Kit, FLT3, CSF1R, and RET
[66]. However, care should be taken when cardiotoxicity
in humans and animal models is compared. In fact it has
been reported [67] that while the TKIs pazopanib, sunitinib
and sorafenib, showed cardiotoxic effects in humans, studies
in animal model failed to show cardiac toxicities for all of
these TKIs. TKIs can be divided into two general classes: (i)
humanized monoclonal antibodies directed against the tyro-
sine kinase receptor or their ligands and (ii) small molecules
interacting with kinases inhibiting their activity. The use
of both classes of TKIs revealed a relatively high rate of
adverse cardiac events in the clinic, with systolic dysfunction
and resultant heart failure as one of the most common
and important side effects. TKIs are frequently used for the

treatment of renal-cell carcinoma, gastrointestinal stromal
tumors, and other tumor types in which these drugs are still
under investigation. It seems that TKIs have as target AMPK
which is a critical kinase controlling the balance between
ATP and AMP levels [66]. Following conditions of energy
stress, AMPK may act as a metabolic switch, increasing
energy generation and inhibiting anabolic pathways. Studies
on animals treated with sunitinib suggest that together with
a potential misregulation in AMPK signaling a possible role
is played by mitochondrial dysfunction leading to alterations
in cardiac energy homeostasis. Most probably sunitinib
induces a cardiac dysfunction that could be dependent on the
simultaneous inhibition of multiple signaling pathways all of
which are necessary for the preservation of cardiac function
and which could play a pivotal role in the increased cardiac
stress such as hypertension [68].

3. Other Cardiotoxicity Mechanisms

3.1. Taxoids. Paclitaxel is formulated in a cremophor EL
vehicle to enhance the drug solubility and it is suggested that
the vehicle and not the cytotoxic drug itself is responsible
for the cardiac disturbances. However, the cardiac rhythm
disturbances are not reported with use of other drugs con-
taining cremophor EL such as cyclosporine [69, 70]. The
possible mechanism by which cremophor EL would cause
cardiotoxicity is massive histamine release. Indeed, stimula-
tion of histamine receptors in cardiac tissue in animal studies
has resulted in conduction disturbances and arrhythmias. An
alternative explanation for paclitaxel induced cardiotoxicity
could be the induction of cardiac muscle damage by affecting
subcellular organelles. Enhanced cardiac toxicity has been
found in combined therapy of paclitaxel and doxorubicin.
A similar effect has been shown for epirubicin. Docetaxel
shows no increase in cardiac toxicity when combined with
doxorubicin.

3.2. Cyclophosphamide and Ifosfamide. High dose cyclophos-
phamide is used in transplant regimens and is associated with
acute cardiotoxicity such as cardiac decompensation as well
as fatal cardiomyopathy. Acute reversible decrease in systolic
function has been described. Ifosfamide cardiotoxicity is
reported in only a single study. The pathogenesis is not fully
understood but an increase in free oxygen radicals seems to
play a role in oxazaphosphorine induced cardiotoxicity. This
increase would be mediated by elevated intracellular levels of
the actual cytotoxic metabolite phosphoramide mustard [71].

3.3. Cisplatin. Several factors have been suggested to be
involved like vascular damage, alterations in platelet aggre-
gation, and hypomagnesemia [72]. In experiments on animal
platelets, cisplatin was able to trigger platelet aggregation
and/or enhance thromboxane formation by platelets. Acti-
vation of an arachidonic pathway in platelets by cisplatin
seemed to be involved [73].

3.4. Trastuzumab. Trastuzumab is a monoclonal antibody
directed against the HER2 receptor protein on breast cancer
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cells and it has been used alone or in combination with
other chemotherapeutic agents. Cardiac toxicity associated
to trastuzumab seems to be similar with the congestive heart
failure observed with anthracycline therapy [74].

4. Concluding Remarks

In the context of modern cancer chemotherapeutics, cancer
survivors are living longer and being exposed to potential
comorbidities related to noncancer side effects of such
treatments as cardiotoxicity. These same toxic effects can
also be detected in healthcare worker exposed during the
manipulation of chemotherapy because several studies have
identified the presence of drugs such as doxorubicin, epiru-
bicin, cyclophosphamide, and 5-fluorouracil in these sub-
jects. These side effects can be cause of severe morbidity
and even mortality, so knowledge about their incidence and
mechanism is important. The authors have reevaluated in
the different articles available in the scientific literature the
possible causes of cardiotoxicity due to administration of
antiblastic drugs by using animal models. In fact, animal
models have historically been unable to predict human
response to drugs and this is the basis for their widespread
use in human toxicity testing. The mechanisms of action
described in the literature are different, such as, the oxidative
stress for doxorubicin and misregulation in AMPK signaling
by TKI. These results disclose a new scenario for prevention
of heart complications.

We are now, in fact, able to identify specific early
biomarker of chemotherapy cardiotoxicity, discovered on
animalmodels, and to develop supportive therapies to reduce
or eliminate the appearance of these side effects in humans.
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Chronic inflammation in the tumor microenvironment has a prominent role in carcinogenesis and benefits the proliferation and
survival of malignant cells, promoting angiogenesis andmetastasis. Mammary tumors are frequently infiltrated by a heterogeneous
population of immune cells where T-lymphocytes have a great importance. Interestingly, similar inflammatory cell infiltrates,
cytokine and chemokine expression in humans and canine mammary tumors were recently described. However, in both species,
despite all the scientific evidences that appoint for a significant role of T-lymphocytes, a definitive conclusion concerning the
effectiveness of T-cell dependent immune mechanisms has not been achieved yet. In the present review, we describe similarities
between human breast cancer and canine mammary tumors regarding tumor T-lymphocyte infiltration, such as relationship of
TILs and mammary tumors malignancy, association of ratio CD4+/ CD8+ T-cells with low survival rates, promotion of tumor
progression by Th2 cells actions, and association of great amounts of Treg cells with poor prognostic factors. This apparent
parallelism together with the fact that dogs develop spontaneous tumors in the context of a natural immune system highlight
the dog as a possible useful biological model for studies in human breast cancer immunology.

1. Introduction

The mammalian immune system comprises a coordinated
and finely controlled series of interactions involving cells and
molecules and has an essential role on species survival and
adaptation all over the years [1]. The immune system has the
important task of distinguishing between “self ” and “nonself,”
providing protection against foreign pathogens, maintaining
at the same time tolerance to self-antigens [2, 3].

Cancer is a progressive process that arises from a well-
defined step where somatic cells acquire activating (onco-
genes) or deactivating (tumor suppressor genes) mutations
[4, 5]. All types of cancer are caused by the progressive and
uncontrolled growth of transformed cells and the control of
this disease requires the ablation and destruction of all the
malignant cells without damaging the patient. To attain this

assignment the own body has to distinguish between the cells
of the tumor and other cellular counterparts [3, 6]. However,
unfortunately, many tumors continue to grow progressively
and expand, which demonstrates that immune system is not
always effective and fails on its protective role against tumor
development [3, 7].

Decades of intensive investigation left clear that the inter-
play between immunity and cancer is complex [8]. One
example of this high complexity is the phenomena of
“Cancer Immunoediting.” Cancer cells constantly modulate
the host antitumor immune response in a process called
immunoediting. During this process, the balance between
antitumor and tumor-promoting immunity can be tilted
to protect against the neoplasia development or, on the
contrary, to support tumor growth. Immunoediting is char-
acterized as a three-phase process including elimination phase
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(immunosurveillance), equilibrium phase, and escape phase
[5]. Therefore, the immune system can release factors that
promote neoplastic cells survivor, growth, and invasion.Thus,
paradoxically, immune system acts as an extrinsic tumor-
suppressor but can also promote cancer initiation, promo-
tion, and progression [9].

2. Chronic Inflammation and Cancer

The role of chronic inflammation in cancer was first proposed
by Rudolf Virchow in 1863, when he observed the presence
of leucocytes in neoplastic tissues. Virchow postulated that
an inflammatory milieu promotes a cellular environment
that drives the initiation and development of carcinogenesis
(reviewed in [10, 11]).

Inflammatory responses play a crucial role at differ-
ent stages of tumor development [12, 13]. Innate immune
cells that infiltrate tumors participate in an extensive and
dynamic crosstalk with cancer cells and some of the molec-
ular events that mediate this dialog have been revealed
[6, 14]. The most relevant molecular mechanisms include
increased production of proinflammatory mediators, such
as cytokines, chemokines, reactive oxygen intermediates,
increased expression of oncogenes, COX-2 (cyclooxygenase-
2), 5-LOX (5-lipoxygenase), and MMPs (matrix metallopro-
teinases), and proinflammatory transcription factors such as
NF-𝜅B (nuclear factor 𝜅B), STAT3 (signal transducer and
activator of transcription 3), AP-1 (activator protein 1), and
HIF-1𝛼 (hypoxia-inducible factor 1𝛼). These proinflamma-
tory mediators potentiate tumor cell proliferation, transfor-
mation, metastasis, invasion, angiogenesis, chemoresistance,
and radioresistance [11, 15–17].

So, why does inflammation potentiate cancer development
rather than protect against it? In fact, chronic inflammation is
considered important in the promotion of cellular prolifera-
tion and cancer progression by enhancing angiogenesis and
tissue invasion [5, 13], releasing products that promote car-
cinogenesis in nearby cells and accelerating geneticmutations
through a state of malignancy [7]. Finally, through cancer-
derived products, immune and regulatory cells are recruited
and the weak tumor antigenicity subverts immune cells in
order to support cancer progression [5, 18].

3. Adaptive Immunity and Cancer
Development: A Role for T-Lymphocytes

In neoplastic lesions, the role of infiltrating T-lymphocytes
is often paradoxical. Despite the evidence that the responses
of T-lymphocyte can destroy tumor cells “in situ,” these
responses appear to be frequently ineffective in the elimi-
nation of the established cancer [19, 20]. In fact, patients
with cancer present a deficient immune response to tumor
antigens. However, this deficient immune response is clearly
different from immunosuppression observed in patients
receiving high doses of corticosteroids and/or chemotherapy.
The term “immune dysfunction” seems the most appropriate
to describe the changes observed. The mechanisms that
support this “immune disorder” include barriers that prevent

recognition of the tumor by immune cells and also lymphocyte
dysfunction [21].

The barriers that prevent recognition of the tumor by
immune cells include several mechanisms such as seques-
tration of tumor associated antigens and major histocom-
patibility complex (MHC) molecules, loss of costimulatory
molecules and other molecules required by cytotoxic T-
cells. These mechanisms represent a barrier for the total
elimination of tumor [19, 22, 23]. In respect to the lymphocyte
dysfunction that seems to be present in cancer patients, a
tumor-directed immune response involving cytotoxic CD8+
T-cells, T helper 1 (Th1) cells, and natural killer (NK) cells
appears to protect against tumor development and progres-
sion. Contrarily, the immune responses that involves B-
cells, the activation of chronic humoral immunity and/or a
T helper 2 (Th2) polarized response and polarized innate
inflammatory cells in the tumor, can promote tumor devel-
opment and progression. This balance between a protective
cytotoxic response and a harmful humoral or Th2 response
can be regulated systemically by the general immune status
of the individual [20, 24].

In this context, the question that arises is what is the
reason why the responses mediated by CD8+ cytotoxic T-
lymphocytes are not effective in eradicating the tumor and how
can the CD4+ T-cells be involved in neoplastic progression of
this disease?

A part of the response has already been described above
and is related to tumor escape mechanisms from cytotoxic
CD8+ T-cells action. Another important mechanism appears
to be related to the polarity of the responses of CD4+ T-
cells in relation to the primary site of cancer and/or their
distant metastases [24] and the imbalance of the normal ratio
of Th1/Th2 cells [25].

CD4+ T-cells are activated in response to soluble factors
and can be classified into categories, Th1 and Th2. After
stimulation, the Th1 cells secrete interferon gamma (IFNg),
transforming growth factor beta (TGF𝛽), tumor necrosis
factor alpha (TNF), and interleukin 2 (IL-2). These cytokines
cooperate with the functions of cytotoxic CD8+ T-cells,
producing a tumoricidal activity. In contrast,Th2 cells express
interleukin (IL) 4, 5, 6, 10, and 13 that induce anergy of T-cells
and loss of cytotoxicity, while increasing the humoral immu-
nity (lymphocyte B function).Thus,Th1 cell responses benefit
antitumor immunity, whereas Th2 cell responses produce a
down-regulation of antitumor cell mediated immunity and
increase the humoral protumourigenic responses [24, 26, 27].

Although the immune dysfunction in patients with can-
cer is now better understood with the perception of Th1
and Th2 regulation, what is responsible for this dysfunction
remains to be determined. One possibility is that the number
of Th1 cells or their precursors are reduced, decreasing one
line of defense against cancer progression and metastasis.
Another possibility is the important role played by regulatory
T-cells and immature myeloid cells in the antitumor immune
suppression observed in patients with breast cancer and other
type of neoplasms [25, 28].

Regulatory T-cells (Treg cells) are a distinct group of
lymphocytes with immunosuppressive properties that usu-
ally maintain immune tolerance [29]. Treg cell suppressive
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activity is beneficial by restricting T cell response against
self-antigens and preventing inflammatory and autoimmune
diseases. In cancer, their inhibitory role in limiting immune
response against “pseudo-self antigens” from tumor origin
avoids an effective antitumoral immune response and often
culminates into negative outcomes for the patient. These
cells may play an important deleterious role in cancer
immunopathology due to their potent suppressive activity of
both T-cell activation and effector functions [20, 30, 31].

Immature myeloid cells express MHC class I molecules
suggesting that they can induce cytotoxic T-cells anergy by
binding to T-cell receptor (TCR) complex in absence of
costimulatory signals [32, 33].

In the last years, a new subset of CD4+ (helper) T-
cells, termed Th17 cells, has been characterized. Th17 subset
secretes IL-17, IL-21, and IL-22 and plays critical roles in the
pathogenesis of inflammatory and autoimmune diseases, as
well as in host protection against pathogens. Although some
data suggest the importance ofTh17 cells for tumor immunity,
conclusions regarding the functional role ofTh17 cells remain
controversial [34–36]. Even though some studies indicate that
mouseTh17 cells support a positive anti-cancer immunity, the
Th17 cells with intratumoral location are probably responsible
for chronic tissue inflammation and appear to have a tumor-
promoting effect [35, 37, 38].

4. T-Lymphocytes and Human
Breast Cancer: Friends or Foes?

In humans, the study of the inflammatory infiltrate, mainly
T-lymphocytes, has been subject of great interest associated
not only with breast cancer [19, 23, 39], but also with other
types of neoplasias, including seminoma [40, 41], melanoma
[42, 43], colorectal [44, 45], cervical [46], ovarian [47, 48],
urothelial [49], and gastric cancer [50].

In breast cancer, an important role has been attributed to
inflammatory cells, as well as cytokines produced by them.
A large number of observations suggest that inflammatory
cells are not “innocent spectators,” but, contrarily, they might
conspire with the tumor cells favoring tumor development
and progression [8]. However, the prognostic significance
of infiltrating T-lymphocytes is still subject to considerable
debate [24, 51], because no definitive conclusions have been
reached so far.TheT-lymphocytes infiltrate appear, according
to some researchers, associated with a better prognosis,
whereas in other cases is related to a decline in overall
survival. Table 1 illustrates some of the most relevant studies
in this area in the last two decades.

More recently, investigations that focus on understanding
the functions of Treg cells and Th17 cells in mammary
carcinogenesis have been published; however, the results of
the various studies are also quite controversial [69–71].

Lee and collaborators [69] investigated, by immunohis-
tochemistry, whether the presence of FOXP3-positive Treg
cells was associated with prognostic factors, such as stage
or histologic grade. FOXP3-positive Treg cells were, in this
study, an independent prognostic factor for overall survival
and progression free survival. The improved survival times

were associated with highly infiltrating FOXP3-positive Treg
cells.

Another study, on the contrary, showed that the increased
number of Foxp3 Treg cells was significantly correlated with
lymph node metastasis and immunopositivity for Ki-67,
which indicates a probable relationship with a worse prog-
nosis. [70].

Wang and colleagues assessed the Th17 and Treg cells
by flow cytometry and observed that Th17 and Treg cells
accumulation in the tumor microenvironment of breast
cancer occurred in early stages of disease. With tumor
progression, Th17 cell infiltration gradually decreased and
there was accumulation of Treg cells [71]. So, this last study
indicates that an increase in the number of Treg cells is
associated with tumor progression.

The apparent controversy among distinct studies empha-
sizes the need for further research on this topic. A clear
understanding about the role of T-lymphocytes in breast
cancer is essential for the development of new therapeutic
strategies in a near future.

5. T-Lymphocyte Infiltrate in
Canine Mammary Tumors

Canine mammary tumors are a spontaneous neoplasia that
occurs frequently in the clinical practice [72, 73]. Despite the
high number of studies published on this subject in the last
decades, little is known about the role of tumor inflammatory
infiltrate in cancer development and/or progression. In dogs,
the first studies focused on inflammation and cancer have
been performed in other type of tumors including trans-
missible venereal sarcoma [74], benign oral papilloma [75],
cutaneous histiocytoma [76], and seminomas [77]. Studies
investigating the role of inflammation in canine mammary
tumors were only recently published (Table 2) [78–83].

In canine transmissible venereal sarcoma, the quantity of
T-lymphocytes is higher in the group of tumors that exhibit
spontaneous regression or stable growth, comparatively with
the tumors that exhibit a progressive growth [74]. In canine
oral papilloma, similar to humans [84], the maximum num-
ber of T-cells that infiltrate the tumor occurs during rapid
tumor regression [75]. In canine cutaneous histiocytoma, in
the same way, a lymphocytic infiltrate represents the mor-
phological expression of one antitumor immune response,
which correlates with observations of spontaneous regression
“in vivo” [76, 85]. In turn, in canine seminomas [77], in
accordance with what occurs in human seminomas [40, 41],
infiltrating lymphoid cells consist mainly in T-lymphocytes,
especially CD8+ cells, which means that the reaction of
the body against neoplastic cells is mainly cytotoxic. This,
together with the number of MHC I positive cells and a
high amount of antigen presenting cells observed, suggests,
according to the authors, that inflammatory cells exhibit
a role in antitumor response [77]. This might explain the
biological behavior of these tumors that rarely metastasize
and the favorable prognosis that often presents. Interestingly,
in 2007, Horiuchi and collaborators [86] refer that in animals
with cancer, a smaller amount of Th1 cells and a significant
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Table 2: Studies of T-lymphocytic infiltrate in Canine mammary tumors (CMT).

Author Year Patients (𝑛) Type Comments

Estrela-Lima et al. [78] 2010 51 T-lymphocyte infiltration Animals with high proportions of CD4+ and low CD8+ T-cells
had lower survival rates

Kim et al. [79] 2010 58 T-lymphocyte infiltration
Association between the expression of TILs, cytokines, and
mutation of BRCA1 suggests that all of these factors may play a
role in tumor progression

Carvalho et al. [80] 2011 57 T-lymphocyte infiltration
Tendency for an association of a higher number of CD3+ TILs
and a shorter overall survival. CD3+ T-lymphocytes in the
adnexal nontumoral mammary gland revealed a statistically
significant relationship with overall survival

Saeki et al. [81] 2012 140 Lymphocytic infiltration Relationship of TILs and canine mammary tumors malignancy

Kim et al. [82] 2012 37 Regulatory T-cells (Treg)
The number of Treg cells is increased in tumors with poor
prognostic factors, such as high histological grade, lymphatic
invasion, and necrosis

Kim et al. [83] 2013 47 Lymphocytic infiltration Intense lymphocyte infiltration was associated with aggressive
histologic features (higher histologic grade; lymphatic invasion)

larger amount of Th2 cells, compared to healthy ones, was
observed. Considering that Th2 cells have an action that
promotes tumor progression, these results have come refute
what is already known in human works and relaunch the
interest in this subject in dogs.

In canine mammary tumors, as previously stated, there
are only a very limited number of studies, all of them recently
published, that focus on effect of T-lymphocytes infiltrate
and malignancy [78–83]. In malignant mammary tumors,
abundant lymphocyte infiltrates are frequently found, but
the characteristics associated with lymphocyte infiltration in
these tumors remain largely unknown. As in humans, the
controversy among distinct reports remains an important
issue to be clarified (Table 2).

According to Estrela-Lima and collaborators [78], lym-
phocytes represent the predominant cell type in the tumor
infiltrate. The relative percentage of CD4+ T-cells was signif-
icantly greater in metastasized tumors, while the percentage
of CD8+ T-cells was higher in cases without metastasis. Con-
sequently, the CD4+/CD8+ ratio was significantly increased
in cases with metastasis and was associated to lower survival
rates. Authors defend that the intensity of lymphocytic
infiltrate and the CD4+/CD8+ ratio may represent important
survival prognostic biomarkers for canine mammary carci-
nomas.

In one study performed by Kim and colleagues [79],
immunohistochemistry, immunoblotting, and reverse tran-
scriptase-polymerase chain reaction were used to evaluate
tumor infiltrating lymphocytes (TILs) and the presence of
related cytokines, as well as the expression of breast cancer
susceptibility gene-1 (BRCA1). The results of this study
revealed a correlation between expression of interleukin (IL)-
1 and IL-6 and tumor metastasis. An association among the
expression of TILs, cytokines, and mutation of BRCA1 was
also verified, suggesting that all of these factors may play a
role in tumor progression.

In another study developed by our team [80], CD3+ T-
lymphocytes were evaluated in three distinct areas: within
the tumor, in the periphery of the tumor and in the adnexal

non-tumoral mammary gland. We observed a tendency
towards an association of a higher number of CD3+ tumor
infiltrating T-lymphocytes and a shorter overall survival.
However, interestingly, only for CD3+ T-lymphocytes in
the adnexal non-tumoral mammary gland, a statistically
significant relationship was observed, with a higher number
of lymphocytes conferring a reduced overall survival. This
could indicate that CD3+ T-lymphocytes in adnexal non-
tumoral mammary gland were implicated in tumor progres-
sion and survival, showing that its protumourigenic immune
responses may somehow be the starting point for the growth
and progression of tumor cells.

Saeki and collaborators [81] accessed the number of
tumor infiltrating T-lymphocytes, B-lymphocytes, and anti-
gen presenting cells by immunohistochemistry. As a result,
the authors found a statistically significant increase in the
number of intratumoral T-lymphocytes in malignant tumors
compared with benign ones.The results of this study indicate
a positive relationship between a high number of TILs and
increased canine mammary tumors malignancy.

Very recently, Kim and colleagues [83] demonstrated,
by immunohistochemistry, that the degree of lymphocyte
infiltration was significantly higher in canine mammary
carcinomas with lymphatic invasion and high histologic
grade, suggesting the importance of lymphocytes on tumor
aggressiveness and greater malignant behavior.

Treg cells, whose activity is closely associated with the
transcription factor FOXP3, have a suppressive action on
T-lymphocytes antitumor responses [87, 88]. In dog, there
are few studies that focus on the action of Treg cells in
tumor development and progression [82, 89–91]. Dogs with
cancer had increased numbers of Treg cells in their peripheral
blood and tumor-draining lymph nodes compared to healthy
animals [89].

In dog mammary tumors, a recent study by Kim and
Colleagues [82] described abundant Treg cells associatedwith
high histological grade and lymphatic invasion. The number
of Treg cells infiltrating intratumoral areas was markedly
increased in tumors with poor prognostic factors, such as
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Figure 1: Similarities between human breast cancer and canine mammary tumors regarding tumor T-lymphocyte infiltration.

high histological grade of malignancy, presence of lymphatic
invasion, and presence of tumoral necrosis. These findings
suggest that Treg cells might play a key role in canine
mammary tumors progression. Furthermore, the amount of
intratumoral Treg cells may provide a new prognostic factor
when assessing survival times, which may in turn lead to the
development of new immunologic therapies.

The studies described above, concerning canine mam-
mary tumors, describe results that are in agreement with
those from studies already published in human breast cancer
which may be an indication of similar cancer immunologic
aspects between the two species (Figure 1).

6. Final Remarks

The dog has been proposed, by various authors and through-
out several decades, as a model for the study of spontaneous
malignancies in humans. This hypothesis is supported by the
knowledge that development of spontaneous tumors in dogs
and humans is a phenomenon highly incident, sharing many
features: histological appearance, tumor genetics, molecular
targets, biological behavior, and response to conventional
therapy [92–94].The recent sequencing of the canine genome
and the evidence of its similarity to the human counterpart
emphasized even more the dog as an attractive model for
cancer research [73, 95, 96].

Breast cancer remains a major clinical challenge with
considerable mortality both in humans and dogs [72, 97].
Scientific evidences support that, in both species, alterations

of inflammatory components within the tumoral microen-
vironment have a significant role during important steps
of carcinogenesis. Additionally, dogs develop spontaneous
tumors in the context of a natural immune system [94]
which make them an attractive and viable target for immune
therapeutic modulation [5, 8, 80, 97, 98].

In the present review, we describe similarities between
human breast cancer and caninemammary tumors regarding
tumor T-lymphocyte infiltration, such as relationship of
TILs and mammary tumors malignancy, association of ratio
CD4+/CD8+ T-cells with low survival rates, promotion of
tumor progression by Th2 cells actions, and association of
great amounts of Treg cells with poor prognostic factors.

We believe that the current state of knowledge could be
the basis for a broader and deeper discussion concerning
the role of inflammation in dog tumors, especially in canine
mammary cancer. Nevertheless, it remains to be clarified
the role of the inflammatory infiltrate in tumors of high
biological aggressiveness and thus elucidate the T-cell sub-
types implicated in the progression of these neoplasms. The
identification of specific subtypes and the clarification of the
involved pathways, may serve as a basis for the establishment
of new therapeutic strategies. In this sense, the development
of an active immunization throughout the design of new
anticancer-vaccines is expected both in humans and dogs.

In human breast cancer, it was already postulated that
vaccination could induce an expansion of CD8+ cytotoxic T-
lymphocytes capable of rejecting tumor cells via recognition
of tumor-associated antigenic epitopes, located on the surface
of cancer cells [99, 100]. The development of anti-cancer
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vaccines may lead to the establishment of immunological
memory, thereby preventing tumor recurrence with potential
advantages in inducing antitumor immune responses in both
species [11]. Dogs with mammary cancer develop metastatic
disease in a shorter time compared with the humans, due to
their smaller longevity which make them particularly good
models for study the metastatic process and thus testing
new therapeutic modalities [73, 94]. The similarities pointed
out in this review support the use of dog with mammary
cancer as a reliable biological model to study human breast
cancer immunology, providing an attractive opportunity
for therapeutic clinical studies in the scope of comparative
oncology.
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Recently standardized diagnostic instruments have been developed in diagnostic and therapeutic procedures for Autism Spectrumv
Disorders (ASD). According to the DSM-5 criteria, individuals with ASD must show symptoms from early childhood. These
symptoms are communication deficits and restricted, repetitive patterns of behaviour. It was recently described by Bioinformatic
analysis that 99 modified genes were associated with human autism. Gene expression patterns in the low-line animals show
significant enrichment in autism-associated genes and theNMDAreceptor gene familywas identified among these.Using ultrasonic
vocalizations, it was demonstrated that genetic variation has a direct impact on the expression of social interactions. It has been
proposed that specific alleles interact with a social reward process in the adolescent mouse modifying their social interaction and
their approach toward each other. In this review we report that the monoclonal antibody-derived tetrapeptide GLYX-13 was found
to act as an N-methyl-D-aspartate receptor modulator and possesses the ability to readily cross the blood brain barrier. Treatment
with the NMDAR glycine site partial agonist GLYX-13 rescued the deficit in the animal model. Thus, the NMDA receptor has been
shown to play a functional role in autism, and GLYX-13 shows promise for the treatment of autism in autistic children.

1. Introduction

Autism Spectrum Disorders (ASD) are diseases driven by
abnormalities in reciprocal social interaction (SI) and by
the limited and repetitive behaviours (American Psychiatric
Association, 1994). In developing infants, the evolution of
social behaviours and the ability to share affect with other
people have been previously described [1]. Meltzoff showed
that the interactions between infants and their caregivers
suggest the child’s ability to respond to the emotions of those
around him [2, 3]. Kanner said that children with autism
were “like in a shell, happiest when left alone, acted as if

people were’nt [sic] there and failed to develop the usual
amount of social awareness” [4]. What is really frustrating,
for the reliability of behavioural diagnosis, is that for autism
a specific biomarker has not yet been identified. It is well
known that a central network in the pathology of psychi-
atric disorders is represented by glutamatergic signalling,
through N-methyl-D-aspartic acid (NMDA) receptor [5].
This receptor is activated by glutamatewhen specificD-serine
or glycine coagonists occupy its allosteric site [6]. Glycine
is considered the main coagonist in the spinal cord and in
the hindbrain, and it has a high affinity for extrasynaptic
NMDARs. D-serine is the main coagonist in the forebrain
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[7], and it is characterized by a high affinity for synaptic
NMDARs. In several brain regions (hippocampus, thalamus,
and neocortex), NMDA receptor glycine/D-serine site is
normally not saturated [8, 9] and, in this light, it was shown
that the treatments of coagonists produce a modulation of
affective behaviours in animal models [10].

Several mutations or allelic variants, that can influence
brain development and behaviour, have been found in autism.
Animal models have been employed to underline psychobi-
ological determinants and early epigenetic influence [11]. In
particular, juvenile mice are a popular species for genetic
research [10] as well as in a more naturalistic context [12].
It was recently described that Bioinformatic analyses of 99
modified genes were associated with human autism. Gene
expression patterns in the low-line animals show signifi-
cant enrichment in autism-associated genes and the NMDA
receptor gene family was identified among these. Recently,
the monoclonal antibody-derived tetrapeptide GLYX-13 was
found to act as an N-methyl-D-aspartate receptor modulator
and it possesses the ability to readily cross the blood brain
barrier. Treatment with the NMDAR glycine site partial ago-
nist GLYX-13 rescued the deficit in the animal model. Thus,
the NMDA receptor has been shown to play a functional role
in autism, and GLYX-13 shows promise for the treatment of
autism in autistic children.

2. GLYX 13, DMG, and NMDA Signaling

N-methyl-D-aspartate glutamate receptors (NMDARs) are
involved in Ca2+ influx into neurons and are important to
synaptic plasticity. When these receptors are uncontrolled
they may trigger events that cause neuronal degeneration
and death. This receptor-ionophore complex is functionally
involved inmodulating normal synaptic transmission, synap-
tic plasticity, and excitotoxicity in the central nervous system.
Unlike other ligand-gated ion channels, the N-methyl-D-
aspartate receptor-ionophore complex has a unique feature
since it requires two distinct recognition sites by glutamate
and glycine for its activation. Although the stoichiometry of
native NMDARs is still uncertain, recombinant NMDARs
appear to consist of at least one NR1 and one NR2 subunits,
and most evidence now suggests that NMDARs assemble
as tetramers containing 2 NR1 and 2 NR2 subunits. Many
glutamate receptors have been found in the central nervous
system but the glycine site of NMDA receptor possesses the
distinctive ability to be strychnine-insensitive. Because of this
specificity and the number of clinically relevant functions
in which the NMDA receptors are involved, its glycine
site is a potentially important target for drug development.
Therefore, a noticeable increase occurred in the exploitation
of pharmacological agents that interact selectively with the
glycine binding site. For example, glycine and D-serine were
found to be helpful in reducing some of the negative symp-
toms of schizophrenia [13] when used to augment antipsy-
chotic therapeutics.Thepartial agonist, D-cycloserine (DCS),
has been shown to have cognitive-enhancing properties in
vivo. However, these compounds show desensitization after
chronic administration. An increasing number of glycine
site modulators have been described as appearing to have

therapeutical potential. In 1991 was produced a monoclonal
antibody, B6B21, that significantly elevates long-term poten-
tiation when applied to CA1 pyramidal cell apical dendrites
in rat hippocampus [14]. This antibody was found to bind
at strychnine-insensitive glycine sites thus demonstrating its
direct binding to N-methyl-D-aspartate receptors. In 2005,
the B6B21 was transformed into a family of small peptides
called Glyxins [15]. The GLYX-13, a tetrapeptide (TPPT-
amide) originating from that antibody, was found to act as
a NMDA receptor modulator similar to the partial agonist
D-cycloserine and potentiates learning when administered
intravenously to rats undergoing hippocampus-dependent
trace eyeblink conditioning. Pharmacological and electro-
physiological experiments demonstrate that GLYX-13 mod-
ulates the NMDA receptor in a glycine-like manner as a
partial agonist. On the other hand, it is still unclear if GLYX-
13 precisely mimics the action of the monoclonal antibody
B6B21 from which it is derived. It is likely that GLYX-13
acts on a different site that indirectly affects glycine binding.
Data obtained from behavioral studies suggest that sys-
temic administration of peptides acting as NMDA receptor
modulators can facilitate hippocampus-dependent learning.
GLYX-13 administration in rats showed enhancements of
hippocampus-dependent trace eyeblink conditioning that
were similar to those obtained with the antibody B6B21 and
with D-cycloserine, the partial agonist of the glycine site
on the NMDA receptor. It is worthy to note that chronic
administration of DCS can lead to desensitization and the
monoclonal antibody B6B21 does not cross the blood brain
barrier; instead GLYX-13 easily crosses the blood brain bar-
rier making it a good candidate for clinical use as a cognitive
enhancer.

3. Genetic Variation Influence in
Autistic Animal Models

Knockouts in gene-targeted mice have been produced. They
carry mutations in genes that have been associated with
a SDA [16]. Genetic correlations include allelic variants of
fragile-X [17]. Allelic variants have been found to be associ-
ated with ASD and gene-targeted mice can be generated to
study development of receptormechanisms in order to evalu-
ate potential therapeutic strategy. Other evidences have been
shown in fragile X mouse models, and several other strains,
most notably the BTBR mouse, underline the importance of
animalmodel in autism research [18]. Several evidences show
a genetic predisposition to autism that involves a reduced
expression of gene coding for Hepatocyte growth factor
receptor (HGFR), also known as mesenchymal-epithelial
transition factor (MET). In particular a 2-fold decrease in
MET promoter activity and altered binding of specific tran-
scription factor was observed in 204 autism families [19]. A
critical step is to continue to push formore nuancedmeasures
of mouse socialability, including the capacity to express
emotion and to respond to emotional expressions of others.
Several studies [20, 21] demonstrated that prepubescent
mice from the B6 strain are particularly prosocial, whereas
age-matched BALB mice are less reactive to social ability.
Interestingly, adult mice from these two genetic backgrounds
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appear to be much less distinct than juvenile mice in terms of
their SI [22, 23].

According to Panksepp et al. [24], genetic variation has a
direct impact on the expression of SI which can be divided
into the following: (i) sniffing or snout contact with the
head/neck/mouth area, (ii) sniffing or snout contact with the
flank area, (iii) direct contact with the anogenital area, (iv)
social pursuit within one body-length as the stimulus mouse
moved continuously throughout the cage, and (v) social
grooming. SI were evaluated by ultrasonic vocalizations and
related underlying reward. The authors also proposed that
specific alleles are involved in a social reward process in the
adolescent mouse, modifying SI and to approach each other.

4. GLYX-13 Treatment in Animal Models

Adolescent as well as youngmammals exhibit a characteristic
form of SI known as social play behaviour or rough-and-
tumble play. This form of social behaviour is considered a
fundamental step for the development of social and cognitive
skills. Hence, in order to study disorders of neural devel-
opment, young rats are generally used as animal model. In
fact, young rats exhibit the highest rates of social rough-and-
tumble play behavior from among all species tested [25]. Dur-
ing testing, animals are videotaped and high frequency ultra-
sonic vocalizations were recorded. In fact, several researches
on rat brain have shown a correlation between high frequency
ultrasonic vocalizations (USVs) and anticipatory affective
states. More precisely, long low-frequency (approximately
22 kHz) USVs occur during anticipation of punishment or
avoidance behavior, whereas short high frequency (approx-
imately 50 kHz) USVs typically occur during anticipation
of reward or approach behavior. Thus, long 22 kHz USVs
may be an indicator of negative activation state, whereas
short 50 kHz USVs may instead indicate a state of positive
activation [26].Thus,USVs recording can be used to assay the
rat emotional state as consequence of drug administration.
This type of animal model was used to study the effect of
GLYX 13 in autism. An animal model that displays analogous
symptoms of autism was created using rats that show low
rates of prosocial ultrasonic vocalizations (i.e., frequency
modulated 50 kHz USVs) in response to rough-and-tumble
play behavior. According toMoskal the low-line animals used
for the experimental study found that lower rates of play-
induced prosocial ultrasonic vocalizations correlate to an
increased proportion ofmonotonous ultrasonic vocalizations
compared to randomly bred animals [27].The low-line selec-
tion was also screened by microarray gene expression and
significant gene changes in brain regions in low-line animals
were found compared to nonselectively bred random-line
animals.The administration ofGLYX-13 at a dose of 50mg/kg
(s.c.) significantly increased rates of play-induced pro-social
USVs and significantly decreased the proportion of total
USVs that are monotonous (i.e., pure tone whistles without
any detectible frequency modulation) [28].

5. A New Candidate Drug in Autistic Children

ASDs cover a heterogeneous group of neurodevelopmental
disorders defined behaviourally by three core disturbances:

marked deficits in interpersonal SI, disrupted verbal and
nonverbal communication, and restricted repetitive and
stereotyped patterns of behaviour and interests [29, 30].
The ASD phenotype includes the classical or typical autistic
disorder (AD), Asperger syndrome (AS) characterized by
no general delay in language or cognitive development, and
pervasive developmental disorders not otherwise specified
(PDD-NOS), which is a milder condition that includes
some, but not all, of the symptoms associated with classic
autism. Once considered a rare clinical entity, autism is
now considered common, with the most recent prevalence
estimate being around 1 in 150 [31, 32]. In the scientific
literature, there is varying support for a wide spectrum of
hypotheses regarding the causes of autism: from studies
showing that genes play a greater role in the risk for autism
than in any other common neuropsychiatric disorder [33] to
studies implicating disruptive environmental factors during
neurodevelopment in genetically susceptible individuals [34].
Nevertheless, it is becoming increasingly obvious that a single
cause or unifying theory is unlikely to account for what is
now better referred to as “the autisms” [35, 36]. According to
DSM-V, autism spectrum disorders (ASDs) can be diagnosed
in a patient in early childhood with persistent deficits in
social communication and SI. Autism is also manifested as
deficits in social emotional reciprocity, deficits in nonverbal
communicative behaviours, and deficits in developing and
maintaining relationships.The patient has to be characterized
by restricted, repetitive patterns of behaviour, interests, or
activities. A paper aimed to compare the joint engagement
of children with autism, children with Down syndrome, and
their typically developing peers indicated that autism and
Down syndrome often affect a young child’s joint engagement
experiences during social interactions with a caregiver [37].
Children with autism rarely coordinated attention to a shared
object as normal developing peers do. In contrast, children in
the Down syndrome group readily shared events with their
partners but they were less likely to attend to symbols during
these periods.

No specific biomarker for autism has been identified yet
in order to improve the reliability of behavioural diagnosis. It
was shown that the GABA system is related to pathophysiol-
ogy of autism [38].The exact pathophysiology of autism is yet
unknown but the N-methyl-D-aspartate receptor (NMDAR)
has received great attention as a possibility of treatment. In
order to study its implications in this disorder, animalmodels
have been used. A rat model has been developed for autism
features such as social and communication deficits and
repetitive and restrictive behaviours. Evidences previously
described include dysfunction of NMDARs; as is known
genetic risk factors suggest that its hypofunction is involved
in pathogenesis.TheNMDARpathway could become a target
for the development of a variety of therapeutic drugs as
glycine site modulators. In fact, it is involved in learning and
memory formation and also in a number of neuropathologies
[39]. NMDAR role is validated by the effects obtained upon
D-cycloserine treatment. D-cycloserine is an antibiotic and
a partial agonist at NMDA; its significant improvement in
social withdrawal has been shown and it has been proposed
as a treatment for autism by several authors. Posey et
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al. described the effects of DCS on the Autism Spectrum
Disorder symptoms [40]. The therapeutic program consisted
of a single-blind placebo lead-in phase about the treatment of
10 drug-free subjects (5–27 years old) with autistic disorder.
Three different doses of D-cycloserine were used and patients
followed for two weeks. Measures used for subject ratings
included the Clinical Global Impression (CGI) scale and
Aberrant Behavior Checklist. On the highest dose, subjects
enrolled for this therapeutic approach had statistically sig-
nificant improvement in social withdrawal. Adverse effects
reported included motor tics and increased echolalia in two
subjects. Priestley et al. [41] suggested that partial agonists
at glycine site may be better therapeutic candidates: acting
as weak agonists, they would facilitate receptor activation
without creating the risk of overactivating the receptors and
acting as antagonists, they would allow normal synaptic
transmission to take place while simultaneously suppressing
receptor hyperactivity, through the NMDA signaling.

6. Concluding Remarks

GLYX 13 belongs to a new class of NMDAR glycine site
modulators with therapeutic potential and could have a
clinical value. Several studies have reported that important
peptides derived from monoclonal antibody have been cre-
ated for therapeutic approach. In order to provide useful
novel therapeutics in autism, the mimetic peptide GLYX-13
has been produced and is added to the list of CDR-derived
functional peptides (complementary determining regions).
Recent studies show that GLYX-13 readily crosses the blood
brain barrier andmodulates theNMDA receptor in a glycine-
like way decreasing the deficit in animal models and giving
hope for the treatment of autism in children. Burgdorf et
al. [42] showed that this drug can be used in association
with ketamine and produced antidepressant-like effect.These
treatments are currently in a Phase II clinical development
program for treatment-resistant depression. Several reports
explain how NMDA receptors are involved in neuropsy-
chiatric disorder, as well as development of symptoms for
schizophrenia. However, open questions concerning the
molecular mechanism of NMDAR dysfunction yet remain.
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Alterations in pancreatic milieu to adapt to physiological shifts occurring in conditions of obesity and metabolic syndrome (MS)
have been documented, though mechanisms leading to such a state have remained elusive so far. The data presented here tries
to look at the gravity of metabolic insult during the early and prolonged phases of obesity/insulin resistance (IR) depicted in
WNIN/Ob strain of rats—an obese euglycemicmutant rat model developed indigenously at our institute which is highly vulnerable
for a variety of degenerative diseases. The present results in situ show the participation of several confounding factors in the
pancreatic milieu that collectively coprecipitates for a state of profound inflammation in the pancreas (amongMutant compared to
Lean/Control) which gets worsened with age. These include hypertrophy, macrophage infiltration (CD11b/TNF𝛼/IL6), apoptosis,
𝛽-cell vacuolation, hyperinsulinemia (HI), and stress markers (RL-77/HSP104/TBARS) all of which correlated well with indices for
obesity (2-3 fold), IR (1.5-3 fold), and HI (2-3 fold). Further, supportive data was also obtained from in vitro studies using islet cell
cultures amongst phenotypes. Taken together, these results advocate that inflammation was the major precipitating factor to cause
islet cell dysfunctions (in situ and in vitro) in these Mutant rats compared to their Lean littermates and parental Control.

1. Introduction

Obesity with insulin resistance (IR) forms a major part
of metabolic syndrome (MS) and its co-precipitation with
etiological factors has been shown to cause dysregulation
of several dynamic processes, thereby predisposing the
organism to long-term micro- and macro-vascular compli-
cations [1]. Interestingly, animal models (ob/ob and db/db
mice and Zucker and Koletsky rats) have greatly helped
our understanding of the pathophysiology associated with
MS, although the mechanism(s) remain(s) obscure [2].
WNIN/Ob rat strain (Mutant) is a new entrant to the list

of obese animal models and is derived indigenously from
the Wistar rat strain of our institute (WNIN), maintained
at our institute in an inbred status since 1920. WNIN/Ob,
which arose spontaneously from WNIN in 1997, is eug-
lycemic and portrays features of obesity/IR with distinct
clinical and biochemical features like hyperinsulinemia (HI),
hypertriglyceridemia, and hypercholesterolemia along with
hyperphagia, polydipsia, polyuria, and proteinuria akin to
other obesemodel systems [3]. Interestingly, this is the biggest
obese rat strain (1.4 Kgs) so far recorded in literature, and is
leptin resistant with unaltered leptin or its receptor coding
sequences and the strain exhibits three distinct phenotypes:
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homozygous lean (+/+), heterozygous carrier (+/−), and
homozygous obese (−/−), in a typical Mendelian ratio of
1 : 2 : 1. The mode of inheritance is autosomal incomplete
dominance. Attempts to localize the mutation in this model
system are in progress and a recent study from our institute
has localized the observed unilocus mutation to exist in a
4.3 cM regionwith flankingmarkersD5Rat256 andD5Wox37
on chromosome 5 upstream of the leptin receptor [4]. These
Mutants stand apart from other similar models, due to
the presence of “kinky tail” in heterozygous carriers (+/−)
and in homozygous obese (−/−) phenotypes. Apart from
obesity, theseMutants showa variety of degenerative diseases,
as they cross one year, like breast tumors and lipomas,
cataract and retinal degenerations (in 20%), hypertension [5],
osteoporosis, polycystic ovaries, kidney damage, impaired
immunity, and accelerated aging with the life span ofMutants
reduced to 1.5 years, while a normal rat lives up to 3–3.5 years
[6].

The impetus obtained from our published data using adi-
pose tissue (AT) [7] and bone marrow derived mesenchymal
stem cells (BM-MSCs) [8] from these animals supported
an in situ inflammation with obesity as a predominant
metabolic lesion.Themetabolic interrelationships and cross-
talks (cytokines) contributed from skeletal muscle (SM) and
AT have been shown to be decisive for the maintenance
of glucose homeostasis [9] and dysregulations have been
shown to influence the 𝛽-cell functions and integrity [10].
It is to be noted here that 𝛽-cells of the pancreas have an
inherent weak antioxidant system as compared to any organ
[11] and with persistent IR [3], hyperglycemia, and obesity
or HI could predispose the organism to long-term secondary
complications [12, 13] vis-à-vis 𝛽-cell dysfunctions [12].

We hypothesize that WNIN/Ob rats (Mutants) with their
inherent phenotypic features would form an ideal model
to assess the gravity of metabolic insult both at early and
prolonged (chronic) phases seen with age (1, 6, and 12
months). In the present study we have compared homozy-
gous obese rats (WNIN/Ob (−/−)) (Mutants) with their age
matched homozygous lean (WNIN/Ob (+/+)) littermates
(Leans) and parental (WNIN) controls (Controls) for all the
parameters (islet cell architecture, inflammation, and islet cell
functions) studied in in situ (tissue) and in vitro (primary
islet cell cultures). This is primarily to understand the early
and chronic phases of the metabolic insult which has been
reported with these Mutants and is appreciable with age (1, 6,
and 12 months).

2. Material and Methods

2.1. Animals. Experimental procedures were in compliance
with the principles of laboratory animal care and approved by
the Institutional Ethical Committee on Animal Experiments,
Hyderabad, India. Male rats, six per strain, (Mutant, Lean,
and Control) matched for age (1, 6, and 12 months) were
obtained from an inbred colony of the National Centre
for Laboratory Animal Sciences (NCLAS) facility at our
institute. To understand the effect of accelerated aging on
the pathophysiology of MS in the 12-month Mutant rats, we

have made a comparison of 12-month Mutants with two-
year-old (24-month) Control rats in few critical metabolic
parameters. The animals were given normal rat chow with
water ad libitum. They were maintained under optimal
conditions of 12 hr light/dark cycles, with temperature (20 ±
2∘C) with relative humidity (50 ± 10%) kept constant. Prior
to the day of euthanization, animals were fasted overnight
to normalize any differences in feeding patterns and to
minimize experimental variations.

2.2. Physiological Parameters. Anthropometric measure-
ments (body/pancreatic tissue weights), blood glucose [7],
insulin (plasma/tissue) [11, 14] and IR indices—Homeostasis
Model of Assessment for Insulin Resistance (HOMA-
IR) and Quantitative Insulin Sensitivity Check Index
(QUICKI) were measured as described previously [8].
Thiobarbituric acid reacting species (TBARS), a marker of
global oxidative stress/lipid peroxidation, were measured in
plasma/pancreatic tissue as per our earlier protocol [15].

2.3. Tissue Morphometry. Pancreatic tissues (formalin fixed
and paraffin embedded) of 6–8𝜇m thickness were processed
for hematoxylin and eosin (H&E), and immunofluorescence
including TUNEL assay [7, 16, 17]. H&E stained sections
were used for studying islet morphology (islet size, 𝛽-cell
vacuolation, and AT/macrophage infiltration), and images
were captured using an inverted microscope (TE2000S,
Nikon, Japan) with ACT2U software (version 1.7, Nikon,
Japan).

2.4. Immunofluoresence. Immunostaining of the pancreatic
sections was performed as described previously [8, 16].
In brief, pancreatic sections were blocked with 4% horse
serum and incubated overnight at 4∘C using either 1 : 100
dilution of primary antibodies for mouse antihuman insulin
(Sigma, USA), rabbit antihuman glucagon (Santa Cruz,
USA), goat antihuman PDX-1 (Santa Cruz, USA), rabbit
polyclonal antihuman HSP104 (gift), mouse polyclonal anti-
RL-77 (gift, National Centre for Cell Sciences, Pune, India),
or 1 : 400 dilution of rabbit polyclonal anti-IL-6 (Abcam,
USA). After repeated washes, the sections were incubated
with secondary antibodies (1 : 200 dilution) for anti-mouse
FITC (Insulin/RL-77), anti-rabbit Texas Red (glucagon)
(Santa Cruz, USA), anti-goat Texas Red (Pdx-1), anti-rabbit
Cy3 (HSP104) (Jackson’s Laboratories, USA), and anti-rabbit
Alexa 568 (IL-6). After several more washes the sections
weremounted using DAPI (Vectashield, Vector Laboratories,
USA). Antigen retrieval for the nuclear transcription factor
Pdx-1 was performed by treating tissue sections with 2N
HCl for 1 hr at room temperature. Similarly, dual fluores-
cence for CD11b and TNF𝛼 was carried out using FITC
conjugated mouse anti-rat CD11b (BD Biosciences, USA)
and PE hamster anti-rat TNF𝛼 (BD Biosciences, USA) at
1 : 100 dilution. Immunostaining of pancreatic sections of 24-
month-old WNIN rats was performed for insulin, glucagon,
CD11b, TNF𝛼, IL-6, and Pdx-1 as described above.The images
were captured using 405 (DAPI), 488 (FITC), 514 (Cy3), 561
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(PE/568), and 594 (Texas red) lasers using a confocal micro-
scope (Leica SP5, Leica Microsystems, Germany) with Leica
Advanced Fluorescence (LAF) software (LeicaMicrosystems,
Germany). The fluorescence intensities were calculated as
relative fluorescent units (RFU) (relative to isotype control)
using the LAF software and represented as RFU per unit area.
All images were captured using Leica Advanced Fluorescence
software (Mannheim, Germany) in Leica Confocal Micro-
scope SP5 series (Mannheim, Germany) at a magnification
of 400x unless otherwise specified. An asterisk (∗) indicates
a significance of 𝑃 < 0.05 by ANOVA compared to Control
and ($) represents the statistical significance (𝑃 < 0.05 by
ANOVA) compared to the phenotype at 1 month. Values
have been represented as Mean ± SE (𝑛 = 6) from three
independent experiments performed in duplicate.
𝛽-cell mass was calculated from the insulin stained

sections, captured using LAF software as mentioned above
[18] at a final magnification of 200x. Area of 𝛽-cells was
determined by quantifying the cross-sectional area occupied
by 𝛽-cells to the total cross-sectional area of the tissue (in
all multiple fields per slide) and represented as a product of
the cross-sectional area of 𝛽-cells/total tissue and the weight
of the pancreatic tissue before fixation. Total tissue area was
corrected for the unstained area inside the fat cells, by tracing
the region occupied by fat cells in theH&E stained specimens
(at a final magnification of 200x).

2.5. TUNEL Assay. Apoptosis was studied using DeadEnd
Fluorometric TUNEL assay kit (Promega, USA) as per the
manufacturer’s protocol. Apoptotic cells were visualized with
FITC positive nuclei and images were captured using 405
and 488 lasers under a confocal microscope using LAF
software. TUNEL assay was also performed on 24-month-old
Control pancreatic tissue sections. Apoptotic index (AI) was
calculated as the ratio of number of TUNEL positive nuclei
to the total number of nuclei per islet [19].

2.6. Gene Expression Analysis. The methodology for semi-
quantitative reverse transcription polymerase chain reaction
(sq-RT-PCR) used was similar to the procedures reported
earlier by us [8]. Total RNA (from ∼100mg of pancreatic tis-
sue) was isolated using TriReagent (Sigma, USA) and cDNA
was prepared from 2 𝜇g of total RNA using enhanced avian
myeloblastosis virus reverse transcriptase enzyme (Sigma,
USA) and amplified with JumpStart AccuTaq LA DNA
Polymerase (Sigma, USA). Primers were designed with the
aid of PrimerQuest software (Integrated DNA technologies,
Coralville, IA). PCR was carried out to analyze the expres-
sion of Insulin-1 (sense: caatcatagaccatcagcaagc; antisense:
tttattcattgcagaggggtgg), Pdx-1 (sense: tacaaggacccgtgcgcatt;
antisense: tcaagttgagcatcactgcc), and 𝛽-actin (sense: tgtgatg-
gtgggaatgggtcag; antisense: tttgatgtcacgcacgatttcc). Ampli-
cons were resolved electrophoretically (1.2% agarose gel),
visualized in GelDoc (BioRad, Italy), and quantitated by
densitometric analysis using QuantityOne software (BioRad,
Italy). Results have been normalized against the house keep-
ing gene 𝛽-actin.

Quantitative real-time PCR was performed for each
sample in triplicate using a CFX 96 Touch Real-Time PCR
system (BioRad, Italy) in a 96-well PCR plate (BioRad,
Italy). Each assay (20𝜇L total volume) contained nuclease-
free water (11 𝜇L-12 𝜇L), cDNA template (conc—2ng/𝜇L),
gene-specific primers (conc—4.5 pm/𝜇L), and 5 𝜇L SYBR
green PCR Master Mix (KAPA Biosystems, South Africa).
The cycling conditions were enzyme activation at 95∘C for
30 s; 40 cycles of 95∘C for 30 s (denaturation); and Pdx-1 at
60∘C and Insulin-1 at 58∘C for 30 s (annealing) with a single
fluorescence measurement at 72∘C for 30 s (dissociation
curve). Specificity of the PCR products was confirmed by
the melting curve program with temperatures in the range
of 60 to 95∘C with a heating rate of 0.5 to 0.05∘C/s and a
continuous fluorescence measurement. Relative differences
in gene expression between groups (Mutant, Lean, and
Control—aged 1, 6, and 12 months) are represented as fold
change using 2CT method as per the protocol of Dussault
and Pouliot [20].

2.7. In Vitro Assays

Islet Isolation, Primary Cell Cultures, Viability, and Functional
Assays. Islets were isolated under sterile conditions from all
the three phenotypes (Mutant, Lean, and Control) as per
our published protocol [14]. Keeping in view the fact that
Mutants have 47% fat in their body which interferes with
the islet integrity and cell yield by forming a viscous jelly-
like material when compared to their age matched parental
Controls, we had optimized conditions for islet cell isolation
with minimal viscous material and maximum islet yield
and functional response (primary islet cell cultures) using
differential collagenase digestion [14]. Briefly, pancreas were
collected under sterile conditions, minced and subjected to
collagenase digestion using either 0.5mg/mL for Mutants
or 1mg/mL for Lean/Control. The digestion mixture also
contained 2mg/mL soy bean trypsin inhibitor (Sigma, USA)
and 2% BSA fraction V (Sigma, USA). All steps were
performed at optimal temperature (37 ± 1.5∘C) and pH (7.0 or
7.7–7.9) [21] and digestion (turbidity appearance) was stopped
with the addition of chilled RPMI-1640 containing 10% FCS
(1 : 3 ratio) in order to prevent islet necrosis during isolation
[22]. The digests were washed (3x), and islet-cell-enriched
fractions were seeded in RPMI-1640 medium with 10% FBS
with antibiotics (Invitrogen, USA). After a period of 24–
48 hrs, the islets were harvested by handpicking for in vitro
assays including viability by MTT (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide) assay [23] and islet
cell integrity by dithizone (DTZ) staining (Sigma, USA) [14],
and images were captured with a Nikon inverted micro-
scope using ACT-2U software. Insulin secretion assay was
carried out from the primary islet cell cultures of Mutant,
Lean, and Control phenotypes at basal (5.5mmol/L) fol-
lowed by high glucose (16.5mmol/L) challenge as described
earlier [8, 14]. Similarly, insulin secretion assay to assess
islet cell function was also performed from islets (pri-
mary islet cell cultures) derived from 24-month-old Control
rats [14].
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2.8. Ultrastructural Analysis. For ultrastructural studies, the
primary islet cell cultures of only 12-month-old animals
(Mutant, Lean, and Control) presenting increased degen-
erative changes [3, 6, 24] were processed for both scan-
ning electron microscopy (SEM) [25] (performed at 5 to
10 KV in S3400N, Hitachi, Japan) and transmission electron
microscopy (TEM) [26] (performed at 75KV in H-600,
Hitachi, Japan), respectively.

2.9. Statistics. Descriptive statistics (Mean/SE) were calcu-
lated for all the samples using SPSS version 15.0 software
and values have been represented as Mean ± SE (𝑛 = 6).
To compare between the phenotypes, analysis of variance
(ANOVA) followed by post hoc tests (LSD/Dunnett’s C
test) was carried out based on Levene’s test for equal-
ity of error variances. Bivariate correlation analysis (2-
tailed) for better understanding of the correlation between
metabolic, anthropometric, and physiological parameters
was performed using the same software (SPSS version 15.0)
for a better understanding of the correlation between these
parameters. 𝑃 < 0.05 was considered statistically significant
for all the measurements. Data have been computed from
three independent experiments carried out in duplicate for
tissue morphometry, immunofluoresence, PCR, and ultra-
structural analyses and from six animals per group for all
anthropometric/physiological analyses.

3. Results

3.1. Physiological Parameters

3.1.1. Body Weight/Pancreatic Weight. A significant increase
in the body weight ofMutants, which increased with age (1, 6,
and 12 months) to a tune of 4–7-fold (𝑃 < 0.05) compared to
their Leans and Controls, was observed (Figure 1(a)). In sim-
ilar lines, pancreatic weights were also increased in Mutants
by 2-fold when compared to their Leans and Controls at all
age groups (Figure 1(b)). However, both body weights and
pancreatic weights were almost comparable between Leans
and Controls with age (Figures 1(a) and 1(b)).

3.1.2. Glucose and Insulin (Plasma and Tissue Insulin). The
animals were euglycemic [6] in all age groups with fasting
blood glucose (FBG) in the range of 3.9–6.1 mmoles/L. The
plasma and tissue insulin levels were almost similar during
the early age, that is, at 1 month, amongst phenotypes, but
with age Mutants demonstrated a significant increase in both
plasma (HI) and tissue insulin levels being appreciable at
6 months (compared to Leans (by 3.03- and 1.10-fold) and
Controls (by 3.70- and 2.82-fold)) and 12 months (compared
to Leans (by 5.51- and 1.71-fold) and Controls (by 3.77- and
1.39-fold)), respectively (Figures 1(c) and 1(j)). The plasma
(2.13±0.52) and tissue insulin (5.36±0.75) levelsmeasured in
24-month-old Control rats were, however, found to be lower
than those observed in 12-month Controls.

3.1.3. Oxidative Stress (Malonaldehyde Measurements).
TBARS signifying global oxidative stress indices were also

upregulated significantly (𝑃 < 0.05) in Mutants at all
ages which was reflected both in plasma (Figure 1(f)) and
pancreatic tissue (Figure 1(k)) levels compared to their Leans
and Controls.

3.1.4. Measurement of IR. We observed a significant increase
in HOMA-IR (Figure 1(d)) supported by a significant
decrease in QUICKI (Figure 1(e)) among Mutants at 6 and
12 months but not at 1 month suggesting an increase in IR
with age. However Lean and Control rats remained insulin
sensitive as reflected by IR Indices. Based on the HOMA-IR
and QUICKI indices calculated 24-month-old Control rats
also showed IR (1.21 and 0.32, resp.) as an age dependent effect
similar to Mutant rats.

3.2. Morphometric Studies. H&E staining of Mutant pancre-
atic tissues at 6 and 12 months of age demonstrated a marked
hypertrophy with large and irregular islets (Figure 1(g)), 𝛽-
cell vacuolation (Figure 1(h)), and disruption in the outer
collagenous layer as compared to the intact morphology
of the islets noted with Leans and Controls (Figures 1(g)
and 1(h)). Further, evidence for an increased vasculature,
intraislet vacuolation, and fat infiltration into the exocrine
region was also predominant in Mutant pancreas when
compared to its Lean and Control (Figure 1(g)). However the
morphology wasmore or less similar to the early age group of
1 month studied amongst the phenotypes (Figures 1(g)-1(h)).

As shown in Figure 1(i), Mutant pancreas showed
increase in islet size measured using ACT2U software (Nikon
microscope), which was significant among Mutants by 1.25-,
1.54-, and 1.35-fold compared to Leans and by 1.40-, 1.38-,
and 1.54-fold compared to their Controls at 1, 6, and 12
months (Figure 1(i)). However, the differences observed in
islet size between Leans and Controls were not statistically
significant. Islet size among 24-month Controls was found to
be 320.45 ± 15.02 𝜇m, in line with the trends expected with
12-month Mutants.

3.3. Immunofluoresence. Immunostaining of pancreatic tis-
sues with insulin and glucagon amongst the phenotypes
demonstrated a central core of insulin positive 𝛽-cells sur-
rounded by a peripheral mantle of glucagon positive 𝛼-
cells at all the ages studied (Figures 2(a)–2(d)). As depicted
in Figure 2(f), insulin immunopositive cells expressed as
RFU per unit (relative to isotype controls (Figure 2(e)))
were significantly higher in Mutants at 1, 6, and 12 months
compared to Leans (by 1.72-, 3.31-, and 1.27-fold) andControls
(by 2.74-, 3.03-, and 1.42-fold), respectively, substantiating
HI/increased tissue insulin levels observed. However, similar
levels of insulin positivity (RFU per unit area) were observed
among Lean and Control with age (Figures 2(a)–2(d) and
2(f)). Among the 24-month Controls, RFU per unit area for
insulin was found to be 30.75 ± 2.6.

Interestingly, glucagon positive cells (RFU per unit area
relative to isotype controls (Figure 2(e))) were also increased
in Mutant pancreas, both at an early phase, that is, 1 month,
(RFU = 19.32) and midphase, that is, 6 months, (RFU =
16.04) unlike at 12 months (RFU = 14.68) which showed a
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(l)

parameters
Body weight (g)
Pancreas weight (mg)
FBG (mg/dL)
FPI (𝜇U/mL)
Islet size (𝜇m)

Value

350 ± 12.86

655 ± 20.84

82 ±

±

±

3.2

2.13 0.52

320.45 15.02

Physiological

(m)

Figure 1: Physiological, biochemical and structural analysis. The figure shows anthropometric measurements such as (a) body weights and
(b) pancreatic tissue weights; metabolic measurements such as (c) plasma insulin, (d) insulin resistance indices (HOMA-IR), (e) QUICKI,
and (f) global oxidative stress levels by plasma TBARS. Histological studies of H&E stained pancreata revealed hypertrophied islets with
irregular morphology (black arrows) and increased vascular supply (white arrow head) with widened intraislet connective tissue septa (black
arrow head) seen more with Mutants and with age compared to their Lean, and Control phenotypes. Insight shows the intrapancreatic tissue
fat infiltration with age (g). These islets among Mutant phenotypes also demonstrated 𝛽-cell vacuolation (black bold circles) in the islet
region compared to that from Lean and Control (h). All images were captured using ACT2U software (Nikon, Japan) attached to Nikon
TE2000S Microscope (Nikon, Japan) at magnification of 200x (g) and 400x (h). Islet size was quantified using ACT2U software (Nikon,
Japan) and represented graphically as Mean ± SE (𝑛 = 6) among Mutant, Lean, and Control with age (i). Mutants showed an increase in islet
size and correlated well with increased tissue insulin (j) and oxidative stress (k) compared to Lean and Control and with age. Figure 1 also
depicts histological comparison between the pancreatic islets between 24-month-old Control rats and 12-month-old Mutant rats showing
hypertrophied islets with irregular morphology, increased vascular supply with widened intraislet connective tissue septa, intrapancreatic
tissue fat infiltration, and 𝛽-cell vacuolation. Parameters such as body weight, pancreatic weight, FBG, FPI, and islet size of 24-month-old
Control rats have also been indicated (m). An asterisk (∗) represents significance (𝑃 < 0.05 byANOVA) compared toControl and ($) indicates
significance (𝑃 < 0.05 by ANOVA) compared to the same phenotype at 1 month.

decrease. Leans and Controls were almost comparable at all
ages (Figures 2(a)–2(d) and 2(g)). However, the levels among
24-month Controls were found to be 10.37 ± 1.6, which was
similar to the levels observed among 12-month Mutants.

Further, insulin/glucagon ratio (per se indices) indicating
the relative percentage of 𝛽-/𝛼-cells was also significant (𝑃 <
0.05) at the higher age group (12 months) among Mutant
compared to its Lean and Control, further denoting HI
(Figure 2(h)).
𝛽-cell mass was also calculated [18] by quantifying the

cross-sectional area occupied by 𝛽-cells to the total cross-
sectional area of the tissue (in all multiple fields per slide)
from the phenotypes. Mutants showed an increase in 𝛽-
cell mass at 1 and 6 months compared to their Leans and
Controls. However, at 12 months, 𝛽-cell mass of Mutant was
decreased which is probably attributed to increased degener-
ative effects (hypertrophy and apoptosis). Comparison of 𝛽-
cellmass between Leans andControls (Figure 2(i)) does show
a consistence in tune with the observed islet cell size.

Immunostaining of the pancreatic tissue sections with
insulin and PDX-1 demonstrated decreased PDX-1 intensities
(RFUper unit area compared to isotype control (Figure 7(e)))
(Figures 7(a)–7(f)).

3.3.1. Inflammatory (CD11b, TNF𝛼, and IL-6) and StressMark-
ers. As shown in Figure 3(a), HSP-104 localization (cytosolic
region) in islets was significantly increased in Mutants at all
ages (12 months > 6 months > 1 month) when compared to
that in Leans and Controls. Although Leans tend to show an
increase for HSP-104 (RFU per unit area with reference to
isotype control (Figure 3(c))) compared to Controls, this was
not statistically significant (Figures 3(a) and 3(d)). On similar
lines, Mutant islets also demonstrated increased localization
of endoplasmic reticulum (ER) stress protein RL-77 (RFU

per unit area with reference to isotype control (Figure 3(e)))
compared to Lean and Control (Figures 3(b) and 3(f)).

Figures 4(a)–4(e) depict dual immunofluoresence for
CD11b/TNF𝛼 (RFU per unit area with reference to iso-
type control (Figure 4(c))), that is, relative percentage of
macrophages/mast cells/inflammatory protein in situ which
was significantly upregulated in Mutants with age. However,
Leans and Controls showed few immunopositive cells for
CD11b/TNF𝛼 in comparison to Mutants with age (Figures
4(a)–4(e)). In addition, increased IL-6 immunolocalization
with increasing age was seen amongst Mutant pancreatic
islets (Figures 4(f)–4(i)).

3.3.2. Apoptosis/TUNEL Assay. Age dependent increase in
apoptosis was evident amongst the phenotypes, that is,
Mutants, Leans, and Controls, but the quantitative increase
in AI was more predominant in Mutants (Figure 5(a)) com-
pared to that in Leans (by 1.20-, 2.84-, and 15.77-fold) and
Controls (by 5.16-, 5.67-, and 9.98-fold) (Figure 5(d)), respec-
tively. Interestingly, apoptotic rate was increased among 12-
month Mutants by 3.70-fold compared to that of 24-month
Controls (Figure 5(b)) as compared to its negative control
(Figure 5(c)).

3.4. Gene Expression Analysis. mRNA for Insulin was sig-
nificantly upregulated only at 6 months in Mutants against
the data obtained from plasma and tissue insulin, which
showed an increase in insulin levels at all the ages (12
months > 6 months > 1 month). The expression levels were,
however, comparable in Leans and Controls as reflected by
the densitometric analysis (Figure 6(a)).

Pdx-1 homeobox transcription factor required for 𝛽-cell
functions and regulation of insulin secretionwas significantly
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Figure 2: Immunostaining for insulin and glucagon. Immunolocalization of islets for 𝛽-cell marker insulin (green) and 𝛼-cell marker
glucagon (red), counterstained with 4,6-diamidino-2-phenylindole (DAPI) (nuclear stain) (blue), showed increased insulin immunostaining
among Mutants compared to Lean and Control and with age from 1 month (a) to 6 months (b) and 12 months (c) and showed a comparison
with 24-month-old (2 yr) Controls (d). Isotype control is also represented (e). Quantitative fluorescencemeasurements as relative fluorescence
units (RFU) for (f) insulin, (g) glucagon, (h) insulin to glucagon ratio, and (i) 𝛽-cell mass were calculated from insulin stained areas. An
asterisk (∗) represents significance (𝑃 < 0.05 byANOVA) compared toControl and ($) indicates significance (𝑃 < 0.05 byANOVA) compared
to the same phenotype at 1 month.

downregulated in Mutants at both 6 and 12 months with a
peak expression seen at 1 month (Figure 6(b)).

Quantitative data generated from RT-PCR further sub-
stantiated increased expression of Insulin gene among
Mutants, being more pronounced at 6–12 months of age
compared with their Lean littermates (values have been nor-
malized against their Controls) (Figure 6(c)). In line with our
qRT-PCR data, Pdx-1 expression in Mutants showed down-
regulation with age (1 month > 6 months > 12 months) with
a peak expression at 1 month. Interestingly, Pdx-1 expression
was down regulated in 6–12-month-old Leans when com-
pared with that of their Mutants (age matched/littermates)
with a peak expression at 1 month as compared to its
Mutant (values have been normalized against their Controls)
(Figure 6(d)).

3.5. Primary Islet Cell Cultures

3.5.1. Viability. MTT assay demonstrated an increase in
viability during the early phase, that is, 1 month, and declined
with age, suggestive of age dependent effects—Mutants (86%,
75%, and 60%), Lean (85%, 80%, and 74%), and Control
(98%, 95%, and 85%) corresponding to 1, 6, and 12 months.

However, the islet cell integrity was not altered with age and
showed >85% intactness, as assessed from the DTZ stained
(deep crimson red) islet cell clusters (Figure 8(a) (insights)).

3.5.2. Insulin Secretion Assay. As given in Figure 8(c),
Mutants at all the age groups, that is, 1, 6, and 12 months,
were hyperinsulinemic as evidenced by an increase in their
basal insulin levels similar to our earlier observations of
increased insulin levels in both plasma and tissue (Figures
1(c) and 1(j)). However, when Mutant islets were challenged
with high glucose concentrations (16.5mmol/L), insulin
secretion was almost absent or was nonresponsive unlike
Leans and Controls which elicited a better secretory response
under the same conditions. The ratio of basal/challenge
secretion, depicting the islet cell functions, was also high in
Mutant islets, compared to its Lean and Control counterparts
(Figure 8(c)). As a positive control to 12-month Mutants, we
have also calculated the ratio of basal/challenge secretion,
from the 24-month Control rats (ratio = 1.03), with higher
basal insulin secretion levels (24.75 ± 2.86) than when
challenged with high glucose (24.13 ± 3.12), and the islets
were nonresponsive similar to the findings from 12-month-
old Mutant rats (Figure 8(c)).
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Figure 3: Cellular stress responses. Immunostaining of pancreatic sections for cellular stress protein, HSP-104 (yellow—pseudocolor for Cy3)
(a) and endoplasmic reticulum stress protein RL-77 (green) (b) demonstrate an increased cellular stress (HSP104 and RL-77) amongMutants
compared to Lean and Control and with age. Isotype controls for HSP-104 (c) and RL-77 (e) have also been depicted and with corresponding
RFU for HSP-104 (d) and RL-77 (f). An asterisk (∗) represents significance (𝑃 < 0.05 by ANOVA) compared to Control and ($) indicates
significance (𝑃 < 0.05 by ANOVA) compared to the same phenotype at 1 month.

3.5.3. Ultrastructural Studies (SEM/TEM). SEM data re-
vealed spherical and globular pancreatic 𝛽-cells amongst the
phenotypes, but fine perforations with ruffles on the islet
surface were more prominent with Mutant islets, as Lean and
Control islets demonstrated a smooth surface with no such
perforations (Figure 8(b)).

On similar lines, TEM photographs showed electron
dense spherical secretory granules for insulin among Leans
and Controls, while Mutants showed a comparatively less
number of the secretory granules with distinct degranulation
and vacuolation in the islet region (Figure 8(b)).

3.6. Correlation Analysis. Bivariate 2-tailed correlation anal-
ysis of metabolic health measures such as HOMA-IR and
QUICKI with other physiological parameters revealed a

significant correlation between IR indices-HOMA-IR and
QUICKI, with body weight, pancreatic tissue weight, FPG,
FPI, plasma and tissue TBARS, tissue insulin levels, islet size,
and islet AI at 𝑃 < 0.01. These results have been summarized
in Table 1.

4. Discussion

The present study demonstrates for the first time an age
dependent (1–12months) increase in hypertrophy, inflamma-
tion, and 𝛽-cell dysfunctions with significant degranulation
of the insulin secreting cells in the pancreas from Mutants
(obesity/IR/HI) which otherwise show distinct features of
obesity and IR [7].These observations are noteworthy in view
of the recent reports defining obesity and IR as a state of
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Figure 4: Inflammatory stress responses. Immunofluoresence staining of pancreatic sections for inflammatory markers shown by
colocalization (yellow) with macrophage marker CD11b (green) and proinflammatory cytokine for TNF𝛼 (red) shows more CD11b/TNF𝛼
colocalizationwithMutant pancreas (a) compared to Lean andControl and comparablewith (b) 24months older in ageControl; (c) represents
its isotype control. (d and e) represent RFU for CD11b and TNF𝛼, respectively, amongst phenotypes.Mutant pancreas also showed an increase
in (f) IL-6, compared to its Lean and Control, and was similar to (g) 24-month Control; (h) represents isotype control and (i) RFU for IL-
6 amongst phenotypes. An asterisk (∗) represents significance (𝑃 < 0.05 by ANOVA) compared to Control and ($) indicates significance
(𝑃 < 0.05 by ANOVA) compared to the same phenotype at 1 month.
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Figure 5: Apoptosis (TUNEL assay). Apoptosis detected by TUNEL assay shows red (pseudocolor) nuclei (counterstained with DAPI (blue).
Mutants showed an increase in (a) apoptosis as compared to Lean and Control and apoptotic index (b) and it is comparable with 24-month-
old Controls; (c) represent its negative control. Quantitatively, AI was significantly higher in (d) Mutants compared to Lean and Control and
with age. Mean ± SE (𝑛 = 6). An asterisk (∗) represents significance (𝑃 < 0.05 by ANOVA) compared to Control and ($) indicates significance
(𝑃 < 0.05 by ANOVA) compared to the same phenotype at 1 month.

profound inflammation and oxidative stress [24]. Interest-
ingly, the present evidence for an early onset of degenerative-
like changes was very much appreciable in Mutants which
show features of “kinky tail,” a rare trait [3], overweight
(Figures 1(a)-1(b)), tissue hypertrophy/hyperplasia (Figures
1(g)–1(i)), inflammation (Figure 4), and apoptosis (Figure 5).
These changes very much complement the chronic inflam-
matory conditions and related metabolic disorders [1] well
illustrated in this animal model (Table 1). Several etiological
factors such as environmental, genetic, and epigenetic factors
[1] in addition to IR have been shown to alter the functions of
adipose andmuscle tissues eventually causing altered glucose
homeostasis [9] and thereby impairing islet cell functions and
integrity, a phenomenon well noted in T2D [10].

Using cellular, molecular, andmorphological approaches,
we have been able to demonstrate the coprecipitation of
several confounding factors in Mutant pancreas noted by
extensive vascularization (Figures 1(g) and 1(h)), interlobular
septa with fat accumulation (Figures 1(g) and 1(h)), increased
macrophage infiltration (CD11b) (Figures 4(a)–4(e)), and
proinflammatory cytokines (TNF𝛼 and IL-6) (Figures 4(a)–
4(i)) when compared to its Lean and Control. Inflammation
as an intrinsic mechanism to facilitate towards islet dysfunc-
tion has been well correlated with frank diabetes and hyper-
glycemia in T1D [27], obese T2D [28], and T2D with IR [28],
unlike our present model system demonstrating euglycemia
with obesity/IR [3, 6] suggestive of the preclinical scenario in
human subjects [29]. Earlier studies from our institute have
shown an altered immune status in the WNIN Mutant rats

(WNIN/Ob and WNIN/GR-Ob) in terms of percentages of
splenic CD8+ T cytotoxic cells in males and splenic CD3+ T
lymphocytes andCD4+ T helper cells in females, respectively,
and in response to vaccination [30, 31]. CD11b studied here
is a macrophage marker that is highly expressed as a surface
marker of activation on resting monocytes along with others
such as CD11c and HLADR [32] which correlates with the
increased macrophage and T-cell activation among Mutants
and with age. This is further confirmed from the observed
increased expression of inflammatory cytokines, IL-6 and
TNF𝛼, released by activated macrophages. TNF𝛼 has been
implicated as a key molecule to facilitate insulin-mediated
glucose uptake at peripheral tissues [33] and the increased
expression of TNF-𝛼 (Figures 4(a)–4(e)) could however be
partly responsible for the marked increase in macrophage
infiltration (Figures 4(a)–4(e)) and IL-6 expression that we
have observed from the Mutant pancreas (Figures 4(f)–4(i)).
Indeed, TNF𝛼has been reported to upregulate IL-6 inmurine
pancreatic islets [34] and IL-6 has been shown to be infiltrated
in islets both before and during immune infiltration in NOD
mice suggesting its pathogenic role, closely correlating to
target 𝛽-cells [35]. Further, overexpression studies in NOD
mice have also demonstrated the interplay of IL-6 with
proinflammatory cytokines (e.g., TNF𝛼) leading to 𝛽-cell
dysfunction [35]. Increased localization of CD11b with a
concomitant upregulated expression of downstream inflam-
matory markers IL-6 and TNF𝛼 observed here in the Mutant
pancreatic islets unequivocally demonstrates an activated
macrophage phenotype in the pancreatic islets/tissue and
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Figure 6: Gene expression (semiquantitative and real-time PCR) mRNA levels for (a) Insulin-1 were increased in Mutants with age as
compared to their phenotypes. However (b) Pdx-1 expression was downregulated with age (1 > 6 > 12 months). Gel images have been
represented for (a) Insulin-1 and (b) Pdx-1. In line with semiquantitative data, mRNA transcripts were upregulated for (c) Insulin-1 inMutants
with age as compared to their phenotypes. In similar lines (d) Pdx-1 expression was downregulated with age (1 > 6 > 12 months). The values
have been represented as 2CT against Control. Statistical significance (𝑃 < 0.05 by ANOVA) has been represented as compared to Control
by an asterisk (∗) and as compared to younger age by ($).

is probably responsible for the localized pancreatic tissue
inflammation among Mutants which gets worsened with the
severity of disease (obesity) and with age.These observations
are in line with the observations on human subjects [36, 37]
and other animal models such as ob/ob and db/db mice, fa/fa
rats, and obese diabetic Wistar fatty rats [31].

The inciting events that cause systemic inflammation and
IR, the two cardinal features of the MS, remain unknown.
According to one school of thought, factors secreted by
hypertrophied mature adipocytes (within white adipose tis-
sue (WAT))/the intraexocrine fat [35] (Figure 1(g)) could be
one such causative agent or it could be due to chemokines
secreted by fat cells (monocyte chemoattractant protein-
1, leptin, etc.,) normally overexpressed in obesity [38, 39].
In addition, leptin is known to have pleiotropic effects on
immune cell activity by (a) promoting macrophage phagocy-
tosis; (b) increasing secretion of proinflammatory cytokines
such as TNF-𝛼 (early), IL-6 (late), and IL-1 by macrophages;
(c) increasing expression of surface markers of activation
HLADR, CD11b, and CD11c on monocytes; (d) stimulating
monocyte, proliferation and upregulating the expression
of CD38, CD69, CD25 (IL-2 receptor a-chain), and CD71
(transferrin receptor) (activation markers); (e) stimulating
chemotaxis of polymorphonuclear cells by producing ROS;

and (f) playing a role in NK cell development, differen-
tiation, proliferation, activation, and cytotoxicity [39–41].
Although the mechanism(s) are obscure, we have shown an
increased infiltration of macrophages within the pancreas
[35] with prolonged obesity (12 > 6 > 1 months) and this
was correlating with indices for obesity (2-3-fold)/IR (1.5–
3-fold)/HI (2-3-fold) for Mutants [42] as compared to their
Leans and Controls (Figure 1). The fact that inflammation
is the central mechanism operating in both obesity and
IR [43] has been demonstrated from our earlier findings
(6 months old) in AT [7] and BM-MSCs [8] from the
same animal model. In similar lines transcriptional profiling
analysis from obese mice also correlated with adiposity and
infiltration of macrophages [44]. With advancing age, the
pancreas in such genetic models could undergo alterations
such as hypertrophy, fibrotic-like changes, and fatty infil-
tration because of oxidative damage (Figures 1(f) and 1(k)).
However, the pancreas in Leans and Controls showed mild
(a) hypertrophy (Figures 1(g) and 1(h)), (b) fibrotic-like
changes (Figures 1(g) and 1(h)), and (c) intermittent scanty
macrophages (Figures 4(a)–4(e)) which could be related to
the aging process [3, 45]. The sequel of events reported
here, for example, (a) increased insulin immunolocalization
(Figures 2(a)–2(f)), (b) increased insulin to glucagon ratio
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(Figure 2(h)), (c) mRNA levels of Insulin (Figures 6(a) and
6(c)), (d) downregulation of Pdx-1 expression (Figures 6(b)
and 6(d)), (e) HI (Figure 1(c)), and (f) increase in 𝛽-cell
size/𝛽-cell volume (Figure 2(i)) [46], advocates for in situ
inflammation with Mutants, which probably accounts for
𝛽-cell dysfunction. Studies have demonstrated a decreased
expression and/or DNA binding activities of MafA and PDX-
1 in diabetes and chronic hyperglycemia which present a
gradual deterioration of pancreatic 𝛽-cell function [47]. Pdx-
1 is known to control the expression of two key genes-
Insulin and Glut-2 which are required for the integrity and
function of islet cells. Pdx-1 is a common transcription factor
required for 𝛽-cell development, differentiation, function,

and pancreatic regeneration. The vulnerability of PDX-1 to
the oxidative stress (suppression) has beenwell demonstrated
both in vitro in HIT cells 36 and in vivo in the partially
pancreatectomized rats exposed to chronic hyperglycemia
[11, 48].

Pancreatic 𝛽-cells are constantly exposed to a great
demand for insulin production, and ER has been reported
to play a critical role towards preserving 𝛽-cell functions
and differentiation [49, 50]. It is of utmost importance to
note that 𝛽-cells have weak inherent antioxidant systems
compared to other organs in the body making them highly
vulnerable to the deleterious effects of oxidative stress [11].
Addressing these issues, we have demonstrated with age an
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Figure 8: Insulin secretion assay and ultrastructural studies on primary islet cell cultures. (a) Bright field images of primary islet cultures
isolated from Mutant, Lean, and Control at 1, 6, and 12 months. Insights show the DTZ stained islets (magnification of 100x). (b) shows the
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increase in RL-77 (ER stress) (Figures 3(b), 3(e), and 3(f)),
TBARS (Figures 1(f) and 1(k)), and HSP-104 (Figures 3(a),
3(c), and 3(d)) in these Mutants (compared to their Leans
and Controls) with a concomitant increase in expression of
stress proteins including ER [51] and HSPs [15, 50, 52]. In
similar lines in vitro experiments, using insulinoma cells [53]
and primary islet cells [53] also demonstrates pancreatic 𝛽-
cell dysregulation or death [54] with upregulation of UPR
genes. As shown in Figure 5, age dependent degenerative
changes and apoptosis (TUNEL assay) seem to have played
an important role in increased 𝛽-cell vacuolation (12 months
> 6 months > 1 month) in Mutants (Figures 1(g) and

1(h)). Interestingly, the accelerated aging process has been a
well-documented phenomenon in these Mutants with their
average life span shortened to 1.5 yrs compared to 2.5–3 years
seen in Controls and Leans [3] and the phenomenal increase
in episodes of cataract [6, 55], cancers [6], infertility [56], and
immune dysfunction [30] playing a critical role to shorten
their lifespan as given in Figure 9.

To obtain further insights underlying altered pancreatic
milieu, we next examined functional responses (with age)
and ultrastructural changes (only 12 months) using primary
islet cell cultures isolated from these phenotypes. Mutant
islets depicted inflammatory milieu evidenced by their
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Figure 9: Comparison between 12-month Mutants and 24-month Control rats (metabolic and physiological). Data shows comparison of
metabolic and physiological parameters as compared to 24-month old Control rats. Panel (a) depicts fold change for body and pancreatic
tissue weights, fasting plasma glucose (FPG), fasting plasma insulin (FPI), homeostasis model assessment for insulin resistance (HOMA-IR),
quantitative insulin sensitivity check index (QUICKI), tissue insulin, plasma and tissue thiobarbituric acid reacting species (TBARS), and islet
size. Panel (b) depicts the fold change for insulin to glucagon ratio, inflammatory marker (CD11b, TNF𝛼, and IL-6) fluorescent intensities,
PDX-1 expression, apoptotic index, and ratio of basal to stimulated insulin secretory levels.

nonresponsiveness to high glucose challenge (16.5mmol/L)
>6 and 12months (Figure 8(c)) [57].The perturbations noted
with functional responses of islets to glucose challenge could
be a multifactorial effect and can be attributed to a reduced
threshold of the 𝛽-cells under chronic conditions [58] and
islet hypertrophy [59] or can be due to the functional loss
of insulin receptor [60], hypertriglyceridemia [61], inflam-
mation [6], hyperleptinemia [62], oxidative stress [63], and
IR [29]. Higher basal insulin levels (5.5mmol/L glucose)
observed with Mutant islets at all ages (1/6/12 months)
(Figure 8(c)) could probably be noted as a compensatory
response initiated by 𝛽-cells resulting in HI [45] or by insulin
hypersecretion under substimulatory conditions [61, 62].

Ultrastructural analysis of the primary islet cells (12
months) revealed significant inflammatory/apoptotic
responses in Mutants evidenced by a disrupted outer
collagenous layer (SEM) and this data was complemented
with TEM findings for increased islet cell degranulation
evidenced in Mutant islets (Figure 8(b)). Interestingly, data
generated from model systems such as Zucker fatty rats
[64] and sand rats [65] have advocated for an increased
macrophage accumulation [66] and IL-6 expression [66] in
𝛽-cells themselves [38], contributing to islet cell impairments
suggestive of a prediabetic state [51]. Systemic elevation
of IL-6 cytokine in obesity has been identified as the
risk/predictive factor for development of T2D [35] akin
to our present observations. Further, in vitro studies [35]
show that increased expression of IL-6 renders inhibition of
glucose-stimulated insulin secretion [35], albeit that results
have not been consistent.

Interestingly we have attempted here to integrate and cor-
relate metabolic health measures of HOMA-IR and QUICKI
amongst the phenotypes (Table 1) with other measures such
as body weight, fasting plasma glucose, fasting plasma
insulin, pancreatic tissue TBARS, islet size, and islet apoptotic
index. to arrive at a significant correlation of metabolic insult
to be associated with the Mutant trait, as compared with its
Lean and Control.

5. Conclusions

Our findings in situ and in vitro authenticate the use of
WNIN/Ob Mutant model as an optimal system for study-
ing MS (obesity/IR/T2D) and its complications which are
increasingworldwide at an alarming rate.These findings pave
the way to explore the efficacy and feasibility of using these
mutant rats as a valuable resource (model systems) in the
management of obesity and metabolic syndrome.
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Objective. There is a paucity of a biological large animal model of myocardial infarction (MI). We hypothesized that, using
autologous-aggregated platelets, we could create an ovine model that was reproducible and more closely mimicked the
pathophysiology of MI. Methods. Mepacrine stained autologous platelets from male sheep (𝑛 = 7) were used to create a
myocardial infarction via catheter injection into the mid-left anterior descending (LAD) coronary artery. Serial daily serum
troponin measurements were taken and tissue harvested on post-embolization day three. Immunofluorescence microscopy was
used to detect the mepacrine-stained platelet-induced thrombus, and histology performed to identify three distinct myocardial
(infarct, peri-ischemic “border zone,” and remote) zones. Results. Serial serum troponin levels (𝜇g/mL) measured 0.0 ± 0.0 at
baseline and peaked at 297.4 ± 58.0 on post-embolization day 1, followed by 153.0 ± 38.8 on day 2 and 76.7 ± 19.8 on day 3.
Staining confirmed distinct myocardial regions of inflammation and fibrosis as well as mepacrine-stained platelets as the cause
of intravascular thrombosis. Conclusion. We report a reproducible, unique model of a biological myocardial infarction in a large
animal model. This technique can be used to study acute, regional myocardial changes following a thrombotic injury.

1. Introduction

Myocardial infarction (MI) resulting from coronary arterial
disease is the number one cause for mortality in the United
States. It is estimated that roughly 785,000 people in the
United States will have a new MI in 2012 with an additional
470,000 having a recurrent MI [1, 2]. Early diagnosis and
treatment of myocardial infarction is crucial with optimal
outcomes in patients seeking immediate medical attention
[3].

Currently, there are several large animal models used to
study myocardial infarction; however, they deviate signif-
icantly from the biological pathophysiology of human MI
[4–6]. In our present experiments, we illustrate the use of
autologous-aggregated platelets to create an ovine model of

MI that is reproducible and more akin to the natural MI
process in humans.

2. Materials and Methods

All studies were conducted with approval by the Institutional
Animal Care and Use Committee (IACUC) at Ohio State
University (Study number: 2012A00000040). Adult male
Dorsett sheep weighing between 50–70 kg were used for this
study (𝑛 = 7). Strict adherence was kept to the Guide for the
Care andUse of LaboratoryAnimals of theNational Institutes
of Health.

2.1. Mepacrine Labeled Platelet Aggregates. Autologous
platelet aggregates were made by collecting 200mL of venous
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blood 24 hours prior to the embolization procedure. The
blood was drawn in a sterile fashion, centrifuged at 200×g
for the supernatant, then 1500×g for platelet isolation.
Platelets were stabilized with a buffer (pH 6.5) consisting of
6.85mM citric acid, trisodium salt in saline [4]. Mepacrine
(10mM) in phosphate buffered saline (PBS) was used to stain
the platelets for 1 hour prior to the embolization experiment
and to confirm presence of platelet induced thrombus in
infracted tissue. The platelets were then stored in 15mM
Trizma and saline buffer (pH 7.4) as a thrombus was then
created by adding 25 𝜇L of thrombin to the platelets in a
3mL syringe. The syringe was then wrapped in aluminum
foil to limit further enzymatic reaction and stored at +4∘C for
creation of the thrombus for injection the following day. The
mepacrine-stained platelets were verified in the tissue under
a Zeiss LSM 510 Confocal Microscope with Argon-2 laser at
488-nm excitation with 500–530-nm BP filter at 63x.

2.2. Serum Troponin Levels. Serum was collected daily at
baseline and at postprocedure day 1, 2, and 3 for troponin level
assessment [7]. A volume of 0.25mL of plasma was processed
in the Ohio State University Chemistry Lab (Columbus, OH)
for troponin levels (𝜇g/mL) at each time point (ADVIA Cen-
taur XP Immunoassay System, Global Siemens Healthcare
Sector, Germany).

2.3. Embolization Procedure. All animals were sedated, and
all attempts were made to minimize animal discomfort as
previously described [4]. A right lateral decubitus position
was utilized with the left neck being clipped, prepped, and
draped in standard sterile, surgical fashion.

To minimize potentially fatal arrhythmias and provide
hemodynamic support during the peri-infarct period, intra-
venous inotropic (epinephrine at 0.25mcg/kg/hr) and antiar-
rhythmic (lidocaine at 2mg/hr) medications were used [8].

The left carotid artery was surgically exposed, and
an introducer sheath (8F Axcess, Argon Medical Devices,
Athens, TX) was placed. Subsequently, under fluoroscopic
guidance (GE-OEC 9800 Plus, Salt Lake City, UT) a
Wiseguide 8 French AL-1 guide catheter (Boston Scientific,
Maple Grove, MN) was placed into the left main coronary
artery. Five-20 cc of Omnipaque (iohexol) Injection Contrast
(350mgI/mL, GE Healthcare Inc., Princeton, NJ) was used
for preembolization verification of the coronary anatomy, and
all images were digitally stored. A Bard, Tru-Trac 4mm ×
2 cm balloon catheter (Covington, GA) was positioned in
the mid-left anterior descending (LAD) coronary artery. A
balloon catheter was inflated to 2–4 atmospheres using an
Encore 26 inflation device (Boston Scientific, Cork, Ireland)
to temporarily occlude the LAD and to prevent reflux during
the infusion. Aggregated platelets (1.5mL) were infused
through the balloon catheter guide wire lumen to infarct the
LAD. Subsequently, 5mL of nonheparanized saline was used
to flush the catheter, and then the balloon was deflated after
30 seconds.

Continuous electrocardiograms and arterial line hemo-
dynamic monitoring was carried out with a postemboliza-
tion angiogram verifying occlusion of the mid-LAD. The

epinephrine and lidocaine drips wereweaned over a period of
twenty minutes.The incision was then closed, and the animal
was allowed to recover.

2.4. Procurement Procedure. On post-embolization day 3, the
sheep underwent a 5th intercostal space left thoracotomy,
and a cardiectomy was performed [4]. Standard double-
staining technique was utilized for infarct size measurement
with imaging software readily available (ImageJ 1.46r, Wayne
Rasband, National Institutes of Health, Bethesda, MD) [5].
Different regions of the left ventricle that were harvested
including the (1) infarct zone, (2) peri-ischemic border zone,
and (3) remote zones were identified. The infarct zone was
identified by location of the mepacrine-staining thrombus
injection on the animal’s respective angiogram as well as
the grossly stained myocardium after the tissue harvest (i.e.,
significant fibrosis present, pale myocardial surface, and
thinning of the myocardium wall). The peri-ischemic border
zone was identified as the area between 0.5 and 2.0 cm away
from the edge of grossly stained myocardium. The remote
zone was identified by being at least 3 cm away from the
edge of grossly infracted tissue. All regions were verified by
histological and staining techniques.

2.5. Statistical Analysis. All measurements are expressed
as mean ± standard error of the mean. A repeated mea-
sures analysis of variance (ANOVA) was used to compare
the serial daily intragroup troponin-level trends following
embolization. A retrospective power analysis was performed
to evaluate the power of the study and verify the sample size.
Calculations were performed by using IBMSPSS Statistics for
Windows, Version 19.0 (IBM Corp., Released 2010, Armonk,
NY).

3. Results

3.1. Reproducibility of Infarction. Five of seven animals sur-
vived resulting in a twenty-eight percent attrition rate sec-
ondary to lethal arrhythmias and/or cardiogenic shock. The
other five animals survived to completion of the study. All
animals had significant ST elevation in the continuous single
lead electrocardiogram monitoring during the procedure as
illustrated in Figure 1. Additionally, a single distinct episode
of myocardial injury was verified with serial daily serum
troponin levels showing a peak level at postembolization day
1 of 297.4 ± 58.0 𝜇g/mL (see Table 1).

A representative angiogram of pre- and post-embol-
ization with corresponding infarct size at post-embolization
day 3 is shown in Figure 2.The catheter directed embolization
was carried out at the mid to distal one-third of the LAD,
and double staining technique revealed an infarct size of
35.8 ± 3.5% of the left ventricular free wall.

3.2. Histology. Hematoxylin and eosin staining as well as
Masson’s trichrome staining confirmed three distinct regions
of myocardial cell hypertrophy, inflammation, and apoptosis.
The regions of (a) noninfarcted zone (>3 cm from the region
of infarct), (b) peri-ischemic border zone (defined as within
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Figure 1: Electrocardiogram (ECG) readings during embolization. Myocardial infarction verification through electrocardiogram changes.
Representative electrocardiogram (ECG) readings from Lead II during the embolization procedure in one animal showing (a) baseline, or
preembolization ECG showing absence of ischemia, and (b) 3 minute-post embolization showing “tombstone” or significantly elevated ST
segments consistent with a large anterior infarction.
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Figure 2: Pre- and postembolization angiograms and infarct area at cardiectomy. Illustrative example of embolization and corresponding
area of infarctionat cardiectomy. (a) Preembolization angiogram showing the relationship of the nativeovine coronary anatomy and selection
of embolization target of the LAD. (b) Area of thrombus formation immediately postembolization (note that ∗ corresponds to the location of
embolization injection). (c) Final pathology showing the corresponding area of infarction (note that ∗ once again shows area of embolization
with arrows demarcating the area effected by infarction).

0.5–2.0 cm of the gross edge of ischemic tissue), and (c)
the infarct zone are illustrated in Figure 3. The remote zone
myocardium shows little to no inflammatory cells present.
Within the peri-ischemic border zone, there is an area of
demarcation between the presence of inflammatory cells and
tissue spared of inflammation and ischemia. The infarcted
area has little viable cardiomyocytes present on postem-
bolization day 3. Immunofluorescence verifies the presence
of intravascular mepacrine-stained platelets as the cause of
thrombosis as seen in Figure 4.

4. Discussion

4.1. Current Models and Their Limitations. Large animal
models make it more challenging to provide a direct ischemic
event in the myocardium without either a thoracotomy with
direct ligation or embolization using synthetic, nonbiological
beads [6]. Indeed, the currently available models of heart
failure are initiated by either (1) rapid-ventricular pacing

Table 1: Serial serum troponin levels.

Baseline Day #1 Post-
embolization

Day #2 Post-
embolization

Day #3 Post-
embolization

Troponin
(𝜇g/mL) 0.0 ± 0.0 297.4 ± 58.0

∗ 153.0 ± 38.8∗ 76.7 ± 19.8∗

Troponin levels during baseline and daily post-embolization (mean ±
standard deviation). Troponin levels peaked within twenty-four hours post-
embolization and started decreasing towards baseline. (𝑛 = 5, ∗𝑃 < 0.05).

induction, (2) aortic banding, (3) intracoronary injection of
ethyl alcoho1 [9], (4) intracoronary balloon occlusion [10], or
(5) surgical occlusion of coronary arteries [11]. Other ways to
induce catheter-based ischemia include ameroid constrictors
and coiling/gelfoam in addition to cryonecrosis within the
coronary artery after a thoracotomy [6]. All of these methods
deviate significantly from the normal mechanisms of human
MI [4].
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Figure 3: Histological analysis highlighting the three distinct zones of myocardium post-embolization. Representative regional myocardial
histology (20xmagnification). (a) Infarct tissue showing significant area of inflammation (H&E) and fibrosis (Masson’s trichrome), (b) border
zone myocardium showing the transition (delineated by blocked arrows) between normal myocytes (top) and ischemic tissue (bottom), and
(c) remote zone showing normal myocardial cell structure and no fibrosis.

H&E: Hematoxylin and eosin. 

(a) H&E

H&E: Hematoxylin and eosin. 

(b) Masson’s trichrome

H&E: Hematoxylin and eosin. 

(c) Immunofluorescence

Figure 4: Intravascular thrombus confirmation with mepacrine-labeled platelets. Representative intravascular thrombus secondary to
mepacrine-labeled platelet embolization (magnification 63x). (a) H&E showing inflammation and intravascular thrombus. (b) Masson’s
trichrome showing early fibrosis and organization of immature collagen deposition. (c) Immunohistochemistry showing intravascular
presence of mepacrine labeled platelets.

Although the direct coronary artery ligation model is
widely used in large animals, MI in humans is due to a
thromboembolic event and not a direction ligation of a coro-
nary artery with an accompanying surgical trauma. Other
less invasive animal models (i.e., injection of polystyrene
beads into the coronary artery causing myocardial injury to
the left-ventricle) have more closely mimicked the human
pathophysiologic process; however, the use of foreign mate-
rials, such as the polystyrene beads, can potentially stim-
ulate an exaggerated inflammatory response making it a
less than ideal model for study [4]. Recent research has
shown that platelets in the thromboembolic events do trigger
initial inflammatory reactions with microembolization after

myocardial injury [12]. With our alternative, nonsurgical
model of permanent coronary artery occlusion, we can
more closely recreate the thromboembolic phenomenon that
occurs during the human MI. In addition, the ability to
localize and reproduce the area of injury gives us the ability
to study not only the global cardiac changes but also the local
changes that occur after an MI.

4.2. Current Study on the Ovine Model. Our current, non-
thoracotomy strategy of accomplishingmyocardial infarction
should enable us to more closely explore the cellular and
molecular pathways underlying an acute MI. It is essential
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to improve our current preclinical models to gain a better
understanding of the human pathophysiology.This approach
is important in order to accurately develop a relevant
pathophysiologic model for clinical therapeutic evaluations.
Unfortunately, there currently is a paucity of a biologic large
animal model of an acute MI. Mice models of myocardial
ischemia and heart failure are most commonly employed due
to cost efficiency and availability; however, these models do
not necessarily translate into the human condition.

Various different species of large animals (i.e., dogs, pigs,
and sheep) have been used to explore myocardial disease.
Amongst the large animal models, the ovine model has
been shown to more closely mimic human coronary arterial
anatomy [6, 13]. The sheep are superior to canines in the
manner with which the heart behaves towards coronary
arterial injury [14] and are less arrhythmogenic than pigs to
myocardial infarction [15].

Sheep, however, do have some significant variability in
the distribution of their left circumflex artery, leading to
significant variation in infarct sizes [16]. Our group had
previously reported on the efficacy of repeated embolizations
to the left circumflex artery to induce heart failure [4].
Subsequently, we have noted that the left anterior descending
(LAD) artery tends to be less variable and hence have elected
to modify our techniques to create a more reproducible
model of an acute myocardial infarction using the LAD as
the target for biological embolization. Previous ovine models
of postinfraction heart failure through the ligation of either
the distal LAD or the diagonal branches off of the LAD have
shown reproducible results. This has been attributed to the
consistent territory of myocardium supplied by this artery as
well as the lack of collateral vascularity [16–18].

Various studies have been performed to evaluate the
importance of how different regions of the heart are affected
by a myocardial infarction. After a localized infarction, there
is an increase in regional remodeling strain as a result of
increased myocardial apoptosis and regional contractile dys-
function [19]. Multiple regional coronary ligations have been
shown as a model to mimic global ischemic cardiomyopathy
[20].

Clinically, various studies have shown the importance
of not only regional but also global cardiac changes that
occur after a localized myocardial infarction, governed by
local changes in blood flow as well as global changes
in adjacent myocardium [21]. The heart must undergo a
variety of complex pathways, especially in ways to heal
from the infarction [22–24]. Such cardiac remodeling path-
ways as calcium-handling [25–28], inflammation [28–31],
angiogenesis [28, 31], hypertrophy [26, 30, 32], and cell
survival/apoptosis [25, 26, 29–32] are still being studied in
how the myocardial compensates to episodes of ischemia
with the eventual development of heart failure. The only way
to better study these regional changes is to develop a large
animal model that closely mimics the human myocardial
infarction pathophysiology.

4.3. Limitations. There are limitations to this study.The ovine
left coronary anatomy does have some variation; the different

anatomical configurations include (1) origin of where left cir-
cumflex branches result in a short left main coronary artery,
(2) complex angles amongst the left main coronary artery
requiring longer procedure duration, and (3) high bifurcation
to an LAD diagonal branch that provides significant blood
flow to the left anteroseptal area of the heart (and thus
making the heart more prone to malignant arrhythmias).
Our goal was to place the embolization catheter/balloon
past the last prominent diagonal branch of the LAD to
prevent occlusion of the branch and better localize the area
of ischemia. However, the LAD diagonal variability results
in a variation of the amount of myocardial ischemia resulted
from the embolization. The previous model [4] used the left
circumflex artery in order to provide adequate myocardial
tissue on the anterior portion of the heart for future studies
with left-ventricular assist devices. In addition, although the
thrombus size appeared consistent and was measured in a
consistent aliquot, the thrombus had an organic appearance
making it challenging to quantify absolutely.

4.4. Future Implications. The ideal embolization model
should address variations of LAD anatomy to provide consis-
tent areas of occlusion following embolization. Thus, future
studies should analyze regional versus global mRNA/protein
expression amongst the different myocardial zones following
an infraction. Possible therapeutic interventions, including
regionally targeted anti-inflammatory, proangiogenic, and
antiapoptotic measures, can be tested using this model
without the added variability of surgical and/or nonbiological
inflammatory insult. As we further test the hypotheses with
thismodel, wemove the field closer to an idealmodel to study
acute human myocardial infarction.

5. Conclusion

Our unique, nonthoracotomy surgical model platform will
enable investigators to identify regional as well as global
changes that occur after an acute heart attack. These targeted
myocardial zones will enable the identification of genetic
and protein targets to prevent infarct expansion following an
MI. It is our hope that this approach will help to mitigate
maladaptive cardiac remodeling and stop the development of
ischemic heart failure in future studies.
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Pancreatic cancer is a malignant neoplasm originating from transformed cells arising in tissues forming the pancreas. The best
chemotherapeutic agent used to treat pancreatic cancer is the gemcitabine. However, gemcitabine treatment is associated with
many side effects. Thus novel strategies involving less toxic agents for treatment of pancreatic cancer are necessary. Curcumin is
one such agent that inhibits the proliferation and angiogenesis of a wide variety of tumor cells, through themodulation of many cell
signalling pathways. In this study, we investigated whether curcumin plays antitumor effects in MIA PaCa-2 cells. In vitro studies
showed that curcumin inhibits the proliferation and enhances apoptosis ofMIA PaCa-2 cells. To test whether the antitumor activity
of curcumin is also observed in vivo, we generated an orthotopic mouse model of pancreatic cancer by injection of MIA PaCa-2
cells in nudemice.We placedmice on diet containing curcumin at 0.6% for 6 weeks. In these treatedmice tumors were smaller with
respect to controls and showed a downregulation of the transcription nuclear factor NF-𝜅B and NF-𝜅B-regulated gene products.
Overall, our data indicate that curcumin has a great potential in treatment of human pancreatic cancer through the modulation of
NF-𝜅B pathway.

1. Introduction

Pancreatic cancer is a malignant neoplasm originating from
transformed cells arising in tissues forming the pancreas,
and it is now the fourth most common cause of cancer-
related deaths in the United States and the eighth worldwide
[1]. This pathology leads to an aggressive local invasion
and early metastases, and is poorly responsive to treatment
with chemotherapy [2]. At present, gemcitabine is the best
chemotherapeutic agent available for treatment of pancreatic
cancer. However, it is noted that patients with this cancer
treated with gemcitabine, showed several side effects and
developed drug resistance over time [3]. In order to bypass
these problems, novel strategies involving less toxic agents
that can sensitize pancreatic cancer cells to chemotherapy
are necessary. Curcumin, a component of the spice turmeric

(Curcuma longa), is one such agent and is not toxic to
humans [4]. It has been used for thousands years in Orient
as a healing agent for variety of illnesses. Many studies
provided evidence that curcumin is an agent with strong
inflammatory properties and strong therapeutic potential
against many variety of cancer. Curcumin inhibits the cell
survival, proliferation, and angiogenesis of a wide variety of
tumor cells, through themodulation of various cell signalling
pathways, which involve transcription factor, protein kinases,
growth factor, and other enzymes. In particular, it has been
demonstrated that curcumin modulates the activation of
the transcription factor nuclear factor-𝜅B (NF-𝜅B) which,
in turn, plays a role in the growth and chemoresistance of
pancreatic cancer [5, 6]. It has been showed that NF-𝜅B
promotes pancreatic growth by inhibiting apoptosis [7–9].
Additionally it has been demonstrated that NF-𝜅B plays also
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several roles in angiogenesis [10], migration, and invasion
of pancreatic cells [11]. Curcumin has also been shown to
suppress angiogenesis in vivo [12–14]. In vitro and in vivo
studies have already demonstrated that curcumin inhibits the
growth of human pancreatic cancer cells [15, 16]. Previously,
it has been demonstrated that curcumin can potentiates
the antitumor activity of gemcitabine in pancreatic cells by
downregulating NF-𝜅B-regulated gene products [17].

In this study, we assessed the antitumor activities of
curcumin in human pancreatic cancer cell line and MIA
PaCa-2 cells by in vitro and in vivo experiments. In vitro
data allowed us to demonstrate that curcumin, inhibited the
proliferation and enhanced the apoptosis of MIA PaCa-2
cells. In vivo, by generation of an orthotopic mouse model
of pancreatic cancer, we showed that tumours from mice
injected withMIA PaCa-2 cells and placed on diet containing
curcumin at 0.6% for 6 weeks were smaller than those
observed in controls. We also showed a down regulation of
the NF-𝜅B-regulated gene products (cyclin D, VEGF, MMP-
9, and IKK𝛼/𝛽). Overall, our data indicate that curcumin has
a great potential in treatment of human pancreatic cancer,
through the modulation of NF-𝜅B pathway.

2. Materials and Methods

2.1. Materials. Curcumin, (E,E)-1,7-bis (4-Hydroxy-3-
methoxyphenyl)-1,6-heptadiene-3,5-dione, Diferuloylmeth-
ane, Diferulylmethane, Natural Yellow 3 used for in vitro
experiments, was obtained from Sigma Aldrich (Piscataway,
NJ). The following polyclonal antibodies cyclin D1, MMP-9
and monoclonal antibodies against VEGF were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-
IKK𝛼 and anti-IKK𝛽 antibodies were kindly provided by
Imgenex (San Diego, CA). The liquid DAB+ Substrate
Chromogen System-HRP used for immunocytochemistry
was obtained from DakoCytomation (Carpinteria, CA).
Penicillin, streptomycin, RPMI 1640, and fetal bovine serum
(FBS) were obtained from Invitrogen (Grand Island, NY).
Tris, glycine, NaCl, SDS, and bovine serum albumin (BSA)
were obtained from Sigma Chemical (St. Louis, MO).
Complete feed for mice with curcumin 0.6% (AIN-93G) was
purchased by Mucedola (Settimo Milanese, Italy).

2.2. Cell Lines. The pancreatic cancer cell line MIA PaCa-2
transfected with red fluorescent protein (RPF) and MPanc-
96 cells was a kind gift from Professor Turco (University of
Fisciano, Italy). Panc-1 cells were obtained from the Amer-
ican Type Culture Collection (Manassas, VA). All cell lines
were cultured in RPMI 1640 supplemented with 10%FBS,
100 units/mL penicillin, and 100𝜇g/mL streptomycin.

2.3. Proliferation Assay. The effect of curcumin on cell
proliferation was determined by using TACS 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell
proliferation assay (Trevigen, Githersburg). The cells (2,000
per well) were incubated with or without curcumin, in
triplicate in a 96-well plate and then incubated for 2, 4 and
6 days at 37∘C. A MTT solution was added to each well
and incubated for 2 h at 37∘C. An extraction buffer (20%

SDS and 50% dimethylformamide) was added, and the cells
were incubated overnight at 37∘C. The absorbance of the
cell suspension was measured at 570 nm using a microplate
reader (DAS Technologies, Chantilly, VA). This experiment
was repeated twice, and the statistical analysis was performed
to obtain the final values.

2.4. Wound-Healing Assay. MIA PaCa-2 cells were seeded
at the density of 40 × 103 cells per well into a 6-multiwell
plate and cultured in RPMI 1640medium supplemented with
1% FBS. At the time of confluence, cells were incubated in
the absence or presence of curcumin (50𝜇M) for 48 h after
a slit made horizontally with a white tip at the center of each
confluent well. Cell invasion on the slit of the confluent well,
was assessed at 0, 24, and 48 hours in each condition by light
microscopy.

2.5. In Vitro Apoptosis Assay by Flow Cytometry. Cells were
washed and suspended in 0.5mL of PBS, and 1 AL/mL
YO-PRO-1, and propidium iodide was added. Cells were
incubated for 30min on ice and analyzed by flow cytometry
(FACScan, Becton Dickinson, Franklin Lakes, NJ) by mea-
surements of fluorescence emission at 530 and 575 nm.

The apoptotic cells were stained with the green fluores-
cent dye YO-PRO-1 while necrotic cells were stained with
propidium iodide. The apoptotic fraction was obtained by
dividing the number of apoptotic cells by the total number
of cells (minimumof 104 cells). Data were analyzed using Cell
Quest software (BectonDickinson). All datawere reproduced
at least thrice in independent experiments.

2.6. Transfection of Small Interfering RNA. MIA PaCa cells in
96-well plates were grown to 50% confluence and transfected
with double-stranded siRNA for relA/p65 (form of NF-𝜅B)
target sequence (Sense 5 CCAUCAACUAUGAUGAGUU
dTdT 3, Antisense 3 dGdTGGUAGUUGAUACUACUCAA
5) or with a siRNAnonspecific control (Ambion, Austin, TX,
cat n.461) in serum-free medium without antibiotic supple-
ments using Hiperfect Transfection Reagent (Qiagen, Inc.).
Cells were incubated under these conditions for 48 h and
silencing was then confirmed by western blotting analysis.

2.7. NF-𝜅B Activation in Cell and Tumor Samples. To assess
NF-𝜅B activation, we performed electrophoresis mobility
shift assays (EMSA) on isolated nuclei frompancreatic cancer
tumor and cell samples as described previously [17, 18].
Briefly, nuclear extracts prepared frompancreatic cancer cells
(1 × 106/mL) and tumor samples were incubated with 32P-
end-labeled 45-mer double-stranded NF-𝜅B oligonucleotide
(4 𝜇g of protein with 16 fmol of DNA) from the HIV
long terminal repeat (5 -TTGTTACAAGGGACTTTCCG-
CTGGGGACTTTCCAGGGAGGCGTGG-3; indicates NF-
𝜅B-binding sites) for 15min at 37∘C. The resulting DNA-
protein complex was separated from free oligonucleotide on
6.6% native polyacrylamide gels. A double-stranded mutant
oligonucleotide (5 -TTGTTACAACTCACTTTCCGCTG-
CTCACTTTCCAGGGAGGCGTGG-3) was used to exam-
ine the specificity of binding of NF-𝜅B to the DNA.The dried
gels were visualized, and radioactive bands were quantitated
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using Phosphor Imager (Molecular Dynamics, Sunnyvale,
CA) using Image Quant software.

2.8. Mice. Sixteen eight-week-old female upstream to Foxn1
mice were purchased by Harlan, San Pietro al Natisone, and
(Italy). Mice were housed five for cage in the standard mice
Plexiglas cages and maintained on a 12 h light : 12 h dark
cycle (lights on at 7.00 am) in a temperature-controlled room
(22 ± 2∘C) and with food and water ad libitum at all times.
The experimental protocols were in compliance with the
European Communities Council directive (86/609/EEC).

2.9. Generation of Orthotopic MouseModel of Pancreatic Can-
cer and Experimental Protocol. RFP-transfectedMIA PaCa-2
cells were harvested from subconfluent cultures after a brief
exposure to 0.25% trypsin. Trypsinization was stopped with
medium containing 10%FBS. The cells were washed once in
serum-freemediumand suspended in PBS.Only suspensions
consisting of single cells, with >90% viability, were used
for the injections. A total of 16 female Foxn1 nu/nu mice
were used in this experiment and maintained in a barrier
facility on HEPA-filtered racks. Animals were individually
identified using numbered ear tags. All experiments were
conducted in a biological laminar flow hood, and all surgical
procedures were conducted with strict adherence to aseptic
technique. The mice were anesthetized with avertin solution
injected intraperitoneally according to their weight. Then
mice were prepped with 10% povidone-iodine on the left
flank and draped in a sterile fashion. A longitudinal median
laparotomy with a xiphopubic incision was made, and the
tail of the pancreas is exteriorized gently. A suspension of
5 × 105 MIA PaCa 2-RFP cells in 25 𝜇L of PBS 1X/mouse
was injected into the tail of the pancreas by using a 29-gauge
needle and a calibrated push button-controlled dispensing
device (Becton Dickinson, Franklin Lakes, NJ). To prevent
leakage, the injection point was dubbed with sterile cotton.
Once haemostasis was confirmed, the tail of the pancreas
was returned into the abdomen and the abdominal wound
was closed in a single layer using interrupted 5-0 silk sutures
(US Surgical, Norwalk, CT) and skin staples. After 2 week
of implantation, mice were randomized into the following
treatment groups (𝑛 = 6) on the basis of fluorescent
area measured by MacroFluo imaging: (a) untreated mice
placed in normal died; (b) curcumin treated mice placed
in diet containing curcumin at 0.6%. Tumor volumes were
monitored once a week by using MacroFluo and LAS V3.7
software Leica Microsystems s.r.l. (Switzerland, Ltd). Before
imaging, mice were anesthetized with Avertin solution. At
each imaging time point, the real-time determination of
tumor burden was performed by quantifying fluorescent
surface area. Graph depicts tumor area means at 35 weeks
after tumor cells injection. Therapy was continued for 4
weeks and animals were sacrificed 2 weeks later. Primary
tumors in the pancreas were excised, and the final tumor
volume was measured as 𝑉 = 2/3𝜋𝑟3, where 𝑟 is the
mean of the three dimensions (length, width, and depth).
Statistical analysis was performed to detect the final tumor
volumes (paired t-test) by Graph Pad Prisme 5.0. Half of the
tumor tissue was formalin fixed and paraffin embedded for

immunohistochemistry and routine H&E staining.The other
half was snap frozen in liquid nitrogen and stored at −80∘C.
H&E staining confirmed the presence of tumor(s) in each
pancreas.

2.10. Preparation of Nuclear Extract from Tumor Samples.
Pancreatic tumor tissues (75–100mg/mouse) from control
and experimentalmicewere prepared as previously described
[17]. The supernatant (nuclear extract) was collected and
stored at −70∘C until use. Protein concentration was deter-
mined by the Bradford protein assay with BSA as the
standard.

2.11. Immunohistochemical Analysis for VEGF and COX-2 in
Tumor Tissue. Pancreatic cancer tumor samples from control
and treated mice were embedded in paraffin and fixed with
paraformaldehyde. After being washed in PBS, the slides
were blocked with protein block solution (DakoCytoma-
tion) for 20min and then incubated overnight with mouse
monoclonal antihuman VEGF and anti-COX-2 antibodies
(1 : 60 and 1 : 80, resp.). After the incubation, the slides were
washed and then incubated with biotinylated link universal
antiserum followed by horseradish peroxidase-streptavidin
conjugate (LSAB + kit). The slides were rinsed, and color
was developed using 3,3-diaminobenzidine hydrochloride
as a chromogen. Finally, sections were rinsed in distilled
water, counterstained with haematoxylin and mounted with
DPX mounting medium for evaluation. Pictures were cap-
tured with a Photometrics CoolSNAP color camera (Nikon,
Lewisville, TX) and MetaMorph version 4.6.5 software (Uni-
versal Imaging, Downingtown, PA).

2.12. Western Blot Analysis. Pancreatic tumor tissues (75–
100mg/mouse) from control and experimental mice were
minced and incubated with ice for 1 h in 0.5mL of ice-cold
Lysis Buffer (10mMTris, ph 8.0, 130mMNacl, 1% Triton X-
100, 10mMNaF, 10mM sodium phosphate, 10mM sodium
pyrophosphate, 2 𝜇g/mL aprotinin, 2 𝜇g/mL leupeptin, and
2 𝜇g/mL pepstatin). The minced tissue was Homogenized
using a Dounce homogenizer and centrifuged at 16,000×g
at 4∘C for 10min. Western blotting analysis was performed
as described previously [17]. 𝛽-Actin was used as loading
control.

3. Results

3.1. Curcumin Inhibits Proliferation and Enhanced Apoptosis
of Pancreatic Cancer Cells In Vitro. We first determined
whether curcumin inhibits the proliferation of human pan-
creatic cancer cells by performing in vitro assays on MPanc-
96, Panc-1, and MIA PaCa-2 cells. Wound healing assay
demonstrated that curcumin (50 𝜇M), inhibits the prolifer-
ation of pancreatic cancer cell lines at 48 h (Figures 1(a)–
1(f)). These results were also confirmed by MTT assay
(Figure 1(g)). In order to asses if curcumin enhances the
apoptosis in pancreatic cancer cells, we also performed in
vitro apoptosis assay by flow cytometry. Our results showed
that the percentage of apoptosis of MIA PaCa-2 cells treated
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with curcumin was higher with respect to controls and to
MPanc-96 and Panc-1 cells (Figure 1(h)). Since the effects of
curcuminweremore evident inMIAPaCa-2 cells, we selected
this pancreatic cancer cell line for further experiments. It has
been demonstrated that curcumin modulates the activation
of the transcription factor nuclear factor-𝜅B (NF-𝜅B) for this
reason, we performed a nuclear NF-𝜅B DNA binding assay
on MIA PaCA-2 cells treated with curcumin and controls,
and we demonstrated that curcumin downregulated NF-
𝜅B activation in MIA PaCa-2 cells (Figure 1(i)). To test the
hypothesis that inhibition of NF-𝜅B would increase the sen-
sitivity ofMIA PaCa-2 cells to curcumin-mediated apoptosis,
we used small interfering RNA (siRNA) to knock down
p65/relA (a form of NF-𝜅B). Silencing was confirmed by
reporter assays as well as western blotting (data not shown).
Next, we transiently silenced expression of p65/relA in MIA
PaCa-2 cells and examined the effects on the apoptosis alone
and in presence of curcumin.We demonstrated that silencing
of NF-𝜅B is not able to potentiate the apoptotic effects of
curcumin on MIA PaCa-2 cells (Figure 1(j)).

3.2. Curcumin Inhibits the Tumor Growth in Orthotopic
Mouse Model of Pancreatic Cancer. In order to study the
role curcumin on the tumor growth in vivo, we generated
a mouse model of pancreatic cancer by injection of MIA
PaCa-2-RFP cells in the pancreas of nude mice. Based on the
MacroFluo images, 2 weeks later of cell injection, the mice
were randomized into two groups: control group (normal
diet) and curcumin group (feed added with 0.6% curcumin).
The treatment with feed added with 0.6% curcumin was
started after the tumor cell implantation and continued for
6 weeks. We also monitored the body weight of mice twice a
week until the end of treatment. No difference was observed
between the body weight of two groups of animals, indicating
that mice eat normally complete fed with curcumin. Mice
were sacrificed at the end of treatment. The images were
performed on days 10, 17, 24, and 31 after the start of
treatment (Figure 2(a)).The bioluminescence imaging results
indicated a gradual increase in tumor volume in the curcumin
group compared with treatment groups. The final tumor
volumes on day 35 after the start of treatment showed a
significant decrease in the curcumin group compared with
control (Figure 2(b)). These data were also confirmed on
tumormeasurements performed at the end of the experiment
at autopsy using digital Caliper and calculated using the
formula 𝑉 = 2/3𝜋𝑟3 (𝑛 = 6) (data not shown).

3.3. Curcumin Inhibits NF-𝜅B Activation and Down-Regulates
NF-𝜅B-Regulated Gene Products in Orthotopic Pancreatic
Tumors. Since it has been demonstrated that curcumin
potentiates the antitumor activity of gemcitabine in pancre-
atic cells by downregulating NF-𝜅B-regulated gene products
[17], we performed DNA binding to detect NF-𝜅B expres-
sion in orthotopic tumor tissue samples from control and
treated mice. Our results showed the inhibition of NF-𝜅B
activation by curcumin (Figure 3(a), lane 2). Since it has
been demonstrated that NF-𝜅B regulates the expression of
several markers involved in proliferation (COX-2, cyclin
D1), in invasion (MMP-9), and in angiogenesis (VEGF), we

performed an immunohistochemical analysis and Western
blotting on orthotopic tumor tissue samples from control and
treated mice. Immunoistochemical analysis indicates that,
in tumors of curcumin-treated group, there are significant
reductions in the expression of COX-2 and VEGF, com-
pared with the control group (Figure 3(b)). Western blotting
analysis revealed that curcumin, significantly decreased the
expression of all of these molecules compared with the
control treatment in pancreatic tumor tissues (Figure 3(c)).
We finally performed a western blot analysis with IKK𝛼 and
IKK𝛽 in order to understand how curcumin inhibits NF-𝜅B
activation in MIA PaCa-2 cells. Our data indicated that there
is a reduced expression of IKK𝛼 and IKK𝛽 in tumor of mice
treated with curcumin with respect to controls, indicating
that curcumin inhibitsNF-𝜅B activation through suppression
of IKK (Figure 3(c)). Figure 4 shows a schematic diagram
which contextualizes the various signalling cascades affected
by curcumin in pancreatic cancer cells. Altogether, these data
indicate that curcumin inhibits NF-𝜅B activation and down-
regulates NF-𝜅B-regulated gene products in orthotopic pan-
creatic tumors.

4. Discussion

Pancreatic cancer is a malignant neoplasm originating from
transformed cells arising in tissues forming the pancreas.
Gemcitabine is the best chemotherapeutic agent available
for treatment of pancreatic cancer. However, it is noted that
patients with this cancer treated with gemcitabine, showed
several side effects and developed drug resistance over time
[3]. In order to bypass these problems, novel strategies
involving less toxic agents that can sensitize pancreatic cancer
cells to chemotherapy, are necessary. Curcumin, a component
of turmeric (Curcuma longa), is one such agent which inhibit
the cell survival, proliferation, angiogenesis of a wide variety
of tumor cells, through the modulation of various cell sig-
nalling pathways. It has been demonstrated that curcumin in
different pancreatic cancer cell lines inhibited proliferation,
potentiated the apoptosis induced by gemcitabine, and inhib-
ited constitutive NF-𝜅B activation. Our aimwas to determine
whether curcumin, inhibits the growth and angiogenesis of
MIA PaCa-2 human pancreatic cancer cells in in vitro and
in vivo conditions. It has been largely demonstrated that
curcumin is able to suppress the growth of several tumor
cell lines, including drug-resistant lines. It suppresses the
expression of cyclin D1, which is involved in progression of
cell through cell cycle and is deregulated in many tumors
[19]. Curcumin potentiates the apoptosis in tumor cells by
activation of caspase enzymes and suppresses the activation
of many transcription factors involved in tumorigenesis [20].
Recently it has been demonstrated that curcumin potentiates
antitumor activity of gemcitabine in an orthotopic model
of pancreatic cancer trough suppression of proliferation,
angiogenesis, NF-𝜅B, and inhibition ofNF-𝜅B-regulated gene
products [17]. According to published data, we demonstrated,
by in vitro experiments, that curcumin inhibits proliferation
and enhances apoptosis in MIA PaCa-2 human pancreatic
cancer cells. In addition to these in vitro results, we found
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Figure 1: Curcumin inhibits proliferation and enhances apoptosis in MIA PaCa-2 cells. (a)–(f) Wound assay results show suppression of
MIA PaCa-2 cell proliferation induced by curcumin at 48 h (b) With respect to controls. The results are the mean of total invaded areas of
three distinct sections on the slide per 48 h. (𝑃 = 0.02, Mann-Whitney U test). (g) MTT assay results show a suppression of proliferation in
pancreatic cancer cells treatedwith curcumin respect to control cells. Data are representative of two independent experiments (𝑃 value<0.05).
(h) In vitro apoptosis assay by flow cytometry indicated that curcumin enhances apoptosis in MIA PaCa-2 cells. (i) EMSA results showes that
curcumin suppresses activation of NF-𝜅B inMIA PACA-2 cells. (j) In vitro apoptosis assay by flow cytometry indicates that silencing of NF-𝜅B
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Figure 2: Curcumin inhibits the tumor growth in orthotopic mousemodel of pancreatic cancer. (a)MacroFluo images of fluorescent analysis
tumor area images control and treated mice. (b) Measurements of fluorescence per second depicting tumor volume at different time points
usingMacrofluo images, showed that the final tumor volumes on day 35 after the start of treatment is significantly decreased in the curcumin
group compared with control (𝑃 = 0.00393).

that curcumin, administrated in mice with diet, inhibits
tumor growth and angiogenesis in an orthotopic model
of pancreatic cancer as indicated by a decrease in tumor
volume of curcumin-treated mice, compared to controls. By
EMSA assay, we demonstrated that curcumin suppressed
constitutive NF-𝜅B activation in pancreatic cancer tissues
according to previous data [17]. Our data also showed
that curcumin inhibited the expression of several important
proteins regulated by NF-𝜅B; in particular, we demonstrated
that there is a reduced expression of IKK𝛼 and IKK𝛽 in
tumor ofmice treatedwith curcuminwith respect to controls,

indicating that curcumin inhibits NF-𝜅B activation through
suppression of IKK in MIA PaCa-2 cells. Taken together, our
results showed that that curcumin has antitumor effects in
an orthotopic mouse model of human pancreatic cancer by
inhibitingNF-𝜅B and its downstream targets. Since curcumin
is a very well tolerated in human subjects and is assumed
by food, our mouse model demonstrated curcumin can be
used as an alternative agent to chemotherapy in treatment
of human pancreatic cancer. Several in vitro and in vivo
studies are on-going in our laboratory in order to test if a
combination of curcumin (administrated by diet of loaded by
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Figure 4: Molecular targets of curcumin in pancreatic cancer cells.

nanoparticles) and gemcitabine can be used as possible and
novel therapeutic schedule for pancreatic cancer.
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Studies have linked neurogenesis to the beneficial actions of specific antidepressants. However, whether 17𝛽-estradiol (E
2
), an

antidepressant, can ameliorate poststroke depression (PSD) and whether E
2
-mediated improvement of PSD is associated with

neurogenesis are largely unexplored. In the present study, we found that depressive-like behaviors were observed at the first week
after focal ischemic stroke in female ovariectomized (OVX) rats, as measured by sucrose preference and open field test, suggesting
that focal cerebral ischemia could induce PSD.Three weeks after middle cerebral artery occlusion (MCAO), rats were treated with
E
2
for consecutive 14 days.We found that E

2
-treated rats had significantly improving ischemia-induced depression-like behaviors in

the forced-swimming test and sucrose preference test, compared to vehicle-treated group. In addition, we also found that BrdU- and
doublecortin (DCX)-positive cells in the dentate gyrus of the hippocampus and the subventricular zone (SVZ) were significantly
increased in ischemic rats after E

2
treatment, compared to vehicle-treated group. Our data suggest that focal cerebral ischemia

can induce PSD, and E
2
can ameliorate PSD. In addition, newborn neurons in the hippocampus may play an important role in

E
2
-mediated antidepressant like effect after ischemic stroke.

1. Introduction

Poststroke depression (PSD) is the most frequent and impor-
tant neuropsychiatric consequence of stroke, which occurs
about 33% of all stroke survivors [1, 2]. Compared to stroke
patients without depression, patients with PSDwere found to
be associated with increases in physical disability, cognitive
impairment, mortality, and risk of falling, as well as with
worsened rehabilitation outcome [3]. Although there have
been abundant papers focused on PSD regarding epidemio-
logical features and impact of PSD both on functional out-
come, the evidence for effective treatments for PSD remains
largely under developed [2].

Estrogens are a group of steroid compounds that func-
tions in the reproductive system, as well as in nonreproduc-
tive tissue such as the skeletal and cardiovascular systems.
Estrogen treatment to ovariectomized (OXV) female rats

significantly reduced the infarct volume [4] and improved
sensorimotor dysfunction after focal ischemia [5–7]. In addi-
tion to its action on neuroprotection, estrogen is also demon-
strated to be beneficial for improving depressive mood in
women with reproductive-related mood disorders, including
postpartum depression [8] and perimenopausal depressive
disorders [9]. Animal studies suggest that estrogen admin-
istration can reduce immobility time in the forced swimming
test, a paradigm used to test the efficacy of antidepressants
and immobility means of depression. Interestingly, recent
studies also reveal that estrogen may play a significant role
in modulating adult neurogenesis [10, 11]. Administration
of 17𝛽-estradiol after ischemic stroke profoundly enhanced
neurogenesis by increasing the number of newborn neurons
in the subventricular zone (SVZ) and facilitating migration
of newborn neurons to ischemic regions [12].
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Neurogenesis is a continuous process of the generation of
new neurons, which occurs throughout adulthood primarily
in the dentate gyrus (DG) of the hippocampus and the SVZ.
Current evidence indicate that there is a link between adult
hippocampal neurogenesis and depression [13, 14]. Several
risk factors for clinical depression, such as chronic stress
[15], alcohol abuse [16], infection [17], and neurodegenera-
tive disorders [18], also suppress neurogenesis in the adult
hippocampus. Although it is controversial whether impaired
neurogenesis is sufficient to cause depressive phenotype, the
role of neurogenesis in mediating therapeutic efficacy of
antidepressants in depression is recognized [19]. It is well
accepted that the behavioral effects of antidepressants is
partly mediated by the stimulation of hippocampal neuro-
genesis. Most antidepressants that confer antidepressant-like
behavioral effects induce adult hippocampal neurogenesis
by upregulating molecular pathways involving monoamine
release [20], activation of serotonin 1A receptor [19], and
neurotrophic factor expression [21]. These findings led us to
investigate whether estrogen can improve the PSD symptom
and its underlying mechanisms.

In this study, we examined the therapeutic potential of
17𝛽-estradiol (E

2
) in poststroke depression.We found that E

2

treatment reduced depressive-like behavior and significantly
promoted neurogenesis in the DG of the hippocampus and
the SVZ after focal cerebral ischemia. Our data suggest that
estrogen-induced neurogenesis may play a critical role in
antidepressant therapy in PSD.

2. Material and Methods

2.1. Experimental Animals. Female Sprague-Dawley (SD) rats
(250–300 g) were housed four per cage under conditions
of constant temperature (23 ± 1∘C) and humidity (50%) in
a 12:12 hr light-dark cycle with ad libitum access to food
and water. Four groups of ovariectomized female SD rats
were used in our experiment: (1) sham-operated rats treated
with vehicle (sham + vehicle); (2) sham-operated rats treated
with 17𝛽-estradiol (sham + E

2
); (3) left middle cerebral

artery occlusion (MCAO) rats treated with vehicle (MCAO +
vehicle); (4)MCAO rats treated with 17𝛽-estradiol (MCAO +
E
2
). All procedures were conducted in accordance with the

Guidelines of the Chinese Council on Animal Care and
approved beforehand by the Institutional Animal Care and
Use Committee of Wenzhou Medical University.

2.2. Ovariectomy and 17𝛽-Estradiol Treatment. Female SD
rats were bilaterally OVX under chloral hydrate anesthesia
and aseptic conditions. Briefly, a single midline incision was
made in the low abdominal area to expose the ovary; oviducts
were bilaterally ligated and ovaries removed. After suturing
their muscles and skin, the animals were returned to their
home cages to recover for one week. The hormone therapy
began 3 weeks after surgery. 17𝛽-Estradiol (E

2
; sigma; 10 𝜇g)

was dissolved in 0.1mL of soybean oil and administered
subcutaneously for consecutive 14 days.

2.3. Behavioral Testing

2.3.1. Sucrose Preference Test (SPT). The SPT was performed
as described by Benelli et al. [22]. Briefly, before testing,
rats were exposed to a solution of 1% sucrose for 24 hr
without any food and get habituated to consuming sucrose
solution, during the subsequent 24 hr, one bottle contained
the sucrose solution, the other contained tap water. After
23 hr of deprivation of food and water, each rat was provided
with two identical bottles, one with 1% sucrose solution and
another with tap water. The amount of water and 1% sucrose
solution intake was recorded after a 1 hr test. Data were
expressed as percentage of 1% sucrose consumption from
total consumption.

2.3.2. Open Field Test (OFT). The OFT was performed to
evaluate general locomotor and rearing activity of the rats as
described by Wang et al. [23]. The apparatus consisted of a
dark varnished wooden box (100 × 100 × 40 cm3) with the
floor divided into 25 equal squares. Rats were gently placed
on the center square and left to explore the floor for 3min.
The measurement parameters of this test include locomotor
activity registered as the number of times the animal crosses
squares and the rearing activity, which was registered as the
number of times the animal stands upright on its hind legs.
Both locomotor activity and rearing activity were manually
recorded over a 3min period by trained observers who were
blind to the experimental design.

2.3.3. Forced Swimming Test (FST). The modified FST was
performed essentially as described byDetke and his colleague
[24]. On the first day, the rats were individually placed in
a glass cylinder (45 cm height × 18 cm diameter) containing
30 cm of water at 23–25∘C for 15min. The rats were then
removed from the cylinder, dried with tissue paper, and
returned to their home cage. On the second day, the rats were
placed in the cylinder for 5min again, and behaviors were
scored by observers unaware of experimental groups. Three
different behaviors were scored: (1) climbing—presenting
active movements with the forepaws in and out of the water,
usually directed against the wall of tank; (2) swimming—
showing active movements using forepaws and hindpaws
within the tank that mimicked swimming motions; (3)
Immobility—floating in the water without struggling and
doing only those movements necessary to keep the head
above the water.

Sucrose preference test and open field test were per-
formed weekly to assess endogenous depressive-like behav-
ior after focal ischemia for three weeks. Likewise, sucrose
preference test and forced swimming test were performed
weekly to assess behavioral changes after E

2
administration.

As the same subjects were used for the behavioral tests, we
performed sucrose preference test, and animals were allowed
to recover for a day.

2.4. Transient Focal Cerebral Ischemia. Female SD rats were
anesthetized with 8% chloral hydrate. The rectal tempera-
ture was maintained at 37.0–37.5∘C with a heating blanket
throughout the operation. Transient focal cerebral ischemia
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was induced by occlusion of the left middle cerebral artery
(MCA) as described previously [25]. After a midline incision
in the neck, the left external carotid artery was ligated and
dissected distally, and the left internal carotid was isolated
from the vagus nerve. The embolus, made up of nylon suture
with rounded tip, was inserted into the left internal carotid
through a small incision into the external carotid artery and
was gently advanced 20-21mm past the carotid bifurcation
to occlude the left MCA. The embolus was left in place
for 90min and then removed to allow reperfusion. Sham-
operated animals were treated identically except that the
MCA was not occluded after the neck incisions.

2.5. Measurement of Infarct Volume. The rat brains were
removed, and 50𝜇m coronal sections were cut and stained
with cresyl violet. Contralateral and ipsilateral hemisphere
areas were measured by a blinded observer using the NIH
Image program, and areas were multiplied by the distance
between sections to obtain the respective volumes. Volume
loss (mm3) was calculated as a percentage of the volumeof the
structures in the control hemispheres according the following
formula: (100 × (𝑉

𝐶
− 𝑉
𝐿
)/𝑉
𝐶
(𝑉
𝐶

= control hemisphere
volume, 𝑉

𝐿
= lesioned hemisphere volume)), as described

previously [25].

2.6. BrdU Administration. BrdU (50mg kg−1 in saline) was
administered intraperitoneally twice daily for 3 consecutive
days before rats were euthanized. The rats were perfused
transcardially with 4% PFA in PBS, and brains were postfixed
overnight and embedded in paraffin.

2.7. Immunohistochemistry. Immunohistochemistry (5-6
animals per group) was performed as described previously
[25]. Primary antibodies were mouse monoclonal anti-BrdU
(2 𝜇g/mL; Roche) and affinity-purified goat anti-DCX
(1 : 200; Santa Cruz Biotechnology); secondary antibodies
were biotinylated donkey anti-goat or biotinylated horse
anti-mouse IgG (both 1 : 200; Santa Cruz Biotechnology).
Sections were examined with a Nikon E800 epifluorescence
microscope. Controls included omitting the primary and
secondary antibodies.

2.8. Dual-Label Immunohistochemistry. Dual-label immuno-
histochemistry (5-6 animals per group) was performed as
described elsewhere [26]. Primary antibodies were those
listed above; secondary antibodies were Alexa Fluor 488-,
594-, or 647-conjugated donkey anti-mouse or anti-goat
IgG (1 : 200–500; Molecular Probes). Fluorescence signals
were detected using an LSM 510 NLO Confocal Scanning
System mounted on an Axiovert 200 inverted microscope
(Carl Zeiss) equipped with a two-photon Chameleon laser
(Coherent), and images were acquired using LSM 510 Imag-
ing Software (Carl Zeiss). Two- or three-color images were
scanned using Ar, 543 HeNe, 633 HeNe, and Chameleon
lasers. Selected images were viewed at high magnification.
Controls included omitting either the primary or secondary
antibody or preabsorbing the primary antibody.

2.9. Cell Counting. BrdU- andDCX-positive cells in SVZ and
DG were counted in five to seven 50 𝜇m coronal sections
per animal (𝑛 = 6 per group), spaced 200𝜇m apart, by
an observer blind to the experimental condition using a
Zeiss microscope in bright field mode and a 40X objective.
Confocal microscopy was used to count double-labeled cells.
In SVZ, DCX- or BrdU-labeled cells were counted along the
lateral walls of the lateral ventricles for a total of five to six
sections per rat. For the DG, all DCX- or BrdU-labeled cells
within two cell diameters from the inner edge of the granule
cell layer (GCL) of the DG were included in the analysis.
Results were expressed as the average number of BrdU- and
DCX-positive cells in SVZ and DG per section.

2.10. Statistical Analysis. All quantitative data were expressed
as mean ± SEM. Behavioral data were analyzed by a repeated
measurement analysis of variance (ANOVA). The neuro-
genesis cell count data was analyzed by one way ANOVA
followed by LSD post hoc test. P values< 0.05 were considered
statistically significant.

3. Results

3.1. Depressive-Like Behaviors Were Observed in Poststroke
Rats. To determine whether focal cerebral ischemia could
induce depressive-like behaviors, behavioral tests were per-
formed in rat after focal ischemia. Compared with the sham-
operated group, the ischemic rats displayed a reduction in
sucrose preference (𝐹(1, 38) = 80.688, 𝑃 < 0.001), which
reached statistical significance at the first week and persisted
at least over 3 weeks (Figure 1(a)). In addition, the poststroke
rats also showed a reduction in locomotor activity (𝐹(1, 38) =
10.695, 𝑃 < 0.05) and rearing activity (𝐹(1, 38) = 12.699, 𝑃 <
0.05) at first week after MCAO, which continued to decline
in the following sessions, compared with sham-operated
animals, indicating that the depressive-like behaviors were
developed at 1 week in poststroke rats (Figures 1(b) and 1(c)).

3.2. Administration of E
2
Attenuated Poststroke Depressive-

Like Behaviors. To investigate whether E
2
has effects on

depressive-like behaviors in poststroke rats, we performed
sucrose preference test and forced swimming test. In
the sucrose preference test, we found that estradiol have
increased sucrose preference index in E

2
+ MCAO group

since the first week administration, compared to vehicle +
MCAO group (1W, 𝐹(3, 36) = 7.715, 2W, 𝐹(3, 36) = 7.093,
all ∗𝑃 < 0.05). In addition, sucrose preference indexes in both
vehicle + sham group (1W, 𝑃 < 0.001; 2W, 𝑃 < 0.05) and
E
2
+ sham group (1W, 2W, all ∗∗𝑃 < 0.001) were higher

than the vehicle + MCAO group (Figure 2). In the forced
swimming test, the longest immobility time was observed
in vehicle + MCAO group, compared to the E

2
+ MCAO

group (1W, 𝐹(3, 36) = 11.127, 2W, 𝐹(3, 36) = 7.177, all
∗𝑃 < 0.05), the vehicle + sham group (1W, ∗∗𝑃 < 0.001, 2W,
∗𝑃 < 0.05), and the E

2
+ sham (1W, 2W, all ∗𝑃 < 0.001)

after E
2
treatment for one week. However, these differences

disappear at 2weeks after E
2
treatment, whichwasmainly due

to an increase in swimming behavior (1W, 𝐹(3, 36) = 4.741,
2W, 𝐹(3, 36) = 3.664 ∗𝑃 < 0.05) (Figure 2).
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Figure 1: PSD is observed in OVX rats after focal ischemia (𝑛 = 20). (a) The percentage of sucrose intake was significantly decreased in
OVX rats after MCAO, compared to the controls. Locomotor activity (b) and rearing activity (c) were also reduced in the MCAO animals,
compared with sham-operated animals. Data were presented as mean ± SEM. ∗𝑃 < 0.05, ∗∗𝑃 < 0.001.

3.3. E
2
Treatment Did Not Affect Infarct Volumes after MCAO.

To investigate whether the ischemic infarct volumes could be
attenuated by E

2
administration, rats were sacrificed 2 weeks

after E
2
administration, and the brains were removed and

stained with cresyl violet. As shown in Figure 3, there was
no significant reduction in infarction volume of E

2
-treated

ischemic rats, compared with vehicle-treated group.

3.4. E
2
Increased Neurogenesis after Ischemic Stroke. To deter-

mine whether E
2
administration could enhance neurogenesis

in the SVZ and DG of ischemic brain, rats were treated
for 3 days with BrdU, which labels cells that undergo DNA
replication in S-phase and therefore reflects the current rate of
cell division. As shown in Figure 4, BrdU- and DCX-positive
cells in the SVZ and DG were significantly increased in
E
2
-treated rats compared with control animals (∗𝑃 < 0.05).

An increase of BrdU- and DCX-positive cells in the SVZ was
also observed in E

2
+ MCAO group, compared to vehicle +

sham group. Interestingly, BrdU- and DCX-positive cells in
the DG were decreased after focal ischemia, compared to
the sham-operated rats (∗𝑃 < 0.05), which was reversed
after E

2
administration (∗𝑃 < 0.05). Confocal images show

that BrdU-positive cells expressedDCX, suggesting that these
BrdU-positive cells were proliferative neuronal progenitor
cells, and double-labeled cells in E

2
-treated group were

significantly increased compared to vehicle-treated group
after ischemia (∗∗𝑃 < 0.001) (Figure 5).

4. Discussion

In the present study, we developed a rat model of PSD
using left MCAO and found that E

2
-treated PSD rats showed
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Figure 2: E
2
administration after ischemic stroke reverses depressive-like behavior (𝑛 = 10). (a) E

2
-treated animals showed increased

percentage of sucrose consumption at 1 week and 2 weeks after E
2
administration, compared to vehicle-treated animals. (b) E

2
-treated

animals showed no significant differences to vehicle-treated on climbing ability. E
2
-treated rats showed increased swimming behavior

(c) and decreased immobility (d) after focal ischemia, compared to vehicle-treated ischemic animals. Data were presented as mean ± SEM.
∗𝑃 < 0.05, ∗∗𝑃 < 0.001.

significant improvement in their behavioral performance,
as measured by the sucrose preference test and the forced
swimming test, suggesting that administration of E

2
induces

antidepressant like effect in PSD rats. In addition, our results
also showed that the E

2
-mediated depressive-like behav-

ioral improvements were concomitant with a significantly
increased neurogenesis in the DG after focal ischemia,
suggesting that neurogenesis may play a critical role in E

2
-

mediated antidepressant effect after focal ischemia.
Clinical evidence show that the susceptibility to develop

depression in women increases when the estrogen levels fluc-
tuate during their life [27, 28]. Estrogen replacement therapy
in these women may reduce depressive symptoms during the
premenopausal and postpartum periods [29]. E

2
also induces

antidepressant like effects in animal models of depression
[30–32]. Furthermore, it has been suggested that E

2
can

enhance and shorten the antidepressant-like action of various
antidepressants, when combined with these antidepressants
[33, 34]. However, whether E

2
produces antidepressant effect

in animal model of poststroke depression remains unknown.
Here, we applied two behavioral tests, including the sucrose
preference test and the force swimming test, which have
been developed as straightforward tests for screening the
efficacy of antidepressants, to investigate whether E

2
induces

antidepressant effect.We observed that E
2
treatment reversed

depressive-like behavior in PSD rats, by increasing sucrose
consumption in the sucrose preference test, decreasing the
immobility time and increasing swimming time in the
force swim test, which is consistent with the suggested
antidepressant-like effect of E

2
.

Previous studies have shown that neurogenesis plays a
critical role in the antidepressant-mediated behavioral effects
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Figure 3: Infarct volume after MCAOwith and without E
2
treatment (𝑛 = 5). (a) Representative images of cresyl violet-stained coronal brain

sections from vehicle- and E
2
-treated rats. (b) Quantification of infarct volumes in vehicle- and E

2
-treated rats. There were no significant

differences between vehicle- and E
2
-treated groups.

[19]. Therefore, we hypothesized that the antidepressant
effects produced by E

2
may also correlate with increased neu-

rogenesis. Our data in this study supported this hypothesis.
After 2 weeks of E

2
treatment, the increased neurogenesis in

the DG and SVZ was observed by immunohistochemistry
analysis. Increased BrdU/DCX-expressing cells in the DG
and SVZ suggest that newborn neurons were generated in
these regions. Our results are consistent with a recent finding
that E

2
treatment enhanced neurogenesis in the SVZ and

DG and improved behavioral recovery after ischemic stroke
[12]. Suzuki and his coworker also found that pretreatment
with physiological doses of E

2
promoted neurogenesis in

the SVZ in female rats after ischemic stroke [35]. McClure
and her colleagues showed that rats injected with E

2
showed

significantly higher levels of activation of new neurons in
response to spatial memory compared to controls, suggesting
that E

2
plays a role in activation of new neurons in the

hippocampus in response to spatial memory in adult female
rats [36]. The fate of stem cells in the SVZ remains unclear;
somemaymigrate into the olfactory bulb (OB) via the rostral
migratory stream (RMS) and differentiate, where upon they
differentiate into local interneurons. As focal ischemia dam-
ages cortex and striatum, but does not affect hippocampus
neurons, the new born cellsmigrate into the damaged regions

and differentiate into functional neurons for repair. The
newborn cells in the SGZ migrate into the granular layer of
DG and differentiate into mature neurons. Growing evidence
shows that hippocampal adult neurogenesis is important for
learning and memory. Most likely, E

2
induced neurogenesis

in the SGZ mainly contributes PSD recovery.
Although our data did not provide direct evidence to

show that the effects of E
2
, on neurogenesis and antidepres-

sion, are linked, the role of neurogenesis in E
2
-mediated

antidepressant effects is further suggested by the following
observations: (1) depletion of neurogenesis in the mouse
hippocampus by X-irradiation blocks antidepressant effects
of two classes of antidepressants [19]; (2) chronic cannabinoid
HU210 treatment produces antidepressant effects that depend
on hippocampal neurogenesis [37]; (3) the antidepressant
effect induced by fluoxetine also requires increased neuro-
genesis [38]. The underlying mechanism by which E

2
acts

to increase neurogenesis remains unclear, but likely involves
participation of estrogen receptors and neurotrophic factors.
Both estrogen receptor 𝛼 (ER𝛼) and estrogen receptor 𝛽
(ER𝛽) have been detected in the DG of hippocampus in the
rat, suggesting that these receptors could influence estradiol’s
effects on neurogenesis [39, 40] as knocking out either of
these receptors blocks the ability of estradiol to increase
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Figure 4: Effect of E
2
on neurogenesis after focal ischemia (𝑛 = 4). ((a)-(b)) Quantification of BrdU-immunoreactive cells in the SVZ and the

DG at the 5 weeks after sham-operated or MCAO rats treated with vehicle or E
2
. Data were presented as mean ± SEM. ∗𝑃 < 0.05; ∗∗𝑃 < 0.01

compared to vehicle. ((c)-(d)) Quantification of DCX-immunoreactive cells in SVZ and DG at the 5 weeks after sham-operated or MCAO
rats treated with vehicle or E

2
. Data were presented as mean ± SEM. ∗𝑃 < 0.05; ∗∗𝑃 < 0.01 compared to vehicle-treated group. ((e)-(f))

Quantification of BrdU-immunoreactive cells in the SVZ and DG at the 5 weeks after sham-operated or MCAO rats treated with vehicle or
E
2
. Data were presented as mean ± SEM. ∗𝑃 < 0.05; ∗∗𝑃 < 0.01 compared to vehicle.
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(a)

(b)

(c)

Figure 5: BrdU/DCX-positive cells in the DG and SVZ detected by confocal microscope. (a) Double-immunostaining shows that the
BrdU (green) is co-localized with the DCX (red). Representative confocal images of BrdU/DCX-positive cells in the DG of hippocampus.
(b) Representative confocal images of BrdU/DCX-positive cells in the SVZ in rat. (c) Confocal image stacks confirmed that BrdU-positive
cells (red) expresses DCX (green) in the SVZ.

neurogenesis, indicating that both receptors could directly
mediate estradiol’s effects on neurogenesis [12, 35]. One of
candidate growth factors involved in estradiol’s neurogenic
effect is brain-derived neurotrophic factor (BDNF), as studies
have shown that estrogens regulate the BDNF expression
[41, 42] and promote the survival of young granule neurons
by stimulating expression of BDNF and its receptor in the
hippocampus [43]. Notably, our neurogenesis data shown
here are different from other reports [44], the possible
reasons include the different animal species, different stroke
models, different duration and time to inject BrdU, and
whether ovariectomy surgery was performed. Interestingly,
a recent study shows that FST increased immobility and
corticosterone levels in OVX but not in rats in proestrus. In
addition, FST did not affect cell proliferation but significantly
decreased the number of BrdU-labeled cells at 2 hr only in
OVX-rats, an effect that remained for 3 and 14 days after
FST, suggesting that acute stress further decreases the effect

of ovariectomy on immobility behavior and hippocampal cell
survival in rats [45].

Taken together, all these lines of evidence support the
notion that increased neurogenesis in DG and SVZ appears
to underlie themechanism of antidepressant effects produced
by E
2
treatment in poststroke depression rats. However,

whether increased neurogenesis is sufficient to produce the
entire antidepressant effects of E

2
remains to be addressed.
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For many years Canis familiaris, the domestic dog, has drawn particular interest as a model of osteoarthritis (OA). Here, we
optimized the dog model of experimental OA induced by cranial cruciate ligament sectioning. The usefulness of noninvasive
complementary outcome measures, such as gait analysis for the limb function and magnetic resonance imaging for structural
changes, was demonstrated in this model. Relationships were established between the functional impairment and the severity of
structural changes including the measurement of cartilage thinning. In the dog model of naturally occurring OA, excellent test-
retest reliability was denoted for the measurement of the limb function. A criterion to identify clinically meaningful responders
to therapy was determined for privately owned dogs undergoing clinical trials. In addition, the recording of accelerometer-based
duration of locomotor activity showed strong and complementary agreement with the biomechanical limb function.The translation
potential of these models to the human OA condition is underlined. A preclinical testing protocol which combines the dog
model of experimental OA induced by cranial cruciate ligament transection and the Dog model of naturally occurring OA offers
the opportunity to further investigate the structural and functional benefits of disease-modifying strategies. Ultimately, a better
prediction of outcomes for human clinical trials would be brought.

1. Introduction

Biomedical research is the broad area of science that inves-
tigates the biological processes and the causes of diseases
mainly through experimentation and testing. Enticing this
vision, the use of animal models is required to advance
medical knowledge and overall health benefits. In the field
of rheumatic diseases such as osteoarthritis (OA), animal
models contribute to the understanding of the basic biology
of OA and help to develop potent therapeutic approaches
for the benefits of human medicine [1]. Unfortunately, a
consensus regarding the ideal animal model for studying OA
has not been established [2–4]. Actually, there is a need to

optimize current models of OA and to propose avenues to
enhance preclinical drug development.

The canine stifle is similar to a human’s knee, sharing
anatomical components and histological aspects [5]. To give
a deep insight in the OA mechanisms, the dogs have been
subjected to several approaches over the years to induce the
structural changes of OA, including cartilage scarification (or
groovemodel) [6], transarticular impact [7], tibial osteotomy
[8], and meniscal lesions [9]. Another well-described dog
model of OA is the cranial (or anterior) cruciate ligament
(CCL) transection. Surgical CCL transection (CCLT) alters
the amount and distribution of biomechanical forces. Over
days to months, the joint features structural changes that
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mimic OA, including synovitis, osteophyte growth, cartilage
depletion, and bone marrow lesions (BMLs) development
[10].

The conventional scientific outputs (i.e., joint structural
changes) of the experimental dog model of OA induced
by CCLT have been recently coupled to peak vertical force
(PVF) measurement using kinetic gait analysis to document
concomitant potential benefits on the pain-related functional
impairment [11–13].Thefirst aimof this studywas to optimize
the experimental CCLT-induced dog OA model by further
exploring the translational relationship between the level of
structural changes and the limb disability.

Developmental arthropathies and joint trauma predis-
pose dog to structural changes of OA, which like in human
beings lead to crippling pain and disability [14–16]. The
potential of pharmaceutical as well as complementary and
alternativemedicines has been tested in different randomized
controlled trials (RCTs) in naturally occurring OA dogs
using PVF as an outcome measure of pain-related functional
impairment [17–20]. Naturally occurring models of OA
have been proposed even to accelerate the development of
human therapeutics [10]. As a second aim, this study would
characterize different outcome measures in a manner to
optimize the use of naturally occurring OA dogs in research
and to improve the quality of RCT in this translational natural
model.

2. Materials and Methods

2.1. Dog Model of Experimental OA

2.1.1. Specific Research Objectives. The evolution of the PVF
measurement and its relationship with the progression of
structural changes evaluated onmagnetic resonance imaging
(MRI) scans (i.e., cartilage volume loss, focal changes of the
articular cartilage, BMLs, osteophytes, joint effusion size,
and meniscal lesions) was documented over a period of 26
weeks in CCL-deficient dogs. In addition, the relationship
between PVF recording and the macroscopic measurements
of cartilage thinning performed at eight weeks following
CCLT was documented cross-sectionally. Such relationship
served to determine the level of in vivo structural changes
to be predicted based on a given PVF measurement. To this
end, data were selected from previous studies involving PVF
measurement and structural changes on MRI (internal data,
2005) [21–23] and macroscopic measurement of cartilage
thinning (internal data 2005, 2007) [11, 12] (Figure 1(a)).

All experiments were approved by the Institutional Ani-
mal Care and Use Committee in accordance with the guide-
lines of the Canadian Council on Animal Care. All dogs were
acclimated, housed, and then subjected to surgical CCLT
of the right knee under preemptive (transdermal fentanyl
50 or 75 𝜇g/h; Janssen Ortho, Markham, ON, Canada) and
multimodal (intra-articular block combined with opioid
administration) analgesia as previously described [11]. Food
was given once daily and removed overnight. Body weight
was monitored weekly and was kept constant throughout the
study duration. Throughout the study, all dogs were actively

exercised in exterior runs (1.35m × 9.15m) for a 2-hour
period, 5 days aweek, under the supervision of an animal care
technician.

2.1.2. Peak Vertical Force Measurement. Recognized as a
reference method of functional outcome in dog [24–
26], the PVF measurement was done at the trot (1.9–2.2
meter/second) using a floor mat-based plantar force mea-
surement system (Walkway with four Matscan sensors 3150;
Tekscan Inc., Boston, MA, USA), as previously described
[11]. Data were acquired at four successive time points
(Figure 1(a)). For the CCL-deficient hind limb, the first stride
PVF was acquired. Data from the first five valid trials were
averaged and expressed as a percentage of body weight (%
BW) and used to describe the change over time in PVF
measurement.

2.1.3. Magnetic Resonance Imaging. Structural changes were
evaluated at four successive time points (Figure 1(a)) using
MRI scans (Echospeed LX; General Electric Healthcare,
Waukesha, WI, USA) and settings as previously described
[21]. Previous publications detailed the quantification of
cartilage volume (mm3) [21] and the scoring system used for
focal changes of the articular cartilage (0–4, maximum score
of 44) [21], BMLs (0–3, maximum score of 27) [23], osteo-
phytes (0–3, maximum score of 45) [22], joint effusion size
(0–3) [22], and meniscal lesions (0–3, maximum score of 6)
[27]. Cartilage volume and structural changes were evaluated
using the following sequences: (1) three-dimensional spoiled
gradient recalled sequence (SPGR) with fat suppression, (2)
T1-weighted three-dimensional fast gradient recalled echo
(T1w-GRE), and (3) T2-weighted fast spin echo sequence
with fat saturation (T2w-FS). Bone marrow lesions were
scored independently in T1w-GRE and T2w-FS sequences as
ill-defined areas of hypointensity or hyperintensity, respec-
tively. Evaluation of cartilage volume and structural changes
was for the entire (global) joint, except otherwise stated.

2.1.4. Macroscopic Measurement of CartilageThinning. Carti-
lage thinning was quantified at eight weeks following CCLT
(Figure 1(a)) using a dissecting microscope (Stereozoom;
Bausch&Lomb, Rochester, NY,USA) as previously described
[28]. Macroscopic measurement of cartilage thinning (mm2)
was for the medial and lateral femoral condyles and medial
and lateral tibial plateaus.

2.2. Dog Model of Naturally Occurring OA

2.2.1. Specific Research Objectives. The repeatability, standard
error ofmeasurement (SEM), andminimal detectable change
(MDC) of PVF measured in privately owned dogs affected
by naturally occurring OA were defined over a four-week
period. Moreover, the PVF measurement was tested for
its relationship with accelerometer-based duration of daily
locomotor activity. The goal of testing such relationship was
to determine the level of PVF measurement exceeding the
MDC to be predicted based on a change in daily locomotor
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Baseline Week 4 Week 8 Week 26

Experimental dog osteoarthritis model

PVF (25)
PVF + MRI (5) PVF + MRI (5) PVF + MRI (5) PVF + MRI (5)

PVF + macro (25)

(a)

PVF (40) PVF (40)
Week 4Baseline Week 6

Daily locomotor activity recording (33)

Naturally occurring dog osteoarthritis model
Privately owned dogs

PVF (33) PVF (33)

(b)

Figure 1: Schematic view of the data reported in (a) the dog model of experimental osteoarthritis and (b) the dog model of naturally
occurring osteoarthritis. PVF (peak vertical force), MRI (magnetic resonance imaging), macro (macroscopic structural measurement of
cartilage thinning), CCLT (cranial cruciate ligament transection). Numbers of dogs are specified in parenthesis.

activity, which would represent a practical outcome of animal
welfare determinant at home [29]. To this end, data were
selected from previous studies involving PVF measurement
(40 placebo-treated dogs followed up over four weeks) [17,
19, 30] or PVF measurement coupled to daily locomotor
activity recording over six weeks (33 dogs, from which 14
were placebo-treated) (internal data, 2007) [17] (Figure 1(b)).
All studies were approved by the Institutional Animal Care
and Use Committee in accordance with the guidelines of the
CanadianCouncil onAnimalCare. All owners gave informed
consent for their participation in each RCT.

2.2.2. Naturally Occurring OA Dogs. Seventy-three privately
owned adult dogs weighing more than 20 kg having radio-
graphic evidence of OA exclusively at the hip and/or stifle
joints were considered, as previously described [17, 19, 30].
All dogs had OA-related hind limb disability according to
orthopedic examinations and PVF measurements. Specific
washout periods were respected for eventual OA treatment
(including pharmaceuticals, natural health products, and
therapeutic diets).

2.2.3. Peak Vertical Force Measurement. The PVF measure-
ment was done at the trot (1.9–2.2 meter/second) using a
force platform (Model OR6-6, Advanced Mechanical Tech-
nology Inc, Watertown, Massachusetts, USA), as previously
described [17, 19, 29, 30]. Measurements were done at dif-
ferent time points (Figure 1(b)). Averaged data from the first
five valid trials were expressed as % BW. In each dog, the
hind limb with the lowest PVF measurement was used for
statistical analyses purpose.

2.2.4. Daily Locomotor Activity Recording. Accelerometer-
based daily locomotor activity recordingwas done usingActi-
cal system (Bio-Lynx Scientific Equipment Inc., Montreal,
QC, Canada) as previously described [17]. Collar-mounted
accelerometers were worn by 33 dogs for six weeks, 24
hour/day (Figure 1(b)). The duration of motion was contin-
uously monitored as counts every two minutes, giving 720
counts per day. Daily duration of active period was referred
to the time spent (expressed in minutes) when the count
exceeded 30 in terms of intensity.This cut-off value was based
on internal data (2004) in comparison to video-analysis and
was previously used to discern movement in active (intensity

> 30) from inactive (intensity < 30) period [17]. Data used
were the area under the curve (AUC) which represents the
integral of the daily duration of active period over six weeks
and themean of the first three days, and of the last seven days,
which defined Baseline and week six data, respectively [31].

2.3. Statistical Analyses. To describe the evolution of limb
function in CCL-deficient dogs, a Friedman test was used
using Dunn’s tests for post hoc analyses. To describe the
relationship between the limb function with MRI structural
changes, data were analyzed with Spearman correlation test
and presented as Spearman coefficient (𝑟

𝑠
). This coefficient

shows by its magnitude the strength of the linear asso-
ciation. An 𝑟

𝑠
close to one (or minus one) indicates a

strong positive (negative) linear correlation. To describe the
relationship between the limb function (explanatory vari-
able) with macroscopic measurement of cartilage thinning
(response variable), data were analyzed with mixed linear
model using studies as random effect. Random-effect models
attempt to generalize findings beyond the included studies by
assuming that the selected studies are random samples from
a larger population. Suchmodels incorporate a component of
between-study variation into the uncertainty of the estimates
[32]. The general equation of the linear regression was 𝑦 =
𝑚𝑥 + 𝑏, where 𝑚 refers to the slope and 𝑏 refers to the 𝑦-
intercept (i.e., the value of 𝑦 when 𝑥 = zero). To describe
the natural fluctuation in limb function of placebo-treated
(negative control) privately-owned dogs, absolute reliability
(test-retest) was calculated using intraclass coefficient of
correlation (ICC) and related 95% confidence intervals (95%
CI). Two-way random single measures model (ICC 2.1) was
used. An ICC close to one indicates “excellent” reliability
[33]. The SEM quantifies the precision of individual PVF
measurement and defines the boundaries around which a
subject’s value is expected to lie according to a given confident
interval [34]. The SEM at 95% CI was calculated as follows:

SEM = SD ∗ √1 − ICC, (1)

where SD referred to the within-subject standard deviation
[35]. The MDC in PVF measurement that can be recorded
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Table 1: Correlation analyses of the change in peak vertical force measurement and magnetic resonance imaging over the different phases of
functional impairment before (Baseline) and following cranial cruciate ligament transection in five dogs.

Osteophytes Joint effusion Focal cartilage changes BMLs Meniscal tears Cartilage volume loss
T2w-FS T1w-GRE

Phase of functional impairment nadir
𝑟
𝑠

−0.05 −0.26 −0.70 −0.70 −0.70 0.01 −0.40
𝑃 NS NS NS NS NS NS NS

Phase of remission
𝑟
𝑠
−0.90 −0.95 −0.97 −0.70 −0.99 0.79 0.60

𝑃 0.037 0.013 0.004 NS <0.001 𝑃 = 0.1 𝑃 = 0.1

Nonsignificant at 5% level (NS).
Spearman coefficients (𝑟

𝑠
).

Probability value (𝑃).
Bone marrow lesions (BMLs).
T1-weighted three-dimensional fast gradient recalled echo (T1w-GRE).
T2-weighted fast spin echo sequence with fat saturation (T2w-FS).
The changes in the phase of functional impairment nadir were calculated using week four values minus Baseline. The changes in the phase of remission were
calculated using week 26 values minus week four.

confidently (95% CI) between test sessions is referred to as
the MDC

95
and was calculated as follows:

MDC
95
= SEM ∗ 1.96 ∗ √2. (2)

The MDC
95

can be interpreted as the magnitude of change,
below which there is more than a 95% chance that change has
occurred as a result of measurement error [36]. Outside this
change, value does reflect a real alteration in the functional
impairment toward improvement or worsening in privately-
owned dogwith naturally occurringOA. To describe the rela-
tionship between the limb function (response variable) with
daily locomotor activity recording (explanatory variable),
data were analyzedwithmixed linearmodel using study arms
(placebo or tested agent) as fixed factor and studies as random
factor. All analyses were performed with SPSS, version 20.0
(SPSS Inc., Chicago, IL, USA). Values are presented as mean
(standard deviation). Significant level was set at 𝑃 < 0.05.

3. Results

3.1. Dog Model of Experimental OA

3.1.1. Measurement of the PVF. Peak vertical force measure-
ment changed over time (𝑃 < 0.003) following CCLT
(Figure 2(a)). Based on medians, there was a significant
decrease at week four and at week eight when compared to
Baseline. Then, PVF increased at week 26, reaching values
significantly different than week four only. The individual
changes over time involved different degrees of functional
impairment characterized by a decrease in PVFmeasurement
from Baseline reaching a nadir (at week four) followed by a
phase of remission (from week four to week 26, Figure 2(a)).

3.1.2. Relationship between PVF and Structural Changes on
MRI. During the phase of functional impairment nadir
(from Baseline to week four), the decrease in PVF mea-
surement did not correlate in a significant manner with the
development of structural changes as evaluated using MRI

(Table 1). Of note, the dogs having the more severe limb
disability at week four (Figure 2(b)) were those with the
highest level of focal changes of the articular cartilage.

The increase in PVF measured during the phase of
remission (from week four to week 26) correlated inversely
with the score for osteophytes, joint effusion, hypointense
BMLs (Figure 3) and focal changes of the articular cartilage
(Table 1). These negative correlations mean an abrogated
remission in the presence of severe chondral and subchondral
lesions and MRI-scored joint effusion.

The measurement of PVF did not correlate with cartilage
volume loss, hyperintense BMLs, or meniscal tears. Only a
trend was seen for a positive correlation withmedial cartilage
volume loss (the more PVF remission was, the more cartilage
volume loss was) and medial tears score of the meniscus
(Table 1).

3.1.3. Relationship withMacroscopicMeasurement of Cartilage
Thinning. Twenty-five dogs undergoing PVF measurement
before and after CCLT were used. At Baseline, PVF measure-
ment was 70.4 (10.9)% BW and was 26.6 (12.4)% BW and
33.9 (15.8)% BW at week four and eight, respectively. The
PVF measured at week eight did not demonstrate significant
relationship with cartilage thinning observed on the lateral
condyle and plateau and medial plateau (Table 2). However,
a significant relationship was observed with the severity of
the thinning at the medial condyle, which means higher
PVF value in the presence of more severe cartilage thinning.
According to the regression parameters (see Table 2), for a
group of CCL-deficient dogs weighing 25.0 (2.3) kg, a PVF
measured at week eight of 33.9 (15.8)% BW is expected to
correspond to an extent of cartilage thinning on the medial
condyle of 27.3mm2 (95% CI: 10.4–44.2).

3.2. Dog Model of Naturally Occurring OA

3.2.1. Characteristics of PVF Measurement. Forty privately
owned dogs affected by OA who received a placebo
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Figure 2: (a) Averaged peak vertical force values measured before (Baseline) and four, eight, and 26 weeks after cranial cruciate ligament
transection in dogs. At each time point, group values are presented as mean (standard deviation) (median). Dunn’s test identified which
medians were significantly different. (b) Individual peak vertical force values measured before (Baseline) and four, eight, and 26 weeks after
cranial cruciate ligament transection in dogs. Dotted lines identify dogs having the highest limb disability at week four and the highest levels
of focal changes of the articular cartilage.

Table 2: Regression analyses between the recording of the peak vertical force and macroscopic measurement of cartilage thinning at eight
weeks following cranial cruciate ligament transection in 25 dogs.

Compartments
Lateral condyle Lateral plateau Medial condyle Medial plateau

NS NS
𝑃 = 0.002

𝑚 = 0.8 [95% CI: 0.3–1.3]
𝑏 = 0.2 [95% CI: −25.7–26.0]

NS

Nonsignificant at 5% level (NS).
Regression slope (𝑚).
Regression 𝑦-intercept (𝑏).
95% confidence intervals (95% CI).

(negative control) served to determine the test-retest reli-
ability of PVF measurement over a period of four weeks
(Table 3). Standard error of measurement was determined
and served for the calculation of MDC

95
. The MDC

95
was

consistent with an increase or a decline in the magnitude
of 2.0% BW across this group of OA dogs. When expressed
relatively to Baseline value, the MDC

95
represented 3.6%.

Figure 4 presents individual changes in PVF measured from
Baseline to week four. According to the MDC

95
, 22 dogs had

clinically meaningful changes, which were positive in five
dogs and negative in 17 others.

3.2.2. Relationship with Daily Locomotor Activity Recording.
Thirty-three privately-owned dogs affected by OA that had
PVF measurement and daily locomotor activity recorded
over a six-week period were used. The PVF measurement
in OA dogs demonstrated a significant relationship with
the integral (AUC) of the daily duration of active period
recorded during the 26-week period (𝑃 = 0.001), which
means a higher PVF in the presence of higher locomotor
activity. The change in the PVF measurement demonstrated

a significant relationship with the change in daily duration
of active period (𝑃 = 0.003, 𝑚 = 0.03 (95% CI: 0.01–0.05),
𝑏 = 2.8 (95% CI: 0.4–5.1)) regardless of the study arms
(i.e., placebo or tested agents). According to the regression
parameters, for an increase in daily duration of active period
by 54 minutes in OA dogs, the change in PVF measurement
was predicted to be 4.4% BW (95% CI: 2.1–6.8). This by
far exceeds the previously defined MDC

95
(i.e., 2.0% BW),

meaning a significant positive effect in PVF measurement
(limb function) related to the increase in locomotor activity.

4. Discussion

4.1. Dog Model of Experimental OA. TheCCLT dog model of
OA involves structural changes thatmimic those encountered
in human OA [2, 10, 37]. This model was further optimized
keeping in mind the three Rs’ principles of replacement,
reduction, and refinement [38]. The present study demon-
strated the usefulness of complementary outcome mea-
sures. Hence, PVF measurement, which echoes pain-related
functional impairment, can be successfully combined to
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Table 3: Characteristics of peak vertical force measurement in 40 privately owned dogs affected by naturally occurring osteoarthritis.

Baseline Week 4 ICC [95% CI] SEM MDC95

56.0% BW (7.5) [26.1–66.1] 54.5% BW (8.4) [23.6–64.9] 91 [80–95] 0.7% BW 2.0% BW
Values are presented as mean (standard deviation) (minimal value–maximal value).
Intraclass coefficient of correlation (ICC).
Standard error of measurement (SEM).
Minimal detectable change at the 95% confidence level (MDC95).
Percentage of body weight (% BW).
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Figure 3: Significant correlation (𝑟
𝑠
= −0.99, 𝑃 < 0.001) for

the differences of hypointense bone marrow lesions on T1-weighted
three-dimensional fast gradient recalled echo images (T1w-GRE)
scores during the remission phase (week 26 minus week four), with
the concurrent difference in peak vertical forcemeasurement. Linear
regression trend is illustrated.

the common structural outcomes in the CCLT dog model of
OA. Tomaximize the information gained fromCCL-deficient
dogs, researchers can document in a noninvasive manner the
pain-related disability, which comprises a phase of functional
impairment with a nadir preceding a remission process. At
the preclinical stage of drug development, such information
has a clinically meaningful potential for disease-modifying
compounds proposed to confer pain and functional improve-
ment in addition to structural benefits. As PVFmeasurement
data were detailed, power and sample size can be determined
a priori, again supporting the principle of reduction by
providing statistical estimates. The principle of refinement
is also addressed by documenting individual variability (per
dog data) that occurs over an extended duration [39].

Anterior cruciate ligament (human counterpart of CCL)
transection leads to rotational and translational changes
that induce mechanical stresses on articular surfaces unac-
customed for such loading solicitation [40–44]. This phe-
nomenon generates loss of tissue integrity, involving abnor-
mal architecture and components known as structural
changes. Using MRI, which is a non-invasive imaging tech-
nique, the present study supports the use of the CCLT dog
model of OA for its potential to corroborate the relationship
between structural changes and clinical signs observed in
human. Hence, a recent systematic review indicated that OA
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Figure 4: Individual changes in peak vertical force measured at
week four in 40 privately owned dogs receiving a placebo in
randomized controlled trials. Changes were the difference between
week four versus Baseline. Grey zone represents a decrease in peak
vertical force measurement compared to Baseline. Dashed lines
represent theMDC

95
. Peak vertical force data are expressed in%BW

(bodyweight) and presented asmean (standard deviation) (minimal
value to maximal value).

knee pain is associated with BMLs and effusion/synovitis
[45]. In line with findings observed in humans [46, 47],
severe limb impairment was denoted in dogs with the
highest level of focal changes of the articular cartilage
during the phase of limb disability (from Baseline to week
four). When BMLs evolved minimally, these manifestations
were concomitant to lesser limb disability (Figure 3). Such
benefits are in accordance with the report of Zhang et al.
[48] who observed a fluctuation of pain when BMLs were
modulated. We also observed that CCL-deficient dogs had
better limb functional remission when osteophyte growth
and joint effusion size were minimal. These findings were
suggestive of higher pain in the presence of osteophyte and
effusion/synovitis as reported in human [45, 49, 50]. In face
of the present results, we propose to integrate the pain-related
functional impairment to the presence of severe chondral and
subchondral lesions. We suggest that a more unstable joint
(i.e., devoid of adaptive neuromuscular strategies to palliate
for the excessive displacement) could be responsible for the
more severe chondral and subchondral changes observed. As
an attempt to restore limb function, marked expressions of
secondary strategies, such as osteophytes growth and joint
effusion, are suggested to develop for providing stability and
cushioning, in a manner to minimize the deleterious knee
joint load in CCL-deficient dogs.

Although we did not reach statistically significant levels,
our findings are suggestive of a role of mechanical environ-
ment in cartilage volume loss and meniscus insult in CCL-
deficient dogs. Hence, we found a trend to have more severe
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cartilage loss and meniscal tears in the medial part of the
joint in dogs having recovered well their limb function (i.e.,
with the highest PVF measurement). In addition, the extent
of medial cartilage thinning was greater in dogs having the
highest limb function at eight weeks following CCLT. Those
findings were in line with those of Smith jr. et al. [13], which
reported a link between the level of knee joint chondropathy
and increasing limb function in this model. Furthermore,
meniscal lesions have been linked with the progression of OA
cartilage loss in humans [51, 52] while a strong relationship
exists between high joint loading and meniscal lesions [53].
These findings are of major importance, not only because
of their correspondence to findings in human knee OA, but
also because the presence of meniscal lesions has an impact
on the response to disease-modifying OA drug (DMOAD)
treatment in human knee OA [46, 51], a finding that likely
also applies to the CCLT dog model of OA.

Despite its burgeoning importance, translation of
DMOAD therapies from the laboratory into clinical practice
has slowed. Differences between the OA models studied
preclinically and the disease evaluated in human clinical
trials contribute to this failure [54]. First, a general concern is
the use of quadruped animals as knee models for the bipedal
human, particularly given their range of motion differences
noted in a study comparing large animal (cow, sheep, goat,
dog, pig, and rabbit) to human cadaveric knees [55]. The
disappearance of many of the observed differences in the
cruciate and meniscal anatomy after normalization with
the tibial plateau width suggested an overall conservation
of relative size among species for the cruciates and menisci
[55]. This anatomical and biomechanical analogy, while
reviewing the different OA animal models, led Gregory et
al. [3] to state that the canine model is probably the closest
to a gold-standard animal model for OA currently available.
The present study adds the structure-function relationship
translated from the dog CCLT model to the human pain OA
condition.

Second, most animal models of OA induce disease
through chemical insult or surgical or mechanical disruption
of joint biomechanics in young individuals rather than the
spontaneous development of the disease. This instability-
induced joint disease in animals best models the structural
changes that develops in humans after an injurious event,
known as posttraumatic OA [54]. The poor translational
predictability to therapy response is particularly high with
the rodent preclinical models. Studies in genetically modified
mice suggest that post-traumatic OA has a distinct molecular
pathophysiology compared with that of spontaneous OA,
which might explain the poor translation from preclinical to
clinicalOA therapeutic trials [54].On the contrary,molecular
changes observed in a past studywith the canineCCLTmodel
suggest that dog cartilage responds to post-traumatic OA
and degenerative conditions by regulating the same genes
in a similar direction as that observed for chondrocytes in
post-traumatic and late human OA [56]. Finally, the recent
finding about the DMOAD effects of strontium ranelate
[57] late in the CCLT dog model of OA being confirmed
in a Phase III clinical trial in knee OA patients [58] is of
the utmost importance in the context of this publication.

Previously, many DMOADs have demonstrated efficacy in
the dog OA model, including the matrix metalloproteinase
inhibitor doxycycline [59, 60], the viscosupplementation via
local hyaluronan [61, 62], the antiresorptive agents such
as bisphosphonate [11, 63] and calcitonin [64], the anti-
inflammatory properties of diacerhein [65], licofelone [28],
and NSAIDs (such as carprofen). All these products but cal-
citonin (probably related to a deficient formulation) demon-
strated similar efficacy in human OA [51, 66–73]. To the
best of authors’ knowledge, no other preclinical animal OA
model presents a better translational predictability record,
partly because species differences with respect to the relative
contribution of various mediators, receptors, or enzymes to
the pathology and xenobiotics metabolism are common.

In accordance with the three Rs’ principles, the predic-
tive character of the cartilage thinning based upon PVF
measurement opens the idea of limiting the requirement
of post-mortem analysis for future research aimed to gain
insight in joint cartilage integrity in this model. Based on the
regression parameters, the limb disability observed at eight
weeks following CCLT predicted an extent of macroscopic
lesions surface by 27.3mm2. This level of lesions represents
12% of the total surface of the medial condyle when based
on MRI cartilage surface mapping in dogs of similar BW
(ArthroVision, personal communication, 2013). As the char-
acterization of full-thickness cartilage thinning in end-stage
OA in humans was shown to range between 10 and 23%
at this joint compartment [74], the translational potential
(macroscopical structural argument) of this model to human
OA is further supported.

It should be pointed out that the statisticalmethod used to
correlate structural changes on MRI with PVF measurement
does not pinpoint the sequence of events and did not
take into account the potential role of confounding factors,
interrelationship, and dependency. Findings of the pilot study
reported herein will help to promote future research of a
more mechanistic (structure-function) approach based on a
higher sample size. The complementary outcome measures
proposed herein to optimize the use of the dog inOA research
are not restricted to the CCLT model. Other experimental
avenues should be explored for their potential to induce
structural changes in close relationship with functional
impairment.

4.2. Dog Model of Naturally Occurring OA. The recent inter-
est in natural models of OA [10] puts more emphasis on
the need to improve the rigor of RCT using functional
outcome measures, such as PVF, in naturally occurring OA
dogs. This study optimized the use of naturally occurring
OA dogs in research by characterizing the PVFmeasurement
with regards to the high value of this outcome to address
pain/biomechanics-related joint alterations in the dog. Here
test-retest PVF measurement values demonstrated excellent
between-session reliability with an ICC of 91 (95% CI: 80–
95) in placebo-treated dogs followed up over a four-week
period. The SEM provides an absolute index of reliability
and refers to the precision of individual measurements.
Determiningmagnitude of an intervention benefit is a critical
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methodological step in the design of a clinical trial. For the
PVF, the MDC

95
indicated that a change of at least 2.0%

BW needs to occur to be confident, at the 95% level, that a
change in PVF measurement reflects a real change and not a
difference that is within what might be reasonably expected
given the measurement error (noise). As PVF measurement
characteristics were provided, such as standard deviation,
SEM, and the MCD

95
, such data should help researchers to

estimate power and sample size, thus contributing to the
principle of refinement.

Randomized controlled trials in naturally occurring OA
dogs usually focus on testing mean changes across groups of
treated (test article) and control (placebo-treated) animals.
This practice often obscures the individual change, which
may be very informative in clinical studies [75]. Moreover,
reporting the percentages of subjects who met the MDC

95

requirements provides additional insightful interpretations
other than considering only the overall mean change scores
[76]. Accordingly, researchers have a tool to distinguish
improved (or worsened) dogs by using the proposed MDC

95

value as a cutoff.Of note, the level of 2.0%BWwas in linewith
the improvement observed following therapeutic modalities
in previous clinical RCT in OA dogs [17–20, 30, 77–80].

The results of the current study show that different levels
of change in limb function reflected by PVF measurement
were observed in privately-owned dogs afflicted by OA
(Figure 4). Among the 40 dogs evaluated, 22 (55%) had
clinically meaningful changes, which were positive (placebo
effect) in five (12.5%) or negative (nocebo effect) in 17 (42.5%)
dogs. The high proportion of dogs having a worsening of
their condition contributes mainly to the overall decrease in
PVF recording by −1.5 (3.1)% BW. A phenomenon known as
the maturation effect may be suggested as being involved in
changes exceeding the measurement error.

In a recent multicenter RCT in naturally occurring OA,
an arbitrary cut-off value (i.e., 2.8% BW or ≥5% of Baseline
measurement) was used to distinguish clinically meaningful
responders from measurement error [81]. Of note, the global
rate of responders reported according to this value was 20.7%
whereas it was higher in our study (55%) by applying the
MDC

95
(calculated to be 2.0% BW or ≥3.6% of Baseline

measurement). The latter finding is important, as applying
the higher arbitrary cut-off value rather than the MDC

95

proposed herein would lead to a high false negative rate of
responders (being indeed considered as nonresponders).This
type II error overestimates the required sample size and leads
to an unnecessary high number of dogs affected by OA to
be recruited in the RCT. It should be noted that the low
placebo responder’s rate (12.5% in the current study, 12.1%
[81]) observed according to the objective PVF measurement
again contributes to a judicious use of privately owned dogs
in RCT. This is a huge advantage compared to subjective
assessment completed by either veterinarians or owners, for
whom the placebo responder’s rate was oscillating between 25
and 44.8% [81, 82].

As previously demonstrated in naturally occurring OA
dogs [17, 29, 31, 77] the usefulness of continuous monitoring
of daily locomotor activity recordingwas sustained in the cur-
rent study. Particularly, we denoted that continuous activity

recording showed strong similarities with PVFmeasurement,
being sensitive to functional improvement. This tool is
therefore highly recommended to be used as a complement to
punctual PVFmeasurement in away to improve the detection
of therapeutic benefits in OA dogs. In addition, the present
results support the relevance of naturally occurring OA dogs
for their potential to respond similarly to the human OA
condition. This was illustrated in recent studies in which an
anti-inflammatory drug, licofelone, was tested positively both
in the dogmodel of experimentalOA [28] naturally occurring
OA [30] as well as in a clinical Phase III study in patients with
knee OA [51]. Similar concordance in efficacy was observed
with doxycycline [59, 60, 71].

Hence, dogs with the most severe limb impairment were
those with the lowest degree of daily activity. This was in
line with findings in human OA reporting lower physical
activity in more afflicted patients [83]. Present data also give
a first impression of potential benefits of an increase by 54
minutes in daily life activity being mirrored confidently with
an increase in PVF that exceeded the measurement error.
This was recently supported in dogs with hip OA, showing
a better condition when more than an hour of exercise was
performed daily [84]. Human data are also in accordance
with this finding as physical activity programs are supported
to reduce pain, to improve physical performance, and to delay
disability among persons with knee OA [85–87].

4.3. Conclusion. Biomedical research and testing often faces
criticism and protestation against the use of dogs for research
purposes. As for any animal experiments, the three Rs’ princi-
ples must apply. In addition, findings from ideal animalmod-
els have to be rapidly translated to human characteristic with
the ultimate hope to better predict outcomes for human clin-
ical trials. With this idea in mind, we present an optimization
of the outcomes gained from the dog model of OA induced
by CCLT. The relationship between structural changes and
functional impairment denoted strong similarities with the
humanOA condition.This adds to the recognized anatomical
and biomechanical, genomic, molecular, histological, and
macroscopical structural similarities to humanOA, as well as
to the access of yet validated and performing functional and
imaging outcome measures, as reported in the present paper.

Regarding the dog model of naturally occurring OA,
the present analysis provides compelling evidence to better
interpret complementary outcome measures assessing the
OA condition. The PVF measurement data particularly is
robust, precise, and reliable for determiningwhether a change
has taken place as a result of an intervention. Moreover, the
data support the huge interest and applicability ofmonitoring
the level of daily locomotor activity in clinical RCT with
privately-owned OA dogs. Such natural model of OA in
dog represents a spontaneous model of the disease, different
and complementary to the post-traumatic OA model. At the
difference of the standardized preclinical CCLT dog model,
the conditions are close to those of a population pharmaco-
logical study integrating, in addition to the previously listed
advantages, the genomics and environmental (such as the
physical activity and the nutrition) influences of the disease.
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Preclinical testing protocol combining the dog model
of OA induced by CCLT and the dog model of naturally
occurring OA could better predict outcomes for human
clinical trials in a close future, as is supported by the high
translational pharmacological responsiveness.
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Secondary lymphedema is an intractable disease mainly caused by damage of the lymphatic system during surgery, yet studies are
limited by the lack of suitable animal models.The purpose of this study was to create an improvedmodel of secondary lymphedema
in the hindlimbs of rodents with sustained effects and able to mimic human lymphedema. This was achieved by combining
previously reported surgical methods and radiation to induce chronic lymphedema. Despite more radical surgical destruction
of superficial and deep lymphatic vessels, surgery alone was not enough to sustain increased hindlimb volume. Radiotherapy was
necessary to prolong these effects, with decreased lymphatic flow on lymphoscintigraphy, but hindlimb necrosis occurred after 4
weeks due to radiation toxicity.The applicability of this model for studies of therapeutic lymphangiogenesis was subsequently tested
by injecting muscle-derived stem cells previously cocultured with the supernatant of human lymphatic endothelial cells in vitro.
There was a tendency for increased lymphatic flow which significantly increased lymphatic vessel formation after cell injection, but
attenuation of hindlimb volume was not observed. These results suggest that further refinement of the rodent hindlimb model is
needed by titration of adequate radiation dosage, while stem cell lymphangiogenesis seems to be a promising approach.

1. Introduction

Lymphedema is defined as the accumulation of tissue fluid as
a consequence of impaired lymphatic drainage [1]. Its etiology
may be either congenital or acquired, and it is estimated to
affect approximately 140 to 250 million people worldwide
[2]. The acquired form of lymphedema is more common
and is mainly caused by destruction of the lymphatic system
during surgery or radiation therapy. Unfortunately there
is no known definite cure for lymphedema and most of
the current treatment strategies are focused on conservative
measures with treatment of secondary complications such as
cellulitis/lymphangitis or malignant tumors.

Our understanding about the pathologic mechanisms of
this disease and therapeutic approaches is limited by the lack
of suitable animal models. The importance of animal models
for preclinical studies is indisputable, and many researchers
have proposed several animal models in the last several
decades, which include canine, rabbit, and rodentmodels, but
none of them have been able to reliably reproduce a sustained
chronic effect similar to that found in human secondary
(postsurgical) lymphedema [3].The first models were created
in dogs as early as 1888 by ligation of the lymphatic trunks in
the hindlimb [4], and many modifications have been made
since then, but none of the methods gained great acceptance
because of the complexity of the procedure and the long
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latency before the appearance of chronic lymphedema [5].
An alternative model was the rabbit ear model, first proposed
in 1977, which had the anatomic advantage of having super-
ficially located lymphatics and nonexistent deep lymphatic
systems, making model creation easier and more reliable
[6]. However, this method had problems regarding difficult
reproducibility by other researchers with high dependence on
the animals and conditions used. The rodent model was first
introduced in the 1980s and is most widely used nowadays
because of its easy accessibility, low cost, and shorter duration
to obtain clinically relevant observations. Additionally, the
rodent lymphatics present muscular patterns that are similar
to humans than any other species,making physiologic studies
more feasible [5]. There are two models of lymphedema in
rodents: the tail model and the hindlimb model. The tail
model is being used in most recent studies because of its
procedural simplicity and its effectiveness in providing infor-
mation about the molecular aspects of lymphangiogenesis.
The hindlimb model, on the other hand, is more complex to
create but is physiologically and anatomically more similar to
human postsurgical lymphedema than the tail model and has
the advantage of providing abundant tissue for harvesting.

These animal models can be used for studies of thera-
peutic lymphangiogenesis, which involves the regeneration of
lymphatic vessels to restore lymphatic flow and improve lym-
phedema. Lymphangiogenesis has been shown to occur in
adult tissues during inflammation,woundhealing, and tumor
metastasis [7]. Research in lymphangiogenesis has been
possible due to identification of regulatory molecules and
markers specific to the lymphatic endothelium,which include
Prox-1, lymphatic vessel hyaluronan receptor-1 (LYVE-1),
vascular endothelial growth factor receptor-3 (VEGFR-3 or
Flt-4), and podoplanin. These markers are now specifically
used as markers of lymphatic vessels.

In this study, we set out to determine whether a sustain-
able model of lymphedema can be created by more radical
destruction of the lymphatic vessels using surgical and radio-
therapeutic methods in rodent hindlimbs. The applicability
of this model for studies of therapeutic lymphangiogenesis
was investigated by injecting lymphatic endothelial cell (LEC)
precursors previously differentiated from muscle-derived
stem cells in vitro into the hindlimbs, and the potential role
of stem cell therapy was assessed.

2. Materials and Methods

2.1. Animal Model for Lymphedema and Study Design. Under
the approval of the Institutional Animal Care and Use
Committee (IACUC) of Seoul National University Bundang
Hospital for the whole study, Balb/c mice (male, 4 weeks old)
were anesthetized using an intraperitoneal injection of 0.2mL
tiletamine/zolazepam (Zoletil, Virbac) and 0.15mL xylazine
(Rompun, Bayer). For detection of the lymphatic system,
0.05mL ofmethylene bluewas injected subcutaneously in the
right distal hindlimb and the limb was intermittently flexed
and extended for 30min. A circumferential incision was
made on the right hindlimb and a 1 cm wide circumferential
strip of skin and subcutaneous tissue was resected. During

the procedure, the medial neurovascular bundle was saved
by meticulous dissection and gentle retraction to separate it
from the surrounding tissue (Figure 1(a)). Further resection
of the underlying muscle was done to destroy the deep
lymphatic system (Figure 1(b)), and electrocauterization of
the stained lymphatics as well as circumferentially along the
proximal and distal margins was performed. The inguinal
lymph nodes were also removed surgically using a surgical
microscope system (Carl Zeiss) and remnant lymphatics
were electrocauterized (Figure 1(c)).The resectedmuscle was
restored by fixation to the surrounding tissue using a 5-0
polyglactin suture and the wound was covered with a strip
of surgical glove to protect the wound from external damage
or dehydration.

A total of 24 mice underwent this procedure for creation
of lymphedema and were divided into 3 groups. In the
Surgery group (𝑛 = 8), the above described surgical
procedure was performed only, while, in the Surgery+RT
group (𝑛 = 8), mice were exposed to 4500 cGy/3 fractions
of radiotherapy at day 5 after surgery. Fractional doses of
1500 cGy were given to the inguinal area for 3 consecutive
times with intervals between each fraction using a 6MeV
electron (Varian 21 EX linear accelerator), while the rest of the
mouse body (except for the inguinal area) was shielded from
radiation using lead blocks. In a third group, named the Cell
therapy group (𝑛 = 8), the same surgical and RT procedures
were performed, and injection of 1 × 107 cells of LEC pre-
cursors obtained from in vitroMDSC cocultured with HLEC
(50% sup.) was given at 3 different locations in the hindlimb
at day 5 immediately after RT.The same volume of saline was
injected in the hindlimbs (both operated and contralateral
nonoperated limbs) of the other groups to correct for volume
discrepancies during subsequent volumetric analyses.

2.2. Water Displacement Volumetric Analysis. The degree of
lymphedema was quantified by measuring the volume of
the right (operated) hindlimb using a water displacement
volumetry method. A 1.8mL polypropylene tube (Nalge
Nunc) was fully filled with saline and the right hindlimb was
inserted into the tube up to the most proximal margin of the
circumferentially excised wound. The overflowed saline was
refilled using a 1mL syringe and the volume of saline needed
to fully refill the tube was indirectly used as an indicator
of hindlimb volume. All mice were anesthetized during this
procedure and the contralateral left limbwas used as a control
for normal hindlimb volume.Measurementwas performed at
1, 3, and 5 days and 1, 2, 4, and 8 weeks and eachmeasurement
was performed 3 times by a single researcher to obtain amean
value.

2.3. Lymphoscintigraphy. Lymphoscintigraphy was per-
formed at 8 weeks using a NanoSPECT/CT device (Bioscan).
After intraperitoneal anesthesia, technetium-99m antimony
sulfur colloid (Tc-99m ASC) was injected subcutaneously in
the right foot and frames were taken at a speed of 15 seconds
per frame for the first 5 minutes. A delayed frame was taken
40 minutes after injection. All necessary safety measures
regarding radioactivity issues were taken.
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Figure 1: Formation of lymphedema in the right hindlimb of Balb/c mice. (a) Meticulous dissection and preservation of the neurovascular
bundle by gentle retraction. (b) Circumferential resection of strip of skin, subcutaneous tissue, and muscle to obliterate deep lymphatics. (c)
Staining of lymph nodes and lymphatics after injection ofmethylene blue (black arrow) for lymphatic obliteration and lymph node dissection.

2.4. LYVE-1 IHC Staining of Lymphatic Capillaries. Tissue
specimens from the right hindlimb were obtained at 1,
2, 4, and 8 weeks for immunohistochemical (IHC) stain-
ing and RT-PCR of lymphatic markers. For LYVE-1 3,3-
diaminobenzidine (DAB) IHC, tissues were fixed in 4%
formalin, embedded in paraffin, and sectioned into 5–7𝜇m
slices. After deparaffinization, rehydration, and blocking, the
tissues were incubated with primary antibody for LYVE-1
(1 : 100, Abcam) at 4∘C overnight.The next day, DAB staining
was performed with the REAL Envision Detection System,
Peroxidase/DAB+, and Rabbit/Mouse (Dako) according to
the manufacturer’s instructions, which sequentially conju-
gates secondary goat antigen and stains for DAB. LYVE-
1 positive tubular structures were counted by from 4 ran-
dom high-power microscope fields with Image Pro Plus 4.5
(Cybernetics Inc.) and the mean value was calculated.

2.5. In Vitro Lymphatic Differentiation of MDSCs and Lym-
phatic Marker Expression. The injected cells in the Cell
therapy group were obtained by isolation of MDSCs from
the gastrocnemiusmuscle of 4–6-week-old Balb/cmice using
a modified preplate technique, as previously described [8,
9]. Human lymphatic endothelial cells (HLEC, ScienCell
Research Laboratories) were cultured for 3 days until 80%
confluence was achieved and the supernatant was moved to
a new tube. Isolated MDSCs (50%) and the supernatant of

HLECs (50%) were placed in a new culture medium and
cocultured for 4 weeks for lymphatic differentiation.

To determine the differentiation of MDSCs to LEC
precursors, the lymphangiogenic characteristics of MDSCs
cocultured with 50% supernatant of HLECs were com-
pared with native MDSCs and HLECs. The respective cells
were seeded on plate slides (Nalge Nunc), fixed with cold
methanol, and blocked for 30min with 5% blocking solution
(Dako). The primary antibody Prox-1 (1 : 100, Abcam) was
added and incubated overnight at 4∘C. For DAB staining,
the REAL Envision Detection System, Peroxidase/DAB+,
and Rabbit/Mouse (Dako) were used as described previ-
ously. Counterstaining with hematoxylin and mounting with
DAPI were then performed and the slides were observed
under microscopy. For immunofluorescence (IF) staining,
the respective fluorescein isothiocyanate-(FITC-labeled) sec-
ondary antibody was incubated for 3 h at 4∘C and mounted
with DAPI and the slides were observed under microscopy.
The expression of Prox-1 was quantified for the three different
cell types by counting the number of positive cells from 4
random high-power fields, and the relative expression rate
of native MDSCs and coculturedMDSCs against HLECs was
determined.

Reverse transcriptase polymerase chain reaction (RT-
PCR) was performed for lymphatic markers Prox-1, Flt-4,
and podoplanin. Total RNA from the respective cells were
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Table 1: RT-PCR primer sequences and product size.

Gene Accession number Primer sequence (forward, reverse) Temp (∘C) Size (bp)

Prox-1 NM 002763.3 5-GGAGATGGCTGAGAACAAGC-3 53 232
5-AGACTTTGACCACCGTGTCC-3

Flt-4 NM 182925 5-GCTGTTGGTTGGAGAGAAGC-3 53 213
5-TGCTGGAGAGTTCTGTGTGG-3

Podoplanin BC022812 5-GCCAGTGTTGTTCTGGGTTT-3 53 209
5-AGAGGTGCCTTGCCAGTAGA-3

Actin NM 001101.3 5-GAGTCAACGGATTTGGTCGT-3 51 200
5-TTGATTTTGGAGGGATCTCG-3

extracted using the RNeasy Mini Kit (Qiagen) according
to the manufacturer’s instructions, and the quantity and
quality of the extracted RNAwere determined by absorbance
at 260 nm and 280 nm wavelengths using the Smart-
Spec Plus Spectrophotometer (Bio-Rad). An oligonucleotide
deoxythymidine primer was added to 2 𝜇g of the extracted
total RNA and incubated at 65∘C for 10min. The denatured
RNA was mixed with 4 𝜇L of 5x reaction buffer, 1mM dNTP,
20U of RNase inhibitor, and reverse transcriptase BioScript
(Bioline) to make a final volume of 20𝜇LcDNA. For PCR
amplification, cDNA equivalent to 500 ng of starting RNA
was mixed with 20 pmol of forward and reverse primers
with 10x PCR buffer (MangoMix, Bioline). The sequences
of the PCR primers for lymphatic markers are shown in
Table 1. PCR amplification was performed with PTC-200
PCR Thermal Cycler (MJ Research) using the following
cycling conditions: 94∘C for 2min (initial denaturation),
94∘C for 30 s, 53–55∘C for 45 s, 72∘C for 30 s (35 cycles),
and 72∘C for 10min (final extension). PCR products were
subjected to electrophoresis on 1-2% agarose gels containing
ethidium bromide. Images were captured with a camera and
the relative band intensities were analyzed with a computer-
assisted bioimaging analyzer (EXT-20MX; Vilber Lourmat)
after normalization against actin.

2.6. Statistical Analysis. All data are presented as means ±
SE. Multiple comparisons were performed using a one-way
ANOVA with post hoc test using Tukey’s method. IBM SPSS
Statistics 20 (IBM)was used for analysis, and differences were
considered statistically significant when 𝑃 < 0.05.

3. Results

3.1. Assessment of Animal Model for Lymphedema Forma-
tion. The degree of lymphedema in our animal model was
measured by volumetric analysis using a water displacement
method. The Surgery group showed a significant increase
in volume of the operated right hindlimb compared to the
contralateral normal hindlimb (used as control) at day 5, and
therewas a tendency for this difference to bemaintained up to
1 week (Figure 2(a)). However, there was a decline in volume
after 1 week, becoming similar to the normal contralateral
hindlimb at 4 weeks, thus demonstrating that surgery alone
was not able to produce a sustained effect for the study of
chronic lymphedema. With the addition of radiotherapy at

day 5, the Surgery+RT group showed a sustained volume
increase after 1 week which was maintained up to 4 weeks
compared to the Surgery group, although this difference
failed to achieve statistical significance. Unfortunately, there
was a high incidence of necrosis in hindlimbs of mice from
the Surgery+RT group between 4 and 8 weeks, probably due
to the toxicity of radiation exposure, which led to significant
tissue loss, causing a dramatic decrease in volume during this
period.

Lymphoscintigraphic findings between the Surgery and
Surgery+RT groups demonstrate that, in the Surgery group,
there was partial radioactive uptake in the inguinal area in the
delayed images which was not observed in the Surgery+RT
group (Figure 2(b)). In the Surgery+RT group, there was
barely any movement of radioactive substance from the foot.
These results have two implications: (1) RT was probably
able to ablate the remnant lymphatics that were not fully
destroyed by surgical methods, and (2) RT was able to
suppress spontaneous regeneration of lymphatic vessels, thus
completely obstructing lymphatic flow leading to increased
hindlimb volume.

3.2. MDSCs Cocultured with HLEC. In order to assess the
applicability of our animal model for studies of lymphan-
giogenesis, we differentiated stem cells into LEC precursors
in vitro. MDSCs cocultured with the 50% supernatant of
HLECs showed a change in cell morphology from a spindled
shape to round shape under light microscopy, resembling
the appearance of HLECs (Figure 3(a)). DAB staining of cells
with lymphatic marker Prox-1 showed that native MDSCs
had no expression, while cocultured MDSCs showed pos-
itive brown staining of the cytoplasm in morphologically
MDSC-like cells (as shown by the same morphology of
the nucleus). IF staining for Prox-1 also revealed a similar
pattern, with MDSCs showing only DAPI stained nuclei
while the coculture, as well as HLECs, showed a positive
green fluorescence of the cytoplasm. Quantification of Prox-
1 expression demonstrated that MDSCs had no expression
while the coculture showed an expression rate of around 70%
relative to HLECs (100%) (Figure 3(b)). At the genetic level,
RT-PCR also showed a similar pattern, with native MDSCs
showing no gene expression for lymphatic markers Prox-1,
Flt-4, and podoplanin, while the coculture showed around
60% expression of these lymphatic markers with respect
to HLECs (Figures 4(a) and 4(b)). These in vitro studies
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Figure 2: In vivo measurement of hindlimb volume and lymphatic
flow. (a) Volume measurements of hindlimbs at different time
intervals and compared against the normal left hindlimb. There is
an overall increase in volume compared to the normal hindlimb,
with statistical significance at day 5. This volume increase tends to
be maintained after radiotherapy at 14 days, but this difference is
lost at 56 days. (b) Lymphoscintigraphy shows an improvement in
lymphatic flow after cell therapy as demonstrated by the collection of
radioactive materials (red circles) in the proximal parts of the body
compared to the other groups.

demonstrate that a coculture of MDSCs with the supernatant
of HLECs can drive differentiation of MDSCs towards the
lymphoendothelial lineage, showing expression of lymphatic
markers at the genetic and cellular levels while maintaining
the morphologic characteristics of MDSCs.

3.3. Effect of Cell Therapy on Lymphedema Attenuation.
Injection of lymphoendothelial precursor cells derived from
MDSCs into the hindlimbs after RT did not cause any
attenuation of hindlimb volume during the whole study
period (Figure 2(a)). Volumetric analysis of the Cell therapy
group showed a similar pattern of volume to that of the
Surgery+RT group, with a steep decline in volume after 4
weeks due to tissue loss. Lymphoscintigraphy, on the other

hand, showed increased radioactive substances in the upper
part of the body in the delayed frame images (Figure 2(b)),
suggesting that lymphatic flow may be restored after cell
therapy.

At the histological level, IHC for LYVE-1, a cell surface
receptor on lymphatic endothelial cells, was performed from
the specimens obtained at 1, 2, 4, and 8 weeks. The results
showed that the Cell therapy group had an overall higher
expression of brown stained tubular structures compared to
the Surgery+RT or Surgery group (Figure 5(a)). Quantifi-
cation of the lymphatic structures showed that at 1 week
the Surgery+RT and Cell therapy groups had significantly
lower number of lymphatics compared to the Surgery group
(Figure 5(b)). This finding can be explained by the fact that
radiotherapy and cell injection were done at day 5 and
therefore there was immediate destruction of lymphatics by
radiation without enough time for the effects of cell therapy
to appear. However from 2 weeks, the Cell therapy group
had higher lymphatic formation than the other groups which
becomes statistically significant at 8 weeks.

4. Discussion

In this study we attempted to create a modified, more radical
animal model of chronic lymphedema. Our animal model
was similar to the prototype model proposed by Olszewski
et al. [10] in canine limbs, which was first modified by
Wang and Zhong [11] to be performed in rodents. Wang’s
rat hindlimb model involved circumferential incision and
excision of a circular strip of skin and all subcutaneous tissue,
identification and ligation of the main lymphatic trunks after
dye injection, popliteal node excision, and suturing of the
skin edges to the muscles. Lymphedema persisted up to
15 days postoperatively, but the difference was lost by 30
days, and the difference became significant again after 180
days. Despite the late reappearance of lymphedema after 6
months, thismodel was only partially successful in producing
a sustained effect needed to study chronic lymphedema. In
our study, we performed a more radical surgical ablation of
the lymphatics, especially the deep lymphatic system, which
may not have been fully ablated in Wang’s model. To achieve
this, we also resected the muscle down to the periosteum
to fully divide all underlying deep lymphatics, and, after
meticulous electrocauterization of any stained lymphatics,
the muscle was sutured again to its original location. We
also performed electrocauterization around the upper and
lower circumferential resection margins, and the inguinal
lymph nodes were removed using microsurgical techniques.
Despite this radical surgical approach, our results showed
that the edematous state did not persist beyond 1 week.
Addition of radiation therapy was therefore performed in an
attempt to fully destroy any remnant lymphatics that may
not have been destroyed under surgical methods and to
suppress spontaneous lymphatic vascular regeneration that
may occur after surgery. Both Lee-Donaldson et al. [12] and
Kanter et al. [13] used radiotherapy to induce lymphedema,
but, in these studies, the degree of surgical ablation of the
lymphatics was less radical, ranging from regional groin
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Figure 3: Coculture ofMDSCs with the supernatant of HLECs demonstrates differentiation ofMDSCs towards the lymphatic lineage. (a)The
coculture MDSC + HLEC (50% sup.) shows a change in morphology, as shown by the change from a spindled shape (MDSC) to a rounder
shape, resembling themorphology of HLECs.The coculture also shows positive expression of Prox-1 under DAB and IF staining, while native
MDSCs show negative expression (400x magnification). (b) Graphical representation of Prox-1 expression rate showing 70% expression in
the coculture compared to negative expression in native MDSCs.

lymphatic ablation with lymph node dissection only (Lee-
Donaldson) to circumferential excision of skin and subcuta-
neous tissue and deep lymphatic ablation after dye injection
but without muscle resection or lymph node dissection

(Kanter).The radiation dose used in our study was 4500 rads,
which was the same dose used by the previous studies on
rodents. Lymphedema was sustained for a longer period of
time after radiotherapy, but necrosis of the hindlimb after
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Figure 4: Upregulation of lymphatic specific genes after coculture of MDSCs with the supernatant of HLECs. (a) RT-PCR demonstrates
negative expression of genes for Prox-1, FLt-4, and podoplanin in native MDSCs, while the coculture demonstrates upregulation of these
genes. (b) Graphical representation of gene expression rate normalized against actin. There is upregulation of genes for Prox-1, FLt-4, and
podoplanin after coculture compared to native MDSCs.

4 weeks was found, probably due to the toxicity of radiation,
making further volumetric analyses inappropriate. The same
problems were also faced in the previous studies, suggesting
that an adjustment of the radiation dose is necessary to
overcome this problem. In fact, previous studies in canine
models have used radiation doses of 1200 to 1500 rads [14, 15],
suggesting that the dose of 4500 rads in smaller rodents
may be too toxic. Yet, our results are in accordance with
previous studies in that RT is a necessary procedure to
induce sustained lymphedema after surgery. The fact that the
radicality of the surgical procedure to destroy potential deep
lymphatics did not affect the duration of lymphedema may
suggest that the role of RT is greater in the suppression of
lymphatic regeneration and collateral circulation rather than
total ablation of remnant lymphatics.

In terms of the applicability of our model for the
study of therapeutic lymphangiogenesis, the necrosis of the
hindlimb tissue after RT made volumetric analysis studies
inappropriate. A refinement of the model is necessary, yet
it is also possible that the cell therapy effect may not
have been enough to produce substantial changes in vol-
ume. One possible explanation may be that the therapeutic
dose may not have been achieved by a single injection.
A previous study of stem cell lymphangiogenesis achieved
lymphedema regression by performing weekly injections of
stem cells [16]. Despite these problems, the lymphoscinti-
graphic findings and the increased lymphatic vessel for-
mation in our IHC studies after cell therapy suggest that
the model can be used to analyze functional aspects of
lymphatic flow and provide for histopathologic informa-
tion, the latter being an advantage of the rodent hindlimb

model compared to the tail model (abundant tissue for
harvesting).

In our study, we did not investigate the histopathologic
characteristics associated with chronic lymphedema, which
include findings such as increased number of fibroblasts,
adipocytes, keratinocytes, mononuclear inflammatory cells,
and ultimately skin thickening with subcutaneous tissue
fibrosis [17]. However, we found that calgranulin (both A and
B) genetic expression was increased from RT-PCR studies
of harvested hindlimb tissues at 4 and 8 weeks in the
Surgery+RT group and even higher in Cell therapy group
(data not shown). Calgranulin is a gene known to be related
to inflammation and it has been reported to be expressed
with high specificity in microarray studies of lymphedema
[18]. RT has the effect of producing an inflammatory
response which is needed to produce the effects observed
in human chronic lymphedema, and a higher inflammatory
response in the Cell therapy group can be explained by
the fact that inflammatory response to lymph stasis acts
as an important trigger for postnatal lymphangiogenesis
[19, 20].

With regard to therapeutic lymphangiogenesis, we have
proposed a different approach using stem cells instead of
the more commonly used VEGF-C. Previous studies have
mainly used VEGF-C administered either as single injec-
tions [21] or by gene transfer into plasmid DNAs encoding
human VEGF-C [22]. Other growth factors such as HGF
[23] and PDGF-BB [24] have also been reported. However,
stem cells have the advantage that they have potential for
multilineage differentiation and self-regeneration [25], which
can be used to increase lymphangiogenesis effectively. The
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Figure 5: Increase in formation of LYVE-1 positive lymphatic structures after injection of differentiated stem cells (a) LYVE-1 IHC staining
from harvested tissues at 1, 2, 4, and 8 weeks, showing increased formation of LYVE-1 positive lymphatic structures (arrows) in the Cell
therapy group. (b) Graphical representation of LYVE-1 positive lymphatic structure density, showing an overall increased density at 2, 4, and
8 weeks in the Cell therapy group. Asterisk (∗) represents 𝑃 < 0.05.
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role of stem cells in lymphangiogenesis was first described by
Liersch et al. [26] by use of embryonic stem cells stimulated
with both VEGF-C and VEGF-A, but, since then, only few
reports on the potential role of stem cells for treatment of
lymphedema can be found [16, 27–29]. Our study is one of
the few studies that have used adult somatic stem cells, with
the advantage that MDSCs originate from one of the most
abundant and easily obtainable sources, and its efficacy and
freedom from malignant transformation have been widely
studied [30].

Overall, we were not able to create a reliable model
of chronic lymphedema despite our more radical approach
using both surgical and radiotherapeuticmethods. Our study
was also limited by a short study period of only 8 weeks, and
thus late effects such as delayed reappearance of lymphedema
could not be assessed. The effects of cell therapy on atten-
uation of lymphedema were not evident from a volumetric
approach, which demonstrates the need for a refined animal
model, especially a titration for optimal radiation dosage.
However, the tendency for functional improvement of lym-
phatic flow and increased lymphatic vessel formation suggest
that there is still room for improvement of this model and
that stem cells can be a promising tool for use in therapeutic
lymphangiogenesis.
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Cardiac pathologies are among the leading causes ofmortality andmorbidity in industrialized countries, withmyocardial infarction
(MI) representing one of the major conditions leading to heart failure (HF). Hitherto, the development of consistent, stable, and
reproducible models of closed-chest MI in large animals, meeting the clinical realism of a patient with HF subsequent to chronic
ischemic necrosis, has not been successful. We hereby report the design and ensuing application of a novel porcine experimental
model of closed-chest chronic ischemia suitable for biomedical research, mimicking post-MI HF. We also emphasize the key
procedural steps involved in replicating this unprecedented model, from femoral artery and vein catheterization to MI induction
by permanent occlusion of the left anterior descending coronary artery through superselective deployment of platinum-nylon
coils, as well as endomyocardial biopsy sampling for histologic analysis and cell harvesting. Our model could indeed represent a
valuable contribution and tool for translational research, providing precious insights to understand and overcome themany hurdles
concerning, and currently quenching, the preclinical stepsmandatory for the clinical translation of new cardiovascular technologies
for personalized HF treatments.

1. Introduction

Cardiac pathologies are among the leading causes of mor-
tality and morbidity in industrialized countries, with heart
failure (HF) representing the final common pathway for
many diseases that affect the heart and defining a syndrome
characterized by inadequate performance of the heart that
negatively affects whole body blood supply [1]. Myocardial

infarction (MI) is one of the major conditions leading to
HF, having an ominous impact on public health in terms
of mortality and morbidity [2]. The hemodynamic overload
generated by MI imposes mechanical and neurohumoral
modifications on cardiac walls, triggering complex biological
responses that culminate in tissue remodeling. This response
initially starts as compensatory left ventricular hypertrophy
but eventually evolves towards maladaptive remodeling,
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possibly triggering transition to HF. The cascade of events
that begins with cardiac hypertrophy, attempting to set on a
compensatory response and finally leading to HF, is charac-
terized by contractile dysfunction and cell death of stressed
cardiomyocytes, reduced capillary density, inflammation and
fibrosis [3]. To date available medical treatments aim more
at preserving residual, albeit compromised, cardiac function
rather than at restoring lost functions. Besides, available drug
therapies act by decreasing cardiac workload by reducing
heart rate and blood pressure (such as𝛽-blockers), preserving
blood flow in coronaries (such as nitrates), and by blocking
or reversing the remodeling process (such as angiotensin-
converting enzyme (ACE) inhibitors), while not addressing
the specific issue of recovering the loss of function due to
massive muscular death. Even cardiac surgery remains a
palliative management, not always suitable for catastrophic
events like large myocardial damage due to huge infarction
and cell demise.

However, all research approaches focusing on the im-
provement of cardiac function by cell therapy have hitherto
encountered only incomplete success and generated con-
flicting results with no clear evidence of heart regeneration
potential, which is mainly due to unsolved issues related to
low survival and engraftment rate of injected cells, as well
as the occurrence of complications such as inflammation or
fibrosis [4]. In that sense, the scientific community has now
to take a step back as the clinical outcome highlighted by
the most recent clinical trials has only partially mirrored
the expected results based on preclinical animal models, in
terms of actual engraftment, survival, differentiation, and
functional recovery.

Thus, the development of a consistent, stable, and repro-
ducible model of closed-chest MI and cell delivery is manda-
tory as an efficient and realistic tool for the preclinical evalu-
ation of cell therapy procedures. Nowadays, in the scholarly
literature, several in vivo animal models reproducing HF are
available as a result of genetic modifications, surgical liga-
ture of the coronary arteries (with or without reperfusion),
microembolization, cryoinjuries to the epicardium, electrical
stimulation at a rapid pace, modifications of load, or toxic
pharmacological treatments [5–10]. All these models have
certainly allowed us to improve our mechanistic knowledge,
but they do not go far enough in meeting the clinical
reality of a patient with HF subsequent to chronic ischemia.
Indeed, small animal models such as rodents have provided
significant insights into human cardiac pathophysiology.
Specifically, rodent and human hearts are greatly different in
their dimension, structure, heart rate, oxygen consumption,
regional and global contractility, protein expression, and even
in resident stemcell populations [11], with the consequent and
clear need for models of HF in large animals. The emergence
of such large animal models in cardiovascular research fields
such as MI, HF, valvular disease, heart transplantation, and
ventricular assist devices (VAD) reflects the close similarity
of these animals to human anatomy and physiology. The
size of pigs (e.g., female Landrace pigs, weighing 30–35 kg,
aged 3–12 months) allows the use of surgical equipment and
imaging modalities similar to those used in humans, aiming
at reproducing a real clinical situation with the employment

of human-sized instruments while enabling the development
and application of a unique model close to the clinical reality
of a patient with HF.

In the light of this, our aim was to devise and apply a
novel porcine closed-chest experimental model for biomed-
ical research, describing how to perform a full procedure
from femoral artery and vein catheterization to MI creation
by minimally invasive transcatheter permanent coronary
occlusion at the level of the left anterior descending artery
(LAD) with selective deployment of intraluminal coils. We
also describe transcatheter endomyocardial bioptic sample
collection in order to isolate, characterize, and expand autol-
ogous resident cardiac progenitor cells [12], representing the
basis for the clinical translation of new possible protocols
for regenerative medicine. Results from this report aim
at proposing a consistent, stable, reproducible, and, most
importantly, clinically relevant model of closed-chest MI
and ensuing HF, resembling more realistically the medical
history of a patient with this condition, and thus representing
a more accurate pathophysiological model to test possible
cardiac progenitor cell-based technologies for personalized
HF treatments closer to clinical translation.

2. Materials and Methods

2.1. In Vivo Experimental Protocol. All animals were handled
in compliance with the European Convention on Animal
Care and received humane care in accordance with the Prin-
ciples of Laboratory Animal Care and the Guide for the Care
and Use of Laboratory Animals. The experimental protocol
was approved by local authorities and by the bioethical
committee of the Catholic University, Rome, Italy (Protocol
CESA/P/52/2012-13/12/2012).

2.2. Animal Preparation and Anesthesia. Experimental pre-
paration and surgical protocol were performed under sterile
conditions. Atropine (0.02mg/kg IM), ketamine (15mg/kg
IM), and diazepam (0.1mg/kg IM) were used for premedi-
cation, and intravenous access was obtained with a 21- or 22-
Gauge needle in the ear vein. Anesthesia was induced by IV
injection of ketamine (35mg/kg) and diazepam (0.1mg/kg).
All animals were intubated with an endotracheal tube of
5 to 7mm internal diameter, and general anesthesia was
maintained with 1% to 2% isoflurane supplemented with
oxygen, both supplied by an Aliseo mechanical ventilator
(Datex Ohmeda, General Electric, Fairfield, CN, USA) and
a constant rate IV infusion of propofol at 6mg/kg/h for
the first two hours and then at 4mg/kg. Muscle relaxation
was obtained with a constant rate IV infusion of atracurium
besylate (0.5mg/kg). Ventilator parameters were set accord-
ing to each animal body weight (tidal volume 10mL/kg,
respiratory rate 16/minute, I/E 1 : 2, FiO2 40%, heart rate
70/130 bpm, SBP 110–120/70–80mmHg, central venous pres-
sure 4–10mmHg). During the anesthesia we used a IV
infusion of Ringer Lactate crystalloid solution of 10mL/kg.
In order to prevent infection, we administered enrofloxacin
(5mg/kg qd IM for 5 days), whereas for the intra- and
postoperatory pain relief we used tramadol at 2/4mg/kg bid
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Figure 1: ((a) and (b)) Ventricular biopsies obtained using a standard clinical cardiac bioptome introduced through a 7-French sheath. (c)
Evidence of the intraluminal platinum-nylon coil (Axium,Covidien,Mansfield,MA,USA) at 1month followup (distal left anterior descending
(LAD) represented by the star). (d) Evidence of the coronary lumen at 1 month highlighting the segment of the coronary vessel distal to the
occluded segment (distal LAD represented by the star).

IM/EV for the first 48 h, followed by ketoprofen: 2mg/kg
qd IM for further 3 days. Before starting all the procedures
(about 30 minutes prior to the intervention) an IV infusion
of 1.0–2.5mg/kg amiodarone was started in order to prevent
possible ventricular arrhythmias, and 2000 IU heparin IV
was administered in order to avoid thromboembolic phe-
nomena.

2.3. Ventriculography, Bioptic Sampling, and Coil Deployment.
The right femoral artery was willingly punctured in all
animals according to Seldinger and cannulated with a short
5-French sheath exchanged for a 90 cm 7-French sheath
(Cordis, Miami, FL, USA). Left ventriculography was per-
formed in a right anterior oblique projection, with injection
of dye through either a 5-French pigtail catheter (Boston
Scientific, Natick, MA, USA), a 5-French Amplatz Right 1
diagnostic catheter (Boston Scientific), deployed by means of
a 300 cm 0.035 angiographic guide wire (Boston Scientific),
or the 7-French sheath. Then, endomyocardial biopsy was
performed aiming at the interventricular septum with a 7-
French device (BiPal, Cordis). After obtaining a suitable
number of endomyocardial samples (5 to 7 per animal, each
weighing from 10 to 50mg, see Figure 1), the bioptome was
exchanged for an Amplatz Right 1 or Amplatz Left 1 Judkins
Right guiding catheters, which were used to cannulate the
left coronary artery for selective coronary arteriography
and coil deployment. A 0.014 J-tipped floppy angioplasty
guide wire (ChoICE PT floppy, Boston Scientific) was then
inserted into the LAD under fluoroscopic guidance, and

coronary occlusion was achieved by deploying one or more
4.0 × 10mm platinum-nylon microcoils (Axium, Covidien,
Mansfield, MA, US) distally to the ostium of the first major
diagonal branch. To further ensure that the occlusion was
permanent, 20mg of protamine was administered IV after
deployment of the coil. Complete cessation of flow into the
distal LAD was then confirmed by angiography in all cases
(Figure 2). Amiodarone was discontinued 30 minutes after
the evidence of ischemia, even if only one case of significant
arrhythmias occurred. After all the procedures animals were
gradually weaned from anesthesia and allowed to recover in
specific single cages. For postoperatory pain relief we used
tramadol at 2/4mg/kg bid IM/IV for the first 48 hours,
followed by ketoprofen: 2mg/kg qd IM for further 3 days.
All animals were monitored (4 times/day) and handled in
compliance with the European Convention on Animal Care
and received humane care in accordance with the Principles
of Laboratory Animal Care and the Guide for the Care and
Use of Laboratory Animals.

2.4. Electrocardiography and Echocardiography. To assess for
signs of acute myocardial injury, continuous monitoring by
electrocardiography (ECG) was performed. Changes in 12-
lead ECGwere also appraised to confirmongoingMI, record-
ing at 25mm/s, 40Hz, and 10mm/mV in all anesthetized
and immobilized animals in a supine position. Catheters
and sheaths were removed, with hemostasis achieved with
manual compression, while transthoracic echocardiography
(1 hour after-procedure) was performed to evaluate wall
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Figure 2: Coronary angiography of the occlusion of the mid tract of the left anterior descending coronary leading to myocardial infarction
after deploying an intraluminal platinum-nylon coil (Axium, Covidien, Mansfield, MA, USA) at (a) 1 month followup (star represents the
coil), with retrograde collateral flow from the left circumflex (b). Follow-up ventriculography showing the diastolic (c) and systolic (d) phases.
Arrowheads represent the akinetic segments.

motion abnormalities, confirming in real time the pres-
ence of hypokinesia/akinesia of the anterior-lateral wall.
Echocardiographic evaluation was performed at baseline, 1
hour after the occlusion, and then at 1-week and 1-month
followup. Animals were investigated both in a right and
left lateral positions. An experienced cardiologist performed
all echocardiographic studies. A commercially available CX-
50 machine (Philips, Andover, MA, USA), equipped with
a 1–5MHz probe (S5-1 PureWave sector array), was used
for all examinations. Two-dimensional and M-mode data
were acquired in parasternal long- and short-axis views at
the level of papillary muscles and in apical four-chamber
view. At least three consecutive beats were acquired and
digitally recorded for off-line analysis performed by two
experienced cardiologists with proprietary software (Philips).
Left ventricular (LV) diameters, thicknesses, ejection fraction
(LVEF), fractional shortening (LVFS), and LV volumes were
obtained. The euthanasia was obtained after 30 days with
the administration of Tanax (0.3mL/kg IV; Intervet Italia,
Segrate, Italy).

Hearts were explanted, rinsed 8–10 times with saline
solution for a total of 5minutes, prepared by surgical opening

of the right and left atria and immediately submerged in
a medical grade formaldehyde-buffered solution in sterile
conditions for histological and immunohistochemical assess-
ment.

2.5. Tissue Processing and Histology. After sacrifice, hearts
were harvested and fixed with formaldehyde 4% (Kaltek,
Padua, Italy) for 48 hours. The presence and the location
of the infarct area were assessed by two expert clinical
pathologists through macroscopic examination. Paraffin sec-
tions (2𝜇m) were then obtained from fixed hearts (PM2255
microtome, Leica, Solms, Germany) and stainedwith haema-
toxylin/eosin in the automated station St 5020 (Leica)
to microscopically analyse the myocardial tissue. Subse-
quently, tissue sections were stainedwithMasson’s Trichrome
(Menarini, Parma, Italy, cat. N∘ 04010802), and images were
acquired by a DSIGHT Fluo microscope (Menarini).

3. Results

3.1. Functional Evaluation. One out of 5 animals (20%)
showed ventricular fibrillation immediately after permanent
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Figure 3: (A) Echocardiography at 1 month: M-mode image of left ventricle (LV); the arrow points at the anterior interventricular septum,
which appears severely hypokinetic/akinetic, in comparison with the posterior wall. (B) Two-dimensional parasternal long axis; the LV apex
appears remodeled and aneurysmatic (arrow), and wall thickness is markedly reduced in comparison with the basal segment. LA: left atrium.
Follow-up ventriculography (1 month), with magnified views, showing a remodeled and aneurysmatic LV apex, in the right oblique (C) and
anteroposterior (D) views.

LAD occlusion, and in this case resuscitation was achieved
with repeated adrenaline boluses (10 mcg/kg IV) and a single
biphasic DC shock at 200 Joules. Heart rates were detected
at baseline (79.7 ± 3.5 bpm), soon after the occlusion (100.1 ±
7.3 bpm) and during all the phases of chronic HF subsequent
to permanent coronary occlusion (85.3 ± 5.9 bpm). ECG was
performed at baseline, continuously during the intervention
(pre-, intra-, and postcoronary occlusion), at 1 week and at
the end of the experiment confirming in all significant ST-
segment elevation in the acute phase and a necrosis pattern
afterwards.

Coronary occlusion with the subsequent MI resulted in
immediate reduction in LVEF and LVFS, from 62.7 ± 2.3% to
45.3 ± 5.1% and from 33.6 ± 1.6% to 22.1 ± 2.9%, respectively.
Ongoing remodeling of the LV was evident by continued
reduction in LVEF and LVFS over the following 4 weeks
(from45.3± 5.1% to 35.9± 3.2% and from22.1± 2.9% to 18.2±
4.3%, resp.,) and by an increase in LV end-diastolic diameters
and volumes (Table 1). M-mode imaging of left ventricle
showed a severely hypokinetic/akinetic anterior interventric-
ular septum, in comparisonwith the posteriorwall (Figure 3).
Two-dimensional parasternal long-axis view evidenced an
aneurysmatic left ventricular apex, with the distal andmedian
wall thicknesses markedly reduced in comparison with the
basal segment that resulted normokinetic (Figure 3). This
seems to mirror the LV remodeling observed in humans after
a MI.

Coronary angiography (Figure 2) performed at 1 month
highlighted the completeocclusion of the mid tract of

the LAD consequent to the deployment of the intraluminal
platinum-nylon coil. In two out of five animals (20%), selec-
tive coronary angiography of the LAD at 1-month followup
showed a faint retrograde collateral flow from the left cir-
cumflex (Figure 2). Follow-up ventriculography performed
at 1 month confirmed the presence of akinetic segments
corresponding to the lateral wall of LV and a remodeled and
aneurysmatic apex (Figures 2 and 3).

Mortality in this series was 0% likely in reason of the
fact that, after the set-up stage, we always deployed the
platinum-nylon microcoils distally to the ostium of the first
major diagonal branch. Indeed, deployment of the microcoil
proximally to the ostium of the first major diagonal branch
resulted in immediate ventricular fibrillation unresponsive to
pharmacological and/or electrical treatment, in keeping with
prior experiences with very proximal LAD balloon occlusion
[9].

3.2. Histological Analysis. All hearts showed transmural scar
and massive fibrosis consistent with acute coronary occlu-
sion due to thrombosis [13]. The infarct area was white,
shrunken, thin, and firm. The average of total infarct area
corresponds to 31.8 ± 1.5 cm2 (Figure 4). Healed infarcts
displayed a white scar surrounded by small areas with
congestion and vasodilatation. The ventricular wall was
thinned as it appears in transmural infarction. Indeed the
infarcts occupied more than 60% of the LV wall, from
the subendocardial to the epicardial surface. Microscopic
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Table 1: Basal and postacute myocardial infarction echocardiographic data.

Echocardiographic data Basal Post-AMI
1 hour

Post-AMI
1 week

Post-AMI
1 month

LV end-diastolic diameter (mm) 41.6 ± 1.7 40.8 ± 1.9 42.8 ± 1.2 46.7 ± 1.3

LV end-systolic diameter (mm) 27.6 ± 1.2 31.7 ± 0.8 33.7 ± 3.3 38.3 ± 1.3

LV end-diastolic volume (mL) 77.1 ± 7.2 73.5 ± 8.2 84.3 ± 8.3 99.9 ± 4.6

LV end-systolic volume (mL) 28.7 ± 3.6 40.2 ± 2.5 47.3 ± 2.6 63.2 ± 5.1

LV ejection fraction (%) 62.7 ± 2.3 45.3 ± 5.1 42.8 ± 1.7 35.9 ± 3.2

LV fractional shortening (%) 33.6 ± 1.6 22.1 ± 2.9 21.2 ± 6.9 18.2 ± 4.3

LV: left ventricle.

(a) (b)

H&E 10x

(c)

Masson’s Trichrome 20x

(d)

Figure 4: (a)Macroscopic analysis of the porcine heart showing the infarcted area, which appears brighter than the rest of themyocardium. (b)
Ventricular wall appears thinned in the area of transmural infarction. (c) Hematoxylin/eosin (H&E) staining of the porcine model showing
the haemorrhagic and the necrotic zones in the infarcted area. Infiltration of granulation tissue and fibroblastic/macrophagic cells is also
observed (10x magnification). (d) Masson’s Trichrome staining on a selected area of the section confirming both fibrotic connective and
granulation tissues (20x magnification).

findings demonstrate the presence of granulation tissue with
a large number of macrophages often engulfed with debris of
the necrotic myocytes and hemosiderin. Fibroblasts actively
producing collagen were found in the area of healing as
well as angiogenesis. Rare eosinophils were also present
within the chronic inflammatory areas. The central area of

infarction showed a small unhealed zone with mummified
myocytes and limited necrosis. Hemorrhagic areas were also
present. Masson’s Trichrome staining confirmed the presence
of fibrotic area evenly distributed in the tissue sections.
Representative images of histology analysis are displayed in
Figure 4.
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4. Discussion

In the last two decades, rapid advances have been made
in understanding genetic, molecular, and pathophysiological
pathways involved in the development and homeostasis of
the mammalian heart, as well as perturbations that may
influence cardiac physiology. Despite all this, to date reliable
animal models, both suitable for research purposes and
closely resembling human heart failure, still do not exist. The
importance to develop such models is based on major lim-
itations that occur particularly with murine in vivo models,
which show relevant physiological differences with human
hearts [11], although very useful and less expensive than large
animals.

Among large animals, pigs are certainly preferred, due
to the collateral coronary circulation and arterial anatomy
very similar to humans and most importantly because it is
even possible to predict the infarct size [14–16]. Moreover,
animal models of HF, as opposed to isolated cells or organs,
permit amore accurate, realistic, and complete analysis of the
physiological effects of cardiac dysfunction,which are of great
importance in the overall HF epiphenomenon.

In this study we have attempted to address the key issue
of creating an animal model of HF which could simplify an
extremely complex and challenging syndrome into manage-
able cardiovascular research questions. Specifically, themajor
novelty of our model lies in the fact that for the first time we
propose a chronic post-MI HF model with a real LV remod-
eling, based on a closed-chest technique [17], combined
with the permanent occlusion of the LAD. This model has
been conceived to allow the possibility of safely performing
afterward a surgical operation such as a VAD implantation
or a stem cells delivery without the jeopardy of a redo proce-
dure, consequently avoiding all related complications such as
surgical adherences, bleeding, and prolonged surgical times.
The present model, once optimized the coil deployment site,
seems also to have the advantage of dramatically reduced
mortality (nihil in our current experience), possibly reducing
also the overall cost of research. The validation of our model
has been confirmed by the histological analysis, showing
pathological features of a 4-week-old MI, very similar to
nonreperfused or delayed-reperfused MI (6 to 12 hours).
Accordingly, other models exploiting a transient coronary
occlusion followed by reperfusion (opposed to our model of
a permanent coronary occlusion) do not reflect the current
clinical practice, in reason of the fact that the vast majority
of patients with acute MI does not receive a reperfusion
therapy before 3 to 4 hours from symptoms onset or does not
receive it at all [9]. Therefore, this technique might help to
more easily mimic the pathophysiology of nonreperfused or
delayed-reperfused MI.

In the future, we envision exploiting further this model
and evaluating whether it can also prove useful and suitable
for cell therapy applications, by obtaining and injecting
autologous cardiac resident stem cells and by implantation of
left VAD (LVAD) without the challenges of a redo procedure.
All research approaches focusing on the improvement of
cardiac function by cell therapy have hitherto encountered
only incomplete success and generated conflicting results

with no clear evidence of heart regeneration potential, which
is mainly due to unsolved issues related to low survival and
engraftment rate of injected cells, as well as the occurrence
of complications such as inflammation or fibrosis [4, 18–20].
In that sense, the scientific community has now to take a
step back as the clinical outcome highlighted by the most
recent clinical trials has only partially mirrored the expected
results based on preclinical animal models, in terms of
actual engraftment, survival, differentiation, and functional
recovery. Thus, the development of a consistent, stable, and
reproducible model of closed-chest MI and biopsy collection
is mandatory as a realistic tool for the preclinical evaluation
of cell therapy procedures.

Despite the obvious impossibility of selecting one single
swine model as the best fitting or performing for all kinds of
research needs, nevertheless compared to current surgical in
vivo models, our approach could represent a new promising
tool for a more realistic clinical translation of novel regener-
ative medicine technologies.

This work has several strengths but also some key lim-
itations. The limited sample size, performance by a team
of highly skilled clinician investigators, veterinarians, and
pathologists, all thoroughly experienced in animal experi-
mental research spanning from small and large sizes, and
use of sophisticated equipments and devices may limit the
external validity of our results. However, we are confident that
applying this model in a similar setting by similarly experi-
enced and skilled operators will yield similarly satisfactory
and precise results.

5. Conclusion

It is clear that an intriguing question concerns the choice
of the animal model balancing researcher’s options between
convenience, cost, physiological applicability, and real cor-
respondence to the original human model. We are also
aware that a unique animal model cannot exist. Despite all
these limitations, large animals still remain the best tool to
investigate severe diseases such as cardiovascular diseases.
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Keloids and hypertrophic scars are thick, raised dermal scars, caused by derailing of the normal scarring process. Extensive research
on such abnormal scarring has been done; however, these being refractory disorders specific to humans, it has been difficult to
establish a universal animal model. A wide variety of animal models have been used.These include the athymicmouse, rats, rabbits,
and pigs. Although these models have provided valuable insight into abnormal scarring, there is currently still no ideal model.This
paper reviews the models that have been developed.

1. Introduction

Keloids are defined as pathologic scars that grow beyond
the confines of the original injury [1]. They occur in areas
of cutaneous injury, and they are benign, dermal fibropro-
liferative tumors, with no malignant potential [2, 3]. They
are characterized by an excessive deposition of extracellular
matrix components, namely, collage, fibronectin, elastin,
proteoglycans, and growth factors. There is a higher inci-
dence among African-Americans, Asian-Americans, Latin-
Americans, and other darker pigmented ethnicities. Reports
of familial cases and parallelism in identical twins imply
a genetic contribution to the pathophysiology [4]. Keloids
cause cosmetic deformities but are usually asymptomatic.
However, some may grow large enough to cause functional
limitations, especially when located along the joint.

The term “keloid” is derived from the Greek word chele,
which means crab’s claw, a comparison to the horizontal
growth of the tissue into the normal skin [2]. This charac-
teristic, among others, differentiates them from hypertrophic
scars. Hypertrophic scars are fibrous tissue outgrowth with
excessive scarring, which are confined to the original wound
margins [5]. These scars usually develop within a couple of
months after initial wound development, grow rapidly for
several months, and then gradually regress over the next few
years. Keloids may develop far after initial injury, persist for

extensive periods of time, and usually do not regress. Keloids
also have increased fibroblast density and proliferation rates,
larger, thicker, more wavy collagen fibers, and an increased
ratio of type I to type III collagens, unlike hypertrophic scars
[6–8]. Hypertrophic scars contain more type III collagen,
fibers oriented more parallel to the epidermal surface, with
nodules consisting of myofibroblasts. They slowly process
through the normal healing cycle of inflammation, prolifera-
tion, and maturation, while the keloid scar does not [9].

Keloids and hypertrophic scars are one of the most
infuriating clinical problems in wound healing. There is still
no single, unified hypothesis that explains the pathogenesis
of keloid formation. This fact is underscored by the multiple
treatment options for keloids including excision, intralesional
steroids, adjuvant radiation therapy, laser, silicone, pressure
therapy, and combination therapies [10–15]. Some have advo-
cated that intralesional triamcinolone, surgical excision, and
radiation actually promote recurrence [2, 10, 16].

The suggested hypotheses for the derailing of normal
scar formation in keloids are alteration in growth factors and
extracellular matrix components via epithelial keratinocyte-
mesenchymal fibroblast interactions or hypoxia-induced
angiogenetic responses, alteration in collagen turnover, alter-
ation in the keloid fibroblast response to various growth
factors, mechanical tension-induced fibroblast prolifera-
tion and collagen synthesis, genetic immune dysfunction,
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and immunological reaction to sebum [17–22]. A multifac-
torial inheritance model may be the underlying cause of
such alterations [4].

Animal models provide valuable translational vehicles
for human treatment modalities. However, as these aberrant
scars are specific to humans, the development of an animal
model for hypertrophic scarring or keloids has been ex-
tremely difficult. A major difference between laboratory ani-
mals and humans is the presence of the panniculus carnosus
in animals, a fibromuscular layer enabling the skin to slide
over underlying fascia. This facilitates rapid contraction and
faster healing of burn wounds.

The lack of a universal animal model for such scarring
has been an obstacle in developing a successful therapeutic
strategy. Many groups have attempted to generate animal
models, and this collective process has helped to elucidate
most of what we now know of this perplexing entity. In this
paper, we describe the wide variety of animal models that
have been developed and used in the history of scar research.

2. Experimental Models of Abnormal Scarring

Keloid or hypertrophic scars have been extensively stud-
ied through two types of basic research approaches, either
through animal models or through tissue or cell cultures. In
earlier research, combined studies on both hypertrophic and
keloid scars were common because differentiation between
these two entities had not been established.

2.1. Animal Models. There are two main approaches in the
development of the animal model. The earlier approach is to
induce an innate keloid-like scar in animals. However, such
scars were onlymaintained for a very limited time period and
usually developed characteristics of hypertrophic scars. The
other approach is to transplant human keloid or hypertrophic
scar tissue into animals. Recent studies have integrated tis-
sue engineering with animal models, transplanting cultured
human keloid tissue into animals for longer survival.

2.1.1. Induction of Abnormal Scars. Different methods of
wounding have been inflicted upon various animals to
induce hypertrophic or keloid scars. In 2001, Sullivan et al.
performed a review of the literature to compare the adequacy
of laboratory animals as a model for human wound healing.
Studies on wound dressings, topical antimicrobials, and
growth factors using humans, pigs, rabbits, guinea pigs, rats,
and mice were examined. The authors found 78% agreement
between humans and pigs, 53% agreement between humans
and small mammals, and 57% agreement between humans
and in vitro studies [23].

(1) Pigs.Thefirst animalmodel was suggested in 1972 and 1976
by Silverstein who inflicted repeated deep dermal injuries
on the backs of twelve red Duroc pigs to induce successful
formation of a hypertrophic scar in all the animals. Pigs
are tight-skinned animals that have similar skin architecture
with humans. They also sustain sunburn and rely on fat for
insulation as do humans, unlike other animals that require

fur. Both humans and pigs have thick epidermis with similar
turnover times. Both have elastic fibers in their epidermis and
contain Langerhans cells. Collagen structure is also similar
[24].

The first model by Silverstein vanished in the literature
after being reported. In 2003, Zhu et al. and, in 2004, Gallant-
Behm et al. made full-thickness wounds with Padgett der-
matomes on the back of female red Duroc pigs, and showed
that this animal model presented hypertrophic scarring up to
5 months after the incisions [25].

Zhu et al., in their 2003 study, reported that red Duroc
pigs had skin cones and developed hypertrophic scars histo-
logically similar to humans. Subsequent studies by the group
reported that immunohistochemical patterns of decorin,
versican, and insulin-like growth factor-1 (IGF-1) were also
analogous to hypertrophic scars in humans and that the
number of nerve fibers in the scar was similar [26, 27].
Biochemical studies demonstrated that comparable levels of
vascular endothelial growth factor and nitric oxide could
be found in human and porcine scar tissue, as were the
corresponding numbers of mastocytes, collagen nodules, and
myofibroblasts [28, 29].

Gallant-Behm et al., in their 2004 study, compared scar
formation in the female red Duroc pigs with that in Yorkshire
pigs and juvenile castrated male red Duroc pigs. Gross and
histologic results were indistinguishable between the male
and female red Duroc pigs. However, expression of types I
and III collagen, heat shock protein 47, bone morphogenic
protein 1, diverse proteoglycans, and osteopontin differed in
pattern, with the red Duroc pig exhibiting a unique biphasic
pattern, undocumented previously [30]. Subsequent studies
by the same group using electric dermatome wounds on the
backs of red Duroc pigs revealed characteristics in expres-
sion of cytokines, transcription factors, growth factors, and
receptors similar to human scars [31]. Stewart et al., also from
this group, reported in 2006 that the kinetics of blood flow in
the red Duroc model were comparable with the previously
observed laser Doppler imaging of human skin wounds
and hypertrophic scars [32]. In 2007, Gallant-Behm’s group
studied first generation offspring between the red Duroc
and Yorkshire pigs. They had intermediate scar behavior,
supporting growing evidence that wound phenotypes were
genetically programmed [33].

While porcine skin resembles human skin in many
aspects andmay develop scars similar in some characteristics
to human hypertrophic scars, there are still many limitations
to the porcine model. Skin structure is not identical. Pig
epidermis has only three layers as opposed to five in humans,
with a thick and compact stratum corneum.The distribution
of apocrine and eccrine sweat glands are different, as is the
architecture of hair follicles. Pigs are also large, costly to
obtain, and difficult to maintain [34].

(2)Mice. In 1983, Ehrlich reported on the hyperplastic wound
healing process noted in tight-skin mice. Tight-skin mice
(TSM), a mutant mouse strain, have a skin covering tightly
adhered to their bodies and were used by the authors to
overcome the major contributor to loose skinned animal
wound healing: wound contraction. Sharp, full-thickness
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excision was done to make square defects on the dorsum
of tight-skinned mice; wounds were left undressed and were
excised at weekly intervals between 1 and 9 weeks following
wounding. Abundant swirls of collagen fibers and hypertro-
phy of connective tissue and vessels histologically similar to
human hypertrophic scars were noted [35]. However, scars
failed to maintain these characteristics for prolonged periods
of time.

(3) Rabbits. In 1997, a group of surgeons at Northwestern
University who had noticed that surgical scars in rabbit ears
remained elevated months after wounding standardized a
rabbit ear model for biochemical and molecular scarring
studies. Forty excisional wounds each 6mm in diameter were
created down to bare cartilage on the ventral surface of young
adult female New Zealander white rabbit ears. In the acute
model, these wounds were treated with either intralesional
triamcinolone or saline at day 16 and histologically analyzed
at day 22. In the chronic form, larger excisions weremade and
accumulation of new collagen and cartilage was observed for
over 9 months [36]. This model was used and validated in a
variety of studies evaluating the effect of age on scars, efficacy
of therapeutic agents, and molecular mechanisms [37–39].

(4) Guinea Pigs. In 2002, Aksoy et al. developed a guinea pig
hypertrophic scar model, using albino male guinea pigs and
coal tar. They focused on the costly maintenance necessary
for immunosuppressed mice or pigs and suggested a cheaper,
easier method. Circular skin defects with diameters ranging
1.7∼2.0 cm were made on each side of the dorsal thorax,
followed by circular defects of the panniculus carnosus with
a larger diameter. Any latissimus dorsi muscle remaining
between the skin and thoracic wall was removed. The defect
on the right was left untouched, and the defect on the right
received applications of coal tar every 48 hours, beginning
four days after the wounds were made. Scars with erythema
and elevated edges developed in 10 out of 12 animals. How-
ever,morphological correlationwas found in only six of these,
and increased glucose-6-phosphate dehydrogenase (G6PD)
enzyme activity was only detected in four. G6PD activity is
increased in human proliferative scars [36]. Although less
costly and easier to conduct than the athymic mouse or pig
model, the toxic, carcinogenic effects of coal tar must also
be investigated. The longevity of the guinea pigs was not
mentioned.

Themost critical limitation of the aforementionedmodels
is that they are all animal models that develop characteristics
of hypertrophic scars. Keloids are, to date, virtually impossi-
ble to induce in animal wounds.

2.1.2. Heterologous Transplantation of Human Keloid or Hyp-
ertrophic Scar Tissue. Xenografts of human scar tissue into
different wounds of different species have been described.
To avoid rejection, either immunodeficient animals such as
athymic mice and rats or an immune privileged site such as
the cheek pouch of a hamster has been used.

(1) AthymicMouse.Most studies use variations of the original
nude mouse model, incorporating deepithelialized, diced

human abnormal scar tissue in the subcutaneous pockets
on the back or thorax of nude, athymic mice, with minor
alterations. This model is relatively easy to perform; nude
athymicmice are relatively easy tomaintain, and the implants
are easily accessible and visible.

The athymic mouse was first described in 1966 by Flana-
gan, and it is still extensively used for transplantation and
graft studies thanks to its impaired T-cell function [40].

Shetlar et al. first described implantation of human keloid
tissue into subcutaneous pockets of athymicmice in 1985 [41].
In 1987, Robb et al. grafted human cadaveric partial thickness
skin to full-thickness skin defects on the backs of athymic
nude mice, suturing them to the defect margins.Three weeks
after grafting, they created burns which resulted in scars of
increased collagen. They also grafted human hypertrophic
scars from burn patients to full-thickness skin defects on
athymic nudemice, and they found that these grafts were able
to revascularize in samples up to 3mm thick and maintained
histologic and gross characteristics for up to 6 months, when
the animals were sacrificed [42].

In 1989, Kischer et al. reported on implants of human
hypertrophic scars and keloids into the subcutaneous pockets
above the panniculus muscle on backs of athymic nude mice
and observed growth of the implanted tissue for up to 246
days. Microvascular anastamosis between the grafted scar
tissue and host vessels was noted within the first several
days. Size reduction was noted, with a slope of −0.436 for
hypertrophic scars and −0.736 for keloids. This means that
in about 67 days the keloid implants have half of their
initial volume. Histological analysis confirmed retention of
character. Occlusion of microvessels was consistently seen in
transmission electron microscopy [43, 44].

In 1991, Waki et al. used the same model to report on
the effects of pharmacologic agents. Deepithelialized human
keloids were implanted bilaterally in the subcutaneous pouch
of the thorax in athymic mice. They noticed an initial
growth spurt until the fourth week after implantation, then
regression, a pattern that differed from previous studies.
Rejection or collagen degradation, outgrowth of vascular
supply, or loss of collagen synthesis gene regulator feedback
was suggested as the mechanism [45].

In 2004, an in vivo model with genetically modified
skin-humanized mice was proposed. Previous studies using
genetically modified human skin grafted onto mice had
focused on time point analysis of graft behavior and take
[46–49]. Cultured bioengineered skin equivalent with labeled
keratinocytes was transplanted on the backs of nude mice,
and a small, circular full-thickness wound was made 9 to
12 weeks after grafting. The study shows that this model
recapitulates the features of native human wound healing,
using epithelial and stromal markers [50]. Yang et al. also
grafted full-thickness human skin onto full-thickness defects
measuring 2.0 × 1.5 cm on the backs of nude mice and
inflicted burn injuries after complete graft take to induce
scarring. Hypertrophic scars similar to human hypertrophic
scars were noted [51].

In 2013, Ishiko et al. sutured explanted keloid tissue to the
dorsum of the mice to evaluate the effects of chondroitinase
injection on keloid tissue.They describe significant reduction
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in keloid scar tissue volume. The mechanism proposed was
the reorganization of the extracellular matrix with regener-
ated elastic fibers [52]. This method is also used for studies
on hypertrophic scars [53, 54].

The main limitations of the nude mouse model are small
animal size, therefore small sample size, along with difficulty
ofmaintenance on an acceptable, isolated pedicle, and limited
longevity.

(2) Rat. An athymic hairless mutation in a colony of outbred
hooded rats was first observed in 1953 at the Rowett Research
Institute in Aberdeen. Homozygous mutants were recovered
in 1975, and in 1977, a breeding colony of congenitally
athymic, nude rats were developed [55].

Polo et al., noting the limitations of the nude mouse
in scar studies, developed a nude rat sandwich flap keloid
scarmodel.They implanted homogeneous sections of human
keloid tissue beneath the epigastric island flap of a nude
rat and, then, after a 3-week maturation period, elevated
the epigastric flap along with the implanted scar tissue.
A catheter was inserted into the flap pedicle for future
injection purposes. Wrapping the elevated flap around the
scar tissue to form a sandwich island flap, the authors passed
the flap through a subcutaneous tunnel to the dorsum of
the rat. The flap was sutured to two incisions made prior
to tunneling [56–58]. This model ensured that the scar
tissue was separated from surrounding tissue and supplied,
through a single pedicle, the superficial inferior epigastric
pedicle. These efforts were made in an attempt to prevent
the previously noted absorption of keloid scar tissue, and
they resulted in maintenance of the transplanted tissue up to
18 months. Transpositioning to the dorsum allows accurate
measurement, isolation of the pedicle allows manipulation of
vascular supply, and catheter placement enables intralesional
injections minimizing systemic spread [59].

(3) Hamster. In 2005, Hochman et al. implanted keloid scars
from the breast of an adult female patient into both cheek
pouches of 18 male Syrian golden hamsters (Mesocricetus
auratus). This small mammal has a normal immune system,
but it is endowed with an immune privileged site, the
subepithelium of its jugal pouches. The jugal pouches are
diverticular structures inside the mouth used for storing
and transporting food. The subepithelium lacks lymphatic
structures except in its proximal region, and thus this area has
been used in various animal models for grafts and neoplasms
[60–62]. Because the epithelium is transparent, the keloid
specimens were visible from the mouth. The grafts were
analyzed 5, 12, 21, 42, 84, and 168 days after implantation.
Histological evaluation revealed increased vascularity, depo-
sition of inflammatory infiltrate and collagen analogous with
human hypertrophic scarring.They also noted an increase of
melanocytes in the groups sacrificed after 42 days. Unfortu-
nately, epithelium integrity was not completely maintained
in the groups after 42 days, and the authors suggest that this
model may be effective for about 21 days [63].

Transplantation of human keloid or hypertrophic scar
xenografts allows us to perform studies on tissue that
possesses similar histological structures and biochemical

features with in vivo scars. However, because the physio-
logical microenvironment differs, such similarities begin to
diminish with the passage of time. The human tissue is
completely isolated from its in vivo environment. Viability
is limited, so long term effects of treatment modalities are
difficult to assess. The transplanted tissue is usually obtained
months or years after injury or onset, so heterogenous
material is usually transplanted, and studies on preventive
measures are impossible.The cost and energy it takes tomain-
tain and handle immunodeficient rodents is also something
to consider [64].

2.2. Tissue or Cell Cultures. The difficulty in developing a
universal animal model is reflected in the abundant research
upon cell or tissue culture models of abnormal scars.

The cell culture technique is to harvest dermal derived
cells such as fibroblasts, endothelial cells, and keratinocytes
from human keloid scars and culture them two-dimension-
ally on a plastic substrate or culture dish [65–67]. Early
models used serum containing culturemedia. Because serum
contains growth factors, it was used to sustain cell growth,
but it confounded the experimental results. In 1997, Koch
et al. developed a serum-free keloid fibroblast culture that
did not compromise cell growth, enabling evaluation of
various growth factors and wound modulators [67]. The
major limitation of such cultures is that the cells grown in
monolayer cannot replicate the complex cell-to-cell or cell-
to-matrix interactions found in intact tissue.

Tissue cultures have been employed to better study these
pathophysiological mechanisms. To better mimic the in vivo
microenvironmental condition, keloid tissue derived cells
have been loaded onto three-dimensional (3D) synthetic
scaffolds or grown in a 3D format [68, 69]. Organotypic
methods of skin constructs have been used to mimic the
in vivo environment. Butler et al. cultured a keratinocyte
layer upon a fibroblast cell layer to mimic epidermal-dermal
interface. They used this model to compare tissue thickness
between keloid derived fibroblasts and normal fibroblasts,
finding thicker growth of the artificial tissue in the keloid
fibroblast group [69]. Artificial tissue constructs using rafts,
consisting of fibroblasts embedded in a collagen gel with
or without keratinocytes seeded on the surface, have been
used in another organotypic culture model. After stratifica-
tion of the keratinocyte layer, full-thickness incisions were
made on the constructs, and these were maintained at air-
fluid interface. Evaluation was performed with multiphoton
microscopes that obtained serial images of multiple layers
of the specimen and phase-contrast microscopy, enabling
visualization of biologic activity of the wound [70]. Polylactic
acid (PLA), polyglycolic acid (PGA), and their copolymers,
polylactic-co-glycolic acid (PLGA), and polyhydroxybutyrate
are biodegradable materials approved by the United States
Food andDrugAdministration for application in humans [71,
72]. The selection of the scaffold material, which composes
the extracellular matrix of the tissue is a key to success of
model establishment. Wang and Luo used PLGA because it
is nontoxic, and the porosity rate is similar to human dermal
structure [73].
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Lee et al. applied the concept of multicellular tumor
spheroid culture models to develop 3D organotypic multicel-
lular keloid spheroids (OMSs) derived from freshly isolated
keloid tissue and found that keloid characteristics and viabil-
ity persisted for 7 days [74]. Bagabir et al. recently developed
a method of long-term organ culture. Human keloid was
dissected into 3,4,5, and 6mm punch biopsy sizes, embedded
in collagen gel, and then either submerged in serum-free and
supplementedmedia (serum-freeDulbecco’smodifiedEagle’s
medium/Ham’s F12 or William’s E medium) or set in an air-
liquid interface (ALI). They found that keloid tissue cultures
in the ALI set in supplemented William’s E (WE) medium
most optimally expressed keloid characteristics up to 6 weeks
[75].

2.3. Implantation of Tissue Engineered Scar Tissue into Athym-
ic Mice. Merging the techniques of tissue engineering and
xenograft transplantation, recent studies have focused on the
implantation of tissue engineered keloid tissue scaffolds or
engineered skin substitutes into athymic mice.

Yagi et al. developed an ex vivo glycosaminoglycan (GAG)
deposition model, employing collagen sponges consisting
of chemically cross-linked collagen resistant to collagenase
digestion in vivo. These sponges were seeded with human
keloid cells, then implanted in the subcutaneous space of
nude mice. Sponges loaded with keloid lesion cells were
compared with sponges seeded with fibroblasts harvested
from normal skin. A month after implantation, the keloid
sponge was significantly heavier than the fibroblast sponge,
and this model was subsequently used to evaluate the effect
of interleukin 1𝛽 or chondroitinase ABC, known to inhibit
prostaglandins in vitro [22].

Wang and Luo, as previously mentioned, transferred
human keloid fibroblasts to PLGA scaffolds sized 5 × 5 ×
0.5mm and cultured these in a rotator cell-culture system
for one week. PLGA scaffolds without keloid fibroblasts were
used as controls. These cultured scaffolds were implanted in
a subcutaneous pouch on the backs of female athymic mice;
the cell loaded scaffold on the left and the control in the right.
The animals were sacrificed at day 30, 60, 120, and 180 for
analysis. Keloid fibroblasts and collagen were observed at all
time points, even at day 180 [73].

Supp et al. divided the dermis of a humankeloid specimen
into deep and superficial dermis, in order to assess the roles
of deep and superficial keloid fibroblasts. They inoculated
harvested and cultured keloid fibroblasts onto rehydrated
bovine collagen-glycosaminoglycan polymer substrates, fol-
lowed by keratinocytes. These engineered skin substitutes
were incubated at the air-liquid interface for two weeks,
then cut into 2 × 2 cm squares, and transplanted to full-
thickness excision wounds cut on the right flank of nude
athymic female mice. The grafts were sutured to the wounds
and dressed with antimicrobial coated gauze, tied over with
opposing sutures.Themice were photographed every 2weeks
and sacrificed at 12 weeks for analysis. The authors found
that the group with deep fibroblasts had significantly thicker
tissue, and that the group with superficial fibroblasts had
significantly increased area [76].

Such methods provide a similar microenvironment for
keloid tissue growth, and treatment modalities may be eval-
uated in a setting more closer to the in vivo environment.
However, the keloid cells transferred to the scaffolds may still
be obtained months to years after injury. The largest limita-
tion is probably the requirement of both a sophisticated tissue
engineering unit and qualified animal laboratory facilities.

3. Conclusion

This article describes the animal models utilized in abnor-
mal scarring research to date. These models have provided
valuable information about the pathogenesis and treatment
possibilities of such scars. As with most other animal models,
the validity of each of these models depends on the extent
of similarity to human characteristics. However, because no
model yet exactly replicates the pathophysiological condition
in vivo, results analyzed from each study must be interpreted
in the context of the model used. While recent progress
merging tissue engineering with animal studies looks quite
promising, there is stillmuch to be done. Induction of keloids,
not hypertrophic scars, on human skin grafted onto mice
may be developed. Genetic models, which may enable us to
finally analyze preventive measures, are likely to show up in
the future.
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The Ehrlich tumor is a mammary adenocarcinoma of mice that can be developed in solid and ascitic forms depending on its
administration in tissues or cavities, respectively. The present study investigates whether the subcutaneous plantar administration
of the Ehrlich tumor cells induces pain-like behavior and initial pharmacological susceptibility characteristics. The Ehrlich tumor
cells (1 × 104–107 cells) induced dose-dependent mechanical hyperalgesia (electronic version of the von Frey filaments), paw
edema/tumor growth (caliper), and flinches comparedwith the saline group between days 2 and 12.Therewas no difference between
doses of cells regarding thermal hyperalgesia in the hot-plate test. Indomethacin (a cyclooxygenase inhibitor) and amitriptyline
hydrochloride (a tricyclic antidepressant) treatments did not affect flinches or thermal and mechanical hyperalgesia. On the other
hand, morphine (an opioid) inhibited the flinch behavior and the thermal and mechanical hyperalgesia. These effects of morphine
on pain-like behavior were prevented by naloxone (an opioid receptor antagonist) treatment. None of the treatments affected paw
edema/tumor growth.The results showed that, in addition to tumor growth, administration of the Ehrlich tumor cellsmay represent
a novel model for the study of cancer pain, specially the pain that is susceptible to treatment with opioids, but not to cyclooxygenase
inhibitor or to tricyclic antidepressant.

1. Introduction

Pain is a symptom related to poor quality of life in cancer
patients. In fact, in the United States, it is the most frequent
cause of disability in these patients [1, 2]. Furthermore,
reports of cancer pain have been increasing over the years
accompanying the increased survival of patients [3, 4].
Most patients with advanced cancer (60%–85%) and 5-year
survivors (40%) report pain [5–8]. In patients with advanced

cancer, 62%–85% experience significant pain that is described
as moderate to severe in approximately 4%–50% and as
very severe in 25%–30% [9]. In fact, approximately 43% of
the patients report feeling pain as early as diagnosis [7].
Therefore, pain management in cancer patients is a public
health issue, and the mechanisms of cancer pain are not
completely understood [7].

In this sense, there are various animal models of cancer
pain that are used in an attempt to clarify the nociceptive
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pathways involved in cancer-related pain, including skin
cancer pain [10], neuropathic cancer pain [11], and bone
cancer pain [12, 13]. These models have been important, for
instance, in the demonstration of the contribution of tran-
sient receptor potential vanilloid receptor 1 (TRPV1), acid-
sensing ion channels (ASICs), nerve growth factor (NGF),
bradykinin, adenosine triphosphate (ATP), endothelin, and
othermediators in the nociceptor sensitization during cancer
pain [14]. There is also evidence that the inflammatory
response against the tumor cells results in the production
of cytokines and chemokines that sensitize the nociceptors
by receptor-mediated activation of protein kinase C (PKC)
and protein kinase A (PKA) and/or activation of mytogen-
activated protein kinases such as p38. The activation of
these intracellular pathways results in activation of TRPV1
and tetrodotoxin-resistant sodium channels and increased
expression of TRPV1 [15].Therefore, there are complexmech-
anisms, which may also vary depending on the cancer type.

The Ehrlich tumor is a spontaneous murine mammary
adenocarcinoma [16] adapted to ascites form [17] and carried
in mice by serial intraperitoneal (i.p.) passages [18]. The
ascitic form of the tumor has been used as experimental
model to assess the influence of drugs of different origins on
its proliferation and host responses against the tumor cells
[19–21]. The characteristic ascites is probably formed as a
consequence of the inflammatory response towards tumor
cells resulting in increased peritoneal vascular permeability
[22]. Other factors that contribute to ascites and lethality of
the Ehrlich tumor includes the impaired peritoneal lymphatic
drainage by the tumor cells [22], the mechanic pressure
exerted by progressive increase of ascitic fluid, peritoneal
hemorrhage, and endotoxemia [23–25]. The Ehrlich tumor
cells are also used as a model of solid tumor by injection in
different sites [26].

Despite the wide use of the Ehrlich tumor cells in the
investigation of the mechanisms of tumor proliferation as
well as the host inflammatory and oxidative responses against
tumor cells, it is yet undetermined whether inoculation of
the Ehrlich tumor cells could represent a murine model to
study cancer pain. Therefore, the present study standardized
a murine model of cancer pain induced by the intraplantar
injection of the Ehrlich tumor cells and investigated the
pharmacological susceptibility of the model using three
classes of analgesics.

2. Materials and Methods

2.1. Animals. Theexperimentswere performed onmale Swiss
mice (20–25 g, Universidade Estadual de Londrina, Lond-
rina, PR, Brazil) housed in standard clear plastic cages (six
per cage) with free access to food and water. The behavioral
testing was performed between 9:00 am and 5:00 pm in a
temperature-controlled room. Animals’ care and handling
procedures were in accordance with the International Asso-
ciation for Study of Pain (IASP) guidelines and with the
approval of the Ethics Committee of Universidade Estadual
de Londrina. All efforts were made to minimize the number
of animals used and their suffering.

2.2. The Ehrlich Tumor Cells Inoculation. The Ehrlich tumor
cells were collected from ascitic fluid of the peritoneal cavity
of mice 10 days after tumor administration. The ascitic fluid
was washed in phosphate-buffered saline (PBS, pH 7.4),
centrifuged (200 g, 10min), andwashedwith PBS three times.
The cell viability was determined by the 0.5% trypan blue
exclusionmethod in theNeubauer chamber [27].The Ehrlich
tumor cells were suspended to the final concentrations of
1 × 104, 1 × 105, 1 × 106, and 1 × 107 in 25 𝜇L of saline.
Measurements were performed before and after injection of
tumor cells between days 0 and 12.

2.3. Drugs. Drugs were obtained from the following sources:
indomethacin from Prodome Chemical and Pharmaceutical
(Sao Paulo, SP, Brazil), amitriptyline from Germed (Sao
Bernardo do Campo, SP, Brazil), morphine sulphate from
Cristalia (São Paulo, SP, Brazil), and naloxone hydrochloride
from Sigma-Aldrich (St Louis, MO, USA).

2.4. Protocols. Firstly, mice received intraplantar (i.pl.) injec-
tion of the Ehrlich tumor cells (1 × 104–107 in 25 𝜇L) or saline.
Measurements of mechanical and thermal hyperalgesia, paw
edema/tumor growth, and overt pain-like behavior were
performed on days 0–12. According to the results, the dose
of 1 × 106/paw of tumor cells was chosen for next experi-
ments of mechanical hyperalgesia, thermal hyperalgesia, paw
edema/tumor growth, and histological analysis at indicated
timepoints. The dose of 1 × 107/paw of tumor cells and
evaluation at the 8th day after inoculation were chosen for
experiments of overt pain. Paw samples were collected for
histological analysis and microscopic observation 12 days
after tumor injection. To evaluate the hyperalgesic effect of
cellular remnants, the Ehrlich tumor cells were inactivated
and injected i.pl., and comparedwith the saline and the viable
Ehrlich tumor cells groups; measurements were performed
on days 0–12. To evaluate the pharmacological modulation
of the Ehrlich tumor-induced pain-like behavior, mice were
treated with the cyclooxygenase inhibitor (indomethacin,
0.7, 2, and 6mg/kg, i.p.) or opioid (morphine, 1, 3, and
10mg/kg, i.p.) on the 8th day after the Ehrlich tumor cells
administration, and the evaluation of mechanical and ther-
mal hyperalgesia, paw edema/tumor growth, and overt pain
was performed 3 h or 45min after the treatment, respectively.
Another group of mice was treated with tricyclic antidepres-
sant (amitriptyline, 3, 10, and 30mg/kg, p.o.) daily during 12
days.The evaluation ofmechanical and thermal hyperalgesia,
paw edema/tumor growth, and overt pain was performed 3 h
after treatment on days 0–12. It is noteworthy that different
experimenters prepared the solutions, made the administra-
tions, and performed the evaluation of pain-like behavior.

2.5. The Electronic Pressure Meter Test of Mechanical Hyper-
algesia. Mechanical hyperalgesia was tested in mice as pre-
viously reported [28]. Briefly, the test consists of evoking a
hindpaw flexion reflex with a hand-held force transducer (the
electronic von Frey anesthesiometer: Insight, Ribeirão Preto,
SP, Brazil) adaptedwith a 0.5mm2 contact area polypropylene
tip. The investigator was trained to apply the tip perpendic-
ularly to the central area of the hindpaw, and the endpoint
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was characterized by the removal of the paw. The results are
expressed by delta (Δ) withdrawal threshold (in g), which was
calculated by subtracting the zero-time mean measurements
from the mean measurements (indicated timepoints) after
stimulus.

2.6. The Hot-Plate Test of Thermal Hyperalgesia. Thermal
hyperalgesiawas evaluated before and at indicated timepoints
after injection of the Ehrlich tumor cells. In brief, mice were
placed in a 10 cmwide glass cylinder on a hot plate (Hot Plate
HP-2002, Insight Equipamentos, Ribeirao Preto, SP, Brazil)
maintained at 55∘C. The reaction time was scored when the
animal jumped, flinched, and/or licked its paws. Amaximum
latency (cutoff) was set at 30 s to avoid tissue damage [29].

2.7. Evaluation of Paw Edema/Tumor Growth. The paw
edema/tumor growthwas determined before and at indicated
timepoints (at 48 h intervals) after the injection of the Ehrlich
tumor cells using an analog caliper. Paw edema/tumor growth
was presented as Δmm [29].

2.8. Overt Pain-Like Behavior Evaluation. Mice were placed
in clear glass compartments at room temperature. After an
acclimation period of 15min, mice were observed for 10min,
and the cumulative number of flinches was measured [27].

2.9. Histopathological Analysis. On the 12th day after injec-
tion of tumor cells, mice were killed, and the paws were
removed and fixed in the Bowen solution (75% picric acid,
25% formaldehyde, and 5% acetic acid) for 21 days. The
samples were embedded in paraffin, sectioned into 5 𝜇m
sections, and stained with hematoxylin and eosin for light
microscopic observation.

2.10. Inactivation of the Ehrlich Tumor Cells byThermal Alter-
ation. The Ehrlich tumor cells were inactivated to evaluate
the involvement of cellular remnants in pain induced by the
Ehrlich tumor cells. For this, the cells were inactivated by the
process of freezing and heating.The Ehrlich tumor cells were
first suspended to the final concentration of 1 × 106 or 1 ×
107; next cell suspension was submerged in liquid nitrogen
for 5min and then heated in water-bath (80∘C) during 5min
(EvLab, Londrina, PR, Brazil). This process was repeated 5
times, followed by assessment of cell viability by the trypan
blue test, in order to confirm that cells were not viable. Mice
received the equivalent to 1 × 106 or 1 × 107 inactivated tumor
cells, viable cells, or saline (25 𝜇L) i.pl. The evaluation of
mechanical and thermal hyperalgesia and paw edema/tumor
growth was performed between days 0 and 12 and, the
evaluation of the overt pain was performed in 8th day.

2.11. Statistical Analysis. Results are presented as mean ±
SEM of measurements made on 6 animals in each group in
each experiment and are representative of two independent
experiments.The two-way analysis of variance (ANOVA)was
used to compare the groups and doses at all times (curves)
when the hyperalgesic responses were measured at different
times after the stimulus injection. The analyzed factors were
treatment, time, and time versus treatment interaction.When

there was a significant time versus treatment interaction,
one-way ANOVA followed by Tukey’s 𝑡-test was performed
for each time. On the other hand, when the hyperalgesic
responses were measured once after the stimulus injection,
the differences between responses were evaluated by one-way
ANOVA followed byTukey’s 𝑡-test. Additionally, comparative
statistical analysis between two groups was done using the 𝑡-
test. Statistical differences were considered to be significant at
𝑃 < 0.05.

3. Results

3.1. The Subcutaneous Injection of the Ehrlich Cells Induces
Mechanical and Thermal Hyperalgesia, Paw Edema/Tumor
Growth, and Overt Pain-Like Behavior in a Dose-Dependent
Manner. The Ehrlich tumor cells (1 × 104–107 in 25 𝜇L
per paw), or the vehicle group (PBS), were subcutaneously
injected in the mouse hindpaw (i.pl.), and mechanical hyper-
algesia was evaluated 2, 4, 6, 8, 10, and 12 days after cell
injection, Figure 1(a). The mechanical hyperalgesia induced
by tumor cells was dose and time dependent. All doses of
tumor cells tested induced significant mechanical hyperalge-
sia on day 8, which remained on days 10 and 12.There was no
statistical difference between the doses of 106 and 107 tumor
cells regarding mechanical hyperalgesia, Figure 1(a). There
was no difference between the doses in the hot-plate test (data
not shown); therefore, for clear presentation, only the results
on thermal hyperalgesia and the dose of 106 are shown in
Figure 1(b).The injection of tumor cells induced a progressive
and dose-dependent increase in paw edema/tumor growth,
Figure 1(c), which corroborates the progressive increase of
mechanical hyperalgesia in Figure 1(a). The dose of 104 did
not induce significant paw edema/tumor growth, while 105
induced at days 10 and 12, Figure 1(c). The paw edema/tumor
growth was significant between 2 and 12 days for the doses of
106 and 107 (Figure 1(c)). Spontaneous nociceptive behavior
was quantified by the number of flinches, Figure 1(d). The
doses of 104 and 105 did not induce paw flinch, the dose
of 106 induced paw flinch at days 10–12, and 107 induced a
significant number of flinches at days 4–12 with a peak at day
8 (Figure 1(d)). Considering these results, the dose of the 106
Ehrlich tumor cells was chosen for histological analysis and
behavioral experiments evaluating mechanical and thermal
hyperalgesia and paw edema/tumor growth, while the dose
of 107 was chosen for overt pain-like behavior evaluation.

3.2. Histopathological Analysis. Mice were sacrificed at day 12
after injection of the Ehrlich tumor cells or saline (25 𝜇L), and
the paws were collected for histological analysis performed
with hematoxylin/eosin staining (Figure 2). There was no
histological abnormality in mice that received i.pl. injection
of saline (Figure 2(a)), presenting normal epithelium (arrow
1) and normal bone cartilage (arrow 2). Mice that received
i.pl. injection of the Ehrlich tumor cells (104–107) showed
malignant neoplasm and poor differentiation, character-
ized by the presence of tumor cells, with nucleus show-
ing frequent aberrant mitosis. Considering that there was
no difference between the different doses of tumor cells
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Figure 1: The Ehrlich tumor induces pain and paw edema/tumor growth in a dose-dependent manner. The Ehrlich tumor cells (1 ×104−7)
or saline (25𝜇L) was injected subcutaneously in the paw. (a) The intensity of mechanical hyperalgesia, (b) thermal hyperalgesia, (c) paw
edema/tumor growth, and (d) overt pain-like behavior was evaluated between 0 and 12 days at every-other-day intervals after injection of
tumor cells or saline; 𝑛 = 6, representative of two experiments. ∗𝑃 < 0.05 compared with saline; ∗∗𝑃 < 0.05 compared with saline and the
dose of 104; #𝑃 < 0.05 compared with saline and the doses of 104 and 105; ##𝑃 < 0.05 compared with saline and the doses of 1 × 104−6.

regarding the tumor characteristics, the figures represent the
dose of the 106 Ehrlich tumor cells that was used in most
of the evaluations (Figures 2(b)–2(h)). Figure 2(b) shows
bone cartilage destruction induced by tumor cells (arrow 4).
Figure 2(c) shows at 4x magnification the epithelium (arrow
1) and the presence of tumor cells (arrow 3) with intense areas
of necrosis (arrow 5). Figure 2(d) shows areas of necrosis
(arrow 5) induced by the Ehrlich tumor cells. Figure 2(e)
shows at 10xmagnification the presence of tumor cells (arrow
3) in a paw tissue, and Figure 2(f) shows tumor cells (arrow 3),
areas of necrosis (arrow 5), and a presence of mitosis (arrow
6). Figure 2(g) shows the presence of atypical mitosis (arrow

6), and Figure 2(h) shows at 40xmagnificationmitosis (arrow
6) and tumor cells with atypical nucleus (arrow 7).Therefore,
the histopathological analysis confirmed the presence of the
tumor cells (Figures 2(b) and 2(h)), togetherwith an extensive
area of necrosis (Figures 2(c), 2(d), and 2(f)) characterized
by neutrophilic infiltration, associated with the presence
of fibrin and red blood cells, which gives an eosinophilic
coloration (Figure 2(d)), tumor cells with aberrant mitosis
(Figure 2(g)), and bone/cartilage destruction (Figure 2(b)).

3.3. Inactivation of the Ehrlich Tumor Cells by Thermal Alter-
ation Abolishes the Nociceptive Responses. Mice received i.pl.
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Figure 2: Histopathological analysis of paw injected with the Ehrlich tumor. The Ehrlich tumor cells (1 × 106) or saline (25𝜇L) was injected
subcutaneously into the hindpaws of the mice. Panel (a) indicates histological sections of normal paw that received saline, and panels (b)–(h)
indicate the paw that received the Ehrlich tumor cells stained by hematoxylin/eosin. Arrows (1) indicate normal epithelium; (2) normal bone
cartilage; (3) tumor cells; (4) destroyed bone cartilage; (5) extensive area of necrosis; (6) tumor cells with mitosis or atypical mitosis; (7) and
tumor cells with atypical nucleus.

injection of saline (25 𝜇L), the viable Ehrlich tumor cells (106
or 107/paw), or the inactivated Ehrlich tumor cells (equivalent
to 106 or 107 cells). Mechanical and thermal hyperalgesia and
paw edema/tumor growth were evaluated between 0 and 12
days, and overt pain-like behavior was evaluated on day 8
after stimulus. The inactivation of the 106 Ehrlich tumor cells
was able to abolish the mechanical (Figure 3(a)) and thermal
(Figure 3(b)) hyperalgesia and paw edema/tumor growth
(Figure 3(c)) compared with the viable cells. Inactivation of
the 107 tumor cells also resulted in abolishment of overt
pain-like behavior (Figure 3(d)) compared with the viable
cells. Thus, the cellular remnants of the Ehrlich tumor cells
were not capable of inducing paw edema/tumor growth and
nociceptive responses, which suggests that these responses

depend on the proliferation of tumor cells and their activities
and interactions with the host immune responses.

3.4. Effect of Indomethacin Treatment on the Nociceptive
Responses and Paw Edema/Tumor Growth Induced by the
Ehrlich Tumor Cells. Mice received the 106 or 107 Ehrlich
tumor cells, and on the 8th day, they were treated with
indomethacin (0.7, 2, or 6mg/Kg i.p.) or Tris buffer, and 3 h
after the treatment mechanical, and thermal hyperalgesia,
paw edema/tumor growth, and overt pain-like behavior were
measured (Figure 4). The Ehrlich tumor cells induced sig-
nificant mechanical (Figure 4(a)) and thermal (Figure 4(b))
hyperalgesia, paw edema/tumor growth (Figure 4(c)), and
overt pain-like behavior (Figure 4(d)) compared with the
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Figure 3:Thermal inactivation of the Ehrlich tumor cells abolishes pain and paw edema/tumor growth.The Ehrlich tumor cells (1× 106) were
inactivated by cold followed by heat. Mice received 25 𝜇L of inactivated tumor cells, viable tumor cells (1 × 106), or saline. (a) The intensity
of mechanical hyperalgesia, (b) thermal hyperalgesia, and (c) paw edema/tumor growth was evaluated on days 2–12 after injection of the
inactivated Ehrlich tumor cells, viable tumor cells, or saline. Mice received 1 × 107 of inactivated tumor cells, viable cells, or saline and (d) the
overt pain was evaluated on the 8th day after injection; 𝑛 = 6, representative of two experiments. ∗𝑃 < 0.05 compared with the saline, and
#𝑃 < 0.05 compared with the viable 1 × 106 or 1 × 107 tumor cells.

saline group. However, the treatment with indomethacin did
not affect those parameters induced by the Ehrlich tumor
cells (Figure 4), indicating that they do not depend on the
production of prostanoids.

3.5. Effect of Amitriptyline Treatment on the Nociceptive
Responses and Paw Edema/Tumor Growth Induced by the
Ehrlich Tumor Cells. After inoculation of the 106 or 107
Ehrlich tumor cells, mice were treated with amitriptyline (3,
10, and 30mg/kg) or water via oral gavage (per oral: p.o.)

once a day during 12 days, and 3 h after treatment,mechanical
and thermal hyperalgesia, paw edema/tumor growth, and
overt pain-like behavior were evaluated (Figure 5). None
of the doses of amitriptyline affected the Ehrlich tumor
cells-induced mechanical hyperalgesia (Figure 5(a)), ther-
mal hyperalgesia (Figure 5(b)), paw edema/tumor growth
(Figure 5(c)), or overt pain (Figure 5(d)). These results sug-
gest that the inhibition of serotonin and/or norepinephrine
reuptake does not affect the maintenance of cancer pain in
this model.
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Figure 4: Effect of indomethacin treatment on pain and paw edema/tumor growth induced by the Ehrlich tumor cells. Mice received the 1 ×
106 Ehrlich tumor cells or saline, and on the 8th day, they were treated with indomethacin (0.7–6mg/kg, i.p.) or Tris buffer. (a) The intensity
of mechanical hyperalgesia, (b) thermal hyperalgesia, and (c) paw edema/tumor growth was evaluated 3 h after the treatment. Mice received
the 1 × 107 Ehrlich tumor cells or saline, and on 8th day, they were treated with indomethacin (6mg/kg i.p.) or Tris buffer, and (d) overt pain
was assessed 3 h after treatment; 𝑛 = 6, representative of two experiments. ∗𝑃 < 0.05 vehicle group compared with the saline.

3.6. Effect ofMorphine Treatment on the Nociceptive Responses
and Paw Edema/Tumor Growth Induced by the Ehrlich Tumor
Cells. Mice were treated with morphine (1–10mg/kg, i.p.) or
saline on the 8th day after the Ehrlich tumor (106 or 107 cells)
injection in which the peak of hyperalgesia was detected.
After the treatment (45min) with morphine, mechanical
(Figure 6(a)) and thermal (Figure 6(b)) hyperalgesia and paw
edema/tumor growth (Figure 6(c)) were evaluated.The mor-
phine dose dependently inhibited Ehrlich tumor-induced
mechanical (Figure 6(a)) and thermal (Figure 6(b)) hyper-
algesia, but it did not affect the paw edema/tumor growth,
which indicates that morphine presents analgesic effect not
related to inhibition of tumor proliferation. The dose of
3mg/kg of morphine reduced the Ehrlich tumor-induced
mechanical hyperalgesia compared with the positive control,
while the dose of 10mg/kg of morphine presented significant

inhibition compared with the Ehrlich tumor-positive control
and the doses of 1 and 3mg/kg ofmorphine (Figure 6(a)).The
Ehrlich tumor-induced thermal hyperalgesia was inhibited
by the dose of 10mg/kg of morphine without significant
inhibition with the doses of 1 and 3mg/kg (Figure 6(b)).
To confirm the receptor-dependent effect of morphine and
that an opioid-receptor-dependent inhibition of the Ehrlich
tumor-induced hyperalgesia was being observed, mice were
treated with naloxone (1mg/kg, i.p.) 1 h before morphine
(10mg/kg) treatment, and after additional 45min, measure-
ments of mechanical (Figure 6(d)) and thermal (Figure 6(e))
hyperalgesia were performed. Again, the Ehrlich tumor-
induced (106 cells)mechanical and thermal hyperalgesia were
inhibited by morphine, and this inhibition was prevented
by naloxone treatment. Furthermore, the Ehrlich tumor
induced (107 cells) spontaneous flinches at the 8th day



8 BioMed Research International

2 4 6 8 10 12
0

2

4

6

8

10

Saline

Time (days)

∗
∗

∗
∗

∗

∗

In
te

ns
ity

 o
f m

ec
ha

ni
ca

l

10
6 tumor cells + vehicle

10
6 tumor cells + amitriptyline 3 mg/kg

10
6 tumor cells + amitriptyline 10 mg/kg

10
6 tumor cells + amitriptyline 30 mg/kg

hy
pe

ra
lg

es
ia

 (Δ
re

ac
tio

n,
 g

)

(a)

0 2 4 6 8 10 12
0

5

10

15

20

*

* *
***

Time (days)

In
te

ns
ity

 o
f t

he
rm

al
 h

yp
er

al
ge

sia

∗∗∗

∗

∗

∗

Saline
10

6 tumor cells + vehicle
10

6 tumor cells + amitriptyline 3 mg/kg
10

6 tumor cells + amitriptyline 10 mg/kg
10

6 tumor cells + amitriptyline 30 mg/kg

(th
re

sh
ol

d,
 s)

(b)

2 4 6 8 10 12

0

1

2

3

4

*

*

*
*

*

Time (days)

∗

∗

∗

∗

∗

∗

Saline
10

6 tumor cells + vehicle
10

6 tumor cells + amitriptyline 3 mg/kg
10

6 tumor cells + amitriptyline 10 mg/kg
10

6 tumor cells + amitriptyline 30 mg/kg

Pa
w

 ed
em

a/
tu

m
or

 g
ro

w
th

 (Δ
, m

m
)

(c)

0

5

10

15

20

Saline

Vehicle

∗

10
7 tumor cells

O
ve

rt
 p

ai
n-

lik
e b

eh
av

io
r

(n
um

be
r o

f fl
in

ch
es

 o
ve

r 1
0 m

in
)

(30 mg/kg)
Amitriptyline

(d)

Figure 5: Effect of amitriptyline treatment on pain and paw edema/tumor growth induced by the Ehrlich tumor cells. Mice received the 1 ×
106 Ehrlich tumor cells or saline, and they were treated with amitriptyline (3–30mg/kg, p.o.) or water every day after subcutaneous injection
of tumor cells. (a) The intensity of mechanical hyperalgesia, (b) thermal hyperalgesia, and (c) paw edema/tumor growth was evaluated 3 h
after the treatment on days 2, 4, 6, 8, 10, and 12 after injection of the cells. Mice received the 1 × 107 Ehrlich tumor cells or saline and were
treated daily with amitriptyline (30mg/kg, p.o.) or water and after 8 days; (d) the overt pain was assessed 3 h after the treatment; 𝑛 = 6,
representative of two experiments. ∗𝑃 < 0.05 compared with the saline.

of cancer development, which were also inhibited by mor-
phine treatment (10mg/kg), and the analgesic effect of mor-
phine was prevented by naloxone treatment (Figure 6(f)).
Therefore, the Ehrlich tumor induces mechanical and ther-
mal hyperalgesia and overt pain-like behavior susceptible to
opioid-receptor analgesia (Figure 6).

4. Discussion

Cancer pain directly affects the quality of life and survival
of patients with cancer [11, 30]. Cancer pain is characterized
by the presence of hyperalgesia, allodynia, and/or sponta-
neous pain. Tactile allodynia and mechanical hyperalgesia
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Figure 6: Effect of morphine treatment on pain and paw edema/tumor growth induced by the Ehrlich tumor cells. Mice that received
the 1 × 106 Ehrlich tumor cells were treated with morphine (1–10mg/Kg, i.p.) or saline on the 8th day after tumor cells injection. (a) The
intensity of mechanical hyperalgesia, (b) thermal hyperalgesia, and (c) paw edema/tumor growth was evaluated 45 minutes after treatment
with morphine. In another set, mice were treated with naloxone (1mg/kg, i.p.) 1 hour before the treatment with morphine (10mg/kg i.p.), and
(d) 45 minutes after morphine treatment, the intensity of mechanical hyperalgesia and (e) thermal hyperalgesia was evaluated. Mice received
the 1 × 107 Ehrlich tumor cells or saline, and after 8 days, they were treated with naloxone (1mg/kg i.p.) 1 h before treatment with morphine
(10mg/kg i.p.), and (f) 45min after the treatment with morphine, the overt pain was assessed; 𝑛 = 6, representative of two experiments.
∗𝑃 < 0.05 vehicle group compared with the saline; #𝑃 < 0.05 compared with the tumor or compared with the treatment with naloxone plus
morphine, and ∗∗𝑃 < 0.05 compared with the doses of 1 and 3mg/kg morphine.
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are important features of cancer pain and decrease the life
quality of patients. Considering the importance of pain in
cancer, several experimental models, including neuropathic
cancer pain [11], bone cancer pain [12, 31, 32], and cancer pain
induced by orthotopic tumor inoculation in mice [10, 33],
have been developed and contributed to the characterization
of the pathophysiology of cancer pain.

Several experimental studies have shown that marked
nociceptive reactions induced by malignant tumor vary with
animal species, tumor types, and localizations of the tumor
[10–12, 33–36]. In the present study, we develop a model of
pain characterized by mechanical and thermal hyperalgesia
and spontaneous pain-like behavior, for example, flinching
of the paw. The mechanical hyperalgesia and flinches were
dependent on the number of the Ehrlich tumor cells injec-
tion and were progressive over time. The time- and dose-
dependent features of the present model argue in its favor as
a good model to investigate the effect of novel analgesics and
mechanisms involved in cancer pain regarding mechanical
hyperalgesia and overt pain-like behavior. It is noteworthy
that, in the case of thermal hyperalgesia, it was significant
and increased over time, but there were no differences in the
responses induced by different number of the Ehrlich tumor
cells injected.

It is important to understand themechanisms involved in
the model used to investigate the action of novel drugs and to
have a clear view of the possible mechanisms to be addressed.
Nevertheless, as a first insight into the mechanisms involved
in the Ehrlich tumor-induced nociception, it was determined
its susceptibility to three classes of analgesics; nonsteroidal
anti-inflammatory drug, tricyclic antidepressant, and opioid.
The acute treatment with nonsteroidal anti-inflammatory
drug, indomethacin, a cyclooxygenase inhibitor, did not
affect the nociceptive responses and paw edema/tumor
growth induced by the Ehrlich tumor. Indomethacin did
not affect pain in a model of femur cancer pain induced
by fibrosarcoma cells in mice [37]. On the other hand, in a
model of bone cancer pain induced by injection of osteolytic
murine sarcoma into the femur, the oral administration of
indomethacin reduced pain behavior in mice [38]. These
controversial data may be due to the different routes of
administration that were used, the different doses of treat-
ment, and mainly the different models of cancer pain.

Chronic treatment with amitriptyline, a tricyclic antide-
pressant inhibitor of reuptake of serotonin and norepineph-
rine, did not inhibit the nociception induced by the Ehrlich
tumor cells. Others have shown that amitriptyline reduced
only spontaneous pain behavior at sedative doses [37]. Tri-
cyclic antidepressants have been extensively studied because
there is evidence of their analgesic properties in several
chronic diseases [37], and neuropathic pain [39]. However,
the reuptake of serotonin and norepinephrine seems not to
be related to the maintenance of cancer pain induced by the
Ehrlich tumor.

The treatment with morphine dose dependently reduced
the nociception induced by the Ehrlich tumor. Additionally,
it was observed that the effect of morphine was receptor
specific, because the opioid receptor antagonist naloxone
reversed the effect of morphine. Despite the reduction of

nociception promoted by morphine, there was no change
in tumor growth, which indicates that morphine inhibited
nociceptive responses rather than reduced nociception by
decreasing tumor growth.

Despite all of the research performed in an attempt to
inhibit cancer pain, it cannot be stated the exact mechanisms
involved in themaintenance and chronicity of cancer pain. In
fact, cancer patients still face inadequate analgesia.Onemajor
reason is that, despite some similarities, eachmodel of cancer
pain has its peculiar mechanisms similarly to each type of
cancer in humans. Thus, it is conceivable that a great variety
of cancer pain models are necessary to line up with varied
human conditions. Bone cancer pain models are considered
particularly interesting since during metastasis tumor cells
may reach the bones. In the present study, there was bone
cartilage destruction in the foci of tumor injected, indicating
that there might be a bone pain component in this model.
Nevertheless, models that evaluate the pain before metastasis
are also important. To exemplify conditions in which cancer
pain before metastasis is important, it is noteworthy to
mention that a third of breast cancer patients will report
pain in the lump spontaneously or upon examination [40].
The present model using the injection of cells of a murine
mammary adenocarcinoma presents a condition resembling
the preoperative breast cancer pain since there is sponta-
neous pain-like behavior in the paw and hyperalgesia upon
stimulation of the lump (foci of tumor injection in the paw).
Importantly, there is a significant relation between preopera-
tive breast pain and phantom breast pain syndrome [41], and
treatment of pain prior tomastectomy is an important clinical
approach to reduce the incidence of phantom breast pain
syndrome.Therefore, the presentmodelmight contribute as a
model to study preoperative breast cancer pain mechanisms.

5. Conclusion

We have characterized a cancer pain model induced by
subcutaneous injection of the Ehrlich tumor cells into the
hindpawofmice.Thismodel is characterized by robust tumor
growth and rapid development of mechanical and thermal
hyperalgesia and overt pain-like behavior, rendering it as
convenient to study the mechanisms of cancer pain and
tumor growth and to test new treatments.
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nomatöser Mäuse-Ascitesflüssigkeit und ihr Verhalten gegen
physikalische und chemische Einwirkungen,” Zeitschrift für
Krebsforschung, vol. 37, no. 1, pp. 439–447, 1932.

[18] H. Ahmed, B. P. Chatterjee, and A. K. Debnath, “Interaction
and in vivo growth inhibition of Ehrlich ascites tumor cells by
jacalin,” Journal of Biosciences, vol. 13, no. 4, pp. 419–424, 1988.

[19] S. Kametani, T. Oikawa, A. Kojima-Yuasa et al., “Mechanism of
growth inhibitory effect of cape aloe extract in Ehrlich ascites
tumor cells,” Journal of Nutritional Science and Vitaminology,
vol. 53, no. 6, pp. 540–546, 2007.

[20] E. Balamurugan, B. V. Reddy, and V. P. Menon, “Antitumor
and antioxidant role of Chrysaora quinquecirrha (sea nettle)
nematocyst venom peptide against ehrlich ascites carcinoma in
Swiss Albino mice,” Molecular and Cellular Biochemistry, vol.
338, no. 1-2, pp. 69–76, 2009.

[21] A. Kumar, S. S. D’Souza, S. R. Mysore Nagaraj, S. L. Gaonkar,
B. P. Salimath, and K. M. L. Rai, “Antiangiogenic and antipro-
liferative effects of substituted-1,3,4-oxadiazole derivatives is
mediated by down regulation of VEGF and inhibition of
translocation of HIF-1𝛼 in Ehrlich ascites tumor cells,” Cancer
Chemotherapy and Pharmacology, vol. 64, no. 6, pp. 1221–1233,
2009.

[22] J. Fastaia and A. E. Dumont, “Pathogenesis of ascites in mice
with peritoneal carcinomatosis,” Journal of the National Cancer
Institute, vol. 56, no. 3, pp. 547–550, 1976.

[23] F.Hartveit, “The immediate cause of death inmicewith Ehrlich’s
ascites carcinoma,” Acta Pathologica et Microbiologica Scandi-
navica, vol. 65, no. 3, pp. 359–365, 1965.

[24] K. D. Mayer, “The pathogenicity of the Ehrlich ascites tumour,”
British Journal of Experimental Pathology, vol. 47, no. 5, pp. 537–
544, 1966.

[25] J. Vieira, P. Matsuzaki, M. K. Nagamine et al., “Inhibition of
ascitic Ehrlich tumor cell growth by intraperitoneal injection
of Pfaffia paniculata (Brazilian ginseng) butanolic residue,”
Brazilian Archives of Biology and Technology, vol. 53, no. 3, pp.
609–613, 2010.

[26] X. Zhu,H.Wu, J. Xia,M. Zhao, andZ. Xianyu, “The relationship
between 99mTc-MIBI uptakes and tumor cell death/prolifera-
tion state under irradiation,” Cancer Letters, vol. 182, no. 2, pp.
217–222, 2002.

[27] P. Brigatte, S. C. Sampaio, V. P. Gutierrez et al., “Walker 256
tumor-bearing rats as a model to study cancer pain,” Journal of
Pain, vol. 8, no. 5, pp. 412–421, 2007.

[28] T.M. Cunha,W. A. Verri Jr., G. G. Vivancos et al., “An electronic
pressure-meter nociception paw test formice,”Brazilian Journal
of Medical and Biological Research, vol. 37, no. 3, pp. 401–407,
2004.
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Morphine, a highly potent analgesic agent, is widely used to relieve pain and suffering of patients with cancer. Additionally, it has
been reported that morphine is important in the regulation of cancerous tissue. Morphine relieves pain by acting directly on the
central nervous system, although its activities on peripheral tissues are responsible for many adverse side effects. For these reasons,
it is very important also to understand the role of morphine in cancer treatment. The published literature reporting the effect of
morphine on tumor growth presents some discrepancies, with reports suggesting that morphine may either promote or inhibit
the tumor growth. It has been also demonstrated that morphine modulates angiogenesis which is important for primary tumour
growth, invasiveness, and the development of metastasis. This review will focus on the latest findings on the role of morphine in
the regulation of cancer cell growth and angiogenesis.

1. Introduction

Morphine is used to relieve pains of patients with cancer in
terminal phases, in order to improve quality of life [1]. Mor-
phine is an opiate-based drug isolated for the first time in 1803
by Friedrich W. Sertürner [2]. It has been shown that mor-
phine explains its function by acting through opioid recep-
tors, 𝜇, 𝛿, and 𝜅, which are localized in the brain [3, 4]. Mor-
phine relieves pain by acting directly on central nervous sys-
tem (CNS), although its activity on peripheral tissue leads to
many secondary complications, including addiction, respi-
ratory depression, and tolerance. Apart from these severe
effects, morphine is still considered the most effective drug
clinically available for the management of severe pain associ-
ated with cancer [5]. Several experimental studies performed
on cancer cell lines andmousemodels showed thatmorphine
can also play a role in the regulation of cancer cell growth.
Unfortunately, the results obtained by these studies are still
contradictory. Some reports demonstrated that morphine
inhibited the growth of various human cancer cell lines [6–12]
or animal models [13–16]. On the contrary, other studies
proved that morphine increased tumor cell growth in in vivo

[17, 18] or in vitro [19] models. According to some studies,
morphine at clinically relevant doses stimulated angiogenesis
in vitro [20] and tumour growth in breast cancer mouse
model [21]. It has been demonstrated that morphine mod-
ulates angiogenesis which is important for primary tumour
growth, invasiveness, and the development of metastasis. For
these reasons, there is a dilemma about the effects of mor-
phine on cancer cell growth and angiogenesis.

This review will focus on the latest findings on the role of
morphine in the regulation of cancer cell growth and angio-
genesis.

2. Morphine Affects Tumor
Growth and Apoptosis

The role ofmorphine in the regulation of tumor cell growth is
not yet correctly established. Several xenograftmousemodels
were generated to study cancer cell growth-promoting or
inhibiting effects of morphine. Tegeder et al. [13] generated
mouse models of breast cancer by subcutaneous injection of
MCF-7 andMDA-MB231 cells inNMRI-nu/numice. In these
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mice, morphine, intraperitoneally injected, significantly re-
duced tumor growth through a p53-dependent mechanism.
Additionally, in these mice, naloxone, an opioid inverse
agonist, increased the growth-inhibitory effects of morphine.
Similar results were obtained in rat model of colon cancer
generated by intraperitoneal injection of colon cancer cells in
Fisher 244 rats. In these animals, subcutaneous administra-
tion of morphine leads to significant decrease in the hepatic
tumor burden. Morphine inhibited not only tumor growth
but also metastasis in melanoma mouse model generated by
subcutaneous injection of B16-BL6 cells into the hind paws of
C57BL mice [15]. Another group, demonstrated that mor-
phine inhibited tumor metastasis formation when it was
administered intraperitoneally in mouse model of colon
cancer [16]. On the contrary, several experimental studies
demonstrated that morphine increased tumor growth. Gupta
et al., in orthotropic mouse model of breast cancer obtained
by injection of MCF-7 cells into the mammary fat pads of
nude mice, demonstrated that morphine, in clinically rele-
vant doses, increased tumor growth.This was associated with
increased angiogenesis and inhibition of apoptosis and pro-
motion of cell cycle progression [20]. In this study, it was also
reported that naloxone itself had no significant effect on
angiogenesis. Our preliminary data, obtained by in vitro and
in vivo experiments using MDA.MB231 breast cancer cells,
seems to validate this hypothesis (Bimonte et al., unpublished
data). According to these results, in another study, it was
demonstrated that morphine, subcutaneously administrated
in mice, increased the tumor growth in mouse model of leu-
kaemia and sarcoma. In these mice, morphine played also a
general immunosuppressive role [22].

These contrasting results are probably associated with
different concentration and/or time of administration ofmor-
phine. In fact, in vitro and in vivo studies demonstrated that
tumor-enhancing effects with morphine occur after admin-
istration of low daily doses or single dose of morphine [23],
while tumor suppression occurs after chronic high doses of
morphine [11, 15, 16].

It has also been demonstrated that the 𝜇-opioid receptor,
by which morphine exerts its action, directly regulates tumor
growth and metastasis. On the basis of these results, different
mechanisms of opioid receptor-mediated influence of mor-
phine on tumor growth have been proposed. Morphine, as
mentioned above, after binding to the 𝜇-opioid receptor, reg-
ulates cell cycle progression by stimulatingmitogen-activated
protein kinase (MAPK)/extracellular growth factor (Erk)
pathways [20]. Alternatively, morphine can mediate apop-
tosis by activating phosphatidylinositol 3-kinase (PI3K)/pro-
tein kinase B (Akt) pathway [24]. Additionally, morphine, by
the upregulation of urokinase plasminogen activator (uPA)
expression, induces metastasis formation [25], while, by
transactivation of VEGF receptor, it induces angiogenesis
[26]. Finally, morphine affects also the function of T lympho-
cytes, leading to immunosuppression [27].

It has been proposed that morphine plays also a role in
tumor apoptosis. Apoptosis is a form of cell death in which
a programmed sequence of events leads to the elimination of
cells without releasing harmful substances into the surround-
ing area. It is noted that apoptosis is regulated by two

pathways: the mitochondrial-mediated pathway (intrinsic)
[28] and death receptor-mediated pathway (extrinsic) [29].
It is noted that in cancer cells apoptosis is deregulated, and
this leads to quick proliferation and tumor growth [30, 31].
Morphine was shown to induce apoptosis of macrophages,
T lymphocytes, and human endothelial cells [32, 33]. Exper-
iments performed on human tumor cell lines demonstrated
that morphine in high concentration induces apoptosis and
inhibits cancer cell growth by activation of different signal
pathways involving caspase 3/9, cytochrome c, and sigma-2
receptor. On the contrary, it has been demonstrated thatmor-
phine can inhibit apoptosis. Additionally in SH-SY5Y cells,
morphine has antiapoptotic effect by antagonizing doxoru-
bicin [34]. These discrepancies, also in these cases, are asso-
ciated with different cell line tumor type used and/or in vivo
dose/time of morphine administrated.

3. Morphine Regulates Angiogenesis and
Metastasis Formation

Recent data demonstrated a role ofmorphine in angiogenesis.
Angiogenesis is required for invasive tumor growth and
metastasis and represents an important point in the control of
cancer progression. Proangiogenic activity of morphine was
demonstrated in the MCF-7 breast cancer model. In these
mice,morphineatclinicallyrelevantconcentrations enhanced
tumor neovascularization [20]. In an animal model of hor-
mone-dependent breast cancer, it has also been demonstrated
that morphine promoted activation of vascular endothelial
growth factor (VEGF) receptor and increased metastasis [21,
27]. It has been proposed that morphine explains its proan-
giogenic activity by the stimulation of mitogen-activated
protein kinase (MAPK) signalling pathway via G protein-
coupled receptors and nitric oxide (NO). Alternatively, sev-
eral in vivo studies provided evidence that morphine can
induce tumor growth by the upregulation of cyclooxygenase-
2 (COX-2) [35–38] and/or prostaglandin E2-mediated stim-
ulation of angiogenesis [39–42]. On the contrary, several in
vivo and in vitro studies demonstrated that morphine can
inhibit angiogenesis by the regulation of different pathways
[8, 32, 43, 43–50]. These different results can be due to differ-
ent experimental conditions (cell line tumor type used and/or
dose/time of morphine). Morphine plays a role not only in
tumor cell growth but also in metastasis formation, which is
the main process related to most cancer deaths and failure in
cancer treatment [51, 52].The process which leads tometasta-
sis formation initiated with migration of cancer cells through
the extracellular matrix (ECM). Both pro- and antimigratory
effects have been reported for morphine. Specifically, it has
been shown that morphine significantly reduces the adhe-
sion, invasion, and metastasis of metastatic colon 26-L5 car-
cinoma cells [16], by the regulation of matrix metallopro-
teinases (MMPs). On the contrary, morphine can promote
invasion, metastasis formation and migration of cancer cells
by the upregulation of MMPs in breast and lung cancer [52,
53]. Finally, inMCF-7 breast cancer cells [50, 54] and inH729
cancer cells [55], morphine treatments lead to the upregu-
lation of urokinase plasminogen activator (uPA) which pro-
motes migration of cancer cells through the ECM.
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4. Conclusions

Several studies provided evidence that morphine can affect
tumor growth by actingwith differentmechanisms, including
tumor cells or endothelial cells or growth factors secreted by
meditation of CNS. Unfortunately, the results obtained from
both in vitro and in vivo studies are so far conflicting. Some
reports suggested that morphine may promote the tumor
growth by inhibiting apoptosis and by promoting angiogene-
sis and migration of tumor cells. On the contrary, it has been
demonstrated thatmorphinemay also exert proapoptotic and
antiangiogenic effects. These different results can be associ-
ated with the different doses ofmorphine administrated, with
different models used and different cancer. For these reasons,
it is very important for themanagement of severe pain associ-
ated with cancer to consider accurately the dose and route of
administration of morphine. Further studies will be neces-
sary to establish if morphine is an inhibitor of tumor growth
or whether it promotes cancer.
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[37] E. Nédélec, A. Abid, C. Cipolletta et al., “Stimulation of cycloox-
ygenase-2-activity by nitric oxide-derived species in rat chon-
drocyte: lack of contribution to loss of cartilage anabolism,”
Biochemical Pharmacology, vol. 61, no. 8, pp. 965–978, 2001.

[38] M. Farooqui, Z.H.Geng, E. J. Stephenson,N. Zaveri, D. Yee, and
K. Gupta, “Naloxone acts as an antagonist of estrogen receptor
activity in MCF-7 cells,” Molecular Cancer Therapeutics, vol. 5,
no. 3, pp. 611–620, 2006.

[39] D. Salvemini, K. Seibert, J. L. Masferrer, T. P. Misko, M. G. Cur-
rie, andP.Needleman, “Endogenous nitric oxide enhances pros-
taglandin production in amodel of renal inflammation,” Journal
of Clinical Investigation, vol. 93, no. 5, pp. 1940–1947, 1994.

[40] R. J. Griffin, B.W.Williams, R.Wild, J.M. Cherrington, H. Park,
and C.W. Song, “Simultaneous inhibition of the receptor kinase
activity of vascular endothelial, fibroblast, and platelet-derived
growth factors suppresses tumor growth and enhances tumor
radiation response,” Cancer Research, vol. 62, no. 6, pp. 1702–
1706, 2002.

[41] K. M. Leahy, R. L. Ornberg, Y. Wang, B. S. Zweifel, A. T. Koki,
and J. L. Masferrer, “Cyclooxygenase-2 inhibition by celecoxib
reduces proliferation and induces apoptosis in angiogenic
endothelial cells in vivo,”Cancer Research, vol. 62, no. 3, pp. 625–
631, 2002.

[42] S. H. Chang, C. H. Liu, R. Conway et al., “Role of prostaglandin
E2-dependent angiogenic switch in cyclooxygenase 2-induced
breast cancer progression,” Proceedings of the National Academy
of Sciences of the United States of America, vol. 101, no. 2, pp. 591–
596, 2004.

[43] C.-F. Lam, Y.-C. Liu, F.-L. Tseng et al., “High-dose morphine
impairs vascular endothelial function by increased production
of superoxide anions,” Anesthesiology, vol. 106, no. 3, pp. 532–
537, 2007.

[44] J. Blebea, J. E. Mazo, T. K. Kihara et al., “Opioid growth factor
modulates angiogenesis,” Journal of Vascular Surgery, vol. 32, no.
2, pp. 364–373, 2000.

[45] C.-F. Lam, P.-J. Chang, Y.-S. Huang et al., “Prolonged use of
high-dose morphine impairs angiogenesis and mobilization of
endothelial progenitor cells in mice,” Anesthesia and Analgesia,
vol. 107, no. 2, pp. 686–692, 2008.

[46] J. L. Martin, R. Charboneau, R. A. Barke, and S. Roy, “Chronic
morphine treatment inhibits LPS-induced angiogenesis: impli-
cations in wound healing,” Cellular Immunology, vol. 265, no. 2,
pp. 139–145, 2010.

[47] S. Roy, S. Balasubramanian, J. Wang, Y. Chandrashekhar, R.
Charboneau, and R. Barke, “Morphine inhibits VEGF expres-
sion in myocardial ischemia,” Surgery, vol. 134, no. 2, pp. 336–
344, 2003.

[48] L. Koodie, S. Ramakrishnan, and S. Roy, “Morphine suppresses
tumor angiogenesis through a HIF-1𝛼/p38MAPK pathway,”
American Journal of Pathology, vol. 177, no. 2, pp. 984–997, 2010.

[49] N. Faramarzi, A. Abbasi, S. M. Tavangar, M. Mazouchi, and A.
R. Dehpour, “Opioid receptor antagonist promotes angiogen-
esis in bile duct ligated rats,” Journal of Gastroenterology and
Hepatology, vol. 24, no. 7, pp. 1226–1229, 2009.

[50] R. L. Shapiro, J. G. Duquette, D. F. Roses et al., “Induction
of primary cutaneous melanocytic neoplasms in urokinase-
type plasminogen activator (uPA)-deficient andwild-typemice:
cellular blue nevi invade but do not progress to malignant
melanoma in uPA-deficient animals,” Cancer Research, vol. 56,
no. 15, pp. 3597–3604, 1996.

[51] J. A. Engbring and H. K. Kleinman, “The basement membrane
matrix in malignancy,” Journal of Pathology, vol. 200, no. 4, pp.
465–470, 2003.

[52] M. S. Widel and M. Widel, “Mechanisms of metastasis and
molecular markers of malignant tumor progression. I. Colorec-
tal cancer,” Postępy Higieny i Medycyny Doświadczalnej, vol. 60,
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The gastricmucosa ischemic tissular damage plays an important role in critical care patients’ outcome, because it is the first damaged
tissue by compensatory mechanism during shock. The aim of the study is to relate bioimpedance changes with tissular damage
level generated by ischemia by means of confocal endomicroscopy and light microscopy. Bioimpedance of the gastric mucosa and
confocal images were obtained fromWistar male rats during basal and ischemia conditions. They were anesthetized, and stain was
applied (fluorescein and/or acriflavine). The impedance spectroscopy catheter was inserted and then confocal endomicroscopy
probe. After basal measurements and biopsy, hepatic and gastric arteries clamping induced ischemia. Finally, pyloric antrum tissue
was preserved in buffered formaldehyde (10%) for histology processing using light microscopy. Confocal images were equalized,
binarized, and boundary defined, and infiltrations were quantified. Impedance and infiltrations increased with ischemia showing
significant changes between basal and ischemia conditions (𝑃 < 0.01). Light microscopy analysis allows detection of general
alterations in cellular and tissular integrity, confirming gastric reactance and confocal images quantification increments obtained
during ischemia.

1. Introduction

Shock is a critical condition in which oxygen availability
becomes restricted, and tissues will consume asmuch oxygen
as is available. Compensated shock occurs when systemic
delivery of oxygen (DO

2
) decreases and the tissues turn

to anaerobic sources of energy. Under these conditions,
cellular function is maintained as long as the combined
yield of aerobic and anaerobic sources of energy provides
sufficient ATP for protein synthesis and contractile processes.
Some tissues are more resistant to hypoxia than others
[1]. The intestinal and gastric mucosae show evidence of
anaerobic metabolism before decreases in systemic oxygen

consumption (VO
2
) is detected [2]. Uncompensated shock

resulting in irreversible tissue damage occurs when the
combined aerobic and anaerobic supplies of ATP are not
sufficient tomaintain cellular function. Failure ofmembrane-
associated ion transport pumps, in particular those associated
with the regulation of calcium and sodium, results in the
loss of membrane integrity and in cellular swelling [3, 4].
Among other mechanisms that lead to irreversible cellular
injury during hypoxia are depletion of cellular energy, cellular
acidosis, and oxygen free radical generation [1].

An important objective in the care of critically ill patients
is to ensure the adequacy of tissue oxygenation, since tis-
sue hypoxia may result in anaerobic metabolism, cellular
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acidosis, and death [5]. Emerging data suggest that early
aggressive resuscitation of critically ill patients may limit
and/or reverse tissue hypoxia, progression to organ failure,
and improve outcome [6]. In critical illness, blood flow to
the splanchnic tissues is frequently reduced and redirected
to other vital organs such as the brain, heart, and kidneys.
Inadequately oxygenated, the splanchnic tissues may become
prone to ischemia-related complications [7]. However, at
present, there is no clinically useful method to directly
monitor the level of gastric tissue dysoxia injury.

After a certain period of ischemia, the gastrointestinal
tissue becomes vulnerable to damage due to reperfusion, in
which restored oxygen supply produces free radical species,
which lead to further tissue injury [8]. For an effective and
correctly timed therapy, it may be very useful to know the
ischemic level and the tissue damage in a continuous and
simple manner [9].

Electric impedance measurements in tissues and biolog-
ical systems have been used for decades in a wide variety of
applications [10]. Impedance spectroscopy is the study of the
passive electrical properties of biological tissues as a function
of frequency.The impedance of biological tissues results from
the interaction of an electrical current with the tissue at the
cellular and molecular level. Impedance is the total effect of
two separate orthogonal dimensions: the electrical resistance
which restricts the flow of electrons and dissipates energy
and the electrical reactance which is the capacity to store and
release energy.

On a conceptual level, the cell cytoplasm and extracellular
space act as conductivemedia isolated from each other by the
cell membrane. The conductivity of the extra- and intracel-
lular space contributes to the overall resistance of the tissue
while the cell membrane contributes to the capacitive effect
[10, 11]. For instance, in a normoxic condition, a significant
amount of low frequency current is able to flow through the
extracellular spaces; when dysoxia occurs, the cells are not
capable to generate enough energy to feed the ion pumps and
extracellular water penetrates into the cell. As a consequence,
the cells grow and invade the extracellular space causing a
reduction of the current in extracellular fluids and are seen
as a low frequency impedance increase [12]. Also the closure
of gap junctions contributes to the impedance increment
at these low frequencies. At high frequencies, impedance
changes are influenced by intracellular and extracellular fluid
impedances and ion permeability of cellular membranes
[11, 13]. The electrical impedance of a living tissue can be
continuously measured to determine its pathophysiological
evolution. Somepathologies like ischemia, infarct, or necrosis
cause cellular alterations that are reflected as impedance
changes [14].

Our group developed an instrument that measures the
impedance spectrum of the gastric mucosa in the range of
215Hz to 1MHz [15]. Alongwith the technique, an impedance
spectrometry probe and nasogastric tube (ISP/NGT) [16]
allow the direct acquisition of an electric impedance spec-
trum of themucosa. Most of the authors in the bioimpedance
field use the Cole-Cole equation to describe their experi-
mental results characterizing the tissue bioimpedance with
four parameters. For our device, an adaptation of Cole-Cole

model was performed to develop an algorithm to calculate
the 6 characteristic electrical values that best describe human
gastric impedance measurements [17]. The device has been
tested and validated during the last 12 years. The results
confirm the potential of this technology for critical care
monitoring.However, some studies are required to determine
actual tissue damage levels via impedance spectroscopy
in critical care patients in order to guide therapy and
improve outcome. The objective of the study was to relate
bioimpedance changes with tissular damage level generated
during induced hypovolemic shock in a rat model, using
confocal endomicroscopy and light microscopy.

2. Materials and Methods

2.1. Animals. Healthy adult male rats of Wistar strain, aged
3 months and weighting 350–400 g at the beginning of the
experiment, were used. Animals were bred and kept at the
Animal Facility of the Autonomous Metropolitan University
in a temperature-controlled environment on a 12 : 12 h light-
dark cycle and were fasted 12 h before experiment started.
All procedures used in the study complied with the guide
for care and use of laboratory animals. The experimental
protocol was approved by the National Center for Medical
Instrumentation and Imaging Research Ethical Committee.

2.2. Ischemia Induced Procedure. The surgical procedures
were performed under clean conditions. Rats were deeply
anesthetized using 1.5mL intraperitoneal anesthesic cocktail
(0.05mL ketamine, 0.25mL propionylpromazine, and 0.1mL
xylazine in 0.6mL saline solution per mL). Another 1mL
of the ketamine/propionylpromazine/xylazine combination
was kept for further maintenance anesthesia as needed.

The animals were mounted on a dissection frame with
attached limbs. After the onset of general anesthesia, 10 𝜇L/g
of fluorescein (Alcon Pharma, Novartis Pharmaceuticals,
Mexico) was injected in the tail vein. The rats underwent a
5 cm midline laparotomy from the xiphoid process to just
above the penis. After opening the abdomen, the abdominal
cavity was carefully inspected, and stomach was exposed
(Figure 1).

Using a 0.5mL syringe containing heparin, blood samples
were taken from the femoral artery immediately after open-
ing the abdomen and 30min after isquemia. pH and lactate
concentration were assessed with a blood gas analyzer (GEM
Premier 3000; Instrumentation Laboratory, Lexington, MA).

Based on duodenum, a 1 cm incision was made over
the greater curvature. Then a biopsy was obtained, and
impedance measurements were taken during 15 minutes.
When it was necessary, for topical staining, some drops of
a 0.02% solution of acriflavine (Merck KGaA, Darmstadt,
Germany) in saline were applied to the tissue surface, and
excess dye was washed away with phosphate buffered saline.
Then a collection of endomicroscopy images was stored.
Afterwards, hepatic and gastric arteries were isolated and
clamped (Figure 2). Bioimpedance measurements, confocal
images, and biopsy were taken. After 30min of ischemia,
Evan’s blue solution (1.5mL of 0.1%) was injected into the
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Figure 1: Stomach exhibition for greater curvature incision.

Figure 2: Hepatic and gastric arteries occlusion for ischemia
generation.

celiac artery to evaluate perfusion. Once the experiment was
concluded a humanitarian sacrifice was developed according
to Mexican Official Standard (NOM-033-ZOO-1995).

2.3. Impedance Spectra Acquisition. The impedance spec-
troscopy system consists of three elements: the catheter, the
impedance spectrometer, and the control and analysis system.
The catheter is a flexible plastic tube that can be inserted in
any hollow viscous organ. At the distal tip four electrodes are
located that function as ionic current to electronic current
transducers, such as Ag/AgCl electrodes. The electrodes are
connected to leads that provide an electrical connection to
the other end of the catheter along the wall of the tubing
or in the lumen. At the proximal end, the leads end in an
electrical multichannel connector that can be plugged into
the impedance spectrometer [15]. The prototype impedance
spectrometer meets the international regulation standards,
as the BS EN 60601-1:1990 and ANSI/AAMI ES1:1993. A
PC, with special software developed by our research group,
controls the impedance spectrometer operations and data
acquisition, storage and analysis. Impedance measurements

obtained from these animals were automatically recorded
every 30 seconds during 15 minutes for each condition.

2.4. Confocal Endomicroscopy Images Acquisition. Confo-
cal endomicroscopy (EC-3870CIFK; Pentax, Tokyo, Japan)
provides a 3-dimensional optical biopsy in vivo without
physically disrupting epithelial integrity. For labeling of
tissues fluorescent dyes (fluorescein and acriflavine) are used.
Confocal gray scale images with a field of view of 475 ×
475 𝜇m can be obtained by gently pressuring the confocal
window onto the surface mucosa. The optical slice thickness
of a single image is 7 𝜇m with a lateral resolution of 0.7 𝜇m.
The range of the 𝑧-axis can be varied from the surface to
0–70𝜇m below the surface layer of the gastric mucosa after
topical staining with acriflavine. A single point within the
tissue is scanned in a raster pattern, andmeasurement of light
returning to the detector from successive points is digitized
to construct an image of the scanned region. Each resultant
image is a transverse optical section, 500 × 500mm in size.
Serial images are collected at a scan rate of 0.8 frames per
second at a resolution of 1024 × 1024 pixels, approximating a
1000xmagnification on a 19-inch screen. Five sets of confocal
endomicroscopy images were obtained for each condition.

2.5. Tissue Collection and Histological Analysis. Chemical
fixation of the pyloric antrum tissue for light microscopy
was developed using buffered formaldehyde (10%) [18]. The
pyloric antrum tissue was processed with the conventional
histological techniques and included in Paraplast (Oxford
Labware, St. Louis, Mo, USA). The pyloric antrum tissue
was cut longitudinally and transversally; in each case, 5-
micrometer serial sections were obtained and stained using
hematoxylin-eosin [19]. The tissues sections were analyzed
under a clear field light microscope (Axioskop II, Carl
Zeiss) and image analyzer (Axiovision 4.8, Carl Zeiss).Thirty
microscopic fields by condition were chosen at random.
Micrographs were taken with an AxioCam MRc5 (Carl
Zeiss).

2.6. Data Analysis. Impedance measurements were pro-
cessed to calculate the central resistance and reactance at
low frequencies (𝑅

𝐿
, and 𝑋

𝐿
, resp.) and central resistance

and reactance at high frequencies (𝑅
𝐻

and 𝑋
𝐻

resp.), as
the characteristic gastric impedance parameters of interest,
as reported by Beltran et al. [17]. To analyze differences
in impedance parameters between the different conditions
(basal and ischemia), we calculated the average for each
parameter over the monitoring time for each animal. A total
of 50 to 100 images were collected per condition with the
help of a foot pedal and digitally stored as gray-scale images.
Analysis of images was performed using a specific algorithm
designed by our group. Confocal endomicroscopy images
were grouped by condition and staining type. Difference
in the mean of all the values of experimental groups was
analyzed using the Student’s 𝑡-test. A 𝑃 value < 0.01 was
considered statistically significant. Data are presented as
mean ± standard deviation (SD).
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Table 1: Impedance parameters for acriflavine staining. Difference
in the mean parameters by condition was analyzed using the
Student’s 𝑡-test. Data are presented as mean ± standard deviation
(SD).

Impedance parameter Basal Ischemia 𝑃

𝑅
𝐿
[Ohms] 75.4 ± 1.7 91.9 ± 1.4 <0.01∗

𝑅
𝐻
[Ohms] 34.3 ± 0.7 35.9 ± 0.5 0.053
𝑋
𝐿
[-jOhms] 7.4 ± 0.5 11.5 ± 0.4 <0.01∗

𝑋
𝐻
[-jOhms] 8.9 ± 0.2 18.5 ± 0.1 0.037

∗Statistically significant (𝑃 < 0.01).

Table 2: Impedance parameters for fluorescein staining. Difference
in the mean parameters by condition was analyzed using the
Student’s 𝑡-test. Data are presented as mean ± standard deviation
(SD).

Impedance parameter Basal Ischemia 𝑃

𝑅
𝐿
[Ohms] 62.9 ± 3.1 99.1 ± 3.4 <0.01∗

𝑅
𝐻
[Ohms] 31.5 ± 1.5 39.2 ± 1.6 <0.01∗

𝑋
𝐿
[-jOhms] 3.1 ± 0.3 6.7 ± 0.4 <0.01∗

𝑋
𝐻
[-jOhms] 10.9 ± 0.8 17.5 ± 0.8 <0.01∗

∗Statistically significant (𝑃 < 0.01).

Table 3: Impedance parameters for the combination of fluorescein
and acriflavine. Difference in themean parameters by condition was
analyzed using the Student’s 𝑡-test. Data are presented as mean ±
standard deviation (SD).

Impedance parameter Basal Ischemia 𝑃

𝑅
𝐿
[Ohms] 70.3 ± 2.1 91.3 ± 1.6 <0.01∗

𝑅
𝐻
[Ohms] 34.7 ± 0.6 35.6 ± 0.5 0.278
𝑋
𝐿
[-jOhms] 7.6 ± 0.4 11.7 ± 0.3 <0.01∗

𝑋
𝐻
[-jOhms] 9.4 ± 0.4 16.3 ± 0.3 <0.01∗

∗Statistically significant (𝑃 < 0.01).

3. Results

The arteries clamping resulted in a significant decrease in
blood pH (7.36 ± 0.04 for basal condition versus 7.18 ± 0.01
for ischemia condition). Lactate increased significantly to
5.23 ± 0.51mmol/L, indicating metabolic acidosis and tissue
ischemia.

In order to obtain impedance spectroscopy measure-
ments and evaluate staining effects in spectra measurements,
data were obtained using just acriflavine, just fluorescein, and
the combination of fluorescein and acriflavine. Impedance
parameters: 𝑅

𝐿
(central resistance at low frequencies), 𝑋

𝐿

(central reactance at low frequencies), 𝑅
𝐻
(central resistance

at high frequencies), and 𝑦𝑋
𝐻

(central reactance at high
frequencies) were calculated, and Student’s 𝑡-test was used in
order to evaluate changes between basal and isquemia con-
ditions. Table 1 shows impedance parameters for acriflavine
staining, Table 2 for fluorescein staining, and Table 3 for the
combination of fluorescein and acriflavine. No immediate
adverse reactions were noted following topical or systemic
dye application.

Table 4: Relationship between impedance parameters and confocal
images infiltration numbers. Data are presented as mean ± standard
deviation (SD).

𝑅
𝐿
[Ohms] 𝑋

𝐿
[-jOhms] Infiltration

number
Acriflavine

Basal 75.4 ± 1.7 7.4 ± 0.5 4294
Ischemia 91.9 ± 1.4 11.5 ± 0.4 4423

Fluorescein
Basal 62.9 ± 3.1 3.1 ± 0.3 2349
Ischemia 99.1 ± 3.4 6.7 ± 0.4 4150

Acriflavine and fluorescein
Basal 70.3 ± 2.1 7.6 ± 0.4 691
Ischemia 91.3 ± 1.6 11.7 ± 0.3 4169

Confocal endomicroscopy images were grouped accord-
ing to staining type, a set of 6 images was used for each
staining, and 2 cut series (basal and ischemia) for the combi-
nation of fluorescein and acriflavine. Images were processed
using an algorithm developed by our group. Equalization,
filtering, and binarization processing were applied in order
to enhance image features (Figure 3). The number of imag-
ing infiltrations was calculated in Figure 4 (right corner),
which indicate oedema alterations. Table 4 illustrates the
relationship between impedance parameters (𝑅

𝐿
and𝑋

𝐿
) and

number of infiltrations grouped by staining and condition.
Impedance parameters increase during ischemia and are
related to more infiltrations, especially for the combination
of fluorescein and acriflavine staining.

3.1. Light Microscopy. In basal condition the gastric mucosa
presents simple columnar epithelium with invaginations to
form foveolae and glands. A thin lamina propria layer forms
packing among many gastric glands (Figures 5(A) and 5(E)).

In ischemic animals evidence of sub-lethal (pale stained)
and lethal cell injury (cytoplasmic eosinophilia, and nuclear
condensation) are observed in Figures 5(C) and 5(F) respec-
tively. The lethal damage generates cellular death. Few
scattered mononuclear cells (neutrophils), mainly localized
between the crypts and diffusely distributed through the
lamina propria, and vessels dilatation are observed (Figures
5(B), 5(C), and 5(D)). These are events during the initial
phases of the acute inflammatory response. Also slightly
foveolar epithelium erosion is illustrated in Figures 5(B) and
5(C).

4. Discussion and Conclusion

Up to now, no clinically useful method to directly monitor
the level of tissue dysoxia injury is available. We proposed
that bioimpedance and particularly gastric reactance is an
early indicator of ischemia and we developed some studies
that confirm the prognostic and diagnostic value of these
measurements [20, 21]. However, before wemay advocate the
clinical use of this technology we need to first answer the
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Figure 3: Confocal images comparison between nonequalized and equalized images, after edge enhancement for different staining.

following questions: (1) Can we quantify oedema and tissue
damage from impedance parameters?, (2) Can we use this
information to improve patient management and treatment?
The second question is the hardest to answer and will require
further research and experience. This study was designed to
answer the first question and relate impedance parameters
changes with tissular damage level generated during induced
ischemia in a rat model, using confocal endomicroscopy and
light microscopy.

This is the first animal model designed to quantify gastric
injury generated by ischemia by confocal endomicroscopy
imaging and evaluate its relationship with bioimpedance
measurements. In this hypovolemic shock model impedance
parameters statistically increase during ischemia as Tables 1,
2, and 3 showed. The greater changes are observed in central
resistance at low frequencies that reflects tissue oedema
caused by prolonged ischemia, causing a net increase in
intracellular to extracellular volume ratio. Accumulation of
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Figure 4: Number of imaging infiltrations according to staining type (right square), after binarization processing.

metabolic products, cell swelling caused by osmosis, and
closing gap junctions are important effects which can be
detected by means of electrical impedance spectroscopy:
at low frequencies (<1 kHz) tissue impedance is influenced
mostly by extracellular fluid impedance (extracellular path-
way narrowing (caused by cell swelling) and gap junction
status can be ascertained), while at high frequencies it
is influenced by both intercellular and extracellular fluid
impedances [11, 13]. According to confocal endomicroscopy

imaging processing we developed an algorithm to quan-
tify indirectly cell swelling by infiltration accumulation.
Although acriflavine has been used to highlight nuclei, when
it is used alone, no differences in infiltrations were found
between basal and ischemia conditions (Table 4). Nuclear
staining was diminished in necrotic areas generated during
ischemia. Because the inflammatory process was focal rather
than homogeneous, in vivomicroscopy helped to localize the
inflammatory infiltrate and necrotic areas.The inflammatory
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Figure 5: Hematoxylin and eosin stained histological sections of rat pyloric antrum tissue under basal and ischemia conditions. (A) and (E)
basal condition: normal epithelium (e), lamina propria (L), and gastric glands (G). (B), (C), (D), and (F) ischemia condition: some epithelial
cells show histological features of necrosis (), and the initial phases of the acute inflammatory response: leukocyte infiltration (→ ), vascular
congestion (∗), and epithelium integrity lost (∇) ((A), (B), (C), and (D) magnification ×100, Bar = 100 𝜇m; H-E) ((E) and (F) magnification
×400, bar = 25 𝜇m).

infiltration and weak nuclear pyloric antrum tissue staining
of the foci corresponded well with ex vivo histology using
hematoxylin and eosin staining as reported in other confocal
endomicroscopy studies [22].

Fluorescein staining exhibits significant differences (𝑃 <
0.01) between basal and ischemic groups; however there were
a large number of infiltrations for basal conditions that are
not related with the normal pyloric antrum tissue evidenced
by histology analysis (Figure 5).The staining that best reflects
ischemia condition and that can be quantified properly by our
algorithm is the combination of fluorescein and acriflavine. In
this case, our algorithm made a clear differentiation between
normal and inflammatory infiltrations in pyloric antrum

tissue as observed in Table 4. Relatively few studies have
therefore successfully used this technique for imaging in
animal diseasemodels or in humans in vivo [22]. On the other
hand, targeted fluorescence technology has been thoroughly
exploited but has not been linked to in vivo microscopic
imaging [23].

Impedance parameters increased during ischemia; how-
ever there is not a clear effect of staining type in these mea-
surements. It seems like fluorescein alone lightly decreases
𝑅
𝐿
, but we did not find a clear relationship between

impedance parameters and inflamatory infiltration num-
bers. Nevertheless, there was a relation between impedance
increase and cellular damage observed by light microscopy
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(Figure 5), indicating that the impedance spectrometer
device proposed will be useful to reflect tissue oedema in
critically ill patients. Further studies are necessary in order
to understand cellular function and interactions in human
diseases to improve patient management and treatment. The
results demonstrated that the infiltration number calculated
is associated with the tissue injury observed histologically.
This method could be a quick evaluation for the tissue status
that realizes the concept of electrical biopsy [24].
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