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The article presents an overview of literature related to two topical issues in modern medicine:
transplantation and biomarkers. There have been advances made in the use of immunoenzy-
mometric and immunoadsorption assays in organ transplantation clinics for evaluating different
situations. However, these methods fail to solve more complex and ambiguous transplantation
problems: tolerance, personification of treatment, etc. In this regard, the first results of prospective
studies using OMICS methods of genomics and proteinomics, in relation to the notion of trans-

plantomics, are presented.
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INTRODUCTION

In recent decades advances have been made in the develop-
ment of transplantation. In Europe more than 30 thousand
transplants of organs (kidneys, liver, heart, lungs, and pan-
creas) are made yearly. New immunosuppressants have
been brought into practice, which have allowed to achieve
90% implant survival for one year. The main unsolved
problem is still securing long-term survival of allografts, the
function of which progressively decreases within 5 to 10
years (Nankivel and Chapmen, 2006). It is still not possible
to significantly reduce the period and the degree of chronic
allograft injuries. Available radiological, clinical and bio-
chemical and pathohistological methods of diagnostics and
the available treatment used in practice are not sufficient to
evaluate all difficulties in selection of organs, prevention of
ischemia-reperfusion complications, understanding of trans-
plant pathophysiology, etc. (Danovitch, 2010). Clinical and
diagnostic problems such as acute and chronic rejections,
infections, nephrotoxicity of immunosuppressive drugs re-
main important issues. It is still not clear how to assess the
numerous processes taking place in allografts (immunologi-
cal, reperfusion, mutational, etc.). Studies of processes tak-
ing place in the patient and their allografts under conditions
of immunosuppressive therapy combining different drugs
are of particular importance (Stock and Kirk, 2011). These
drugs have side effects that can cause infections, nephrotox-
icity, hypertension, and diabetes. Therefore, it is rather dif-
ficult to standardise post-transplant treatment.
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THE ROLE OF BIOMARKERS IN MEDICINE

New biomedical technologies, among which particular at-
tention is paid to the study of biological markers (biomark-
ers), can be used to solve transplantation problems. Bio-
markers are characteristics that can be objectively measured
in a human and evaluated as indicators of normal biologic
processes, pathogenic processes, expected future disease de-
velopment, and responses to pharmacological and therapeu-
tic interventions. These indicators are distributed within a
population, present in biological substances and are indica-
tors of specific physiological and pathological conditions of
the body (Anonymous, 2001). Biomarkers must be quantita-
tive diagnostic endpoints, specific for each body and must,
at the same time, demonstrate the extent of its injury. They
must be easily measurable, simple and cheap. The main role
of biomarkers in the clinic lies in the study of the course of
diseases, assessment of the risk of their development based
on noninvasive techniques, prognostication, as well as re-
vealing the efficacy of therapeutic measures (Vasan, 2006).

Three types of biomarkers have been distinguished:

Type 0. A marker of a specific disease which correlates
with known clinical indices. Biomarkers of tumours and
cardiovascular diseases are widely known and used in prac-
tical work (Foster and Cooper, 2006).

Type 1. A marker that captures and assesses the effects of a
therapeutic intervention in accordance with its mechanism
of therapeutic action.
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Type 2. Surrogate end point. The marker intended to substi-
tute a clinical end point. A surrogate end point is expected
to predict clinical benefit (or harm or lack of benefit) on the
basis of epidemiological, therapeutic, pathophysiological or
other scientific evidence (De Gruttola, 2001).

There are many problems in transplantation that must be
solved through studies of biomarkers: study of pheno- and
genotype of patients with the aim to determine fitness for
transplantation treatment; discovery of risk factors of the
development of acute and chronic rejection, early diagnos-
tics of rejection, determination of its type, prognostication
of treatment outcomes and tailoring of immunosuppressive
therapy in a cost-effective manner (Springers et al., 2011).

Donors and recipients of renal allografts are the best models
to study biomarkers in transplantation. This may be ex-
plained by a significantly higher number of renal transplan-
tations compared to other organs, and by the possibility to
conduct studies at the same time in blood, urine and renal
allograft focusing on cells infiltrating walls of its tubules
(Gillespie and Lee, 2008). Moreover, there have been ad-
vancements in use of biomarkers in the diagnostics and
prognostication of acute renal failure, and this information
can be extrapolated to studies of the structure and function
of renal allografts (Mcllroy et al., 2010).

CLINICAL AND BIOCHEMICAL CRITERIA

Currently, clinical and biochemical criteria are the most
widespread methods of diagnostics in pre and post kidney
transplantation patients. The determination of blood serum
creatinine is a “gold standard” in the assessment of allograft
function. This criterion fully suits clinicians, since it reflects
the degree of preservation of glomerular filtration. How-
ever, changes in the creatinine level take place only when it
drops to 50% (Waikar et al., 2012). The blood creatinine
level is not sufficient to diagnose a complicated pathology
of a renal allograft, the nature of rejections, the effect of
immunisuppressive therapy, possible tolerance, etc.

Other endpoints used in nephrologic clinics are also impor-
tant. Proteinuria, for example, is a diagnostic and prognostic
criterion for the development of pathology of original kid-
neys and also renal allografts. However, the estimated level
of proteinuria not only estimates renal dysfunction, but also
characterizes the consequences of pathological processes
taking place in allografts (Calabuig et al., 2012). In the
post-transplant period, significant importance is paid to se-
rum albumin concentration. An association between serum
albumin concentration and kidney transplant outcome has
been established (Molnar et al., 2011). Clinical and bio-
chemical endpoints are also used in transplantation of other
organs: activity of serum transaminase in cases of trans-
plants of liver; and blood glucose and amylase concentra-
tions in cases of pancreas transplants (Hrick, 2011). In-
creased activity of lysosomal enzymes, glutathione
S-transferase and N-acetyl-beta-D-glucosaminidase in
perfusate during machine preservation of kidneys, indicates
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the beginning of injury (Graetz et al., 2009). Although the
above mentioned clinical endpoints apparently have clinical
value, it should be noted that they are not specific and de-
pend on a large range of numerous side effects related to the
disease and transplantation.

Histopathological studies of allografts allow more accurate
diagnostics. The Banff Classification allows to determine
different forms of rejection (Henderson et al., 2011). The
presence of CD4 antibodies in peritubular capillaries of a
renal allograft indicate humoral nature of an acute rejection
(Loupy et al., 2011). These observed changes are however
not always specific and many pathological findings remain
unexplained. It is not clear how to interpret borderline
changes identified in biopsies, the meaning of cellular infil-
tration without tubulitis, etc. (Snanoudj et al., 2011).

In immunological monitoring under conditions of immuno-
suppressive therapy, the assessment of the whole complex
of clinical and morphological criteria as biomarkers showed
their shortcomings in the prognostication of the develop-
ment of pathological processes and in determination of pre-
transplantation risk factors. These criteria are able to diag-
nose only the final stage of development of pathophysio-
logical shifts.

MOLECULAR-LEVEL STUDIES

Further development of biomarkers was aided by molecu-
lar-level studies. Advancements in the diagnostics and prog-
nostication of the development of acute renal failure al-
lowed their use in renal transplantation clinics (Coca et al.,
2008). A significant number of biomarkers were proposed,
but only Cystatin C, NGAL (neutrophil gelatinase-associ-
ated lipocalin), IL-18 (interleukin), and KIM-1 (kidney in-
jury molecule) should be considered to be the most prospec-
tive. Cystatin C (low-molecular-weight protein cysteine) is
a marker of glomerular filtration and reflects its level much
more accurately than blood creatinine. For fast diagnostics
of acute renal injuries in renal allografts, NGAL is most fre-
quently used (Jushinskis ez al., 2011). It is a low molecular
weight protein located in neutrophiles and the epithelium,
including proximal renal tubules in the epithelium. In cases
of ischemic kidney injury, urine NGAL concentrations in-
crease. Its dynamic changes in urine and blood are success-
ful for determination of the extent and rate of restoration of
function of renal allografts after surgery (Hollmen et al.,
2011). IL-18 protein, a mediator of tubular necrosis, induces
neutrophil and monocyte infiltration of tubules during
ischemia. A dynamic study of NGAL along with IL-18 is
efficient for the prognostication of the development of de-
layed function and control of its recovery (Parikh et al.,
2006). Neopterin and C-reactive protein are used as markers
of cell-mediated immunity when transplanting heart. Their
elevation in urine and blood respectively indicate develop-
ment of an acute rejection (Johnson et al., 2011).

Improved diagnostics and prognostication of acute injuries
to renal allografts based on molecular tests using en-
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zyme-linked immunosorbent assay methods (ELISA) have
been shown to have low efficiency in the solution of many
other transplantation problems: determination of mecha-
nisms and pathophysiology of immune response, early diag-
nostics of rejections, and prognostication of the risk of de-
velopment of complications after organ transplantation.

Biomarkers to carry out complex multi-factor diagnostics
are needed. Some of these methods have already been used
in clinics. To prognosticate the most dangerous antibody-
mediated rejection, the level of donor-specific antibodies
can be determined using Luminex single antigen beads, in
which up to 100 different proteins are fixed simulteneously
on the surface of microspheres. This method allows to de-
termine indications for desensitization in the pre- and
post-transplantation period (Akalin ez al., 2008). It was also
used to investigate antibodies to rare antigens. In patients
with a high pre-transplantation level of donor-specific anti-
bodies, the antibodies to donor MHC class 1 chain-related
antigen A (MICA) and B (MICB) were used as biomarkers,
which improved the diagnostics of acute humoral rejections
(Zou et al., 2007). For possible prevention and diagnostics
of cellular rejection, the interferon- gamma ELISPOT assay
was shown to be efficient as a biomarker to determine
alloreactivity of T cells. The correlation between the level
of T-cells and acute rejection was demonstrated 6 and 12
months after renal transplantation (Nickel et al., 2004). The
immunoadsorption blood test method in patients may also
be used to individualize immunosuppressive therapy
(Bestard et al., 2011). In addition, kidney biopsies can re-
veal the extent of inflammatory changes (Einke et al.,
2010).

A significant number of biomarkers are assessed using
immunoenzymometric and immunoadsorption assays,
which are efficient, but have not clarified the main issue:
how to achieve personalisation when transplanting organs,
which is a complex multi-factor treatment method. Every
body has individual reaction to the graft; the response of the
body to immunosuppressive therapy, different regimens and
also to doses. Each individual differs not only in immuno-
genetics, but also pharmacogenetics. It is possible to im-
prove the outcomes of transplantation only by personali-
sation of treatment.

OMICS IN TRANSPLANT MEDICINE

The implementation of OMIC started ten years ago by using
high tech in transplantation. The name neologism OMICS
was coined by the use of these letters after a particular field
of scientific studies in biology and medicine (for example,
genomics, proteinomics, etc.). In organ transplantation, the
term transplantomics is used. These studies integrate multi-
ple gene, protein, and metabolite expression in blood, urine
and allografts. A wide range of conducted studies has pro-
vided encouraging results.

To study the gene expression, the use of profile microchips
(gene expression profiling, mRNA expression microarray,
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micro RNA) has provided new data regarding prognostica-
tion and diagnostics of acute rejection episodes. The work
of M. Suthanthrian’s team demonstrated an increase in gene
expression in urine sediment in cases of suspected acute re-
jection (Anglicheau and Suthanhiran, 2008; Suthanthiran et
al., 2011). Genomics methods turned out be be prospective
also in the study of bioptates (Reeve et al., 2009). The effi-
ciency of diagnostics of acute and chronic rejection of renal
allografts and the opportunity to individualise immuno-
suppressive therapy have been demonstrated (Flechner et
al., 2004; Halloran, 2010). Investigations on prognostica-
tion and early diagnostics of the extent of chronic injuries to
allografts are of special interest. In long-term observation of
gene expression dynamics can indicate development of in-
terstitial fibrosis and tubular atrophy of renal allografts
(Muthukumar et al., 2011). Gene technology can be used to
reveal the extent of ischemia-reperfusion complications dur-
ing zero-hour and one-hour biopsy of renal allografts (Mba
et al., 2011), and after renal transplantation (Farid et al.,
2011). Important prospects have opened up by using
genomics to clarify the tolerance problem, when stable
allograft function must be secured at minimum or no
immunosuppression (Sagoo et al., 2011). Knowledge of
gene polymorphism and expression therefore makes it pos-
sible to select patients with low immunological risk and, re-
spectively, low immunosuppression, which is required for
transplantation (Brouard et al., 2007).

A large number of studies in transplantation are focused on
proteomics (Klienzl-Wagner et al., 2011). Mass spectrome-
try and flow cytometry methods can be used to determine
the activity of proteins and polypeptides in urine, blood and
allografts, which can indicate various pathological condi-
tions. Tubulitis in renal allografts can be revealed by raised
chemokine levels in the urine, an early symptom of acute
rejection (Ho et al., 2011). Moreover, increase in chemo-
kine CMP-1 levels in urine during six months after trans-
plantation is correlated with the development of interstitial
fibrosis and tubular atrophy and is the most important crite-
rion of chronic injury of renal allografts (Ho et al., 2010).
The correlation between changes taking place in 40 urine
peptides and transcriptional (gene) data from puncture biop-
sies, and thus peptide levels could be used to indicate devel-
opment of acute rejection in renal allografts. The study of
proteins in a cardiac allograft showed different arrangement
during acute episodes and at other times (Borozdenkova et
al., 2004). Simultaneous determination of levels and ar-
rangement of 19 proteins in urine was used to assess inter-
stitial fibrosis and tubular atrophy, an indication for chronic
allograft injury (Quintana et al., 2009). A dynamic study of
the protein profile in urine can be used to diagnose the de-
gree of ischemia-reperfusion complications (Mueller et al.,
2011), non-immune injury to renal allografts (Banon-
Maneus et al., 2010) and to carry out their differential diag-
nosis with BK virus nephropathy (Jahnukainen et al., 2006).
Due to constant lack of organs for transplantation and the
use of marginal donors, issues of preservation of organs re-
mains and important issue. Studies have reported on means
to prognosticate renal function by protein group concentra-
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Table 1

THE USE OF BIOMARKERS IN PRE- AND POST-TRANSPLANTATION PERIOD FOR KIDNEY TRANSPLANTATION

Biomarkers Diagnostic role

Examples

Pre-transplant biomarkers
(donors)

Acute and chronic injury of transplantable
organ

Pre-transplant biomarkers
(recipients)

Immunological risk, induction of tolerance

Drug nephrotoxicity

Post-transplant biomarkers
(dynamic)

Ischemia-reperfusion injury, acute injury,
nephrotoxicity

Acute cellular and/or humoral rejection

Chronic graft dysfunction

Monitoring of graft accomodation

tions in the perfusate (Matar et al., 2011). These studies
seem particularly important to us and also to all clinicians
involved in kidney transplantation.

The study of the distribution of expressed genes and pro-
teins before and after organ transplantation provides a
unique opportunity to determine changes related to trans-
plantation at a higher level than before. These studies com-
plement each other, and there is no correlation or direct as-
sociation between the RNA distribution in cells and tissues
and the number of functional proteins (Tiers and Mann,
2003).

When analyzing the state of transplantation using bio-
markers, it should be noted that their combined use appar-
ently is the only opportunity to further improve outcomes of
organ transplantation (Table 1). The first studies have al-
ready turned out to be prospective for the understanding of
mechanisms of immune response, acute and chronic injury
of allografts. However, there is currently no biomarker that
can be used as a standard in the diagnostics of transplanta-
tion situations. There is a whole range of marker identifica-
tion problems, from correct blood sampling and handling to
adequate assessment of results. Also, it would be difficult, if
not impossible, to identify only one biomarker that would
be required to diagnose physiology and pathology of allo-
grafts. However, a set of biomarkers may be efficient, to
create an integral criterion combining blood, urine and
allograft sample tests obtained at the same time, particularly
after computer processing are developed for diagnostics and
personification of treatment (Roukas, 2010; Waldman and
Terzic, 2011). Currently intensive research is being carried
out to meet the biomarker challenges.
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BIOMARKIERI UN TO IESPEJAMAIS LIETOJUMS TRANSPLANTACIJA

Raksts veltits literattras apskatam par divam aktualam misdienu medicinas témam: transplantologiju un biomarkieriem. Sasniegtas pirmas
sekmes im@nfermentativo un imiinsorbcijas metoZu izpété dazadu transplantologijas klinika sastopamo situaciju izvertéSana. Tomer $is
metodes nespgj atrisinat saregitakas un neskaidras problémas transplantologija, tadas ka tolerance, arstéSanas personifikacija utt. Saja
sakara tiek piedavati pirmie rezultati no perspektiviem pétijumiem, izmantojot OMIC metodes: genomika, proteinomika u.c., kurus apvieno
kopgjais jedziens — transplantomics.
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The stress response to surgery has two main systemic effects in an organism: neuroendocrine
and haemato-immunological. Neuroendocrine effects are induced by changes in the hypotha-
lamic—pituitary—adrenal axis and the sympathetic—adrenal-medullary axis. Haemato-
immunological effects are characterised by cytokine production, acute phase reaction and lym-
phocyte and neutrophil proliferation. All of these responses interact closely. Prolongation of the
stress response can increase morbidity and worsen postoperative outcome. Surgical stress can
be affected by preoperative, perioperative and postoperative factors. In this paper, we review the
main neuroendocrine and haemato-immunological changes related to stress and discuss different
possible approaches to minimise the stress response to surgery.

Key words: stress response to surgery, neuroendocrine response, haemato-immunological re-

sponse, ways to decrease stress.

INTROUCTION

Faster and better postoperative recovery is an important
goal of modern surgery. In the early postoperative period,
pain and stress are the most common problems (Wu et al.,
2003; Ledowski et al., 2005; Ahonen et al., 2007; Jokela et
al., 2007; Wiley W. Souba, 2007). Systemic response to in-
jury or infection involves cell signaling, cell migration, and
mediator release. Minor host insults instigate a local inflam-
matory response that is transient and in most cases benefi-
cial. Major host insults may propagate reactions that can be-
come amplified, resulting in systemic inflammation and
potentially detrimental responses (Souba et al., 2007;
Brunicardi, 2010). Stress response to surgery is a compen-
satory mechanism, but it has been argued that this response
is unnecessary in current surgery. If the stress response is
prolonged, it results in decreased disease resistance, in-
creased morbidity and longer hospitalisation (Kehlet, 1997;
Deborah et al., 2004; Brunicardi, 2010). The stress response
to surgery includes a wide range of hormonal and metabolic
changes, among which two main systemic effects — the
neuroendocrine and the haemato-immunological effects —
can be distinguished (Desborough, 2000).

THE NEUROENDOCRINE RESPONSE TO SURGERY

The central nervous system (CNS) plays a key role in or-
chestrating the inflammatory response. The CNS influences
multiple organs through both neurohormonal and endocrine
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signals (Brunicardi, 2010). The neuroendocrine response to
surgery is characterised by two main pathways: the hypo-
thalamic—pituitary—adrenal axis (HPA) and the sympa-
thetic—adrenal-medullary (SAM) axis (Elenkov et al., 2000;
Segerstrom et al., 2004; Miller et al., 2007). In the HPA
axis, activation is initiated during stress at the paraventricu-
lar nucleus of the hypothalamus, which secretes releasing
hormones (RHs). The hypothalamic releasing hormones
control the pituitary gland. The hypothalamus also exerts
direct neural control over the posterior pituitary gland (Ly-
ons et al., 1997).

The anterior pituitary gland synthesises six main hormones:
corticotropin, somatotropin, prolactin, thyrotropin, folli-
tropin and lutropin. Corticotropin, somatotropin and prolac-
tin secretion are increased under stress. The concentrations
of the other anterior pituitary hormones are not changed
markedly during surgical stress. The major role in the stress
response to surgery is played by corticotropin. Corticotropin
promotes cortisol production in the adrenal cortex. Cortisol
secretion increases several minutes after surgery, and the
cortisol concentration reaches a maximum at approximately
4-6 hours after surgery, depending on the severity of the
surgical trauma (Desborough, et al., 1993; Nicolson et al.,
1998). A feedback mechanism operates so that the increased
concentrations of circulating cortisol inhibit the secretion of
corticotropin by the pituitary gland, but this mechanism ap-
pears to be ineffective after surgery, and concentrations of
both hormones remain high. Cortisol promotes protein
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breakdown and gluconeogenesis in the liver as well as in-
hibits the use of glucose by cells. These effects lead to an
increased blood glucose concentration (Desborough, 2000).

Somatotropin has an important role in growth regulation
and in the cell’s metabolic processes. This hormone stimu-
lates protein synthesis and glycogenolysis, promotes lipoly-
sis, inhibits protein breakdown and has an anti-insulin ef-
fect. The concentration of somatotropin increases after
surgery in proportion to the severity of the injury (Desbor-
ough et al., 1999). Somatotropin inhibits glucose uptake
and use by cells (Grainne, et al. 2005). Prolactin secretion
increases as a part of the stress response to surgery. Prolac-
tin stimulates milk secretion from the breast and has a slight
metabolic influence during the stress response (Desborough,
et al., 1999).

Another pituitary hormone is thyrotropin. The thyrotropin
concentration may be slightly decreased during the first two
hours after surgery and then return to the preoperative level.
The target organ of thyrotropin is the thyroid gland, which
produces the thyroid hormones thyroxine (T4) and tri-
iodothyronine (T3). These hormones are bound to their
binding proteins, albumin, thyroxine-binding pre-albumin
and thyroid-binding globulin. The free thyroid hormones in
the plasma are metabolically active (Edwards, 1997). Thy-
roid hormones stimulate the oxygen consumption of most of
the metabolically active tissues of the body. As a result, cell
metabolism and heat production increase. The concentra-
tions of the thyroid hormones may decrease slightly after
surgery and return to normal in several days. These changes
may appear because of the close relationship between thy-
roid hormones, catecholamines and cortisol. Exogenous
steroids suppress T3 and T4; thus, hypercortisolaemia after
surgery may also depress the thyroid hormone levels (Cro-
izer et al., 1997; Desborough, 1999).

Follitropin and lutropin are also secreted from the anterior
pituitary gland. In females, follitropin is responsible for the
development of the ovarian follicles, and lutropin promotes
the maturation of these follicles. In males, follitropin main-
tains the spermatic epithelium, and lutropin stimulates the
testis cells. The follitropin and lutropin plasma concentra-
tions show variable changes after surgical stress (Desbor-
ough et al., 1999, Tilbrook et al., 2002).

Vasopressin, or arginine vasopressin, is secreted from the
posterior pituitary. Vasopressin has effects on the kidneys
and increases water absorption in the collecting ducts of the
nephron. These effects support the preservation of adequate
body fluid volumes. Vasopressin also has an endocrine
function, acting with corticoliberin to stimulate the secre-
tion of pro-opiomelanocortin from the anterior pituitary
(Grainne et al.,, 2005). The vasopressin concentration in-
creases in response to surgical stress (Desborough et al.,
1999).

In the SAM axis, activation involves preganglionic sympa-
thetic nervous system neurons that descend from nuclei in
the brain. The release of the neurotransmitter acetylcholine
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from these neurons in the adrenal medulla stimulates cells
to secrete adrenaline. The post-ganglionic sympathetic ner-
vous system fibres, however, predominantly secrete
noradrenaline. Therefore, activation of the SAM mainly
leads to the release of both adrenaline and noradrenaline
(Elenkov et al., 2000). The above-mentioned processes lead
to the well-recognised cardiovascular effects of tachycardia
and hypertension. In addition, the functions of the liver,
pancreas, kidney and immune system are directly modified
by efferent sympathetic stimulation (Elenkov et al., 2000;
Sanders and Kavelaars, 2007). Pancreatic secretion is also
altered in response to surgical stress: glucagon secretion is
activated and insulin secretion is diminished. The decreased
insulin concentration may be caused partially by the inhibi-
tion of pancreas B-cell secretion. There is also a failure of
the typical cellular response to insulin, the so-called “insulin
resistance”.

The plasma glucagon concentration increases transiently af-
ter surgery (Desborough, 2000; Grainne et al., 2005). Glu-
cagon promotes hepatic glycogenolysis and gluconeogene-
sis and increases the glucose concentration in the blood.
Other stress hormones, such as cortisol and catecholamines,
also facilitate glucose production as a result of increased he-
patic glycogenolysis and gluconeogenesis. These factors
cause the glucose concentration in the plasma to increase as
a response to stress after surgery, and they are related to the
intensity of the surgical injury. For example, in cardiac sur-
gery, blood glucose concentrations increase up to 10-12
mmol/l and remain elevated for 24 h after surgery (Anony-
mous, 1998; Grainne et al., 2005). The overall metabolic ef-
fects of the hormonal changes are the following: increased
catabolism, which mobilises substrates to provide energy
sources, and a mechanism to retain salt and water, thus
maintaining fluid volume and cardiovascular homeostasis
(Desborough et al., 1999).

THE HAEMATO-IMMUNOLOGICAL RESPONSE TO
SURGERY

The immune system has developed to respond to and neu-
tralize pathogenic micro-organisms as well as coordinate
tissue repair. Systemic inflammation is characterised by ex-
aggerated immune responses to either a sterile or infectious
process. The cause of inflammatory activation needs to be
addressed to resolve the dysregulated immune state
(Brunicardi, 2010). Recent years show that surgery and an-
aesthesia exert an immunosuppressive effect (Ogawa et al.,
2000, Zura et al., 2009, Veenhof et al., 2012). Both innate
and adaptive immune functions are depressed (Brand et al.,
2003; Franke et al., 2006; Zura et al., 2009). It has been
shown that the immune response is altered with respect to
phagocyte compromise, lymphocyte transformation, cyto-
toxicity, antibody response and the chemotactic functions of
immune cells (Buunen et al., 2004; Bengmark, 2006; Go-
lubovska et al., 2008). The balance between pro-inflam-
matory and anti-inflammatory processes is important.
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Cytokines play a major role in the regulation of the immune
response to surgery. Cytokines are a group of small cell-
signalling proteins that are essential for both the innate and
the adaptive immune responses. Cytokines are produced
mostly from activated leucocytes, monocytes, fibroblasts
and endothelial cells as an early response to tissue injury.
However, virtually all nucleated cells are potent producers
of cytokines. Cytokines act on surface receptors on many
different target cells, and they change protein synthesis
within cells. Cytokines mediate a broad sequence of cellular
responses, including cell migration, DNA replication, and
immunocyte proliferation (Brunicardi, 2010). More than 50
cytokines are known. After surgery, the main cytokines re-
leased are interleukin-1 (IL-1), interleukin-6 (IL-6), and tu-
mour necrosis factor. IL-6 is the main cytokine responsible
for inducing the systemic changes known as the acute-phase
response.

The changes that occur after surgery and tissue damage are
known as the acute-phase response. These changes are the
following: fever, leucocytosis, production of acute-phase
proteins in the liver and changes in the serum concentra-
tions of transport proteins. The combination of leucocytosis
with neutrophilosis is one of the immunological effects of
inflammation. Neutrophils are normally found in the blood
stream. Neutrophilosis occurs during the acute phase of in-
flammation, particularly as a result of bacterial infection,
environmental exposure, or surgical trauma. Neutrophils are
one of the first-responders among the inflammatory cells to
migrate towards the site of inflammation (Nathan, 2006).
They migrate through the blood vessels and interstitial tis-
sue, following chemical signals such as interleukin-8 (IL-8)
and leukotriene B4. Neutrophils are recruited to the site of
injury within minutes following trauma and are the hall-
mark of acute inflammation (Witko-Sarsat et al., 2000; Na-
than, 2006).

Another important part of the acute-phase response to surgi-
cal trauma is the production of acute-phase proteins in the
liver, such as C-reactive protein (CRP), fibrinogen,
o2-macroglobulin and others. These proteins act as inflam-
matory mediators (Sheeran et al., 1997). The physiological
role of CRP is to bind to phosphocholine expressed on the
surface of dead or dying cells to activate the classical path-
way of the complement system via the C1Q (a sub-
component of Cl1 complement) complex. CRP enhances
phagocytosis by macrophages. Thus, CRP participates in
the clearance of necrotic and apoptotic cells. CRP also plays
an important role in immunity as a defence system against
infections (Pepys et al., 2003). In the acute- phase response,
the levels of CRP increase rapidly within two hours of sur-
gical trauma, reaching their peak during a period of 2—4
days afterwards. Upon the resolution of the acute-phase re-
sponse, CRP declines with a relatively short half-life of 18
hours. Measuring the CRP level is a screen of postoperative
inflammation. Rapid, marked increases in CRP occur with
inflammation, infection, trauma and tissue necrosis. The
half-life of CRP is constant, and therefore, its level is
mainly determined by the rate of production and the sever-
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ity of trauma. Researchers have shown that the CRP con-
centration in the plasma is the main predictive factor of
worse physical condition after surgery (Hall et al., 2002).

BIDIRECTIONAL NEURO-IMMUNE COMMUNICA-
TION

The haemato-immune and neuroendocrine systems interact
closely, and one system influences the other during the
stress response in a bidirectional regulatory circuit (Fig. 1).
This regulation has been shown to be mediated in part
through hormones and cytokines. Both systems have recep-
tors for both types of signalling molecules (Elenkov et al.,
2000; Segerstrom et al., 2004; Miller et al., 2007). The two
main neuroendocrine pathways are the HPA and the SAM
axis. Many hormones from these endocrine pathways have
also been shown to be produced by, and have activity on,
lymphocytes. Examples include corticoliberin, somatotro-
pin, prolactin, thyrotropin, vasopressin and others (Smith,
2008). The catecholamines (adrenaline and noradrenaline)
can also influence immune cells, as all leukocytes express
adrenergic surface receptors (Smith, 2008).

Glucocorticoids have immunosuppressive properties. Im-
munologic changes associated with glucocorticoids include
thymic involution, depressed cell-mediated immune re-
sponses reflected by decreases in T-killer and natural killer
cell function, T-lymphocyte blastogenesis, mixed lympho-
cyte responsiveness, graft-versus-host reactions, and de-
layed hypersensitivity responses. Glucocorticoids inhibit
neutrophil superoxide reactivity, suppress chemotaxis, and
normalise apoptosis signalling mechanisms, but maintain
neutrophil phagocytic function. (Brunicardi, 2010). In addi-
tion, post-ganglionic nerve fibres directly innervate lym-
phoid organs, including the thymus, spleen, lymph nodes
and bone marrow, and influence the production and func-
tions of immune cells (Elenkov et al., 2000; Kriiger et al.,
2007).

WAYS TO DECREASE THE STRESS RESPONSE TO
SURGERY

Among the many factors that can influence the stress re-
sponse to surgery, we can distinguish three main groups:
preoperative factors, perioperative factors, and postopera-
tive factors.

The preoperative factors

Psychological stress, anxiety and emotions. Fear, anxiety,
and psychological threat of danger in the preoperative pe-
riod can significantly reduce tolerance to pain and stress
(Tewes, 1999). It is known that the initiation of the stress
response is governed by a person’s ability to cope with a
particular stimulus. Therefore, psychological stress occurs
when a person’s ability to “cope” with a situation is ex-
ceeded (Wetsch, 2009). The stimuli pass to the limbic sys-
tem in the region of the amygdala and hippocampus and to
the posterior hypothalamus. Stimulation of the latter influ-

227



Brain

HPA

Hypothalamus

Target
organs

Cytokines

ences pituitary functions and provokes stress-related

changes in an organism.

Ways to decrease the stress. To decrease anxiety in preoper-
ative periods, we can use adequate patient management and
preoperative teamwork. An important factor in decreasing
preoperative stress is the preoperative educational conversa-
tion. Patients are given information about the operation, an-
algesia, postoperative course, prognosis, etc. (Kitching et
al., 2009). Consideration should be directed to appropriate
premedication therapy: anxiolytics, such as benzodia-
zepines, are the most popular medication for reducing fear
and anxiety; additionally, painkillers such as COX-2 inhibi-
tors can be used as a preemptive analgesia before surgery to
reduce the pain and opioid requirements during the opera-
tion (Puura et al, 2006). COX-1 inhibitors are less advis-
able for preemptive analgesia because of antithrombotic ef-
fect and irritation of gastric mucosa, which can cause
ulceration and bleeding in postoperative period. There is
also an increasing interest in using (-blockers; these drugs
can suppress the surgical induction of catecholamines and
a,-agonists (e.g., clonidine), which can have an opioid-
sparing effect and reduce myocardial ischaemia (Kitching et
al., 2009).
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Fig. 1. Bidirectional neuro-immune communi-
cation. HPA, hypothalamic—pituitary—adrenal
axis; SAM, sympathetic—adrenal-medullary
axis; RH, releasing hormones.

Preoperative fasting and fluid balance. Traditionally, pa-
tients for elective surgery are fasted overnight to reduce the
aspiration risk; however, this practise can lead to dehydra-
tion. The reduction in the effective circulating volume is
sensed by the pressure-sensitive baroreceptors in the aorta,
carotid and renal arteries. Proportional to the magnitude of
the volume loss, the pituitary gland is activated, and stress
hormones are released (Manorama, 2003). Starvation also
stimulates catabolic processes and perioperative stress.

Ways to decrease the stress. Recent guidelines have recom-
mended a shift in fasting policy from the standard “nothing
by mouth after midnight” approach to more relaxed policies
that permit a period of restricted fluid intake up to two
hours before surgery (Scarlett et al., 2002). Permission for
clear fluid intake up to two hours preoperatively does not
result in a clinically important difference in the risk of re-
gurgitation and aspiration and can reduce perioperative
stress (Grocott, 2005; Stuart, 2006). The appropriate preop-
erative fluid therapy with a sufficient amount of glucose is
essential for maintaining the fluid balance and calorie re-
quirement to avoid undue catabolism and decrease postop-
erative nausea, vomiting and pain (Maharaj, et al., 2005;
Chaudhary et al., 2008).
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The perioperative factors

Anaesthesia. The specialty of anesthesia is no longer limited
to the operating room. It is natural that anesthesiology, born
out of the quest to relieve pain, gave rise to the field of
acute and chronic pain medicine. The anesthesiologist con-
sulting on the acute pain service may recommend oral, IM,
or IV analgesia with a variety of agents, or patient-con-
trolled analgesia (Brunicardi, 2010). Anaesthetic manage-
ment depends on patient age, sex, concomitant diseases,
previous medical therapy, etc. and should be tailored to
each patient. General anaesthesia limits the perception of
sensations during surgery but has little effect on the stress
response to surgery, except for high-dose opioid anaesthe-
sia, which may inhibit intra- but not postoperative catabolic
hormonal changes (Golubovska et al., 2008). It has been
suggested that even deep general anaesthesia cannot com-
pletely block the hypothalamic reaction to the noxious stim-
uli from an operation field.

There are differences between the two main types of general
anaesthetic: inhalational and intravenous. Inhalational an-
aesthetics (e.g., isoflurane) have been associated with
greater inflammatory response and suppression of lympho-
cyte functions, which can lead to greater immune suppres-
sion morbidity in the postoperative period (Karabiyik et al.,
2001; Matsuoka et al., 2001). Intravenous anaesthetics have
different effects on stress: ketamine may play a role in re-
ducing postoperative pain and stress when used in addition
to opioids and local anaesthetics (Tverskoy ar al., 1996;
Menigaux et al., 2000); in contrast, propofol promotes the
inflammatory response, deepens immune suppression and
supports bacterial proliferation (Bowdle er al., 2002;
Golubovska et al., 2008); benzodiazepines (e.g., mida-
zolam) suppress cortisol responses to abdominal surgery;
and opioids in high doses suppress the stress response and
promote surgery-induced immune suppression. However, in
upper abdominal surgery, opioids are ineffective in prevent-
ing the stress response to surgery (Desborough, 2000).

Ways to decrease the stress. The use of anaesthetics with
greater influence on surgical stress and a combination of in-
travenous and inhaled drugs is a reasonable option to de-
crease stress, although many intravenous and inhaled anaes-
thetics in normal doses have minor effects on the endocrine
and metabolic functions (Lin et al., 1999; Velikovic et al.,
2002; Manorama, 2003). Appropriate anaesthetic dosage is
an important option for decreasing the stress response to
surgery. Inadequate drug titration during anaesthesia may
result in light or deep anaesthesia. During light planes of an-
aesthesia, feelings of pain, inadequate sleep, amnesia or
muscle relaxation result in stress response. The careful titra-
tion of inhaled anaesthetic drugs and intravenous anaesthet-
ics and the use of cardio-stable muscle relaxants are helpful
to maintain adequate depth. The continuous infusion of an-
aesthetic drugs has proven to be excellent for preventing
fluctuations in the depth of anaesthesia (Manorama, 2003).

Another way to decrease the stress response to surgery is to
use local anaesthetics. The common characteristic of local
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anaesthetics is a reversible block of the transmission of neu-
ral impulses when placed near a nerve membrane. The
neural block decreases the activation of HPA and SAM and
decreases neurogenic inflammation (Coderre et al., 1993;
Golubovska et al., 2008). Local anaesthetics have direct ef-
fects on endocrinal and metabolic responses. For example,
extensive epidural anaesthesia with local anaesthetics can
prevent the endocrine and metabolic responses to surgery in
the pelvis and on the lower limbs (Desborough, 2000;
Kawasaki et al., 2007). It is also assumed that local anaes-
thetics should decrease postoperative pulmonary complica-
tions and thromboembolic complications and improve pul-
monary functions (Popping et al., 2008). The use of local
anaesthesia improves gastrointestinal functions in the post-
operative period and can decrease paralytic ileus following
abdominal operations (Steinbrook, 1998). Local anaesthet-
ics may also have systemic anti-inflammatory effects and
decrease CRP and IL-6 (Hollmann et al., 2000, Bagry et al.,
2008). The usage of local anaesthetics during surgery can
be recommended to decrease stress-related changes.

If it is necessary to perform an operation under general an-
aesthesia, the combination of general anaesthetics with local
anaesthetics is one of the possible options. The preemptive
local anaesthesia is particularly effective when the neuronal
block is performed before nociceptive stimuli are triggered.
Recent studies show that this combination can decrease
neuroendocrine changes related to intraoperative stress and
can decrease postoperative pain (Manorama, 2003;
Barczynsk et al., 2006). For example, general anaesthesia
supplemented with epidural analgesia in hip replacement
and abdominal surgery certainly reduces the circulatory, hy-
perglycaemic responses due to the inhibition of cortisol and
the catecholamines (Velikovic et al., 2002).

Methods of surgical intervention. Surgery is an injury cre-
ated for the purpose of treatment. The inflammatory compo-
nent of the stress response depends on the extent of the
injury. Procedures of short duration or abdominal laparo-
scopic surgeries requiring small incisions and minimal tis-
sue handling evoke only a slight response. After laparo-
scopic operations, the increase in the concentrations of
biochemical markers of inflammation (IL-6, CRP etc.) is
not as great as after open surgery (Hollmann et al., 2000).
However, the classical stress responses (cortisol, glucose,
etc.) to abdominal surgery, such as cholecystectomy, are not
changed greatly by reducing surgical trauma (Velickovic et
al., 2002; Manorama, 2003). This observation suggests that
the stimuli for the stress response arise from visceral and
peritoneal afferent nerve fibres in addition to those from the
abdominal wall.

Ways to decrease stress. The use of minimally invasive sur-
gical techniques is generally associated with reduced pain
and shorter hospital stays compared with open techniques.
The appropriate usage of minimally invasive surgical tech-
niques is a considerable option to decrease the inflamma-
tory component of stress response and facilitate early dis-
charge.
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Perioperative fluid and temperature management. Haemo-
dynamic changes during endotracheal intubation, skin inci-

sion, and surgical manipulation provoke the secretion of
stress hormones and activate HPA and SAM. Additionally,
changes in the core temperature are sensed by the pre-optic
area of the hypothalamus, which induces the secretion of
stress hormones. Mild hypothermia (35-36°C) is associated
with adverse outcomes, including impaired drug metabo-
lism, prolonged recovery from anaesthesia, cardiac morbid-
ity, coagulopathy, wound infections, and postoperative
shivering (Insler et al., 2006). The administration of cold
fluids (i/v fluids, intraabdominal irrigation), large uncov-
ered skin incisions, and internal redistribution of body heat
cause body hypothermia.

Ways to decrease stress. It is essential to prevent any
haemodynamic changes during surgery. The administration
of i/v fluids to avoid dehydration, maintain an effective cir-
culating volume and prevent inadequate tissue perfusion
should be considered to be a core element of perioperative
management. A number of clinical studies support the no-
tion that an approach based on administering fluids to
achieve maximal left ventricular stroke volume (while
avoiding excess fluid administration and consequent impair-
ment of left ventricular performance) may improve out-
comes (Grocott et al., 2005). The maintenance of constant
core temperature also plays an important role in the
perioperative period. Core temperature can be influenced by
room temperature and body temperature. Control of body
temperature can be achieved by different methods, such as
perioperative warming of the patient, airflow blankets dur-
ing the operation, localised heat therapy, the administration
of warm fluids (i/v and intra-abdominally) and blood
warmers (Scherer, 1997).

Postoperative factors

Pain management. Surgical pain is caused by inflammation
from tissue trauma (surgical incision, dissection, or burns)
or direct nerve injury (nerve transaction, stretching, or com-
pression). Both factors activate HPA, SAM, and the stress
response.

Ways to decrease stress. Effective postoperative analgesia
is an essential factor for decreasing surgical stress. Absolute
pain relief is a “gold standard” for preventing the protein
breakdown and minimising endocrine and metabolic
changes to the stress response (Velickovic et al., 2002).
Pain relief can be achieved using different medications, in-
cluding opioids (e.g., morphine), non-steroidal anti-inflam-
matory drugs (NSAIDs), local anaesthetics (e.g., lidocaine)
and coanalgesic drugs (e.g., o,-agonists and anti-
convulsants). The major goal in the management of postop-
erative pain is minimising the dose of medications to dimin-
ish side effects while still providing adequate analgesia. To
achieve this goal, modern surgery uses a multimodal ap-
proach. The principle of the multimodal approach is to ob-
tain good analgesic effect from different sources. This prac-
tise maximises the analgesic effect and minimises side
effects, such as ileus, nausea, and sedation, especially those
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of opioids (Kitching et al., 2009). There is evidence that
postoperative analgesia in combination with local anaesthet-
ics is associated with a faster resolution of postoperative
ileus and stimulates bowel motility. Additionally, the best
option is to use different combinations of local anaesthetics,
non-steroidal anti-inflammatory drugs, coanalgesics and
opioids. When using such an approach, the need for opioids
should be reduced (Rigg et al., 2002; Kitching et al., 2009).

Postoperative environment and nutrition. The other impor-
tant factor is the environment in which a patient is situated
after the operation. Behavioural and subjective changes are
a part of the response to surgery. Feelings of malaise and
postoperative fatigue have a strong influence on recovery
from surgery and return to work (Salmon et al., 1997).

Ways to decrease stress. Postoperative fatigue and feeling
of malaise is a complex multifactorial issue and can be de-
creased in a number of ways including early mobilisation,
the avoidance of sleep disturbance, and early enteral nutri-
tion. Such an “intensive” approach can be rewarded by
early discharge from the hospital (Kehlet, 1999). The goal
of nutritional support in the surgical patient is to prevent or
reverse the catabolic effects of disease or injury. Factors
that influence the choice of enteral formula include the ex-
tent of organ dysfunction (e.g., renal, pulmonary, hepatic, or
gastrointestinal), type of operation (e.g. gastrointestinal, or-
thopaedic etc.), the nutrients needed to restore optimal func-
tion and healing (Brunicardi, 2010). Early enteral nutrition
is an essential factor in postoperative recovery. Fears of
postoperative ileus and the integrity of the newly con-
structed anastomosis have led to treatment typically entail-
ing starvation with administration of intravenous fluids until
the passage of flatus. However, it has since been shown that
prompt postoperative enteral feeding in patients undergoing
gastrointestinal resection is both effective and well tolerated
even when started within 12 hours of surgery. Enteral feed-
ing is also associated with specific clinical benefits such as
reduced incidence of postoperative infectious complications
and an improved wound healing response (Kitching et al.,
2009). Postoperative nausea, vomiting and paralytic ileus
should be avoided, and enteral or oral feeding should be
used.

Bowel stimulation and enteral nutrition with a probiotics-
enhanced formula could be used. The term probiotic refers
to “live microorganisms which when administered in ade-
quate amounts confer a health benefit on the host”
(Gorbach, 2000). The microorganisms most frequently used
as probiotic agents are lactic acid bacteria (species of
Lactobacillus, Enterococcus, and Bifidobacterium) and
nonpathogenic antibiotic-resistant, ascosporic yeasts, espe-
cially Saccharomyces boulardii (Alvarez-Olmos et al.,
2001). Probiotics have well-known effects on bowel motil-
ity, postoperative ileus, immune system and bowel
microbiota (Freitas et al., 2003; Krachenbuhl et al., 2004).
The postoperative use of probiotics is another possible op-
tion to decrease the effects of stress response to surgery and
decrease complications after surgery (Ivanovs et al., 2006).
Probiotics stimulate the proliferation of enterocytes
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(Ishikawa et al., 1999), change the immune activity in
gut-associated lymphoid tissue and decrease the prolifera-
tion of pathogenic flora in the bowel (Niers et al., 2004).
Recent studies show stimulating effects of probiotics on im-
munoglobulin secretion (Macpherson et al.,, 2004). Pro-
biotics have positive effects on leucocyte proliferation and
cytokine secretion. This is especially important in postoper-
ative stress, when both innate and adaptive immune func-
tions are depressed and when the balance between
proinflammatory and anti-inflammatory processes is im-
paired (Hart et al., 2004). Many studies have shown that
different species of probiotic bacteria have different actions;
therefore, it is better to use probiotics that contain multiple
bacterial species and different probiotic bacteria to achieve
the best result from probiotic therapy (Timmerman et al.,
2004; Marc et al., 2005).

CONCLUSION

The stress response to surgery comprises a number of
changes initiated by the neuronal activation of the hypotha-
lamic—pituitary—adrenal axis and sympathetic—adrenal—
medullary axis. The two main systemic changes are in the
neuroendocrine and haemato-immune systems. Both of
these systems have close interactions and influence one an-
other. We can distinguish three main possible ways to de-
crease the stress response to surgery:

1. In the preoperative period, the use of adequate preopera-
tive assessment; appropriate teamwork with a patient; edu-
cational conversation; and minimising preoperative starva-
tion and fluid restrictions.

2. In the perioperative period, using appropriate general an-
aesthetics; wider use of local anaesthetics, especially in
combination with general anaesthetics; minimising opera-
tive trauma; thorough intraoperative fluid management to
avoid intraoperative hemodynamic changes and maintaining
constant body temperature.

3. In the postoperative period, effective postoperative anal-
gesia using a multimodal approach, appropriate postopera-
tive environment, early postoperative mobilisation, early
enteral nutrition and probiotic use.

The appropriate use of these strategies can decrease the
stress response to surgery and facilitate patient recovery.
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PACIENTA ORGANISMA ATBILDE UZ KIRURGISKO STRESU UN IESPEJAMIE TAS KOREKCIJAS VEIDI

Ir zinami divi galvenie pécoperacijas stresa sistémiskie efekti: neiroendokrinais un hematoimunologiskais efekts. Neiroendokrinu atbildes
reakciju inducé hipotalama-hipofizes—adrenalas sist€mas un simpato-adrenalas—medularas sistémas neironu aktivizacija.
Hematoimunologisko atbildi raksturo citokinu produkcija, akutas fazes reakcija, limfocitu un neitrofilu leikocitu proliferacija. Visi
sistemiski efekti ir cieSi saistiti un cits citu ietekmé&. Parak izteikta stresa atbildes reakcija var novest pie palielinatas p&coperacijas
morbiditates un pasliktinat operacijas iznakumu. Kirurgisku stresu var ietekmét preoperativi, perioperativi un postoperativi faktori. Raksta
apkopota literatiira par izmainam organisma, kuras notiek ka atbildes reakcija uz kirurgisku stresu un apspriestas iesp&jamas stratégijas, ka

samazinat stresa atbildes reakciju un tas ietekmi uz organismu.
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Our previous research showed that the best yield of virus-like particles (VLPs) formed by RNA
bacteriophage GA coat protein was obtained by expression in yeast Pichia pastoris, while other
used expression systems in Saccharomyces cerevisiae gave much lower amounts of capsids.
The main reasons to attempt further studies in Saccharomyces cerevisiae were to improve the
yield of GA-based VLPs using constructs with optimised nucleotide triplets in coding sequences,
and to exploit the possibilities of the two-promoter Gal1/Gal10 system of expression vector
PESC-URA for production of the desired mosaic VLPs and for packaging of mRNAs into VLPs in

vivo.

INTRODUCTION

Yeast expression systems are successfully used for produc-
tion of heterologous proteins and for generation of virus-
like particles (VLPs) of several sources (Strausberg and
Strausberg, 2001; Sasnauskas et al., 2002; Tsunetsugu-
Yokota et al., 2002; Chen et al., 2004; Juozapaitis et al.,
2005; Mach et al., 2006; Freivalds et al, 2011). Our particu-
lar interest is the potential of yeast cells as a host for pro-
ducing properly folded bacteriophage MS2, QB and GA
coat protein-derived VLPs (Legendre and Fastrez, 2005;
Freivalds er al., 2006; Freivalds et al., 2008; Ramnieks et
al., 2008; Sun et al., 2011), also with simultaneously pack-
aged mRNAs in vivo (Legendre and Fastrez, 2005; Rim-
nieks et al., 2008; Sun et al., 2011). Here we continue our
previous investigations (Freivalds ef al., 2008; Rimnieks et
al., 2008) in several aspects: 1) to improve the yield of
VLPs formed by GA coat protein in Saccharomyces
cerevisiae by use of optimised, yeast-characteristic codons,
2) to produce nanoparticles with in vivo packaged mRNAs
coding ,,reporter” protein GFP or interleukin-2, 3) to exploit
the two-promoter expression system pESC-URA for pro-
duction of mosaic particles formed from two proteins —
GA coat protein and this protein fused with the desired
eukaryotic sequence, this time with fragment of HIV Tat se-
quence and with West Nile Virus E protein DIII chain. Such
an approach to form mosaic particles often is the only possi-
bility to involve foreign protein sequences into soluble
structures and to utilise them in further investigations.

In our previous papers (Freivalds et al., 2008; Rimnieks
et al., 2008), the GA coat protein (CP) encoding gene was
amplified from Escherichia coli expression plasmid
pGA-355-24. The CP aminoacid sequence encoded by this
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plasmid is identical to that published by Tars et al., 1997.
The coding sequence for this plasmid was obtained by RT
of full-length bacteriophage GA RNA, and therefore, it
could be designated as original (Escherichia coli specific).
Previously it was shown (Freivalds et al., 2008) that the
highest yield of GA CP VLPs was obtained in the case of
yeast Pichia pastoris. In Saccharomyces cerevisiae, the
yield of GA CP-formed particles was lower — up to two
times for AH22/pFX-GA and remarkably low for YPH499/
pESCURA. Both Saccharomyces cerevisiae vectors exist in
cells as episomes. Our particular interest was vector
pESC-URA from Stratagene, which has two regulated pro-
moters Gall and GallO that are very powerfully induced by
galactose (up to 1000-fold). The Gall and Gall0 promoters
share a common upstream activating sequence, which tran-
scribe in opposite orientations and can be used to express
two products simultaneously and in approximately equiva-
lent amounts. To attempt to improve yield of GA
CP-derived particles, we decided to switch from original
Escherichia coli preferred codons to optimised ones for
yeast. It is considered that optimal codons can aid to
achieve faster translation rates and higher accuracy of those
processes. Optimal codons in fast-growing microorganisms,
like Escherichia coli or Saccharomyces cerevisiae, reflect
the composition of their respective genomic tRNA pool.
Preferred codon usage in E. coli and yeast is quite different
(Klump and Maeder, 1991). To convert the E. coli original
GA CP sequence into an optimal one for yeast, a built-in
Saccharomyces cerevisiae codon table from the Invitrogen
software package Vector NTI 10 was used. Additional cor-
rections were made by us to eliminate blocks with more
than four identical nucleotides. The resulting GA CP coding
sequence used in further work is displayed in Figure 1.
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MATERIALS AND METHODS

Materials. The materials employed were: Anti-Inter-
leukin-2 Antikorper (online-antibodies GmbH); Pro-Q®
Diamond Phosphoprotein Gel Stain (Molecular Probes, In-
vitrogen); Shrimp Alkaline Phosphatase (Fermentas); pESC
Yeast Epitope Tagging Vectors (Stratagene); plasmid
pUCS57-GA containing GA coat protein sequence encoded
with yeast optimized codons (GeneScript); Yeast Transfor-
mation Kit (Sigma) and First Strand cDNA Synthesis Kit
(Fermentas).

Plasmids and constructions. All used constructions made
by ligation of vectors and appropriate fragments (synthe-
sised in PCR reaction and digested with vector-consistent
restriction endonucleases), are summarised in Table 1. Two
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Fig. 1. Comparison of GA CP original,
software generated and optimised

Yy A (manually corrected) codon sequences.

S. cerevisiae plasmids with original GA CP gene sequences
were already available — pESC-GA was obtained from pre-
vious experiments (Freivalds ef al., 2008) and pFX-GA was
a kind gift from Dr. Andris Kazaks (Freivalds et al., 2008).
Constructions with optimised codons were prepared on the
basis of those two plasmids:

(1) for expression in yeast AH22, the construction pAS66
was made by cutting the coat protein gene from plasmid
pUC57-GA and inserting it in the vector derived from
pFX-GA;

(2) for expression in yeast YPH499, constructions pAS65
and pIC971 were synthesised by cloning out the GA CP
coding sequence from plasmid pUC57-GA by PCR reaction
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OVERVIEW OF SYNTHESISED PLASMIDS

Table 1

Fragment or insert
Construct | Input vector . forward reverse
source plasmid . .
primer primer
pFX-GA digested with Xbal | pUC57-GA - -
PAS66 and BglIl digested with
Xbal and Bglll
> 132aa
leaL10-PYK1 N—| GA cP —¢C
MVSGTLRS.. FYA
AS65 pESC-GA digested with pUC57-GA pARS24 PARS25
P BamHI and HindIII
132aa
[GaT N GACP ¢
VSGTLRS.. YA
€971 pESC-URA digested with pAS65 pINC402 pINC403
P EcoRI and NotI
132aa
c— GA CP —N :m
10562 pAP409 digested with pTRHis2A- pWNV-Kpn | pWNV-Mph
P Kpn2I and Mph11031 WNV
DA21 pESC-GA digested with pAKS pDARI1 PARSI18
P EcoRI and NotI
128aa 14aa L o 132aa
c— GA CP HIV-1Tat | —N GAL10llGALT N— GA CP —c
AYF.. _SRLT/GS G MVSGTLRS.. YA
pIC929 pAS65 digested with EcoRI | pAS65 pINC354 pINC355
and Notl
pIC929 digested with Kpn2I | pIC562 pWNV-Kpn | pINC356
pIC930
and Notl
111aa | ] 129aa 132aa
c— wnvom GACP N S v GACP |-c
E‘AYF.. _SRLTA GAL10 Il GAL1 MVSGTLRS.. FYA
pIC958 pAS65 digested with EcoRI | pAC262 pINC324 pINC325
and Notl
| RNA | 132aa
¢ | L2 | " eautollear " _MVSGTLRS.. s ..FYA_ ¢
10972 pIC971 digested with PAC262 pINC413 pINC414
P BamHI and HindIII
132aa
S GA cP -~ cactolleaLt N I '%A ¢
JAE .- ~SRLTGSVM
[C984 pAS65 digested with EcoRI | pCEP4-CXCR4- | pJAR18 pJAR19
P and NotT cGFP
| RNA | 132aa
1.
T eGFP N aaLtollGaLt N_m_c
1C921 pIC971 digested with pCEP4-CXCR4- | pINC434 pINC435
P BamHI and HindIIT eGFP
132aa
c— GAcCP —N GAL10"GAL1 N I '%4 ¢

and inserting it in plasmid pESC-URA; other plasmids were
derived from those two plasmids.

Plasmid pIC562 was constructed to “stick” the West-Nile
virus envelope protein domain III (WNV-EDIII) sequence
to the C-terminus of Acinetobacter phage AP205 coat pro-
tein. The WNV-DIII sequence was cloned from
pTRHis2A-WNYV plasmid (Martina et al., 2008), inserted in
vector plasmid pAP409 (Tissot et al., 2010) and expressed
in E. coli IM109 cells.

In the first step, to obtain mosaic virus-like particles, the
construction pIC929 was created in which GA CP se-
quences were inserted under control of both promoters
(Gall and Gall10). GA CP under control of Gall0 promoter
was C-terminally fused with the WNV-EDIII sequence,
which was cloned out from construction pIC562. In the case
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of construction pDA21, pESC-GA plasmid (Freivalds e? al.,
2008) was modified by inserting, under control of the Gal10
promoter, the GA CP gene that was previously N-terminally
prolonged with the HIV-Tat (48-60) sequence (from con-
struction pAKS for expression in E. coli system). Therefore,
this construct was made with E. coli-specific codons.

For in vivo packaging, four constructions were made — two
with the interleukin 2 (IL2) sequence cloned from plasmid
pAC262 (Avots et al., 1990) and two with the eGFP se-
quence cloned from plasmid pCEP4-CXCR4-eGFP (Strods
et al., 2010). Each of the genes was cloned in GA CP con-
taining pESC-URA plasmid, under control of either under
Gall or Gall0 promoter.

Transformation and protein production. S. cerevisiae
strain AH22 competent yeast cells were transformed with
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appropriate plasmids (pFX or pAS66) and cultivated for GA
CP expression as described by Freivalds et al., 2008.

S. cerevisiae strain YPH499 competent cells were trans-
formed with appropriate pESC-URA plasmids by using
standard lithium acetate/polyethylene glycol procedure (by
using Yeast Transformation Kit (Sigma)) as described by
Gietz et al. (1992). Transformants were selected on uracil-
free agarised synthetic dextrose minimal medium (SDU")
according to the manufacturer’s protocol. Analytic expres-
sion was performed for clone selection. For cell multiplica-
tion, 5 mL SDU™ medium and incubation in 30 °C for 24 h
were used. For expression, 1 mL inoculum and 5 mL ura-
cil-free synthetic galactose minimal medium (SGU") and in-
cubation in 30 °C, 200 rpm for 24 hours were used. Protein
content in cells was determined with Western blotting. Se-
lected clones were cultivated for preparative protein expres-
sion. 5 mL of inoculum were incubated in 100 mL SDU" in
30 °C, 200 rpm for 24 hours; the cells were collected by
centrifugation (3000 rpm, 5 min) and resuspended in 200
mL SGU™ and cultivated for 48h. Preparative cultivation
was conducted in 1 L flasks.

Purification of VLPs. For purification, 3-8 grams of yeast
cells were resuspended in 10 mL of buffer solution B (20
mM Tris-HCI, 5 mM EDTA, 0.65 M NaCl, pH7.8) supple-
mented with 0.03 mM PMSF. For cell disruption, suspen-
sion was subjected to the French press (three strokes,
20 000 psi), then stirred with SmL glass beads (Sigma) (30
sec of stirring and 1 min of cooling on ice, 15 cycles) and,
finally, sonicated with 22 kHz ultrasound (15 sec of
sonication and 1 min of cooling on ice, 5 cycles). Insoluble
cell debris was avoided by centrifugation (30 min, 12 000
rpm). The pellet wash (with 5 ml of buffer solution B) was
added to the previous supernatant for concentration by dial-
ysis against buffer solution B : glycerol (1 : 1) for 24 hours.
Concentrated material was loaded onto a Sepharose CL-4B
gelfiltration column (2 x 63 cm) with buffer solution B flow
rate approximately 2 mL-h!.

Capsids were pooled and concentrated by addition of solid
ammonium sulphate to 60% of saturation and incubation
overnight at —18 °C. After centrifugation (15 min, 10 000
rpm), the sediment was solubilised into 1 mL buffer B and
dialysed against buffer TEN (20 mM Tris-HCI, 5 mM
EDTA, 0.15 M NaCl, pH7.8) with a lower amount of so-
dium chloride. Contaminant nucleic acids were removed by
passing through a short DEAE-Sephadex A50 ion-exchange
column according to Ramnieks et al., 2008.

Final purification of VLPs was performed by sucrose den-
sity gradient ultracentrifugation on an ultracentrifuge Op-
tima L-100XP with SW32Ti rotor at 20 500 rpm 13 hours.
Centrifuge tubes were filled with layers of descending con-
centrations of sucrose solutions, starting with 36% on bot-
tom till 5% on top. After fractionation and analysis, capsids
were collected and dialysed against buffer solution B : glyc-
erol (1 : 1) and stored.
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Analysis of incapsided nucleic acids. Nucleic acids from
0.2 mg of purified capsids were extracted using phenol as
described by Rumnieks et al., 2008. Synthesis of the first
strand cDNA was conducted using the First strand cDNA
synthesis kit (Fermentas) according to the manufacturer’s
protocol; 1/10 of extracted RNA was used as a template for
each of the corresponding primers — random hexamers,
oligo(dT)g, forward primer against GA CP, and forward
primer against IL-2 or against eGFP gene sequence. For
second strand cDNA synthesis by PCR reaction, both for-
ward and reverse primers were added to 2 uL of each mix-
ture and products were analysed in agarose gel electropho-
resis (Fig. 5).

Polyclonal antibodies against West-Nile virus E protein
DIII sequence. Plasmid pIC562 was expressed in E. coli
JM109. After ultrasonification of cells in lysis buffer (10
mM Tris-HCI, 5 mM EDTA, 0.03 mM PMSF, pH7.8), solu-
ble proteins were removed by centrifugation at 12 000 rpm
for 45 min. Fusion protein P562 (AP205 CP — WNV EDIII
fragment) was extracted from the pellet with 7M urea in
water and placed on a column with DEAE-cellulose,
pre-equilibrated with 0.02 M Tris-HCI, pH8.6. Protein P562
did not absorb and was collected by washing out with equil-
ibration buffer and sedimented with equal volume of satu-
rated ammonium sulphate. For immunisation, a solution of
P562 in 7 M urea was prepared.

The immunisation of five Balb/c mice was conducted by si-
multaneous peritoneal and subcutaneous injections of 25 ug
of purified virus-like particles in total volume 200 mpL,
supplemented with complete Freund’s adjuvant (Sigma) in
equal amounts. Two re-immunisations were conducted after
14 and 28 days in the same manner, but by using incom-
plete Freund’s adjuvant (Sigma) instead of complete
Freund’s adjuvant. Mice were bled after 42 days and the
collected blood was incubated for 30 min at +37 °C and for
20 min at +4 °C. After centrifugation serum was collected
and mixed with glycerol (1 : 1) for storage in —20 °C.

Permission from the Food and Veterinary Service was ob-
tained.

Polyacrylamide gel elecrophoresis and Western blotting.
PAGE was performed in Tris-glycine buffer with 21% reso-
lution gel and 6% stacking gel, and bands were sil-
ver-stained according to standard procedure. Western-blots
were made with rabbit polyclonal anti — GA CP VLPs (as
an antigen for antibody production, GA CP VLPs produced
in E. coli (from construction pGA-355-24) and protein A —
HR peroxidase conjugate (Sigma)) were used.

RESULTS

A set of plasmids was created to construct GA CP-based
mosaic particles and to develop in vivo packaging of VLPs
with the desired mRNAs (Table 1). The advantage of the
used commercial expression system pESC-URA is it uni-
versality, which allows to manufacture plasmids in E. coli
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OLIGONUCLEOTIDE PRIMERS USED FOR THE CONSTRUCTION OF PLASMIDS AND RT-PCR

Table 2

h\lucleotide sequence (5’ to 3°)

Oligonucleotide

PARS24 TTGGATCCACAATGGCTACTTTGAGATCATTTGTTTTGGT
PARS25 TTTAAGCTTAAGCATAGAAACCAGATTGAGAAGAAATA
pINC402 CCGAATTCACAATGGCTACTTTGAGATCA

pINC403 TAGCGGCCGCTTAAGCATAGAAACCAGATTGAGA
pDARI1 ATGAATTCGGATCCCCATGGGATATGGTCGTAAGAAAC
PARS18 TAGCGGCCGCAAGCTTACGCGTAGAAGCCACTCTGT
pINC354 TCGAATTCATGGCCCCTACTTCAAGTTCTAC

pINC355 ATGCGGCCGCTTAAGTCAGTGTTGAGATGATGC
pWNV-Kpn CATCCGGACAGTTGAAGGGAACAAC

pWNV-Mph GTATGCATTATTTGCCAATGCTGCTTCC

pINC356 ATGCGGCCGCTTATTTGCCAATGCTGCTTCC

pINC324 TCGAATTCATGGCCCCTACTTCAAGTTCTAC

pINC325 ATGCGGCCGCTTAAGTCAGTGTTGAGATGATGC
pINC413 TAGGATCCACAATGGCCCCTACTTCAAGTTCTAC
pINC414 TACAAGCTTAAGTCAGTGTTGAGATGATGC

pINC434 TAGGATCCATGGTGAGCAAGGGCGAGGA

pINC435 TCTAAGCTTACTTGTACAGCTCGTCCATGCC

pJAR18 TCGAATTCCATGGTGAGCAAGGGCGAGGA

pJAR19 GAGCGGCCGCAAGCTTACTTGTACAGCTCGTCCAT
pl.561 TGCCATGGCAACTTTACGCAGTTTCG

pl1.562 TGAAGCTTACGCGTAGAAGCCACTCTG

Restriction endonuclease sites are underlined; initiation and termination codons are in bold

as a host and therefore to involve vectors for expression of
VLPs in bacteria. Table 2 represents sequences of oligo-
nucleotide primers used to create constructs for VLP pro-
duction. To check the effect of codon changes made in the
CP coding part of the plasmid on the production of GA CP
VLP, we compared yields of capsids with previously ex-
ploited construction pFX-GA and the new construct pAS66
(Table 1).

Previous work had shown that, comparing the used S. cere-
visiae systems AH22/pFX-GA and YPH499/pESC-URA,
the first of them, which was formaldehyde inducible, gave
slightly higher yield of particles (Freivalds et al., 2008).
Hence just this system was chosen to compare yield of the
product coded by the original E. coli-specific sequence and
our ,,improved” plasmid pAS66. Using pAS66 we obtained
stably higher yield of particles, the process became more re-
peatable, and production reached two milligrams per one
gram of yeast cells. Therefore, in our further constructs for
the system of interest YPH499/pESC-URA (uracil auxo-
trophy), new CP coding sequences were exploited, except-
ing construct pDA21 with E. coli origin codons (Table 3).
We focused on two-promoter system possibilities, rather
than on the yield of products, as it is well known that S.
cerevisiae prefers glucose as a carbon source and its growth
rate is much higher in glucose than in galactose-containing
media, which is necessary for activation of both promoters
in pESC-URA. In all cases investigated till now, yield of
purified capsids was at least I mg per gram of yeast cells.
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Table 3

CHARACTERISTICS OF CONSTRUCTIONS EXPRESSED IN THE
SYSTEM Saccharomyces cerevisiae YPH499/PESC-URA FOR PRO-
DUCTION OF VLPS

Purpose Construction,| Promoters Genes
number
VLPs yields PAS65 GALLI GA CP
pIC971 GALIO  GACP
mosaic particles pDA21* GALLI GA CP
GALI10 HIV-Tat(48-60) + GA CP
pIC930 GALI GA CP
GALIO  GA CP+ WNV DIII
packaging in vivo pIC958 GALLI GA CP
of mRNAs GALI10 1L2
pIC972 GALI L2
GALI0O  GACP
pIC921 GALI1 GA CP
GALI10 GFP
pIC984 GALI GFP
GALI0O  GACP
* both GA CP coding sequences are E. coli origin
Protein modifications can occur in yeast — particularly

phosphorylation, which can affect up to 30% of the
proteome (Ptacek er al., 2005) and usually affects serine
residues (Cobitz et al., 1989). Phosphorylation of GA CP in
our cases was not observed, which is surprising, as each
129-aminoacid-long GA CP molecule contains 14 serines.
In the cases of VLPs produced from plasmids pAS65,
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Fig. 2. Analysis of VLPs by PAAG (A and B) and agarose gel (C) electro-
phoresis: A — silver staining of purified construction IC930 VLPs; B —
Western blotting of constructions 355-24 (1), IC930 (2) and DA21 (3); C —
purified VLPs from constructions 355-24 (1), IC930 (2) and IC972 (3).

pAS66, pIC930 and pICI58, two tests (proQ Diamond
phosphoprotein gel staining of CP in PAAG and incubation
with PME with subsequent electrophoresis of capsids in na-
tive agarose gel) did not show phosphorylation of GA (data
not shown). It is interesting that electrophoretic mobility of
GA CP-formed capsids from E. coli (355-24) and from
yeast (pIC930 and pIC972) was quite different in native
agarose gels compared with that of coat protein in PAAG
(Fig. 20).

We attempted to obtain mosaic particles consisting of native
CP and of CP fused with foreign sequences. Two such con-
structs, pDA21 and pIC930, were successfully expressed
(Table 3). In both cases, N- terminal (DA21) and C-terminal
(IC930) (Fig. 2A) fusions were involved (Fig. 3A). Two
products were obtained: particles with HIV-1 Tat sequence
48-60 (Vives et al., 1997) and with West Nile EDIII se-
quence (Martina et al., 2008) (Fig. 4A). Western-blot analy-

2,0 0,5

1,8 \ 05
1,6 )

[N
L]
o o
ESEENS

optical density, 492nm
=
I
optical density, 492nm

k=]
w

o
w
.

.//
//

k=]
N
.

o
[N)
.

pARe 0,1

v---.........,.--\'\-‘g

0,0 — —— 00 4
P L P P PSS
Q O Q Q ) Q Q Q O O
L O Al P & & L

antibody dilution antibody dilution

H plate coated with lysate from 1C958
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Fig. 3. ELISA immunodetection: A — AS66 and IC930 VLPs with murine
polyclonal 562 antibodies against WNV EDIII; B — lysates from cells with
expressed construction pIC958 VLPs with anti-interleukin-2 antibodies;
displayed values are after subtraction of control (e.g., lysate from untrans-
formed YPH499 cells).
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Fig. 4. Electronmicroscopy of mosaic VLPs — construction IC930 (A) and
of VLPs with packaged IL-2 mRNA - construction IC972 (B).

sis gave convincing evidence of mosaic particles, as besides
monomers and dimers of GA CP, also bands of fused pro-
longed coat protein (Fig. 2B) were evident. Construct ex-
pression in pESC-URA vector allowed to obtain the HIV-1
Tat 48-60 sequence for study as a cell membrane-transduc-
ing address. Similar particles obtained by expression in E.
coli were not formed (data not shown). However, use of an-
other similar construct, in which GA CP was N-terminally
fused with the vMIPII fragment (not shown) resulted in
capsids in E. coli, but not in yeast. Therefore, the use of
both bacterial and yeast expression systems allow us to
broaden the set of mosaic virus like particles.

While considering that in the future we need packaged GFP
mRNA as a reporter for delivery experiments, two sorts of
mRNAs were packaged under control of both promoters
that resulted in four constructions: two for packaging of
green fluorescent protein (GFP) mRNA (constructions
IC984 and IC921) and two for packaging of IL2 mRNA
(constructions IC958 un IC972). After accurate purification
of produced VLPs, including sucrose density gradient ultra-
centrifugation to avoid even traces of “stuck’ nucleic acids,
capsids were treated with phenol and internal nucleic acid
was collected. Random hexamer primers indicate the total
RNA pool (Fig. 5, lines 1). Primer oligo(dT) allows to visu-
alise all mRNAs, as they have poly(A) tracts (Fig. 5, lines
2). The utilised experimental conditions allowed us to com-
pare amounts of mRNA by comparing material in specific
PCR product bands. Lines 3 (Fig. 5) showed negligible
amounts of GA coat protein mRNA, but cogent bands cor-
responding to GFP and IL2 coding sequences (Fig. 5, lines
4a—4d) demonstrated packaging of desired mRNAs in vivo
into particles.

DISCUSSION

Yeast provides a source of eukaryotic 5’-capped and
3’-poly(A)-tailed mRNAs, which is attractive considering
our goal to use GA VLPs as RNA packaging and delivery
tools in mammalian cells. Also, the absence of bacterial
endotoxins in yeast preparations is a good reason to choose
this system for in vivo packaging studies. In previous stud-
ies, genes of interest for packaging were inserted under con-
trol of the GallO promoter (Legendre and Fastrez, 2005;
Rumnieks et al., 2008). We also used this method, but with
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Fig. 5. Analysis of VLPs inner RNA contents
by agarose gel electrophoresis. RT-PCR
products for constructions 1C958, 1C972,
1C984 and 1C921 were compared with a set
of different primers: 1 — random hexamer
primers; 2 — oligo(dT)g primers; 3 — GA CP
primers (pl1.561 + p1.562); 4a — construction
1C958 with IL2 specific primers pINC324
and pINC325; 4b — construction 1C972 with
IL2 specific primers pINC413 and pINC414;
4c — construction 1C984 with eGFP specific
primers pJAR18 and pJAR19; 4d — construc-
tion IC921 with eGFP specific primers
pINC434 and pINC435. DNA Ladder 100bp
(Fermentas) was used as a marker (M). Ellip-
ses frame bands with densities corresponding

1C984

substituted constructions (Table 1, constructions plC972
and pIC984). It was previously shown that packaging of
heterologous mRNAs into GA CP particles occurred inde-
pendently of the presence or absence of the specific
stem-loop operator sequence (Rimnieks ef al., 2008). This
is consistent with the rather low specificity of GA coat pro-
tein to structure of the operator (Gott et al., 1991) and ex-
plains the encapsidation of different RNAs. Even in the case
of MS2 coat protein, which is well known as to form stable
replicative complex I (coat protein + operator sequence of
RNA), encapsidation efficiency and specificity to a greater
extent affects the concentration of mRNA rather than its
source (Picket and Peabody, 1993). Therefore, we were in-
terested in examining the yield of GA CP particles and their
RNA packaging capacity and specificity by changing pro-
moters for expression of structural coat protein and corre-
sponding mRNA.

Interleukin-2 is a secreted cytokine that is important for T-
and B- lymphocyte proliferation. IL2 is produced by T-cells
in response to antigenic and mitogenic stimulation and is re-
quired for T-cell proliferation and other activities crucial to
regulation of the immune response. IL2 can stimulate
B-cells, monocytes, lymphokine-activated killer cells and
natural killer cells. Despite of unclear, even negative or con-
tradictory results, IL2 still remains a promising therapeutic
tool for melanoma and glioma treatment (Fenstermaker and
Ciesielski, 2004; Albertini et al., 2008). In VLPs packaged
IL2, mRNA is foreseen for local treatment, when VLPs will
be able to deliver it into cells. Beside the liposomal
intracellular delivery system (Pakunlu et al., 2006), RNA
phage MS2 coat protein formed particles were demonstrated
as candidates for delivery of mRNAs into eukaryotic cells
(Legendre and Fastrez, 2005; Sun et al., 2011). These stud-
ies suggest that we are on the path to creating a drug deliv-
ery vehicle based on GA coat protein capsids.

ACKNOWLEDGEMENTS

We wish to thank Prof. Pauls Pumpéns for the idea to use
optimised codons for coat protein expression in yeast cells.

240

to amounts of IL2 mRNA (4a and 4b) and
IC921 eGFP mRNA (4c¢ and 4d).

We thank also Dr. Velta Ose-Klinklava for electron micros-
copy imaging, and Dr. Dace Skrastina for performing
mouse immunisation procedures.

We are very grateful to Prof. Kestutis Sasnauskas and Dr.
Aisté Bulavaité from the Institute of Biotechnology, Vilnius
University, for the possibility to obtain experience in work
with yeasts.

This work was supported by Latvian National Research
Programme No. 4 “BIOMEDICINE” project 2010-7/7.2.

REFERENCES

Albertini, M. R., Hank, J. A., Schalch, H., Kostlevy, J., Cassaday, R., Gan, J.,
Kim, K., Clements, B., Gillies, S. D., Sondel, P. M. (2008). Phase II trial of
hul4.18-IL2 (EMD 273063) for patients with metastatic melanoma. J.
Clin. Oncol., 26, May 20 Supplement, abstr. 9039.

Chen, H., Lii, J. H., Liang, W. Q., Huang, Y. H., Zhang, W. J.. Zhang, D. B.
(2004). Purification of the recombinant hepatitis B virus core antigen
(rHBcAg) produced in the yeast Saccharomyces cerevisiae and compara-
tive observation of its particles by transmission electron microscopy
(TEM) and atomic force microscopy (AFM). Micron, 35 (5), 311-318.

Cobitz, A. R., Yim, E. H., Brown, W. R., Perou, C. M., Tamanoi, F. (1989).
Phosphorylation of RAS1 and RAS2 proteins in Saccharomyces
cerevisiae. Proc. Nat. Acad. Sci. USA, 86 (3), 858-862.

Fenstermaker, R. A., Ciesielski, M. J. (2004). Inmunotherapeutic strategies
for malignant glioma. Cancer Control, 11 (3), 181-191.

Freivalds, J., Dislers, A., Ose, V., Skrastina, D., Cielens, I., Pumpens, P.,
Sasnauskas, K., Kazaks, A. (2006). Assembly of bacteriophage Qbeta vi-
rus-like particles in yeast Saccharomyces cerevisiae and Pichia pastoris. J.
Biotechnol., 123 (3), 297-303.

Freivalds, J., Ramnieks, J., Ose, V., Renhofa, R., Kazaks, A. (2008). High-
level expression and purification of bacteriophage GA virus-like particles
from yeast Saccharomyces cerevisiae and Pichia pastoris. Acta Univ.
Latv., 745, Biology, 75-85.

Freivalds, J., Dislers, A., Ose, V., Pumpens, P., Tars, K., Kazaks, A. (2011).
High efficient production of phosphorylated hepatitis B core particles in
yeast Pichia pastoris. Protein Expr. Purif., 75, 218-224.

Gietz, D., Jean, A. S., Woods, R. A., Schiestl, R. H. (1992). Improved
method for high efficiency transformation of intact yeast cells. Nucl. Acids
Res., 20 (6), 1425.

Gott, J. M., Wilhelm, L. J., Uhlenbeck, O. C. (1991). RNA binding properties

of the coat protein from bacteriophage GA. Nucl. Acids Res., 19 (23),
6499-6503.

Proc. Latvian Acad. Sci., Section B, Vol. 66 (2012), No. 6.



Juozapaitis, M., Slibinskas, R., Staniulis, J., Sakaguchi, T., Sasnauskas, K.
(2005). Generation of Sendai virus nucleocapsid-like particles in yeast. Vi-
rus Res., 108 (1-2), 221-224.

Klump, H. H., Maeder, D. L. (1991). The thermodynamic basis of the genetic
code. Pure Appl. Chem., 63 (10), 1357-1366.

Legendre, D., Fastrez, J. (2005). Production in Saccharomyces cerevisiae of
MS?2 virus-like particles packaging functional heterologous mRNAs. J.
Biotechnol., 117 (2), 183-194.

Mach, H., Volkin, D. B, Troutman, R. D., Wang, B., Luo, Z., Jansen, K. U.,
Shi, L. (2006). Disassembly and reassembly of yeast-derived recombinant
human papilloma virus-like particles (HPV VLPs). J. Pharmaceut. Sci., 95
(10), 2195-2206.

Martina, B. E., Koraka, P., van den Doel, P., van Amerongen, G.,
Rimmelzwaan, G. F., Osterhaus, A. D. (2008). Immunization with West
Nile virus envelope domain III protects mice against lethal infection with
homologous and heterologous virus. Vaccine, 26 (2), 153-157.

Pakunlu, R. 1., Wang, Y., Saad, M., Khandare, J. J., Starovoytov, V., Minko,
T. (2006). In vitro and in vivo intracellular liposomal delivery of antisense
oligonucleotides and anticancer drug. J. Contr. Release, 114 (2), 153-162.

Picket, G. G., Peabody, D. S. (1993). Encapsidation of heterologous RNAs
by bacteriophage MS2 coat protein. Nucleic Acids Res., 21 (19),
4621-4626.

Ptacek, J., Devgan, G., Michaud, G., Zhu, H., Zhu, X., Fasolo, J., Guo, H.,
Jona, G., Breitkreutz, A., Sopko, R., McCartney, R. R., Schmidt, M. C.,
Rachidi, N., Lee S. J., Mah, A. S., Meng, L., Stark, M. J. R., Stern, D. F., De
Virgilio, C., Tyers, M., Andrews, B., Gerstein, M., Schweitzer, B., Predki,
P.F., Snyder, M. (2005). Global analysis of protein phosphorylation in
yeast. Nature Letters, 438, 679—684.

Ramnieks, J., Freivalds, J., Cieléns, 1., Renhofa, R. (2008). Specificity of
packaging mRNAs in bacteriophage GA virus-like particles in yeast
Saccharomyces cerevisiae. Acta Univ. Latv., 745, Biology, 145-154.

Received 3 April 2012

Strausberg, R. L., Strausberg, S. L. (2001). Overview of protein expression
in Saccharomyces cerevisiae. Curr. Protocols Protein Sci. 5.6.1-5.6.7.

Sasnauskas, K., Bulavaite, A., Hale, A., Jin, L., Knowles, W. A., Gedvilaite,
A., Dargevicitte, A., Bartkeviciate, D., Zvirbliene, A., Staniulis, J.,
Brown, D. W., Ulrich, R. (2002). Generation of recombinant virus-like par-
ticles of human and non-human polyomaviruses in yeast Saccharomyces
cerevisiae. Intervirology, 45 (4-6), 308-317.

Strods, A., Petrovska, R., Jackevica, L., Renhofa R. (2010). Cloning and ex-
pression of chemokine receptor CXCR4 in eukaryotic cells CHO, HEK293
and BHK21. Proc. Latv. Acad. Sci. Section B, 64 (3/4), 98-105.

Sun, S., Li, W., Sun, Y., Pan, Y., Li, J. (2011). A new RNA vaccine platform
based on MS2 virus-like particles produced in Saccharomyces cerevisiae.
Biochem. Biophys. Res. Comm., 407 (1), 124-128.

Tars, T., Bundule, M., Fridborg, K., Liljas, L. (1997). The crystal structure of
bacteriophage GA and a comparison of bacteriophages belonging to the
major groups of Escherichia coli leviviruses. J. Mol. Biol., 271, 759-773.

Tissot, A. C., Renhofa, R., Schmitz, N., Cielens, 1., Meijerink, E., Ose, V.,
Jennings, G. T., Saudan, P., Pumpens, P., Bachmann, M. F. (2010). Versa-
tile virus-like particle carrier for epitope based vaccines. PLoS One, 5 (3),
€9809.

Tsunetsugu-Yokota, Y., Morikawa, Y., Isogai, M., Kawana-Tachikawa, A.,
Odawara, T., Nakamura, T., Grassi, F., Autran, B., Iwamoto, A. (2003).
Yeast-derived human immunodeficiency virus type 1 pS5(gag) virus-like
particles activate dendritic cells (DCs) and induce perforin expression in
Gag-specific CD8(+) T cells by cross-presentation of DCs. J. Virol., 77
(19), 10250-10259.

Viv¢s, E., Brodin, P., Lebleu, B. (1997). A truncated HIV-1 Tat protein basic
domain rapidly translocates through the plasma membrane and accumu-
lates in the cell nucleus. J. Biol. Chem., 272 (25), 16010-16017.

Asortc A., Bynnymuc f1., Oce B., Pomanunkosa H., Ckpusenuc B., STHkeBuiy
E., Humaunuc A., I'pen E. (1990). [The expression of the human
interleukin-2 gene in Escherichia coli bacteria]. Joxa. Akao. Hayx
CCCP, 315 (4), 994-996 (in Russian).

GA APVALKA PROTEINA ATVASINATO MOZAIKALO VIRUSIEM LIDZIGO DALINU EKSPRESIJA Saccharomyces cerevisiae

UN mRNS in vivo IEPAKOSANA DALINAS

Misu ieprieks€jie petijumi paradijusi, ka lielakais RNS bakteriofaga GA apvalka proteina veidoto virusiem lidzigo dalipu (VLD) ieguvums
ir ekspresgjot tas raugos Pichia pastoris; savukart, izmantojot Saccharomyces cerevisiae ekspresijas sistému, kapsidu ieguvums ir daudz
mazaks. Divi galvenie mérki turpmakajam studijam raugos Saccharomyces cerevisiae bija paaugstinat GA apvalka proteina veidoto VLD
ieguvumu, izmantojot konstrukcijas ar optimize€tu nukleotidu tripletu sekvenc€m, un izpetit iesp&jas, ko varétu sniegt divu promoteru
Gall/Gall0 satuross ekspresijas vektors pESC-URA vélamo mozaikveida VLD iegtiSanai un mRNS iepakoSanai VLD in vivo.
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Increased excitotoxity in response to stressors leads to oxidative stress (OS) due to accumulation
of excess reactive oxygen/nitrogen species. Neuronal membrane phospholipids are especially
susceptible to oxidative damage, which alters signal transduction mechanisms. The Contingent of
International Operations (CIO) has been subjected to various extreme stressors that could cause
Posttraumatic Stress Disorder (PTSD). Former studies suggest that heterogeneity due to gender,
race, age, nutritional condition and variable deployment factors and stressors produce challenges
in studying these processes. The research aim was to assess OS levels in the PTSD risk group in
CIO. In a prospective study, 143 participants who were Latvian CIO, regular personnel, males,
Europeans, average age of 27.4, with the same tasks during the mission, were examined two
months before and immediately after a six-month Peace Support Mission (PSM) in Afghanistan.
PCL-M questionnaire, valid Latvian language “Military” version was used for PTSD evaluation.
Glutathione peroxidase (GPx), superoxide dismutase (SOD) and lipid peroxidation intensity and
malondialdehyde (MDA) as OS indicators in blood were determined. Data were processed using
SPSS 20.0. The MDA baseline was 2.5582 uM, which after PSM increased by 24.36% (3.1815
UM). The GPx baseline was 8061.98 U/L, which after PSM decreased by 9.35% (7308.31 U/L).
The SOD baseline was 1449.20 U/gHB, which after PSM increased by 2.89% (1491.03 U/gHB).
The PTSD symptom severity (total PCL-M score) baseline was 22.90 points, which after PSM in-
creased by 14.45% (26.21 points). The PTSD Prevalence rate (PR) baseline was 0.0357, which
after PSM increased by 147.06% (0.0882). We conclude that there is positive correlation between
increase of OS, PTSD symptoms severity level, and PTSD PR in a group of patients with risk of
PTSD — CIO. PTSD PR depends on MDA intensity and OS severity. OS and increased free radi-
cal level beyond excitotoxity, is a possible causal factor for clinical manifestation of PTSD.

Key words: Posttraumatic stress disorder, oxidative stress.

INTRODUCTION

The Contingent of the International Operations appears to
be subject to various extreme factor actions, which can
cause Posttraumatic Stress Disorder (PTSD). PTSD is an
anxiety disorder that can develop after exposure to one or
more traumatic events, threatening or causing great physical
harm; it is a complex of symptoms experienced by survi-
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vors of traumatic stress (Satcher, 2000). General PTSD
symptoms occur in complex psycho-physiological hypertro-
phic responses: intrusive experiences of a traumatic event,
illusions, hallucinations, persistent avoidance of stimuli as-
sociated with trauma, and general emotional numbness,
which are present for a period of at least one month. Clini-
cal diagnosis of PTSD, according to the Diagnostic and Sta-
tistical Manual of mental disorders (DSM-IV-TR), is per-
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formed by means of a clinical PTSD checklist PCL-M
(military version). PCL-M includes 17 items. It is recom-
mended for use as an objective diagnostic tool for examina-
tion of patients with PTSD and PTSD risk group patients
(Anonymous, 2000; Weathers et al., 2001; Watson et al.,
2005; Pynoos et al., 2009; McDonald and Calhoun, 2010).

According to available literature data, the PTSD level be-
fore Peace Support Missions has been reported as high as
2.4-9.3% in the American Contingent of the International
Operations (Hoge et al., 2004; Riddle er al., 2007) and
2.4% in the British Contingent of the International Opera-
tions (Iversen et al., 2009). PTSD level after Peace Support
Mission is reported as 11.2% in the American Contingent of
the International Operations (Hoge et al., 2004) and
4.0-9.5% in the British Contingent of the International Op-
erations (Hotopf er al., 2006; Iversen et al., 2009).
Pathophysiology and pathogenesis of PTSD is associated
with excitotoxity. Excitotoxity is the pathological process
by which neurons are damaged due to hyperactivations of
the excitatory neurotransmitter glutamate (Li et al., 2001,
Jourdain et al., 2007). Excitotoxity-activated microglia cells
appear to become probable sources of chronic oxidative
processes leading to oxidative stress (Anwyl, 1991).
Neuronal membrane phospholipids are especially vulnera-
ble to damage; the injury leads to the receptor-mediated sig-
nal transduction and, furthermore, information processing
disorders. Studies on the effects of hyperoxidation, oxida-
tive and carbonyl stresses on cerebral suppression and its re-
lation to brain degeneration with respect of neuronal func-
tions are of great interest and importance. Indeed there are
difficulties in rating and interpreting of available literature
data, as the studies are inhomogeneous in gender, race, age,
nutritional and deployment factors — reservists or regular
personnel, and different stressful military experiences in
various Peace Support Missions.

Oxidative stress intensity was assessed considering the ma-
londialdehyde (MDA) plasma level. Unsaturated carbonyl
MDA is one of the most frequently used direct indicators of
lipid peroxidation. MDA measurement appears to be a suit-
able quantification method of the end-products of lipid
peroxidation. The production of MDA is used as a bio-
marker to measure the level of OS in an organism and is of-
ten used in oxidative stress studies (Moore and Roberts,
1998; Del Rio et al., 2005; Nie et al., 2007). MDA is a nat-
urally occurring metabolic product of polyunsaturated fat
degradation (lipid peroxidation), and has been reported to
be mutagenic and carcinogenic. Free radical damage to
lipids results in MDA reacting with DNA to form adducts to
deoxyguanosine and deoxyadenosine and releasing an inter-
mediate product of formaldehyde (Nie et al., 2007). Formal-
dehyde at low concentrations induces protein misfolding
causing a high cytotoxic aggregation. As a metabolic prod-
uct, MDA might weaken cerebral function during oxidative
stress through breaking the homeostasis between excitatory
and inhibitory neurons. Being less active than other free
radical, MDA has a rather longer half-life and, thereby, can
diffuse from the generation places to other sites, bringing
further oxidative stress. Cells are equipped with enzymatic
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and nonenzymatic antioxidant systems to eliminate
ROS/RNS and maintain redox homeostasis. A major class
of enzymatic antioxidants, which catalyze the dismutation
of superoxide into oxygen and hydrogen peroxide, is known
as superoxide dismutase (SOD). Multiple isoforms of SOD
exist in different cellular compartments. SOD1 (CuZnSOD)
is the major superoxide scavenger found in the cytoplasm,
mitochondrial intermembrane space, nucleus, and lyso-
somes, whereas SOD2 (MnSOD) and SOD3 are found in
the mitochondria and extracellular matrix, respectively. In-
deed, they impart an important antioxidant defence system
and their activity increases upon oxidative stress. Some
SOD isoforms resulting from oxidative stress have been
linked with human diseases. Thus, mutations in the CuZn-
SOD can result in familial amyotrophic lateral sclerosis
(Milani et al., 2011). Further conversion of hydrogen perox-
ide occurs through the action of catalase, a heme-based en-
zyme that is normally localised in the peroxisome. Hydro-
gen peroxide also can be converted to oxygen through
coupled reactions with the conversion of reduced glu-
tathione to oxidized glutathione, catalysed by glutathione
peroxidase (GPx). The main biological role of GPx is to
protect the organism from oxidative damage. The biochemi-
cal function of GPx is to reduce lipid hydroperoxides to al-
cohols as well as to reduce free hydrogen peroxide to water
(Miyamoto et al., 2003). GPx scavenges extremely active
hydroxyl radicals without formatting toxic adverse prod-
ucts. GPx is present in a high concentration in the cells and
plays a crucial role in ensuring them in a reduced state. The
GPx role as antioxidant is particularly important for brain,
as it is very sensitive to presence of free radicals. Insuffi-
cient GPx amount and/or activity can complicate oxidative
stress. Five isoforms of selenium (Se)-dependent GPx are
found in humans. Furthermore, enzymes such as glutathione
S-transferases are known to have Se-independent peroxi-
dase activity. Nonenzymatic antioxidants (thioredoxin,
glutaredoxins, peroxiredoxins), recognised to execute thiol—
disulfide exchange reactions, also play a major role in main-
taining cellular redox balance (Trachootham et al., 2008).

Our research aim was to assess oxidative stress levels PTSD
and their correlation in the Contingent of the International
Operations.

MATERIALS AND METHODS

The prospective study was conducted in the Department of
Psychosomatic Medicine and Psychotherapy, Riga Stradns
University (Riga, Latvia) in close cooperation with the Bio-
chemical Laboratory (Riga, Latvia) and Department of In-
ternal Diseases (Riga, Latvia) of Riga Stradins University,
and Medical Care Centre of the National Armed Forces
(Riga, Latvia). The protocol of study, the protocol of agree-
ment, and the protocol of participation corresponded to the
Helsinki declaration on principles of humanity in medicine.
The study design was approved by the Ethics Committee
of Riga Stradin§ University, protocol No. E-9(2) of
17.12.2009. For our research we used a participant group
with the highest possible level of homogeneity to avoid dif-
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ficulties in rating and interpreting of results. In total there
were 143 male European participants, average age 27.4,
regular military personnel, participants of the Latvian Con-
tingent of the International Operations. Examination was
performed before and after the same Peace Support Mission
in Afghanistan (six months), with the same tasks during the
mission. Clinical examination and laboratory parameters as-
sessment were taken twice: two months before the mission
(BL) and immediately after the mission (PL).

Clinical examination was made according to the diagnostic
pattern DSM-IV-TR (Anonymous, 2000). The following di-
agnostic criteria were assessed:

Criterion A: Stressor. The person has been exposed to a
traumatic event in which both of the following have been
present:

1. The person has experienced, witnessed, or been con-
fronted with an event or events that involve actual or
threatened death or serious injury, or a threat to the phys-
ical integrity of oneself or others;

2. The person's response involved intense fear, helplessness,
or horror.

Criterion B: Intrusive recollection. The traumatic event is
persistently re-experienced in at least one of the following
ways:

1. Recurrent and intrusive distressing recollections of the
event, including images, thoughts, or perceptions;

2. Recurrent distressing dreams of the event;

3. Acting or feeling as if the traumatic event were recurring
(includes a sense of reliving the experience, illusions,
hallucinations, and dissociative flashback episodes, in-
cluding those that occur upon awakening or when intoxi-
cated);

4. Intense psychological distress at exposure to internal or
external cues that symbolise or resemble an aspect of the
traumatic event;

5. Physiologic reactivity upon exposure to internal or exter-
nal cues that symbolise or resemble an aspect of the trau-
matic event.

Criterion C: Avoidant/numbing. Persistent avoidance of
stimuli associated with the trauma and numbing of general
responsiveness (not present before the trauma), as indicated
by at least three of the following:

1. Efforts to avoid thoughts, feelings, or conversations asso-
ciated with the trauma;

2. Efforts to avoid activities, places, or people that arouse
recollections of the trauma;

3. Inability to recall an important aspect of the trauma;

4. Markedly diminished interest or participation in signifi-
cant activities;
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5. Feeling of detachment or estrangement from others;

6. Restricted range of affect (e.g., unable to have loving
feelings);

7. Sense of foreshortened future (e.g., does not expect to
have a career, marriage, children, or a normal life span).

Criterion D: Hyper-arousal. Persistent symptoms of increas-
ing arousal (not present before the trauma), indicated by at
least two of the following:

1. Difficulty falling or staying asleep;
2. Irritability or outbursts of anger;
3. Difficulty concentrating;

4. Hyper-vigilance;

5. Exaggerated startle response;

Criterion E: Duration. Duration of the disturbance (symp-
toms in B, C, and D) is more than one month.

Criterion F: Functional significance. The disturbance causes
clinically significant distress or impairment in social, occu-
pational, or other important areas of functioning.

PCL checklist was worked out at PTSD National Centre,
USA in 1993. The PCL has a variety of purposes, including
screening individuals for PTSD, diagnosing PTSD, moni-
toring symptom change during and after treatment. There
are three versions of the PCL: PCL-C (civilian), PCL-M
(military) and PCL-S (specific). PCL-M asks about symp-
toms in response to “stressful military experiences” and is
used for active service members and veterans (Weathers et
al., 2001; Watson et al., 2005; McDonald and Calhoun,
2010). The PTSD Checklist (PCL) is a 17-item self-report
measure of the 17 DSM-IV symptoms of PTSD. Respon-
dents are asked about certain troubles during the last month;
the answers are evaluated by a 5-point scale. The valid Lat-
vian language PCL-M version was used for objective PTSD
evaluation (Voicehovskis et al., 2011). PTSD risk group In-
cidence rate (IR) was also assessed.

Laboratory assessment of oxidative stress parameters in
blood included: intensity of lipid peroxidation assessed by
malondialdehyde (MDA) concentration and activity of anti-
oxidant enzymes: glutathione peroxidase (GPx) and super-
oxide dismutase (SOD). Blood samples were taken from all
individuals in morning at 8.00 (before meal). Venous blood
was collected into a vacutainer (Venoject II BD) containing
lithium/heparin as an anticoagulant.

Activity of glutathione peroxidase 3 (GPx), Enzyme Com-
mission number (EC) 1.11.1.9, was determined in heparin-
ised whole blood by the method of Paglia and Valentine
(Paglia and Valentine, 1967) using commercial tests manu-
factured by Randox Laboratories (UK, Antrium) in a RX
Daytona analyser. GPx catalyses the oxidation of gluta-
thione (GSH) by cumene hydroperoxide. In the presence of
glutathione reductase and nicotinamide adenine dinucleo-
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Table 1

THE MAIN RESULTS BEFORE (BL) AND AFTER (PL) THE PEACE SUPPORT MISSION (PSM) (one-sample Kolmogorov-Smirnov test)

Parameters N of partici- Normal parameters ! Most extreme differences K-S 7* AS?
pants Mean SD Abs. Poz. ‘ Neg.

GPx, BL, U/L 106 8061.98 1369.116 ,061 ,061 -,048 ,623 ,832
GPx, PL, U/L 29 7308.31 1129.871 ,123 ,092 -,123 ,6601 775
SOD, BL, U/gHB 106 1449.20 137.173 ,049 ,039 -,049 ,503 962
SOD, PL, U/gHB 29 1491.03 121.739 219 219 - 116 1.181 ,123
MDA, BL, uM 49 2.5582 ,63475 ,067 ,067 -,057 467 981
MDA, PL, yM 13 3.1815 ,68560 ,125 ,125 -,092 ,450 987
PCL, BL, points 140 22.90 6.734 ,190 ,149 -,190 2254 ,000
PCL, PL, points 34 26.21 9.247 ,201 ,201 -,160 1.172 ,128
PTSD, BL, PR+1 140 1.04 ,186 ,540 ,540 -424 6.393 ,000
PTSD, PL, PR+1 34 1.09 ,288 ,532 ,532 -,380 3.103 ,000

! Test distribution is normal; calculated from data; 2 Kolmogorov-Smirnov Z; 3 asymptotic significance; SD, standard deviation; GPx, glutathione peroxidase;
SOD, superoxide dismutase; MDA, malondialdehyde; PTSD, Posttraumatic Stress Disorder; PCL-M, PTSD Checklist — Military Version

tide phosphate (NADPH) the oxidised glutathione (GSSG)
is immediately converted to the reduced form with a con-
comitant oxidation of NADPH to the oxidised NADP*. The
decrease in absorbance at 340 nm is measured. In the pres-
ence of hydroperoxide, GPx catalyses oxidation of GSH to
GSSG. The latter (GSSG) undergoes NADPH-dependent
reduction to GSH catalysed by glutathione reductase. This
reaction is accompanied by NADPH oxidation to NADP+.
Thus, activity of GPx corresponds to the decrease in absorb-
ance at 340 nm induced by NADPH oxidation and one unit
of enzyme activity is defined as the enzyme content re-
quired for oxidation of 1.0 umol of NADPH per 1 min at
340 nm and 37 °C.

Malondialdehyde (MDA) level in plasma was measured as
suggested by Gavrilov (I'aBpwnos u ap., 1987): at low pH
and elevated temperature, MDA readily participates in
nucleophilic addition reaction with 2-thiobarbituric acid
(TBA), generating a red 1:2 MDA: TBA adduct. The reac-
tion products was extracted with butanol and estimated at
535 nm and 580 nm by spectrophotometry.

The determination of superoxide dismutase (SOD, EC
1.15.1.1) employed xantine and xantine oxidase to generate
superoxide radicals that react with 2-(4-iodophenyl)-3-(4-
nitrophenol)-5-phenyltetrazolium chloride to form a red for-
mazan dye (Woolliams ef al., 1983). The SOD activity was
then measured by the degree of inhibitation of this reaction.

Data were processed using SPSS 20.0. Statistical signifi-
cance of mean values was evaluated by means of the
Paired-Samples T-Test and one-Sample Kolmogorov-
Smirnov test. Interrelationship between parameters was eval-
uated by the Wilcoxon correlation coefficient; differences
were considered as statistically significant at P < 0.05.

RESULTS

The main results before PSM (BL) and after (PL) the mis-
sion are represented in the Table 1.
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Table 2
PTSD MORBIDITY BEFORE (BL) AND AFTER (PL) THE MISSION

Group | Number, n | Average | Response |Prevalence | Incidence
age, years rate rate rate
BL gr. 143 27.36 97.90 0.0357 -
PL gr. 37 26.20 91.89 0.0882 0.1765

PTSD, Posttraumatic Stress Disorder

Baseline PTSD Prevalence rate (PR) was 0.0357, which af-
ter PSM PTSD PR increased by 147.06% to 0.0882 units
(Table 2).

Baseline MDA plasma level (MDA BL, see Fig. 1) was
2.5582 uM, which after PSM MDA level (MDA PL) in-
creased by 24.36% till 3.1815 uM (Fig.2).

Baseline GPx activity (GPx BL, see Fig. 3) was 8061.98
U/L, which after PSM GPx level (GPx PL) decreased by
9.35% till 7308.31 U/L (Fig. 4).

Baseline SOD plasma activity (SOD BL, see Fig. 5) was
1449.20 U/gHB, which after PSM SOD (SOD PL) in-
creased by 2.89% till 31491.03 U/gHB (Fig. 6).

Baseline PTSD symptom severity (PCL-M score, points,
BL, see Fig. 7) total score was 22.90 PCL-M points, after
PSM PCL-M score increased by 14.45% to 26.21 points
(Fig. 8).

A negative correlation was found between MDA and GPx
(Fig. 9).

DISCUSSION

Prevalence of oxidation processes accompanied by antioxi-
dant defence system failure leads to the development of oxi-
dative stress, which is one of the universal mechanisms of
tissue damage. Enzymatic activity of antioxidant systems
(catalase, SOD, glutathione peroxidase) in the brain is sig-
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nificantly lower than in other tissues. Oxygen radicals (hav-
ing oxygen with an unpaired electron) are superoxide anion
and hydroxyl radical. These are extremely aggressive. Glu-
tamate is a substrate that is able to support maximal H,O,
production rates by means of [Ca2+] mediated excitotoxity.
Scavengers of free radicals are located in the cytoplasm or
on cell membranes; these are mainly substances with low
molecular weight: superoxide dismutase, glutathione, glu-
tathione peroxidase, catalase, ceruloplasmin, vitamin A, vi-
tamin E, vitamin C, vitamin K, flavonoids, and coumarins.
Lipid peroxidation plays a crucial role in brain injury. The
brain contains a large amount of lipids (50% in a dry mat-
ter); most of them appear to be unsaturated and become
substrates for lipid peroxidation. Phospholipids account for
over half of all lipids of nervous tissue. Fatty acid and phos-
pholipids determine structural and functional features of
cell membranes, and contribute to its penetration and den-
sity. Lipid peroxidation of any intensity results in functional
brain disorder (Esterbauer and Cheeseman, 1990; Ginsberg
and Bogousslauvsky, 1998). Moreover, it could become a

Fig. 1. Malondialdehide
level distribution before
the mission (BL).
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Fig. 3. Glutathione peroxidase level
distribution before the mission.
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cause of structural and morphological alterations, and de-
generation processes.

The PTSD patients note problems in cognition (memory, at-
tention), somatic concerns (headache), and affective deregu-
lation (impulsivity, irritability, anxiety), particularly in the
time period shortly after the traumatic event (whether psy-
chological, biomechanical, or both). A biochemical mecha-
nism associated with elevated levels of oxidative stress pa-
rameters has been proposed to explain the etiology of PTSD
(common etiology of posttraumatic stress disorder, fibromy-
algia, chronic fatigue syndrome and multiple chemical sen-
sitivity) (Pall, 2001; Pall and Satterlee, 2001; Pall, 2007,
Adibhatla and Hatcher, 2008). Alterations of glutamatergic
and NMDA receptor functions play a role in the etiology of
PTSD in humans. Some clinical studies have observed a
marked increase of cerebral neurotransmitter glutamate in
PTSD (Moghaddam et al., 1994; Chambers et al., 1999;
Cortese and Phan, 2005). Stress increases glutamate release,
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which is recognised as an important mediator of excitotox-
ity. Since a prominent role of glutamate-related excitotoxity
followed by neuronal damage, glutamatergic pathways may
have an important role in stress-related hippocampal degen-
erative pathology and cognitive deficits seen in patients
with PTSD (Moghaddam et al., 1994). Brain imaging stud-
ies have revealed a marked reduction in hippocampal vol-
ume (Sapolsky, 2000; Reul and Nutt, 2008). Such morpho-
logical alterations appear to be positively correlated with
the degree of cognitive deficit noted in these patients.
PTSD-induced oxidative stress has been proposed to occur
in this disorder. Recent clinical studies confirmed the in-
volvement of neurodegenerative pathology in the PTSD
pathogenesis (Bremner, 2002). Neurochemically-mediated
damage could be conceivably related to neurohumoral dys-
regulation.

The main conclusions are:

1. MDA intensity increased during PSM; MDA intensity re-
flects the rate of lipid peroxidation and OS severity.
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2. GPX activity is decreased in the PTSD risk group and is
not efficient to overwork and/or control OS.
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tive stress — MDA level, PTSD symptom severity level,
and PTSD Prevalence rate (PR) in the studied group of
patients with risk of PTSD (Contingent of the Interna-
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Our results suggest that the production of free radicals re-
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tation of PTSD. Our results need to be confirmed by more
comprehensive and detailed further studies to support the
findings we found in PTSD.
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OKSIDATIVA STRESA PARAMETRI POSTTRAUMATISKA STRESA SINDROMA RISKA GRUPAS PACIENTIEM

Paaugstinats eksaitotoksicitates limenis ka atbildes reakcija uz stresoriem lieka reaktiva skabekla/slapekla uzkraSanas rezultata izraisa
oksidativo stresu (OS). Neironalo membranu fosfolipidi ir ipaSi jutigi pret oksidativo bojajumu, rezultata mainot signalu parneses
mehanismu. Starptautisko operaciju kontingents (SOK) tiek paklauts dazadiem ekstremaliem stresoriem, kas varétu izraisit posttraumatiska
stresa sindromu (PTSS). Pieejamie pétijumu dati nav viendabigi p&c dzimuma, rases, vecuma, uztura un dazadiem dienesta faktoriem un
stresoriem, kas apgritina to salidzinaSanu. P&tijuma meérkis: novertét OS limeni PTSS riska grupa. Peétijuma piedalijas 143 dalibnieki —
Latvijas SOK, regularais militarais personals, viriesi, eiropiesi, kuru vidgjais vecums ir 27,4 gadi, ar vienadiem uzdevumiem misijas laika
— tika izmekléti divus m&neSus pirms un uzreiz péc seSu menesu ilgas Miera uzturéSanas misijas (MUM) Afganistana. PTSS noveértéSanai
izmantota PCL-M anketa, apstiprinata latvieSu valodas “militara” versija. Asinis noteikti OS raditaji: glutationa peroksidaze (GPx),
superoksida dismutaze (SOD) un lipidu peroksidaciju intensitates raditajs — malondialdehids (MDA). Dati tika apstradati, izmantojot SPSS
20.0. MDA bazes limenis (2,5582 uM) péc MUM pieauga par 24,36% (3,1815 pM). GPx bazes limenis (8061,98 U/L) pec MUM
samazinajas par 9,35% (7308,31 U/L). SOD bazes limenis (1449,20 U/gHB) péc MUM palielinajas par 2,89% (1491,03 U/gHB). PTSS
simptomu smaguma (PCL-M punktu skaits) bazes limenis bija 22,90 punkti, pec MUM tas palielinajas par 14,45% (26,21 punkts). PTSS
izplatibas koeficienta (IK) bazes limenis bija 0,0357, pec MUM tas pieauga par 147,06% (0,0882). Autori secina, ka pastav pozitiva
korelacija starp OS pieaugumu, PTSS simptomu smaguma pakapes limeni un PTSS IK pacientiem PTSS riska grupa (SOK). PTSS IK ir
atkarigs no MDA limena un OS smaguma. Iesp&jams, ka OS un eksaitotoksicitates rezultata palielinatais brivo radikalu limenis ir veicinoSs
faktors PTSS kliniskas izpausmes attistibai.
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Free negatively charged carboxyl groups (COOH) were selectively modified (neutralised) in stur-
geon (Acipenser glldenstadti Br) gonadotropic hormone (GTH) B-subunit (BGTH). Eight COOH
groups were neutralised by reaction with glycine ethyl ester. Investigation of modified BGTH
showed that specific immunoactivity with antiserum raised against standard BGTH was com-
pletely lost. Analysis of CD spectra and the content of secondary structure elements of standard
and modified BGTH did not indicate any considerable differences. Investigation of reassociated
o—p dimer comprising standard aGTH and modified BGTH showed that hormonal activity was
completely lost while immunoreactivity was lowered by about 30% in comparison with that of the
standard subunit o—f dimer. It was concluded that eight free COOH groups located on the sur-
face of BGTH are the main structural components of the species-specific antigenic determinant
groups of the subunit, but are not directly involved in either maintaining the conformation of the
subunit nor in its ability to interact with the native counterpart subunit. COOH groups, as bearers
of the negative charge located on the surface of BGTH, play a decisive role in the specific hor-
monal activity of GTH determined by oocyte maturation tests. Free COOH groups are included in
the effector zones (active sites) of GTH dimer molecule responsible for the stereospecific interac-
tion with the test-oocyte membrane hormone-sensitive binding (receptor) sites to induce the bio-
logical effects.

Key words: sturgeon fish gonadotropic hormone, B-subunit, chemical modification, CD-spectro-
scopy, gonadotropic and immunologic properties.

INTRODUCTION

Gonadotropic hormone (GTH, gonadotropin; 25 kDa) of
sturgeon Acipenser giildenstddti Br., like mammalian gon-
adotropins, has heterodimeric molecular structure built of
two complementary non-covalently bonded o and 3 sub-
units (aGTH and BGTH) (Burzawa-Gerard et al., 1980;
3enkeBud u nip., 1982; Zenkevics, 1994). Individual a GTH
and BGTH have no hormonal function. Specific biological
activity typical for the native hormone is expressed only
after complementary self-reassociation of the counterpart
subunits in the o—f dimer structure. Reassociated from the
subunits, GTH dimer usually maintains up to 100% of
immunoreactivity and by about 70% of hormonal function
typical of the native hormone.

In the course of comparative investigations of aGTH and
BGTH it was found that the subunits differed considerably
from each other by their negative molecular charge. The
electrophoretic mobility (Rf) of BGTH (Rf 0.41-0.58) in
7.5% polyacrylamide gel towards the anode was consider-
ably higher than that of the positively charged aGTH (Rf
0.05-0.15) (Zenkevics, 1994; ZenkevicCs et al., 2003). This

Proc. Latvian Acad. Sci., Section B, Vol. 66 (2012), No. 6.

indicated that aGTH (three COOH groups) contains a pre-
dominance of positive molecular charge, unlike BGTH.
Also, as it was previously shown, BGTH has a rigid confor-
mation stabilised by six intramolecular S—S-bonds, while
the conformationally flexible aoGTH contains only one
S-S-bond (Zenkevics, 1994).

Comparative investigation of the structural-functional role
of gonadotropin subunits provided evidence that aGTH is
highly conserved within different higher and lower verte-
brate species, including fish, while BGTH differs and im-
parts the species-specificity to the a—f3 dimeric structure of
the hormone (Licht et al., 1977; Pierce and Parsons, 1981;
Burzawa-Gerard, 1982). The same was found in studies of
properties of cross-recombinants of the counterpart subunits
from systematically very distant sturgeon GTH and pig LH
(Benkesuu u ap.1982; Zenkevics et al., 1999). On the basis
of these findings we supposed that the pronounced negative
molecular charge and the conformational rigidity of the
sturgeon BGTH may serve as a core imparting charge,
three-dimensional spatial structure and the biological prop-
erties to the a—f heterodimeric molecule of the hormone.
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The aim of the present work was to employ selective chemi-
cal modification of the accessible free COOH groups of Asp
and Glu located in the BGTH to elucidate their possible role
in maintaining the conformation of the subunit and the spe-
cies-specific functional properties of the o—f dimer hor-
mone molecule.

MATERIALS AND METHODS

Individual oGTH and BGTH of highly purified sturgeon
GTH (3enkeBuu, 1992) were isolated by ion-exchange chro-
matography on SE-Sephadex C-25 in 0.025 M acetate
buffer at pH 4.9, after GTH dissociation into subunits in 8
M urea according to Hennen et al. (1971).

Self-reassociation or recombination of the counterpart
subunits was carried out in saline (0.9% NaCl) at room tem-
perature (12 h) at a total protein concentration of about
0.2%, using the subunits in an equimolar ratio.

Polyacrylamide gel (7.5%) electrophoresis (PAGE) was car-
ried out in gel slabs (0.4 x 9 x 10 cm), using TRIS-Gly
buffer solution at pH 8.9 (Davis, 1962). Protein bands were
stained with Coomassie Brilliant blue R-250.

Free COOH groups of BGTH were modified by glycine
ethyl ester (Gly-OEt-HCI) in the presence of water soluble
1-ethyl-3(3-dimethylaminopropyl) carbodiimide (Serva) at
pH 4.8 in distilled water for 30 min at room temperature ac-
cording to the procedure described earlier (Eyl et al., 1970;
Faith and Pierce, 1975). In such a way the negative charge
of free carboxyl groups of the subunit were converted to
their O-glycine ethyl esters (neutralised). The reaction was
stopped and modified subunit was separated from the reac-
tion by-products on minicolumns (0.9 x 10.5 cm) of
Sephadex C-25 in 2% acetic acid and lyophilised. The num-
ber of modified COOH groups of the BGTH was deter-
mined by amino acid analysis (Mikrotehna Praha, Czech
Rep.).

To produce antisera against GTH and BGTH young rabbits
were injected subcutaneously and intramuscularly with the
preparations (0.2 mg/injection) in saline using complete
Freund's adjuvant (Calbiochem, USA) for ten weeks.

Double immunodiffusion tests in 1% agar gel (Bacto-agar
Difco, USA) in veronal buffer (ionic strength 0.05, pH 8.6)
were performed by a classical procedure (Ouchterlony,
1958) using polyclonal monovalent antisera. The immuno-
reactivity as a percent of the standard and modified prepara-
tions was calculated as the inverse proportion between the
numbers of active double dilutions.

The frog Rana temporaria L. oocyte in vitro maturation test
(Thornton, 1971) was used to evaluate (to compare) the hor-
monal activity of the reassociated a—f3 dimers comprising
COOH-modified or intact BGTH. The activity was ex-
pressed as the minimal dose of the tested hormone prepara-
tion that produced 50% test-oocyte maturation (D50).
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CD spectra of the standard and COOH-modified BGTH
were registered on a Jasco J-710 spectropolarimeter over
the wavelength range from 180 to 250 nm at 22-25 °C, in
phosphate buffer, pH 7.0. The spectropolarimeter was cali-
brated by epiandrosterone and 10-camphor-sulphonic acid
standards. For recording of spectra, 0.1-0.01 cm Helma
quartz cells were used. The concentration of protein in the
solution was 10~°-10"* M. CD data are given in units of mo-
lar ellipticity per amino acid residue of an average relative
molecular mass 108. The content of various secondary
structures in the subunits was calculated using the CDPro —
CONTINLL software (Sreerama et al., 1999; Whitmore and
Wallace, 2004; Lees et al., 2006). In our case the CD spec-
tra of 29-48 proteins were used for calculation of the sec-
ondary structural elements.

RESULTS

Amino acid analysis of COOH-modified (etoxyglycylated)
BGTH showed that eight free accessible carboxyl groups lo-
cated on the surface of the subunit were modified and con-
verted to neutral ones. Also, it was found by additional
amino acid analysis that the number of modified COOH
groups in BGTH did not increase after 20 minutes of inter-
action with the modifying reagent. The modification (neu-
tralisation) of BGTH (BGTH,, ) significantly decreased its
electrophoretic mobility(Rf ) 0.03-0.12, in comparison with
that of standard intact BGTH (0.41-0.58) (Fig. 1).

L

Fig. 1. Analytical PAGE at
pH 8.9, Tris-glycine buffer,
pH 8.3. 100 pug of each
preparation was applied to
the gel, employing 360 V
and 85 mA: (1) BGTHy; (2)
BGTHmoda; (3) aGTHs +

GTHs; (4) oGTHg+
1 2 3 i EGTHmod.

Comparison of the immunoreactivity of BGTH, 4 and
BGTH,, in double immunodiffusion tests using BGTH; an-
tiserum (stepwise two-fold dilutions of the tested antigens)
showed that BGTH, , did not interact with the antibodies
raised against standard subunit fGTH,.

BGTH,, was recombined with intact aGTH to produce
dimer aGTHy + PGTH,, 4 by self-reassociation of both
counterpart subunits. This approach was used to elucidate
the possible structure-functional impact caused by neutrali-
sation of the negative molecular charge of the subunit on
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both the specific hormonal function and immunoreactivity
of the dimer struture aGTH + BGTH,, 4, in comparison
with that of the control dimer aGTH + BGTH,, (Table 1).
As seen, by the biological properties of the recombined
dimers in the comparative double immunodiffusion test
with the standard GTH antiserum (Table 1), the substitution
of the native BGTH in the a—f dimer by the BGTH_,, low-
ered the dimer immunoreactivity by 25% while the specific
hormonal function lacked completely.

Table 1

BIOLOGICAL PROPERTIES OF REASSOCIATED a-B DIMERS
COMPRISING STANDARD AND COOH-MODIFIED B-SUBUNIT

Preparation Antiserum Immunore- Hormonal
activity, % activity, %
aGTHst + BGTHst GTH 100 100
aGTHst + BGTHmod GTH 75 0

st — standard; mod. — modified COOH-groups

Comparative PAGE of aGTHg + BGTH and aGTH +
BGTH,,4 indicated that Rf of aGTHg + BGTH_ 4 consid-
erably decreased toward the anode (Rf 0.02-0.13) in com-
parison with that of the standard subunit dimer aGTH, +
BGTH, (0.14-0.28) (Fig. 1). Each of the compared reasso-
ciated dimers formed a massive and compact electropho-
retic band. Also, Rf of BGTH 4 (0.03-0.11) decreased
sharply in comparison with that of BGTH (0.41-0.58)
(Fig. 1).

CD spectra (Fig. 2) indicate that the conformation of
BGTH and BGTH,,, is characterised by a negative band

around 193-197 nm and a shoulder (or two minor negative
bands) at 205 and 215 nm that is weakly expressed. The
negative Cotton effect around 195 nm is close to the well
known negative band of the random coil at 198 nm, while
the shoulder and the negative band (around 205 and 215
nm) might be due to the contribution of the B-structures in-
fluenced by minor content of the a-helix (Lees et al., 2006).

The results of the calculations and the shape of measured
CD spectra indicated that there were no considerable dis-
tinctions between the content of various secondary structure
elements of BGTH 4 and BGTH (Table 2).

DISCUSSION

Electrophoresis of BGTH_, ; showed that etoxyglycylation
of eight free accassible COOH groups resulted in a sharply
declined negative charge of the modified subunit. PAGE
indicated that Rf of the BGTH, 4 (0.03-0.12), unlike the 3
GTH,, (0.41-0.58), was very close to that of the positively
charged a GTH, (0.05-0.15) (Zenkevics et al., 2003).
Immunodiffusion tests with the BGTH, antiserum showed

Table 2

CONTENT OF SECONDARY STRUCTURAL ELEMENTS (%) OF
STANDARD AND COOH-MODIFIED B-SUBUNITS

Preparation o B* Bt R*
BGTHst 1.9 247 15.2 58.2
BGTHmod 2.3 242 14.3 59.2

*a, o-helix; B, B-strand; B, B-turn; R — random coil; st, standard; mod,
modified COOH-groups.

It

Molar ellipticity (10° deg x cm® dmol™)

I 1 I

185 Wavelength[nm] 250

Fig. 2. CD spectra of sturgeon GTH B (

)s ﬁmod (_ - _)~
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that BGTH, 4 was completely inactive. In other words, an-
tibodies specific for § GTH, cannot recognise BGTH, 4
This quite clearly shows that the neutralisation of carboxyl
groups may play a considerable role in sustaining the struc-
ture of the antigenic determinant groups of the subunit re-
sponsible for the stereospecific interaction with the active
sites of the BGTH-specific antibodies. Also, it must be
taken in consideration that the neutralisation of eight COOH
groups located on the surface of the subunit may also pro-
duce a considerable redistribution of the surface charge of
the modified subunit, which may cause an indirect impact
on the thre-dimensional spatial structure and cause some de-
terioration in the site (determinants) configuration responsi-
ble for the immunospecificity of the subunit. This may ac-
count for lack of the specific immunoreactivity of the
BGTH,, 4 typical of the BGTH

CD-spectroscopy studies showed that the removal of the
negative charges of BGTH, did not produce any consider-
able shifts or appreciable distortion in spatial structure of
the modified subunit, in comparison with that of the intact
standard subunit (Fig. 2, Table 2). In order to determine
whether BGTH,, 4 can interact with its counterpart aGTH,
to form stable o—fB dimer structure typical of GTH, both
counterpart subunits were submitted to self-reassociation.
Investigation of the obtained dimer aGTH, + BGTH, 4 in
PAGE tests showed quite clearly that the modified dimer
was stable (Fig. 1). This also indicated that BGTH, 4 on the
whole retained its native configuration and complementarity
of the sites responsible for subunit-subunit interaction
(reassociation), structural stability of the o—f heterodimer
and stereospecificity of its active sites responsible for the
specific interaction with the native counterpart o.GTH.
Based on this finding, it is apparent that modified COOH
groups of BGTH are not directly involved in the subunit—
subunit interactions and in the formation of the three-di-
mensional functionally active structure recogniseable by ac-
tive sites of standard GTH antibodies. However, even mini-
mal distortions of the three-dimensional structure of
stereocomplementary interacting protein structures may
produce certain shifts in their specific biological function.

Immunoreactivity tests with standard GTH antiserum in
double diffusion reactions showed that immunoreactivity of
the hybrid molecule aGTH, + BGTH,, 4 decreased at least
by 25% in comparison with that of the control aGTH +
BGTH,, (Table 1). Immunoidentity tests using standard
GTH antiserum indicated partial identity (spur) between
these two preparations. This means that the complementary
interaction of the BGTH, 4 with the aGTH produced a
certain incompatibility of the antigenic determinant groups
in obtained hybrid dimer o—f structure, in comparison with
that of the standard dimer.

The present results show that the neutralised eight nega-
tively charged free carboxyl radicals were not critical for
the stability of the native three-dimensional spatial structure
of the subunit necessary for the recognition of the spe-
cies-stereospecific interaction sites of the standard aGTH to
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form stable dimer structure typical for the hormone On the
other hand, comparison of the immunoreactivity of BGTH,,
and BGTH, 4 using BGTH, antiserum indicated that the
modified BGTH was inactive. This showed quite clearly
that the free COOH radicals are critical for the immunologic
activity of the BGTH. Based on this finding, it is apparent
that COOH radicals may be inferred to be essential structure
elements of the antigenic determinant groups of the BGTH.

The comparative evaluation of hormonal activity showed
(Table 1) that the modified recombinant oGTH +
BGTH,, 4 was completely inactive.

This indicates that eight free COOH groups, located on the
surface of the subunit, have direct importance for the spe-
cific hormonal function and are much less critical for the
immunologic function of the dimer structure of the hor-
mone.

The ability of the standard GTH antiserum to interact with
the recombinant aGTHst + BGTHmod in the immuno-
specific double diffusion tests indicated that the modifica-
tion of the eight COOH groups of the BGTH did not prevent
the formation of the a—f3 dimer structure typical of the hor-
mone and are recognisable by the active sites of standard
GTH antibodies.

However, these data allow to conclude that the modified
COOH groups are not directly involved in the subunit-
subunit interactions and in the formation of functionaly ac-
tive three-dimensional structure of the recombinant.

The conformation of the investigated recombinant aGTHst
+ BGTHmod, comprising BGTHmod, is quite closely re-
lated to that of the standard GTH, as indicated by anti-
gen—antibody immunospecific interaction that necessitates
quite close stereospecific fit between the antigenic determi-
nant groups of the modified antigen oGTHst + BGTHmod
and the standard GTH in immunorection with active sites of
the standard GTH antibodies.

Regarding hormonal activity, even minimal distortions of
the three-dimensional structure of protein-like bioregulators
may alter their functional (effector) group disposition on the
molecular surface, causing considerable shifts in their abil-
ity to interact with the hormone-specific receptor sites of the
cell membrane to induce the hormonal effects. The results
also support our previous findings that the immunological
properties of sturgeon GTH are much less vulnerable than
its specific hormonal function (3enkeBuy u mp., 1992;
3enkesuu, 1992).

Based on these findings it can be concluded that the eight
free COOH groups located on the surface of BGTH are
main structural components of the species-specific antigenic
determinant groups of the subunit, but are not directly in-
volved in both maintaining the conformation of the subunit
and in its ability to interact with the native counterpart sub-
unit. COOH groups of BGTH, as bearers of the main nega-
tive charge potential located on the surface of the hormone
molecule, play a decisive role in the specific hormonal ac-
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tivity of GTH at the hormone-competent cell level. The ob-
tained results showed that free COOH groups are directly
involved in the formation of the effector zones (active sites)
of GTH dimer molecule responsible for the stereospecific
interaction with the test-oocyte membrane hormone-sensi-
tive binding (receptor) sites to induce the gonadotropic ef-
fects. Based on these findings, it is apparent that the pro-
nounced negative molecular charge and the conformational
rigidity of the BGTH may serve as a molecular core impart-
ing the molecular charge disposition and species specific
features of the three-dimensional spatial structure of the
aGTH essential for the gonadotropic function of the hor-
mone molecule.

ACKNOWLEDGEMENTS

This work was supported by the Latvian Council of Science,
grant 09.1550.

REFERENCES

Burzawa-Gerard, E. (1982). Chemical data on pituitary gonadotropins and
their implication to evolution. Canad. J. Fisheries Aquat. Sci., 39, 80-91.

Burzawa-Gerard, E., Dufour, S., Fontaine, Y. A. (1980). Relations
immunologiques entre les hormones glycoproteiques hypophysaires de
poissons et de mammiferes ainsi qu’entre leurs sous-unites o et 3. Gen.
Comp. Endocrinol., 41, 199-211.

Davis, B. J. (1962). Disc Electrophoresis. Nr. 4. Rochester, N.Y.: Eston Ko-
dak Co. 15 pp.

Eyl, A., Inagami, T. (1970). Modification of carboxyl groups in the active
site of trypsin. Biochim. Biophys. Res. Commun., 38, 149-155.

Faith, M. R., Pierce, J. G. (1975).The carboxylic acid groups of bovine
luteinizing hormone (The effect of their modification on receptor site bind-
ing and subunit interaction). J. Biol. Chem., 250 (17), 6923-6929.

Hennen, G., Prusik, Z., Maghuin-Rogister, G. (1971). Porcine luteinizing
hormone and its subunits. Eur. J. Biochem., 18, 376-383.

Lees, J. G., Miles, A. J., Wien, F., Wallace, B. A. (2006). A reference data-
base for circular dichroism spectroscopy covering fold and secondary
structure space. Bioinformatics, 22 (16),1955-1962.

Received 2 July 2012

Licht, P., Papkoff, H., Farmer, S. W., Muller, C. H., Tsui, H. W., Crews, D.
(1977). Recent Progr. Hormone Res., 33, 169-248.

Ouchterlony, O. (1958). Diffusion-in-gel methods for immunological analy-
ses. Progr. Allergy, 5, 1-6.

Pierce, J. G., Parsons, T. F. (1981). Glycoprotein hormones: Structure and
function. Ann. Rew. Biochem., 50, 465—-495.

Sreerama, N., Venyaminov, S. Y., Woody, R. W. (1999). Estimation of the
number of alpha-helical and beta-strand segments in proteins using circular
dichroism spectroscopy. Protein Sci., 8, 370-380.

Thornton, V. F. (1971). A bioassay for progesterone and gonadotropins
based on meiotic division of Xenopus oocytes in vitro. Gen. Comp.
Endocrinol., 16, 599-605.

Whitmore, L., Wallace, B. A. (2004). DICHROWEB, an online server of
protein secondary structure analyses from circular dichroism spectroscopic
data. Nucleic Acid Res., 32, W668-W673.

Zenkevics, H. (1994). Fish gonadotropic hormone: Structural-functional in-
vestigations. Proc. Latvian Acad. Sci., Section B, 48 (5/6), 82-88.

ZenkeviCs, H., Vose, V., Bicena, A. (1999). Substitution of native subunits
in sturgeon gonadotropin. Proc. Latvian Acad. Sci., Section B, 53 (5),
261-264.

Zenkevics, H., Vose, V., Bucena, A. (2003). Functional role of tryptophan
residues in sturgeon gonadotropic hormone. Proc. Latvian Acad. Sci., Sec-
tion B, 57 (5), 187-190.

3enkesuy I'. A. (1992). I'onaoomponuwiii 20pmon pulb: noayuenue u
ceoticmea [Fish Gonadotropic Hormone: Isolation and Properties]. Pura:
Bunatne. 224 c¢. (in Russian).

3enkesuy I'. A., ApGarckuit H. Il., Cnanke B. II., 2KenroBa A. O.,
Iepepuukas B. A. (1992). Crpykrypa yrieBomHbIX LeNed IUMepHOR
MOJEKYIbl U OTHENbHBIX CYOBLEIUHMII OHAIOTPONHHA PYCCKOTO OCETpa
[Structure of the carbohydrate chains of the dimeric molecule and indi-
vidual subunits of the Russian sturgeon gonadotropin]. Buoopean. xum.,
18, 226-234 (in Russian).

Senkesuy I'. A., Kupcrykac U. I1., Jlaue 3. M., Cnauke B. I1., Bangman A.
P. (1982). INonyyenne cyObeauMHMI, TOHATOTPOMHOIO T'OPMOHA PYCCKOIO
ocerpa (Acipenser giildenstddti Br.) u cespioru (Acipenser stellatus Pall.)
¥ OLIEHKA UX TOPMOHAIILHON aKTUBHOCTH M MMMYHOXMMHUYECKHX CBOHCTB 10
u nocne peaccounanuu [Isolation of Russian sturgeon and starred stur-
geon gonadotropin subunits and investigation of its hormonal and immu-
nochemical properties before and after reassociation]. Jokzaow
Akademuu nayk CCCP, 268 (1), 249-251 (in Russian).

STORES GONADOTROPINA IZTEIKTI NEGATIVI LADETAS 8 SUBVIENIBAS IPASA STRUKTURFUNKCIONALA LOMA

Stores B subvienibai (BGTH), at§kiriba no o GTH, ir raksturigs izteikti negativs molekularais ladins. Selektivas kimiskas modifikacijas cela
BGTH izdevas neitralizét visas astonas brivas COOH grupas. Modificéta subvieniba pilniba zaudgja sp&ju mijiedarboties ar standart-
subvienibas antivielam. Krasi samazinajas tas elektroforétiska virziba uz anodu. Ta¢u CD spektroskopijas pétijumi liecinaja, ka
modifikacija nav radijusi batiskas izmainas BGTH otr&ja struktara. Modificéta BGTH spgja reasociéties ar nativo aGTH, veidojot
elektroforétiski stabilu o—f diméru, kura imanreaktivitate salidzinajuma ar intakto subvienibu o—f diméru izradijas par 30% zemaka
imintestos ar GTH antivielam. Tacu tas hormonaktivitate bija pilniba zudusi. Secinats, ka brivam COOH grupam ir bitiska nozime GTH
antigéno determinantu struktiiras veidosana, bet to loma subvienibu specifiskas komplementaras mijiedarbibas procesa nav ipasi nozimiga.
Pétijuma rezultati rada, ka brivajam COOH grupam ir ipasa nozime hormona dimérmolekulas efektorajas zonas jeb aktivajos centros, kas
nodrosina GTH molekulas stereospecifisko mijiedarbibu ar ol§tinu membranreceptoriem, tadgjadi inducgjot gonadotropa procesa norisi
olStinas.
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The effects of ascorbic acid supplementation on biomarkers of oxidative stress, cadmium accu-
mulation in organs, immune system activity and kidney function in chickens were investigated.
The treatment groups of chickens were fed either plain diet or diet supplemented with ascorbic
acid at 100, 500, 1000 and 2000 mg/kg for four weeks. Liver and kidney tissues were assayed for
cadmium concentration, and the hepatic levels of ascorbic acid and dehydroascorbic acid (DHAA;
the oxidised form), malondialdehyde, glutathione, activity of glutathione peroxidase, blood serum
uric acid, creatinine, lysozyme and circulating immune complexes were measured. Supplementa-
tion with a high dose of ascorbic acid (1000 and 2000 mg/kg in the diet) caused an imbalance be-
tween pro-oxidative and antioxidative activities, and induced a suppressive effect on innate
immunity. The results suggest that oxidative stress compromises renal function. We observed
that ascorbic acid increased cadmium accumulation in a dose-dependent manner.

Key words: ascorbic acid, oxidative stress, cadmium, chicken.

INTRODUCTION

Ascorbic acid (AA) has antioxidant effects and can protect
tissue against damage caused by strong oxidants that con-
tain reactive oxygen species. AA forms a redox system and
is also connected with the glutathione (GSH) system (Win-
kler et al., 1994; Kohen and Nyska, 2002). Oxidative stress
decreases AA concentration in tissues, and therefore, sup-
plementation of AA is required in diet. However, AA may
alter the pro-oxidant-antioxidant balance in poultry, depend-
ing on its dose and the concentrations of redox-active transi-
tion metal ions (iron, cadmium, copper, lead, mercury and
chromium) in tissue (Poljsak e al., 2005). Increased oxida-
tive stress has been implicated in heavy metal overload con-
ditions. For example, cadmium induces a significant in-
crease in reactive oxygen species (Gobe and Crane, 2010).

Cadmium is a toxic metal and targets the liver and kidneys
following acute and chronic intoxication, which may induce
cell death via apoptosis. Dietary supplementation with anti-
oxidants is an important consideration for limiting renal
oxidative stress and progression of chronic kidney disease
(Brown, 2008). After necrotic cell death, a burst of uric acid
is released from the cells, which induces acute inflamma-
tory responses (Kono et al., 2010).
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Inflammation is triggered by circulating immune complexes
(CIC) that enter the tissue (Clynes et al., 1999). Uric acid is
normally excreted from the body via the kidneys (80%) and
intestines (20%). Heavy metal poisoning increases the con-
centration of uric acid in human serum, whereas therapeutic
dosages of AA facilitate the excretion of uric acid (Mitch et
al., 1981). The concentration of serum creatinine can also
be used to estimate renal dysfunction (Eisner et al., 2010).

Only scanty and contradictory information is available con-
cerning the oxidative stress response of metabolic organs to
a range of doses of ascorbic acid (Duarte and Lunec, 2005;
Poljsak et al., 2005).

The aim of the present study was to determine the effect of
dietary supplementation of ascorbic acid, using a wide
range of doses, on the content of a heavy metal, such as
cadmium, in the liver and kidney, and on the oxidative
status, innate immunity and kidney function markers in
chicks.

MATERIALS AND METHODS

Animals. New-hatched Lohmann brown cockerels were ob-
tained from the Latvian poultry company BALTICOVO.
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Experimental design. All of the experimental procedures
were approved by the Animal Ethics Committee of the
Food and Veterinary Service (Riga, Latvia, authorisation
reference number 13, from 22 December 2008). The chick-
ens were housed in cage units with free access to food and
water. The experiment was conducted using one- to thirty-
day-old chickens.

The animals were divided into five groups of 25 animals
each. Control group chickens (Control) received a basal
wheat-barley diet containing all of the necessary nutrients
without any ascorbic acid supplementation. The chickens of
the other four groups were provided with the same basal
diet that was supplemented with one of the following doses
of ascorbic acid, AA (Sigma-Aldrich, St. Louis, Missouri,
USA): 100 mg/kg (100 AA, second group), 500 mg/kg (500
AA, third group), 1000 mg/kg (1000 AA, fourth group), and
2000 mg/kg (2000 AA, fifth group).

Physiological and biochemical study. At the end of the ex-
periment, the cockerels were sacrificed by decapitation in
accordance with the recommendation for the euthanasia of
experimental animals of the European Convention (Close et
al., 1997). Peripheral blood samples, liver and kidney were
collected for analysis.

Lipid peroxidation in chicken tissues was determined by
thiobarbituric reaction. The results were expressed as pmol
malondialdehyde (MDA) per gram of fresh tissue (Surai et
al., 1996). The total vitamin C, and dehydroascorbic acid
(DHAA) concentrations in chick liver were estimated by the
2.4-dinitrophenylhydrazine colorimetric method; the re-
duced ascorbic acid (AA) content was calculated by sub-
traction (Surai et al., 1999). The glutathione level in the
liver was measured spectrophotometrically using 5.5-ditio-
bis-para-nitro-benzoic acid (Beutler et al., 1963). The activ-
ity of glutathione peroxidase (GSH-Px, EC 1.11.1.9) in liver
was assayed by the coupled enzyme procedure using hydro-
gen peroxide as the substrate (Pinto and Bartley, 1969). The
concentration of cadmium in chicken liver and kidney were
determined using atomic absorption spectrophotometry
(Anonymous, 2000). Uric acid concentration in blood serum

was estimated by the carbonate method using colorimetric
procedure (Eichhorn et al., 1961). The creatinine content in
blood serum was measured using the colorimetric method
with alkaline picrate, based on the Jaff reaction (commercial
biochemical kit, Divi-Dent). The indices of non-specific
humoral immune responses were examined in chickens im-
munized intraperitoneally with 0.1 ml 10% sheep red blood
cells in PBS seven days before the end of experiment. Se-
rum lysozyme level was estimated using a mo dified
bacteriolytic method (I'pant u ap., 1973) based on
absorptiometric determination of the decrease in turbidity of
a suspension of Micrococcus lysodeikticus, as described by
Shugar (1952). Nonspecific circulating immune complexes
in serum were estimated spectrophotometrically after pre-
cipitation with polyethyleneglycol 6000 (Riha, 1979).

Statistical analysis. The data were expressed as the means
+ SD. The differences between the control and four experi-
mental groups were analysed using analysis of variance
(ANOVA) followed by the Dunnett’s test and Tukey’s post
hoc test. A P value of 0.05 was considered statistically sig-
nificant.

RESULTS

The level of reduced AA and DHAA in chick liver (Fig. 1)
depends on the AA dose in diet. The reduced AA content
relative to the DHAA content decreased more than two
times in chickens receiving high doses of AA (1000 and
2000 mg/kg of diet). Tables 1 and 2 show that the ascorbic
acid concentration in the diet is correlated with the accumu-
lation of cadmium in liver and kidney. The concentration of
cadmium in the liver increased when ascorbic acid was sup-
plemented in the diet at doses of 500 (P < 0.0002), 1000
(P < 0.0001) and 2000 mg/kg (P < 0.0001). The content of
this heavy metal in kidney significantly increased when
ascorbic acid was added to the diet at a dose of 2000 mg/kg
(P < 0.02). Moreover, the ascorbic acid at doses of 500
mg/kg, and particularly at 1000 and 2000 mg/kg, signifi-
cantly decreased the level of GSH. However, ascorbic acid
decreased the activity of GSH-Px at doses of 1000 and 2000
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1 Fig. 1. Proportion of dehydroascorbic acid and re-

duced ascorbic acid to total vitamin C in liver of
chickens receiving diet with different ascorbic acid
levels from hatching to 30 days of age
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Table 1

HEPATIC CADMIUM CONCENTRATION, GLUTATHIONE LEVEL,
GLUTATHIONE PEROXIDASE ACTIVITY AND MALON-
DIALDEHYDE FORMATION IN CHICKENS THAT RECEIVED DI-
ETS SUPPLEMENTED WITH ASCORBIC ACID (mean + SD)

Group Cd, GSH, GSH-Px, MDA,
une/g umol/g wmol-GSH/ umol/g
min/g
1.Control  0.22+0.02 4.83+0.27 4.46+046 29.56+1.68
2. 100 AA  026+0.04 492+ 036 449x054 32.05+1.42

3.500 AA  0.38x0.06% 4.17£0.18*** 437+0.27 31.51+3.45
4.1000 AA 0.40 £0.05%* 3.91 +£0.23** 3.30+0.15%* 34.68 + 1.47*
5.2000 AA 0.46 +0.03** 3.75+0.31 ** 320+ 0.11%* 42.17 + 3.73%*

Cd, cadmium; AA, ascorbic acid; GSH, glutathione; GSH-Px, glutathione
peroxidase and MDA, malondialdehyde. Statistically significant differ-
ences from the control group: *P = 0.0002; **P < 0.0001 and ***P =
0.0006.

Table 2

CONCENTRATION OF CADMIUM AND PARAMETERS OF RENAL
FUNCTION IN CHICKENS THAT RECEIVED DIET SUPPLE-
MENTED WITH ASCORBIC ACID (MEAN = SD)

Group | Cd, ug/g wet wt of | Uric acid, umol/l | Creatinine, umol/l

kidney of blood serum of blood serum
1. Control 1 0.20 + 0.00 131.59 +18.33 67.40 +2.31
2.100 AA 0.20 + 0.00 11659 +5.82  57.12 +0.29%**
3.500 AA 0.26 + 0.02 11742 £1249 6073025
4.1000 AA 0.30 + 0.04 167.38 +27.48*% 11951 £6.54
5.2000 AA 0.32%£0.03 17571+ 14.15%% 12659+3.31

Statistically significant differences from the control group: *P = 0.02;
**P = 0.0008 and ***P < 0.0001.

Table 3

PARAMETERS OF INNATE HUMORAL IMMUNITY IN CHICKENS
THAT RECEIVED DIET SUPPLEMENTED WITH ASCORBIC ACID
(mean = SD)

Group Lysozyme activity in blood
serum, pg/ml

Circulating immune com-
plexes (CIC) in blood serum,
extinction units + 100

1. Control 10.75 £0.20 4.13£0.44
2.100 AA 6.36 = 0.54* 4.20£0.89
3.500 AA 3.12+0.19% 2.43 £0.35%
4. 1000 AA 2.88 £0.10* 3.07 £0.71%*
5.2000 AA 1.85 £0.10%* 1.47 £0.19*

Statistically significant differences from the control 1 group: *P < 0.0001
and **P = 0.01.

mg/kg. Increased MDA formation in the liver was detected
with ascorbic acid doses of 1000 and 2000 mg/kg.

Animals that were fed a diet that was supplemented with
ascorbic acid at doses of 1000 and 2000 mg/kg had a higher
concentration of uric acid in blood serum (Table 2). In addi-
tion, chickens that received ascorbic acid at doses 1000 and
2000 mg/kg displayed increased serum levels of creatinine
compared to the control group (Table 2).
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Parameters of innate humoral immunity in the treated chick-
ens are shown in Table 2. Lysozyme activity in blood serum
of chickens that were fed diets enriched with ascorbic acid
at all doses was significantly decreased compared to that in
the control group. The serum CIC level was decreased in
chickens that were fed diets containing ascorbic acid at
doses of 500, 1000 and 2000 mg/kg compared to that in the
control group. Dose-dependent effects on lysozyme activity
and CIC level were observed.

DISCUSSION

The focus of the present study was to provide a better un-
derstanding of the effects of dietary ascorbic acid supple-
mentation to chicken. Chicken as an experimental model is
especially useful in biological studies due to its high inten-
sity of some metabolic processes (Klandorf et al., 1999).
Birds differ from primates and guinea pigs by their capacity
to synthesise ascorbic acid endogenously. However, a die-
tary supplementation of ascorbic acid can be beneficial for
poultry to improve performance and egg production.

Ascorbic acid can act as an antioxidant, contributing to the
total antioxidant capacity of an animal’s antioxidant defence
system. Intake of ascorbic acid in a low dose (100 mg/kg
diet) in our experiment indicated some increase of antioxi-
dant activity in chicken organs. Our study demonstrated that
hepatic GSH levels and GSH-Px activity were decreased in
chickens that received 500, 1000 and 2000 mg/kg of ascor-
bic acid compared to those in the control group. The con-
current significant increase of MDA levels in chickens in
the 1000 and 2000 mg/kg AA groups indicated an imbal-
ance between anti-oxidative and pro-oxidative responses in
liver. Elevated levels of MDA, which is an end product of
polyunsaturated fatty acid oxidation, suggested that ascorbic
acid at a dose of 1000 and 2000 mg/kg in the diet exhibited
pro-oxidative effects.

The fraction of the dehydroascorbic acid of total vitamin C
might provide useful information about the level of oxida-
tive stress. Consequently, the ratio of DHAA to total
ascorbate could be a marker of oxidative stress (Lykkesfeldt
et al., 1997). The reduction of DHAA to AA occurs
intracellularly and depends on both ascorbic acid and the
dominant intracellular reductant glutathione. In the present
study, we found AA overload to be a predictor of high liver
concentrations of the oxidised form of ascorbic acid,
DHAA.

We demonstrated that ascorbic acid stimulated cadmium ac-
cumulation in organs in a dose-dependent manner. This may
be due to stimulation of the intestinal absorption of cad-
mium by ascorbic acid. The uptake of cadmium into
enterocytes is mediated by the divalent metal transporter 1
(DMT1), which is a proton-coupled transporter (Park et al.,
2002). The capacity of DMTI transport is optimal at pH 5.5
(Gunshin et al., 1997). Therefore, the absorption of cad-
mium was possibly increased by ascorbic acid via a de-
creased luminal pH.
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This study indicated a close relationship between serum
lysozyme and CIC levels, which are inflammatory markers,
in chickens that were fed diets that were supplemented with
500, 1000 and 2000 mg/kg AA. The bulk of CIC most
likely contains antibodies against autoantigenic proteins,
microbes and nuclear antigens, whereas lysozymes in serum
predominately originate from macrophages (Torsteinsdottir
et al., 1999; Wiik, 2003). Proteins that are modified by re-
active oxygen species have been shown to elicit antibodies
in a variety of diseases (Kurien and Scofield, 2008). The
significant reduction of serum lysozyme and CIC levels in
chickens that received 2000 mg/kg AA in the diet suggested
that immune system function was suppressed, which may
be associated with oxidative damage of macrophages and
plasma cells.

Our study demonstrated that a high dose of ascorbic acid in-
take caused elevated levels of serum uric acid and
creatinine. The antioxidant activity of ascorbic acid at low
doses may improve kidney function by protecting renal tu-
bular uric acid and creatinine secretory transporters from
oxidative injury. Excessive ascorbic acid intake likely had
an adverse effect on renal function, leading to reduced tubu-
lar excretion through the dysregulation of renal tubular uric
acid and creatinine secretory transporters via ROS.

Uric acid is a powerful antioxidant (Waring, 2002). The ob-
served high serum uric acid levels in chickens in the 1000
and 2000 mg/kg AA groups suggests that these chickens
cannot manage ROS effectively and that transient impair-
ment of renal functions may occur.

In summary, the results of our study demonstrated that high
doses of ascorbic acid in the diet exhibited a pro-oxidative
effect. The “threshold” concentration of ascorbic acid for
this effect was 1000 mg/kg in the chicken diet. Furthermore,
consistent exposure to high doses of dietary ascorbic acid
(1000 and 2000 mg/kg) induces loss of normal antioxidant
reserves and immunosuppression, rendering the animals
more susceptible to renal disturbances. In addition, a
stimulatory effect of ascorbic acid on cadmium accumula-
tion in organs and pro/anti-inflammatory activities was
demonstrated.
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ASKORBINSKABES ANTIOKSIDATIVA/PROOKSIDATIVA AKTIVITATE ATKARIBA NO KONCENTRACIJAS CALU
ORGANISMA

C vitamins piedalas daudzos vielmainas procesos. Tas stiprina organisma imiinsistému, piedalas biologiskas oksidé$anas un reducéanas
procesos. Askorbinskabe un dehidroaskorbinskabe veido redoks sisttmu un ir saistitas ar glutationa sisttmu. Dazadu stresu ietekmé
askorbinskabes koncentracija audos samazinas. Tade] baribu vajag bagatinat ar So vitaminu. Darba mérkis bija pétit dazadus oksidativa
stresa biomarkierus calu organisma, kadmija akumulaciju organos, imiinsistémas aktivitati un nieru funkcijas izmainas askorbinskabes
ietekmé atkariba no tas koncentracijas bariba. Eksperimentos izmantojam vienu dienu vecus Lohmann Brown gailiSus, kurus sadalijam
piecas analogas grupas. Cali sanéma kombinéto baribu bez vai ar askorbinskabes piedevam (0, 100, 500, 1000 un 2000 mg/kg) ¢etru nedelu
laika. Konstatéjam, ka askorbinskabe neliela koncentracija (100 mg/kg baribas) calu organisma darbojas ka antioksidants. P&tijuma
pieradits, ka, palielinot §i vitamina daudzumu bariba (1000 un 2000 mg/kg), dzivnieku organisma mainas antioksidativo — prooksidativo
procesu lidzsvars, un ta rezultata attistas oksidativais stress: aknas palielinas C vitamina oksidétas formas — dehidroaskorbinskabes
daudzums, samazinas glutationa limenis un glutationperoksidazes aktivitate, uzkrajas nepiesatinato taukskabju oksidéSanas gala produkts
malondialdehids, inducg&jas nespecifiskas imunitates supresija, traucétas nieru funkcijas. Novérojam, ka askorbinskabe, atkariba no
koncentracijas, veicina smago metalu, t.sk. kadmija akumulaciju calu aknas un niergs.
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Changes in the hydrological regime of the lakes of Latvia have been caused by several natural
and human factors. This publication summarises the results of research on the long-term and
seasonal changes in the water level, and thermal and ice regimes of the three biggest lakes of
Latvia (Usma, Burtnieks, and Razna) and their regional features in the period from 1926 to 2002.
The levels of the lakes Usma and Razna have been controlled, but it can be considered that
changes of the water level in Lake Burtnieks have been due to the impact of natural factors dur-
ing the period from 1947 to 2002. Global climate warming has caused considerable changes in
the hydrological regime of the lakes during the last decades, as the water level and temperature
have increased and the number of days with ice cover and the thickness of ice have decreased.
A positive trend in the freezing data and statistically reliable negative trend for the ice break-up
date were observed for all the lakes. Lake Usma is located in the western part of Latvia, there-
fore, its hydrological regime, in particular, the thermal and ice regime, differs from those of lakes
Burtnieks and Razna which are located in the northern and eastern part of Latvia, respectively.

Key words: lake, water table, water temperature, ice, long-term and seasonal changes.

INTRODUCTION

The territory of Latvia is rich in lakes. There are 2256 lakes
with a surface area larger than 1 ha. The majority of lakes in
Latvia are small. Only 16 lakes have an area larger than
1000 ha or 10 square kilometres (Tidrikis, 1995). Still, they
account for 40% of the total area of the lakes. Most lakes
are located in highlands (approximately 40% of the lakes
occur in the highlands of Latgale and AugSzeme). The low-
est number of lakes occur in Zemgale where the low plain
and numerous rivers do not allow accumulation of water.
The total area of lakes in Latvia is about 1000 square kilo-
metres. This area amounts to about 1.5% of the area of Lat-
via, and the proportion is similar to that in Lithuania but
considerably less than in Estonia (5%), Sweden (8.5%) or
Finland (9%). In Latvia there are many lakes, as glaciers
covered this territory in not so far distant past. The ice-
cover and water resulting from its melting caused formation
of a terrain rich in hilly and depressions, which facilitated
flow of water from raised parts and its accumulation in
lower areas. Lakes formed by pools in marshes and bogs are
not recorded in Latvia, but their number could be above ten
thousand. In the 20™ century, the number of lakes decreased
due to overgrowing, drainage projects and merging of lakes.

Lakes are one of the most common landscape elements in
Latvia and in the Baltic region, which includes also some
highlands with lakes in Lithuania, Poland and Northern
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Germany. Lakes are a natural indicator that reflects the wa-
ter regime of the region and its variability. The dynamics of
the condition of a lakes over time is best characterised by
the water level regime and its changes brought about by
natural and anthropogenic factors. Similar to fluctuation of
the volume of discharge of waters, cyclic and periodic
changes over the span of centuries are characteristic also for
fluctuation lake levels. These cyclic fluctuations are caused
by various macroprocesses, such as atmospheric circulation,
changes in the solar radiation which determines the thermal
and ice regime of the lakes, and the amount of precipitation
(Glazaceva, 1975).

The history of the modification of the hydrological regime
of lakes by human activity in Latvia started already in the
18119 centuries. The largest changes occurred in the 20"
century, with increased alteration made by land drainage,
hydro-energy projects, fisheries and other management
types that affected the level of lakes.

Wide research on the hydrological regime of Latvian lakes
and its changes were carried out in the 1930s, for example,
investigations on large lakes near Riga by Stakle (1935) and
on morphometric elements and regimes by Slaucitajs
(1935; 1937; 1938). In the 1950s to 1970s, studies were car-
ried out on the morphometry of the Latvian lakes, etc.
(KoroB u ap., 1958) and on the thermal and ice regime of
rivers and lakes by Glazacheva (I'mazaueBa, 1964; 1965;
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GlazacCeva, 1975). The publications by Tidrikis (1995) and
Glazaceva (2004) are among the last reviews on the hydro-
logical regime of Latvian lakes and its changes. It should be
noted that lately no broad research on this topic has been
carried out, and generally, since 2003—-2004, regular moni-
toring of Latvian lakes is no longer performed.

The objective of this study was to analyse long-term
changes of hydrological regime, i.e. water level and tem-
perature, ice occurrence, and regional features of the three
largest Latvian lakes: Usma, Burtnieks, and Razna.

MATERIALS AND METHODS

Studied lakes. The three biggest lakes of Latvia (Usma,
Burtnieks and Razna) that had long series of observation
data and different physical geographic location (Fig. 1)
were selected for the study. The main characteristics of the
lakes are presented in Table 1.

Lake Usma (57°12'N 22°10'A) is located in the western part
of Latvia at 20.6 m a.s.l. (Eipurs, 1998) in the Ugale plain
of the Kursa lowland, in the Irbe river basin. The surface
area of the lake is 37.2 km>. Usma Lake is a remnant of the
Baltic Ice Lake. The lake bed stretches from the North to
South with length 13.5 km; the widest part (6 km) is in the
middle part of the lake. Usma Lake is the second biggest
lake in LatV1a from the point of view of the water volume
(190 mill. m ) and the estimated water turnover is two
years. It discharges to the Baltic Sea at its north-western end
via the Engure River — Puzes Lake — and then Rinda and
Irbe Rivers. In comparison to the other studied lakes, Lake

Table 1

MORPHOMETRIC PARAMETERS OF STUDIED LAKES (Tidrikis,
1995)

Lake Watershed,| Surface Volume, | Maximum | Average

km” area, km’ | mill. m’ depth, m | depth, m
Usma 396 37.2 190 27 5.4
Burtnieks 2215 40.1 88 33 24
Razna 221 57.6 405 17.0 7.1
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Usma has a high average and maximum depth (5.4 m and
27 m, accordingly).

Burtnieks Lake (57°44° N 25°14° A) is the fourth biggest
lake in Latvia. It is located at 39.5 m a.s.l. in the northern
part of Latvia in the Talava lowland (Tidrikis, 1994). The
water surface area is 40.06 km”. The lake bed is of glacial
origin and stretches in the direction from the North West to
the South East. Its length is 13.3 km, and maximum width is
5.5 km. Lake Burtnieks is a shallow lake with average depth
2.2 m and maximum depth 3.3 m. This lake represents a
flow lake, as water turnover takes place on average six to
seven times per year (in spring once every 2—3 weeks and in
summer once in three months). It discharges to the Riga
Gulf via the Salaca River at the north-western end of the
lake where the width at the discharge 1s 25-30 m. Lake
Burtnieks has the biggest basin (2215 km? ), which exceeds
its water surface area (40.06 km’ ) by 55 times. This factor
causes large seasonal fluctuation of the water level.

Lake Razna (56°19° N 27°27" A) is located in the South
East part of Latvia on the highest part (163.4 m a.s.l) of the
Latgale highland in the Raznava hilly section (Lumane,
1997). This is the second biggest lake of Latvia from the as-
pect of the water surface area. Its area is 57.6 km and in
1956-1974, following the lowering of the level of Lubana
Lake, it became the biggest lake in Latvia. In terms of the
water volume, Lake Razna is the biggest lake in Latvia.
The total volume is 405 mill. m> or 1/5 of the aggregate
volume of all lakes of Latvia. The lake bed is of glacial ori-
gin, rounded with a slight straighter stretch from the East to
the West. Its length is 12.1 km and the largest width is 6.9
km in the east part of the lake. The average depth is 7 m and
maximum depth is 17 m. Lake Razna is a flow lake, and av-
erage discharge is 240 mm. The discharge of the lake occurs
in the western part via the Rézekne River — Lake Kaunata.
If the water level is high, discharge occurs also in the
north-western part of the lake via Lake Zosnas and Kazupe
River to the Malta River.

Data and methods. In the analysis of the hydrological re-
gime of the studied lakes the hydrological monitoring data
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et Fig. 1. Location of the studied lakes.
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Table 2
STUDY PERIODS OF UTILIZED HYDROLOGICAL DATA

Data Lake Usma | Lake Burtnieks| Lake Razna
Water level, cm 1926-2002 1947-2002 1948-2002
Water temperature, °c 1946-2002 1946-2002 1948-2002
Ice thickness, cm 1929-1939, 1946-2002 1948-2002

1946-2002

Number of days withice  1926-2002 19462002 1948-2002
Date of freezing 1926-2002 1946-2002 1948-2002
Date of ice break-up 1926-2002 19462002 1948-2002

from the funds of the Latvian Environment, Geology and
Meteorology Centre (Anonymous, 2011) and the publica-
tion of the Marine Board by Stakle and Kanavins (1941)
were used. For the purpose of analysis of the water levels,
the monthly mean data in centimetres above the zero post
mark have been used and the observation periods for the
studied lakes differ in this case (Table 2). Systematic moni-
toring of the water level of Lake Usma was started in Sep-
tember 1926 at Usmaciema hydrological station that was es-
tablished by the Latvian Sea Department. The gauging
station ,,Usma” is located 4 km to the North East of the
mouth of the Engure River (Fig. 1). Its location and the zero
mark of the post at 20.38 m a.s.l. have remained unchanged
during the period of study. In the analysis of the water level
of Lake Burtnieks the observations from the gauging station
,.Burtnieki” at the South East coast of the lake have been
used, the zero mark of the HNS , Burtnieki” is located at
37.84 m a.s.l. In the case of Lake Razna the gauging station
,Kaunata” is located at the east part of the lake and the
mark of the zero post is at 160.57 m above the sea level.

In the analysis of the long-term trends of the water tempera-
ture the mean monthly data are used: for lakes Usma and
Burtnieks from March to December, and for Lake Razna
from April to December.

For the analysis of the ice regime the data on the ice thick-
ness and duration days, freezing and break-up dates were
used. The measurements of the thickness of the lake ice
usually are performed from October to April six times per
month, i.e. on the 5™, 10, 15, 20, 25™ and the last date
of the month, and as from the winter of 1975/1976 there
have been individual periods or years when the observations
were performed only three times per month. In the study
measurements of the ice thickness in the middle of the lake
are used, and in the case of Lake Burtnieks the missing data
from the winter of 1969-1970 were replaced by inshore ice
thickness observations that are not essentially different from
the measurements of the central part of the lake. After-
wards, the mean and maximum annual ice thickness were
calculated. In the present study, the date of freezing is the
first day of ice occurrence, the date of ice break-up is con-
sidered as the date of disintegration of the ice cover in the
period with regular ice observations, and the number of
days with ice is calculated as the actual number of days on
which ice occurred. For possibly immediate assessment of
the climate changes in the Latvian lakes the severity index
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was calculated by Sztobryn et al. (2009). The index was
used for the seasonal number of days with ice and the prob-
ability of ice occurrence.

The multivariate Mann-Kendall test (Lettenmaier, 1988;
Loftis et al., 1991) was used to detect the trend shift in
monthly and annual data analysis. The test was applied sep-
arately to each variable at each site, at a significance level
of P < 0.05. The trend was considered statistically signifi-
cant at the 5% level, if the test statistic was above 1.96 or
below —1.96.

In studies of hydro meteorological time series in the Baltic
Sea area by Klavins et al. (2007) and Stips & Lilover
(2010) the so called breakpoints during the 20 century
were found. One of them refers to year 1987, which could
have determined the long-term changes in hydro-climate
patterns during last decades. Therefore, in our investigation
the entire study period was divided into two periods: until
1987, with “no substantial” climate change impacts, and the
period from 1988, with “substantial” climate change im-
pacts on hydrological processes in Latvian lakes.

RESULTS

Changes in water level. In Latvia the big lakes have been
regulated in recent or not so recent past, therefore, the
long-term changes in their water level depend not only on
the natural factors, mainly climate-related factors, but also
anthropogenic activities. Concerning Lake Burtnieks during
the study period from 1947 to 2002 there are no data about
the works performed by humans in regulating the water
level. Therefore, the long-term changes in the lake level can
be deemed to be natural. This is confirmed by the compari-
son of the long-term changes in the lake level with the cycle
of the changes in the flow of the Salaca River from 1951 to
2002. As it can be seen in Figure 2, two periods can be dis-
tinguished in the water regime of Lake Burtnieks and the
Salaca River: low water from 1947 to 1977 and high water
from 1978 to 2002. The long-term mean water level of the
lake for numerous years was 40.1 m a.s.l., and 39.9 m dur-
ing the low water period and 41.1 m during the high water
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Fig. 2. Annual mean water levels and annual mean flow of the Salaca
River during the period of 1947-2002. The dotted line is the long-term
mean value of water level in the whole period; the interrupted lines are
long-term mean values of water level of the studied periods 1947-1977
and 1978-2002.
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period. The long-term seasonal analysis showed that the sta-
tistically reliable positive trend at a significance level of P <
0.05 could be observed for the water level of the lake from
January to March and from June to September, but in the
flow of the Salaca this trend could be observed only from
January to March.

Lake Usma is peculiar concerning the fact that the regime
of its water levels has been impacted by direct human activ-
ity. In 1969, on the Engure River not far from its mouth the
eel catching device was constructed (Fig. 3). The water
level in the lake was raised on average by 20 cm. These
changes are also reflected very well in the long-term
changes in the mean water level where during the period
from 1927 to 1968 it was 21 m and from 1969 to 2002 it
was 21.2 m a.s.l. (Fig. 4). Thus, during the study period
from 1927 to 2002, a statistically reliable positive trend
could be seen from January to September, and during the
period from 1927 to 1968, a reliable positive trend could be
identified only in March and April, when the level fluctua-
tions were caused mainly by the natural conditions.

Lake Razna was regulated for several times (Fig. 5). During
the period from 1951 to 1955, Sprukti hydro power station

Fig. 3. The eel catching device on the Engure River not far from its out-
flow from Lake Usma. (Photo by Martin3 Krikitis, 2010).
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Fig. 4. Annual mean water levels of Lake Usma during the period of
1927-2002. The dotted line is the long-term mean value of water level of
the whole period; the interrupted lines are long-term mean values of water
level of the studied periods 1927-1968 and 1969-2002.
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Fig. 5. Annual mean water level of Lake Razna during the period of
1949-2002. The dotted line is the long-term mean value of water level of
the period 1949-2002; the interrupted lines are long-term mean values of
water level of the studied periods 1949-1955, 1956-1977, 1978-1984 and
1985-2002.

(HPS) was built and it was in operation until 1977. During
the period from 1956 to 1962, the flow of the lake was
deepened along the section Lake Razna — Lake Kaunatas
and on the upper course of the Rézekne River to direct
higher volumes of water to the R€zekne River for the opera-
tion of Sprukti HPS. Following the deepening of the out-
flow the level of the lake decreased by 0.3 m. After closing
Sprukti HPS, the natural water level was restored at the lake
for a couple of years from 1985 to 1992 (on average, up to
163.32 m a.s.l.), when the eel catching device was con-
structed and the level was raised by 29 cm. During the pe-
riod from 1993 to 2002, the Kaunata gates and Sprukti HPS
were reconstructed and resumed power generation in 1996.
The gates continue to maintain the level of the lake at the
artificial level which was raised by another 5 cm following
their reconstruction.

Changes in water temperature. The thermal regime of
lakes is determined by the location of the lakes, climatic
conditions, size and depth, inflow of underground and sur-
face waters (streams, rivers). Lakes of the temperate lati-
tude: in summer — direct, in winter — reverse stratifica-
tion. In springs the water warms up slowly, later it
accumulates the warmth, and during other seasons, the wa-
ter is often warmer than the air. The water temperature is
the highest in July and August and the lowest during the pe-
riod of formation of the ice cover. In summer the upper lay-
ers of the deep lakes at the depth of 4—6 m warm up, the
temperature practically does not change at other depth lay-
ers.

The results of the study of the water temperature demon-
strated that the long-term mean temperature was the highest
for Lake Usma where it amounted to 10.3 °C, followed by
Lake Burtnieks with 9.6 °C and Lake Razna with 9.1 °C
(Fig. 6.). During the time period until 1987, the long-term
mean temperatures in all the lakes were lower than during
the time period from 1988 to 2002, when the climate warm-
ing could be observer. For lakes Usma and Razna the water
temperature had increased by approximately 1 °C. The
long-term seasonal analysis demonstrated that the statisti-
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Fig. 6. Long-term water temperatures in lakes Usma (A), Burtnieks (B) and
Razna (C). The uninterrupted horizontal line is the long-term mean value of
water temperature of the whole study period; the interrupted lines are
long-term mean values of water temperature of the studied periods
1946-1987 (A, B), 1948-1987 (C) and 1988-2002 (A, B, C).

cally positive trend could be seen during spring months
March — April, and for Lake Razna also in July, August,
and December.

Changes in ice freezing and break-up date. The ice for-
mation in the Latvian lakes depends on the length of the pe-
riod between the move of the daily mean temperature below
0 °C and cooling of the water in the lake to 0 °C. Stable ice
cover forms within 2-20 days after the first ice elements
have appeared. At the highlands in the north and east part of
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Fig. 7. Long-term freezing dates and break-up dates for lakes Usma (A),
Burtnieks (B) and Razna (C). The horizontal lines are long-term mean val-
ues of freezing dates and break-up dates during the whole period.

Latvia the ice cover starts to form in the 2" half of Novem-
ber (Burtnieks — from the 25™ November to the 4
December, Razna — from the 27" November to the 8™ De-
cember), and in the West and middle part of Latvia — in the
1°* half of December (Usma — from the 2" to the 10™ De-
cember). It breaks up during the period from the 2" half of
March to mid-April (Usma: the 31% March — the 13" April,
Burtnieks: the 67-11" April, Razna: the 18"-25M April),
and within ten days after that the ice melts at the site. The
climate warming resulted in the ice break-up already in
mid-March or end of March, for example in the case of
Lake Usma the mean date was the 17 March, for
Burtnieks it was the 25"-30"™ March and for Razna it was
the 12 April. As it can be seen from Figure 7, the trend
that during the study period the ice formation date is later
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Table 3

EXTREME YEARS WITH THE EARLIEST AND THE LATEST DATE
IN FREEZING AND BREAK-UP

Lake Usma Lake Burtnieks Lake Razna

(1926-2002) (1946-2002) (1948-2002)
earliest latest earliest latest earliest latest
freezing freezing freezing freezing freezing freezing

13.11.1998,01.02.1975, 29.10.1992, 31.12.1960, 11.11.1956, 17.01.1961,
13.11.1956, 03.02.1982, 02.11.1988, 31.12.1974, 14.11.1993, 02.01.1975,
14.11.1941, 31.01.1930 07.11.1956 31.12.2000, 17.11.1998, 01.01.1983

15.11.1993 29.12.1949 18.11.1995
earliest latest earliest latest earliest latest
break-up | break-up | break-up | break-up | break-up | break-up

05.01.1989, 03.05.1956, 29.01.1989, 07.05.1956, 25.02.1990, 07.05.1964,
09.02.2002 29.04.1941, 10.02.1990, 02.05.1955,20.03. 1989, 06.05.1955,
29.04.1955, 11.03.1961 26.04.1958, 30.03.1961 06.05.1956,
28.04.1969, 24.04.1963, 03.05 1987,
23.04.1929, 23.04.1947 03.05.1954,
23.04.1931, 29.04.1997
23.04.1942,
23.04.1958,
23.04.1963,
23.04.1966,

can be seen for all the lakes, i.e. there is a positive trend, but
it is not statistically significant. The ice break-up date is ear-
lier, i.e. there is a negative trend and it is statistically signif-
icant at the P < 0.05.

The extreme freezing and break-up dates are summarised in
Table 3. The variation of the dates among the studied lakes
is higher in case of the freezing and lower in case of the ice
break-up. It can be seen very well here that in 1961, 1989,
1990 the earliest break-up dates could be observed in all the
lakes and in 1955, 1956, 1958, 1963 the latest break-up
dates could be observed.

Changes in the numbers of days with ice cover and se-
verity index. Until the year 1998, it could be observed that
on average the ice cover was maintained in the Latvian
lakes for 3.5-5 months or 6 months during severe winters.
As it can be seen in Figure 8, the length of the ice cover var-
ies among the studied lakes. The shortest ice cover length
refers to Lake Usma and it equals to 107 days (104 days
during the period 1945-2002), and the longest period refers
to Burtnieks and equals to 128 days and to Razna where it
equals to 133 days, i.e. 21 and 26 days longer, accordingly.
During last 14 winter seasons (1988/89-2001/02), in com-
parison to the preceding study period (1926/27-1987/88),
the number of days with ice cover had decreased on average
by 14-33 days. It has decreased most for Lake Usma and
least for lakes Burtnieks and Razna. Statistically significant
long-term changes at the P < 0.05 were identified only for
Lake Razna. Seasons with the longest and the shortest dura-
tion of ice cover are summarised in Table 4.

In order to establish the character of winter from the point
of view of severity the severity index was calculated. As it
can be seen in Figure 9, the severity index varies among the
lakes: it is higher for the lakes located in the North and East
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Fig. 8. Long-term numbers of days with ice cover of the lakes Usma (A),
Burtnieks (B) and Razna (C). The uninterrupted line is the long-term mean
value of the number of days with ice cover of the whole study period; the
interrupted lines are the long-term mean values of the number of days with
ice cover of the studied periods 1926/27-1987/88 (A), 1946/47-1987/88
(B), 1948/49-1987/88 and 1988/89-2001/02 (A, B, C).

of Latvia, which are Burtnieks and Razna, and it is lower
for Lake Usma located in the western part. Based upon the
calculated severity index the most severe and warmest win-
ter seasons correspond to the seasons with the longest and
the shortest duration of ice cover. The most severe winters
could be observed from 1954/55 to 1958/59, 1965/66,
1968/69 and 1995/96 seasons, and the warmest winters
were in 1960/61, 1974/75, 1988/89, 2001/01 seasons. The
statistically reliable negative trend at a significance level of
P < 0.05 was found only for Lake Razna.

Changes in ice thickness. The changes in the ice thickness
of the studied lakes can be described as pseudo-cycles,
where periods with thicker and thinner ice cover alternate
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Table 4

SEASONS WITH THE LONGEST AND THE SHORTEST DURATION
OF ICE COVER

Lake Usma Lake Burtnieks Lake Razna
(1926-2002) (1946-2002) (1948-2002)
season | number of | season | number of | season | number of
days days days
The longest duration of ice cover
1941/42 161 1955/56, 165 1956/57 166
1995/96
1965/66 151 1956/57 163 1965/66 163
1955/56 145 1954/55 162 1954/55 161
1931/32 141 1968/69 158 1953/54 159
1963/64, 140 1984/85 156 1955/56 158
1999/00
The shortest duration of ice cover
1990/91 23 1994/95 62 1960/61 73
1992/93 34 1960/61 71 1989/90 89
1974/75 40 1989/90 81 1982/83 95
1960/61 47 1974/75 84 1991/92 99
1929/30 49 1988/89 89 1974/75, 100
1996/97
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Fig. 9. Long-term severity indexes of the lakes Usma, Burtnieks and
Razna.
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Fig. 10. Long-term annual maximum ice thickness of winter-spring sea-
son.

(Fig. 10). Ice thickness was pronouncedly higher during the
period 1945-1973 when the maximum ice thickness levels
were observed: in Lake Usma 81 cm in the season of
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Fig. 12. Long-term monthly maximum ice thickness.

1946/47, in Lake Burtnieks 69 cm in the season of 1962/63,
in Lake Razna 79 cm in the season of 1955/56. The period
of 1988-2002 is characterised by lower ice thickness, this
was the period when the warming of the climate was ob-
served and during this period also lower maximum ice
thickness levels were observed: in Usma 12 cm and in
Razna 25 cm in the season of 1989/90, in Burtnieks 18-19
cm in the seasons of 1989/90, 1991/92 and 1992/93. How-
ever, a statistically negative trend was identified only for
the annual maximum ice thickness.

It is natural that in the Latvian lakes the mean and maxi-
mum ice thickness increase in the direction from west to
east, it is 24-31 cm and 54-56 cm, accordingly (Figs. 11
and 12). The highest mean and maximum ice thickness can
be observed in March, but they can occur also in February
and April. This depends on the heat exchange balance of the
particular year and the climatic conditions of the year that
determine the changes in the thermal and ice regimes of the
lake.

Regarding observation of the mean ice thickness of lakes no
statistically significant long-term changes were identified at
the significance level of P < 0.05. In turn, concerning the
maximum ice thickness data reliable negative trends were
identified in November, January and February for Lake
Burtnieks and March for Lake Usma and a positive trend
was identified only for November for Lake Usma.
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DISCUSSION

The long-term hydrological changes of the Latvian lakes
have been determined by the set of the natural, mainly cli-
matic, and human activities factors. The adjustment works
have been performed in all the three studied lakes, and they
have served as an essential determinant of the long-term
changes in the water level. Changes in the climatic condi-
tions, in turn, have more defined the changes in the water
temperature and the ice regime, as well as the changes in
the water regime. From year 1929 to 1930, the water bed of
the Salaca River was deepened along a section of 7 km from
its mouth. In this relation the level of Lake Burtnieks was
lowered by 1 m (Glazaceva, 1975). Regarding the study pe-
riod from 1947 to 2002 there are no data about the water
level adjustment works performed by a human at Lake
Burtnieks. Therefore, these could be considered natural pro-
cesses which have taken place mainly under the impact of
the climate change and due to the lake itself naturally trying
to restore the water level to the initial level (Fig. 2).

The long-term variation of the hydrological regime of the
lake (water level, temperature and ice conditions) is
strongly related to climatic variables. The air temperature is
the dominant variable determining the hydrological pro-
cesses and is also correlated to some extent with other rele-
vant meteorological driving variables such as solar radia-
tion, relative humidity and snowfall (Livingstone et al.,
2010). For example, statistically, air temperature is often
able to explain 60-70% of the variance in the timing of the
break-up (ice-off) on lakes (Livingstone, 1997). In Latvia
the latest study by Lizuma et al. (2007) has found that the
annual mean air temperature has increased by 1.4 °C during
last 50 years. In the study period from 1950 to 2003, the
highest increase in the mean air temperature was recorded
in spring (March, April and May) and early winter (Novem-
ber and December). Also the mean annual maximum tem-
perature increased more rapidly in April and May, while the
minimum temperature increased more rapidly in winter. In
lakes the annual and long-term water temperature changes
resemble the changes in the air temperature (Glazaceva,
1975), which is proven also by the results of our study. Dur-
ing the ice-free period from 1988 to 2002 the water temper-
ature had experienced a long-term increase by up to 1 °C.
Statistically reliable positive trends of the water temperature
were found during the spring month, which indicate a faster
removal of the ice coverage and faster warming up of the
water.

Livigstone et al. (2009) pointed out that on interannual to
interdecadal time-scales, the timing of ice-out, the tempera-
ture of rivers and lake surfaces and the discharges rates of
streams are all directly influenced by regional climatic forc-
ing. They consequently exhibit a high degree of coherence
that is linked to the regional-scale special homogeneity of
the relevant meteorological driving variables. The air tem-
perature, which exhibits the highest degree of special homo-
geneity, is responsible for much, but not all, of the observed
coherence. It was found by Livingstone and Dokulil (2001)
in spring and summer; the coherence in lake surface water
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temperature was found to be reinforced by a regional coher-
ence in meteorological driving forces other than air
temperature (e.g., wind speed in spring and high-altitude
cloud cover in summer). We can conclude that also we have
found some regional differences in the surface water tem-
perature among the studied lakes Usma, Burtnieks and
Razna. Comparatively higher long-term average tempera-
ture was characteristic for Usma (10.3 °C) followed by
Burtnieks with 9.6 °C and Razna with 9.1 °C.

Another factor which is referred to by many studies is the
North Atlantic Oscillation (NAO) (e.g. George, 2000;
Livingstone and Dokulil, 2001; Weyhenmeyer 2004;
Klavips et al., 2009). Since air temperatures in the larger
part of Europe in winter and spring are strongly influenced
by the climate prevailing over the North Atlantic, it is not
surprising that physical lake surface and rivers variables at
these times of year are strongly linked to the NAO. As the
NAO affects a number of meteorological driving variables,
its influence on lakes is typically greater than that of any
single variables (Livingstone et al., 2009).

The global warming during last decades has had an essential
impact in determining the changes in the water regime of
the lakes of Latvia: later freezing and earlier break-off dates
can be seen, thus the number of days with ice coverage and
the average and maximum thickness of ice have decreased.
The climatic factors are the most important ones which de-
termine the regional differences between the thermal and
ice regimes which are, in turn, determined by the length of
the period between the change in the average daily tempera-
ture below 0 °C and cooling of water to zero degrees in
lakes; this depending on the size and depth of the lake, its
geographic location, water exchange there, etc. (Glazaceva,
1975). Thus, small differences between the changes in the
thermal and ice regime of the lakes appeared in the study,
where by comparing Lake Usma of the west part of Latvia
to the lakes of the east part of Latvia (Burtnieks and Razna)
a slightly higher long-term average water temperature could
be seen, and also the ice-coverage period and thickness of
ice were lower at the place where winters are warmer and
milder.

The results of our study on the long-term changes in the ice
regime of lakes Usma, Burtnieks and Razna are similar to
those in the Northern countries (Korhonen (2006) in Fin-
land and Weyhenmeyer et al. (2004). The results of the
analysis clearly showed that there is a statistically signifi-
cant change towards earlier ice break-up in Finland from the
late 19 century to the present time. There is also a signifi-
cant trend towards later freezing in the longer series, and
thus also towards a shorter ice cover duration. The series of
maximum thickness of ice showed both decreasing trends in
the southern part of the country and increasing trends in the
central and northern regions. These trends were statistically
significant for approximately 50% of the observation sites.
At the same time Weyhenmeyer et al. (2004) pointed out
that the timing of ice beak-up responds much more strongly
to the interannual variations in the air temperature in south-
ern Sweden, where winters are relatively mild and duration
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