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Review Article

FLUID THERAPY IN HAEMORRHAGIC SHOCK

Alenka Seliskar
Clinic for Small Animal Medicine and Surgery, Veterinary Faculty, Gerbi¢eva 60, 1000 Ljubljana, Slovenia

E-mail: alenka.seliskar@vf.uni-lj.si

Summary: Haemorrhagic shock is a clinical syndrome manifested by inadequate tissue oxygenation due to poor perfusion
because of decreased effective circulating blood volume. Isotonic and hypertonic salt solutions and various colloids have
proven efficacy in resuscitation. Isotonic crystalloids freely cross capillary membrane and large quantities must be infused
to restore plasma volume. The poor intravascular retention of isotonic crystalloids supports intravascular volume transiently
but later can cause tissue oedema formation with impaired oxygen perfusion. The addition of colloids considerably reduces
total fluid requirements, prolongs volume expansion, and obtains haemodilution with increased microvascular perfusion.
Hypertonic salt solutions with or without colloids have been shown to expand plasma volume three to four times the volume
infused through an endogenous fluid redistribution. They also have positive inotropic effects and the increasing cardiac
output is apparently mediated by a reflex arc involving the vagus nerve with receptors in the lung. Microvascular blood flow
is not only enhanced by haemodilution but also by hyperosmolar shrinkage of blood and endothelial cells. Regardless of
the fluid therapy used, the treatment of haemorrhagic shock regiures rapid restoration of circulating volume to limit potential
complications of long-standing hypoxia. It is important to recall that the endpoint of fluid therapy for an animal in haemor-
rhagic shock is the normalization of the vital signs rather than administration of a specific volume of fluids.

Key words: haemorrhagic shock; fluid therapy; crystalloids; colloids

plications of shock ensue. Oxygen delivery decreases
and the tissues switch to anaerobic metabolism and
accumulate the oxygen debt. The goal of treatment
is the improvement of tissue perfusion and oxygena-
tion, and the mainstay of the treatment for the haem-
orrhagic shock is the expansion of the intravascular
volume by intravenous fluid therapy (2).

Introduction

Haemorrhagic shock is a clinical syndrome mani-
fested by reduced perfusion of vital organs leading
to inadequate delivery of oxygen and nutrients nec-
essary for normal tissue and cellular function (1).
Haemorrhagic shock occurs when circulating blood

volume decreases due to haemorrhage, which leads
to decreased venous return to the heart. This in turn
causes decreased cardiac output and activation of a
variety of homeostatic mechanisms including hor-
monal modulation and cardiovascular neurologic
reflexes. The compensatory mechanisms help to im-
prove blood volume, sustain the blood pressure, and
maintain perfusion to the vital organs such as heart
and brain. The perfusion can be maintained for a
short period of time following mild to moderate vol-
ume loss, however without the intervention the com-
pensatory mechanisms eventually fail and the com-
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The average estimated adult dog blood volume
represents 8% to 9% of body weight (77 to 78 ml/kg)
and in cat 6% to 7% of body weight (62 to 66 ml/kg).
Estimating blood loss is complicated and to help
guide volume replacement, haemorrhage can be di-
vided into four classes. Class I is a non-shock state,
such as occurs when donating a blood (up to 15%
of estimated blood volume). Class II haemorrhage
occurs at estimated blood volume loss of 15 to 30%
and class III at 30 to 40%, respectively. Class IV is a
pre-terminal event requiring immediate therapy (3).
Massive haemorrhage may be determined as loss of
total estimated blood volume within a 24-hour pe-
riod, or loss of half of the estimated blood volume in
a 3-hour period (4).
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Controlled and uncontrolled haemorrhagic
shock

Haemorrhagic shock occurs when a patient los-
es 30% or more its estimated blood volume (5). The
source of the haemorrhage should be determined
and controlled as soon as it is possible during the
initial stabilization. Although the basic approach
to fluid therapy of dogs and cats in haemorrhagic
shock remains the same for the most situations,
special consideration is given to the circumstances
in which the fluid therapy itself may cause the prob-
lems (e.g. head trauma) (2).

Studies from 1960s and 1970s using Wiggers
animal model of graded controlled haemorrhagic
shock demonstrated that a large extracellular fluid
deficit occurred in prolonged severe haemorrhagic
shock (6). Only the infusion of both shed blood and
lactated Ringer’s solution was effective in terms of
replacing the red cell mass, plasma volume, and
extracellular fluid. The advocates of early fluid re-
suscitation with large volumes of fluids, i.e., isotonic
crystalloids in volumes 2 to 3 times the estimated
blood loss, argued that the need for increasing car-
diac output and oxygen delivery to maintain microv-
ascular perfusion and oxygenation exceeds any risk
of accentuating haemorrhage. Aggressive fluid re-
suscitation during the Vietnam War with crystalloid
solutions and blood products allowed patients who
previously would have succumbed to haemorrhagic
shock to survive. Likewise, renal failure became less
frequent clinical problem, but acute respiratory dis-
tress syndrome appeared as an early cause of death
after severe haemorrhage (1).

Large volume fluid resuscitation has been chal-
lenged in clinical trials (7, 8) and experimental mod-
els (9, 10, 11, 12) of uncontrolled haemorrhagic shock.
Any attempts to increase blood pressure to normal by
aggressive fluid resuscitation resulted in increased
bleeding from injured vessels, haemodynamic decom-
pensation, and increased mortality, when compared
to no fluid resuscitation (8,13, 14) or hypotensive
resuscitation (15, 16). Aggressive fluid infusion to
achieve normal haemodynamic parameters is there-
fore contraindicated in uncontrolled haemorrhagic
shock because it may renew internal bleeding; it is
withheld until the time of surgical intervention.

The route of fluid administration

The main goals of resuscitation are to stop the
source of haemorrhage and to restore circulating

blood volume. Vascular access must be obtained to
begin adequate volume resuscitation, because flu-
ids administered subcutaneously or into peritoneal
cavity are not considered adequate for shock thera-
py- The neurohormonal response to low cardiac out-
put results in peripheral vasoconstriction and poor
absorption of fluids administered subcutaneously
or intraperitoneally. Central veins (v. jugularis) al-
low larger volumes of crystalloids to be administered
faster, but usually the catheterization of a peripher-
al vein is completed before placing a catheter in the
jugular vein. The intraosseous route (trochanteric
fossa, tibial crest, iliac wing or proximal humerus)
of administration may come into consideration in
animals weighing less than 2 kg, for instance pup-
pies and kittens (17).

Isotonic crystalloids

Isotonic crystalloids have been the most common
type of fluid recommended initially for the shock
patient. Examples of isotonic crystalloids include
lactated Ringer’s solution and physiologic saline or
0.9% NaCl. Lactated Ringer’s solution is probably the
most widely and frequently used balanced salt solu-
tion for fluid resuscitation in haemorrhagic shock. It
provides a source of bicarbonate as a result of metab-
olism of lactate to CO, and H,O, which is particularly
beneficial in shock patients with clinically relevant
metabolic acidosis. Hyperchloraemic metabolic aci-
dosis has been reported after administration of large
doses of physiologic saline, therefore it is less suit-
able for the acute volume resuscitation (17).

Isotonic crystalloids freely cross capillary mem-
branes and large quantities must be infused to re-
store plasma volume. The poor intravascular reten-
tion of isotonic crystalloids supports intravascular
volume transiently but later can cause tissue oede-
ma with impaired oxygen perfusion. Approximately
75% to 80% of isotonic crystalloids move to the inter-
stitial space within the first hour after intravenous
administration, therefore four times the amount of
crystalloids (compared with blood loss) should be
administered to support the circulation (17, 18).
Large volumes of isotonic crystalloids decrease in-
travascular oncotic pressure due to dilution of im-
permeant protein anions. Decreased oncotic pres-
sure impairs maintenance of intravascular volume
and promotes extravasation of fluids into the inter-
stitial space (17).

Several studies have raised questions regarding
the effects of resuscitation regimens on aspects of
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the immune response to haemorrhagic shock. It
was observed, that lactated Ringer’s solution exac-
erbated neutrophil superoxide burst activity and in-
creased neutrophil adherence (19). Also, it has been
shown that aggressive crystalloid resuscitation was
followed by increased cytokine activation including
IL-1, IL-6 and TNF (20).

Colloids

Colloid solutions are divided into biologic (e.g.,
whole blood, albumin, plasma) and synthetic (hy-
doxyethyl starch derivatives, dextrans, gelatins, hae-
moglobin-based oxygen carriers). They have been
advocated for the treatment of haemorrhagic shock
as they tend to remain in the intravascular compart-
ment. The addition of colloids to crystalloids consid-
erably reduces total fluid requirements, prolongs
volume expansion, and obtains haemodilution with
increased microvascular perfusion. Ideally, a shock
bolus of crystalloids and synthetic colloids is an ex-
cellent starting point to increase intravascular vol-
ume, venous return, cardiac output, and tissue per-
fusion. As these fluids are given, fresh whole blood
or blood constituents can be obtained to be used for
transfusion (2).

Whole-blood transfusion may be warranted as
a first choice biologic colloid during haemorrhagic
shock. Packed red cells together with fresh frozen
plasma may be used as well. Adequate haemoglob-
in levels are required to maintain oxygen-carrying
capacity and to deliver oxygen to the tissues. In ad-
dition, plasma is an excellent source of coagulation
factors and proteins such as albumin, which are re-
quired for drug binding and buffering. The colloid
oncotic pressure of albumin is nearly identical to
that of plasma (20 to 25 mmHg). However, albumin
distributes throughout the extracellular space, and
the amount of time it spends in the intravascular
space is longer than that of crystalloid but shorter
than that of hetastarch. The plasma half-life of al-
bumin is 16 hours, and more than 90% of infused
albumin remains in the intravascular space (21).

In animals with acute blood loss of more than
30% estimated blood volume and haematocrit val-
ues below 25%, packed red blood cells are adminis-
tered at doses of 15 to 20 ml/kg, fresh frozen plasma
at doses of 10 to 15 ml/kg, and whole blood at doses
of 20 to 25 ml/kg (2). Under most of circumstances,
the recommended rate of whole-blood transfusion
has been reported not to exceed 22 ml/kg/h, but a
clinical situation such as haemorrhagic shock may

require quicker administration (22).

Synthetic colloids are high molecular weight sub-
stances that remain in the vascular space. They fall
into following major groups: the hydoxyethyl starch
derivatives, the dextrans, the gelatins, and haemo-
globin-based oxygen carriers (to be discussed later).
The hydroxyethyl starches are synthesized by par-
tial hydrolysis of amylopectin (the branched form of
plant starch), the dextrans from a macromolecular
polysaccharide produced from bacterial fermenta-
tion of sucrose, and the gelatins from hydrolysis of
bovine collagen followed either by succinylation or
linkage to urea (23).

Among the synthetic colloids, hydoxyethyl
starches (HES) have the fewest anaphylactoid reac-
tions and are the most commonly used colloids in
Europe. The extent of hydoxyethylation (degree of
substitution), and its pattern, determine the degra-
dation of HES by serum o-amylase, and therefore
account for the pharmacological differences be-
tween various HES specifications (24). The average
molecular weight plays only a minor role in deter-
mining the pharmacological profile of HES solution
(25, 26). HES may interfere with coagulation and ac-
cumulate in plasma and tissues (23).

The most pronounced side effects were found
with large and highly substituted HES molecules,
like hetastarch HES 450/0.7 which has an aver-
age molecular weight of 450,000 dalton and high
degree of molar substitution (i.e., ratio of hydrox-
yethyl groups to glucose residues) of 0.7 (27). HES
450/0.7 prolongs partial thromboplastin time, but
clinical episodes of bleeding have not been reported
in human or veterinary patients when daily admin-
istration does not exceed currently recommended
guidelines (10 to 20 ml/kg in the dog and 10 to 15
ml/kg in the cat). The dosage may be administered
as a rapid bolus in dogs and over 10 to 15 minutes
in cats because rapid administration has been re-
ported to cause nausea in cats. HES 450/0.7 at a
dosage of 20 ml/kg results in 70% to 200% (average
141%) increase in plasma volume, and the duration
of plasma volume expansion is 12 to 48 hours, with
longer retention time with higher doses (17).

In Europe, several hydroxyethyl starch prod-
ucts are available with smaller average molecular
weights and smaller degree of molar substitution,
including pentastarch or HES 200/0.5 with average
molecular weight of 200,000 dalton and degree of
molar substitution of 0.5 (HAES-steril 6%, Fresen-
ius Kabi, Bad Homburg, Germany) and a novel HES
type 130/0.4 with an average molecular weight of
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130,000 dalton and a degree of substitution of 0.4
(Voluven, Fresenius Kabi, Bad Homburg, Germany).
The molecular weight of the latter is the narrowest
of all available HES types, i.e., the proportion of very
large and very small molecules is reduced. Voluven®
has a volume effect of approximately 100% (of the
infused volume) and a 4- to 6-hour duration, which
is comparable with the current European stand-
ard HES, i.e., HAES-steril 6%®. These products have
been developed to maximize volume expansion ef-
fects while minimizing the risk of adverse effects on
the haemostatic system by reducing the number of
large molecules (22, 26).

Hypertonic saline

Hypertonic salt solution, i.e., 7.5% NaCl in a dose
of 4 ml/kg has been shown to expand plasma vol-
ume three to four times the volume infused through
an endogenous fluid redistribution (28, 29). It also
has positive inotropic effects and the increase in
cardiac output is apparently mediated by a reflex
arc involving the vagus nerve with receptor in the
lung. Microvascular blood flow is not only enhanced
by haemodilution but also by hyperosmolar shrink-
age of blood and endothelial cells (30). Small-volume
hypertonic resuscitation is effective in achieving
haemodynamic stability, restoring splanchnic or-
gan perfusion (31, 32), attenuating neutrophil mar-
gination (33) and reducing the increases in postre-
suctitation intracranial pressure (34, 35). The use
of hypertonic saline requires preexisting normal
hydration and serum sodium concentration as it
causes considerable increases in serum sodium
concentration leading to salt poisoning (17).

The duration of effects is similar to that of isot-
onic crystalloids, and additional intravascular sup-
port with colloids is required to maintain effective
volume expansion. Complications of hypertonic sa-
line administration may occur when solutions are
infused too rapidly (not faster than 1 ml/kg/minute)
and include bradycardia, hypotension, bronchocon-
striction, and rapid, shallow breathing,. Cellular dehy-
dration is another potential complication of admin-
istering hypertonic solutions, an effect that is more
likely when multiple doses are used or when hyper-
tonic saline is used in dehydrated patients (17).

Oxygen-carrying blood substitutes

Oxygen-carrying blood substitutes hold a prom-
ise as effective resuscitation fluids that may improve

oxygen carrying capacity without problems of stor-
age, compatibility, and disease transmission that
are associated with standard blood transfusion.

The haemoglobin-based oxygen carrier Oxyglobin
(Biopure Corporation, Cambridge, Massachusetts,
USA), which is a polymerized haemoglobin of bovine
origin, has been released to the veterinary market.
Oxyglobin® exerts a colloid effect in blood, potential-
ly making it the ideal fluid for resuscitation. Supple-
mental oxygen is not required for the positive effects
on oxygen-carrying capacity, and it has prolonged
shelf life (approximately 2 years at room tempera-
ture) (17). Disadvantages include short plasma-half
life, potential renal toxicity, hypertensive effects, and
the potential of immunogenic effects (1).

Conclusion

Shock is defined as inadequate tissue oxygena-
tion due to poor perfusion. Haemorrhagic shock
ensues when circulating blood volume decreases
secondary to haemorrhage and a patient loses 30%
of its blood volume. The main goal of therapy in
haemorrhagic shock is obtaining adequate tissue
oxygenation. Intravenous fluids, crystalloids, and/
or colloids should augment cardiac output, thus
increasing tissue perfusion and potential oxygen
delivery to the tissues. Blood products may be nec-
essary to improve haemoglobin content and oxygen-
carrying capacity.
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TEKOCINSKA TERAPIJA HEMORAGICNEGA SOKA
A. Seliskar

Povzetek: Hemoragic¢ni Sok je klini¢ni sindrom, ki se kaze z nezadostno oskrbo tkiv s kisikom zaradi slabe prekrvitve kot
posledice zmanjsanega efektivhega volumna krvi. Pri zdravljenju hemoragi¢nega Soka so se kot ucinkovite izkazale izoto-
ni¢ne in hipertoni¢ne raztopine soli in razli¢ni koloidi. Izotoni¢ni kristaloidi neovirano prehajajo skozi kapilarno membrano,
zato jih moramo injicirati v veliki koli¢ini, da nadomestimo izgubljeno koli¢ino plazme. V znotrajzilnem prostoru ostanejo le
kratek ¢as, kasneje pa zaradi prehajanja v zunajzilni prostor lahko povzrocijo edem tkiv in njihovo okrnjeno oskrbo s kisikom.
Dodajanje koloidov znatno zmanjsa potrebe po skupni koli¢ini tekocin, podalj$a volumensko ekspanzijo, zaradi razredcitve
krvi pa se zveca mikrovaskularna prekrvitev. Hipertoni¢ne raztopine soli z dodanimi koloidi ali brez njih z endogeno preraz-
poreditvijo tekocin zvecajo koli¢ino plazme tri do stirikratno glede na injicirano koli¢ino raztopine soli. U¢inkujejo pozitivno
inotropno, k zve¢anju minutnega volumna srca pa naj bi prispevala tudi aktivacija refleksnega loka, ki vkljucuje n. vagus in
receptorje v plju¢ih. Mikrovaskularni pretok se po dajanju hipertoni¢nih kristaloidov ne zve¢a samo zaradi razredcitve krvi,
temvec tudi zaradi hiperosmotskega skrcenja krvnih in endotelijskih celic. Ne glede na vrsto tekocine, ki jo uporabimo pri
zdravljenju hemoragi¢nega Soka, je nujno ¢imprej vzpostaviti u¢inkovito cirkulacijo, s ¢imer omejimo morebitne zaplete
zaradi dalj ¢asa trajajoce hipoksije. Poudariti je tudi treba, da je cilj tekoc¢inske terapije normaliziranje zZivljenjskih funkcij
zivali in ne zgolj dajanje vnaprej dolo¢enega odmerka tekodin.

Kljuéne besede: hemoragic¢ni Sok; tekoc¢inska terapija; kristaloidi; koloidi
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Summary: Seven transmembrane (7TM) receptors constitute the largest and the most diverse superfamily of proteins
encoded in the human genome comprising at least 850 putative members. These receptors are widely expressed in
the body and play a fundamental role in physiology and pathophysiology. Not only do they regulate many physiological
processes, but drugs that target these receptors and either activate or inactivate them, account for the most prosperous
drugs sold worldwide. Of approximately 500 currently marketed drugs, more then 30 % are modulators of 7TM receptor
function. In the last two decades, impressive progress in the understanding of 7TM receptor function has been achieved,
though dimerization or oligomerization of 7TM receptors is still a novel and controversial concept. Although a large
quantity of data, obtained by different biophysical, biochemical, structural and functional approaches e.g. coimunopre-
cipitation, Western blot, bioluminescence and fluorescence resonance energy transfer (BRET and FRET, respectively)
argue for dimerization or oligomerization of these receptors, several publications criticized the applied methods and
challenged the concept. In this paper the main and the most important techniques are presented and complemented
with our ideas.

Key words: 7TM receptors, structure, dimerization, experimental methods

The 7TM receptors are targets for an extraordi-
nary repertoire of extracellular endogenous ligands,
which show a vast variation in structure, size and

Introduction

With its 865 members, according to recent bioin-

formatics analysis of human genome (1) the group of
seven transmembrane (7TM) receptors, also known
as G protein-coupled receptors constitute the largest
superfamily of proteins in humans, as well as in ani-
mals. As the first name implies, these integral mem-
brane molecules share a common tertiary structure
characterized by seven membrane-spanning o- heli-
ces connected by alternating intra- and extracel-
lular loops. As the second name implies, the recep-
tors are able to signal by activating heterotrimeric
intracellular guanine-nucleotide binding proteins
(G-proteins) (2, 3).
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chemical nature. This includes large proteins, pep-
tides, amino acids, lipids, biogenic amines, nucle-
otides and even single ions. This diverse group of lig-
ands illustrates the involvement of these receptors
in a great variety of physiological processes. What
these diverse ligands have in common is their ability
to functionally activate 7TM receptors and thereby
propagate signals to the intracellular environment
and in such way to serve as molecular switches for
cells, which is crucial for cellular survival and cel-
lular adaptation. As a result, receptors exert a wide
range of physiological functions, for instance they
mediate neurotransmission, hormone response, in-
flammation, regulate heart rate and blood pressure,
modulate skin pigmentation, direct the site-specific
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trafficking of leukocytes, control neuronal activity in
specific areas of the brain, contribute to the progres-
sion of infectious diseases, or are involved in recog-
nizing light-sensing molecules in the eye, several
hundred of distinct odorants in the olfactory system
and a large number of taste molecules in taste buds
(2,4,5,6,7).

Defects in receptor signalling systems and their
regulation are responsible for many diseases. These
include defects in heart rhythm and motor skills,
metabolic diseases like obesity and type II diabetes,
mental disorders, as well as some viral infections,
like those observed with influenza, herpesvirus in-
fections and some forms of cancer. Given this func-
tional diversity, it is not surprising that approxi-
mately a third of the commercially available drugs
modulate 7TM receptor activity and 7TM receptors
remain highly interesting, both from a biological per-
spective and as future drug targets (7). 7TM receptor
agonists and antagonists have therapeutic benefit
across a broad spectrum of diseases including pain
(opioid receptor agonists), asthma (B,-adrenergic re-
ceptors agonists), peptic ulcers (histamine receptors
antagonists) and hypertension (angiotensin recep-
tor antagonists) (6, 8). They have also been proven
as relatively easy drug targets to modulate cellular
responses, since these drugs can act without enter-
ing the cell. However, around 100 7TM receptors, ac-
cording to the list maintained by the International
Union of Basic and Clinical Pharmacology (IUPHAR),
have not yet been paired with their endogenous lig-
ands and are known as “orphan” receptors (9).

7TM receptors have no overall sequence homol-
ogy (10); though, they share a basic common archi-
tecture of seven hydrophobic TM domains consist-
ing of 20-25 amino acids, while the total length of
7TM receptors is generally 400-480 residues. The
TMs form o helices connected by alternating three
intracellular loops (IC-loops) and three extracellular
loops (EC-loops) and are flanked by an extracellular
amino-terminal tail and intracellular carboxyl-ter-
minal tail. Apart from the overall common architec-
ture, most 7TM receptors have structural similari-
ties also designated as “fingerprint residues”, which
are distributed as clusters of conserved residues
throughout the receptor. Based on conserved key
residues and structural motifs, the 7TM receptor
superfamily has been subdivided into three major
families denoted A, B and C. In addition, three minor
families exist namely the frizzled/smoothened, taste
TR2 and pheromone VR1 receptor families (6). The
A family receptors are by far the most studied. Rho-

dopsin (light receptor of the eye) and B,-adrenergic
receptors (receptors that target cateholamines) are
prototypical members and their structures have
been determined at the molecular level. Rhodopsin
was the first 7TM receptor crystallized (11) and sev-
eral years later two groups have successfully crys-
tallized B,-adrenergic (12) and 3 -adrenergic recep-
tors (13). Other important members of the A family
are chemokine receptors and receptors regulated by
viruses. The B family of receptors are characterised
by a large (~ 100 amino acids) N-terminal domain
to which peptide hormones bind and activate this
group. Metabotropic glutamate receptors (mGlu) are
the prototypical receptors that make up the C fam-
ily. Family C members have a very large N-terminal
domain (> 350 residues), which is responsible for
binding their endogenous ligands.

The 7TM receptors primarily signal through
the family of G-proteins. These heterotrimeric com-
pounds consist of the three subunits, designated o,
B and v, of approximately 40, 35 and 7 kDa, respec-
tively. Agonist activation of a 7TM receptor induces
conformational change within the receptor result-
ing in increased affinity for the G-protein and ex-
change of GDP and GTP on the Ga subunit. Subse-
quently, both the Go-GTP and Gy are activated and
able to modulate signalling molecules. The intrin-
sic activity of the Go. subunits hydrolyzes the GTP
back to GDP, which promotes reassociation with the
GPy and both signalling molecules are returned to
their inactive states. Diversity of G-protein signal-
ling leads to a wide range of possible biological re-
sponses including cell proliferation, differentiation,
development, survival, angiogenesis, hypertrophy or
oncogenesis. This is accomplished by a plethora of
Go and GPy subunits, which stimulate a variety of
intracellular signalling pathways and other down-
stream targets (14, 15). Traditionally, G-proteins
have been classified into four families based on se-
quence homologies among the o-subunits, namely
Go, Go, Go, and Ga,, (16). A total of 16 genes en-
code Go proteins and further diversity is generated
through transcriptional splice variation (17). The Gf
and Gy subunits are tightly linked and can be con-
sidered as a single entity. There are five GB genes
and twelve Gy genes and also many splice variants
have been described. Multiple pairings between Gf
and Gy subunits are possible.

Members of the Go, family primarily induce the
activity of adenylyl cyclase (AC), leading to cAMP for-
mation. On the contrary, most members of the Go,
family inhibit the activity of AC. The Ga, subunits
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primarily stimulate different subtypes of phospholi-
pase C (PLC) B, which results in inositol 1,4,5 triphos-
phate (IP3) and diacylglycerol (DAG) accumulation,
while the Goa,, subunits regulate the ras homol-
ogy guanine exchange factor activity. As opposed to
the Go families, the action of the By-subunits does
not primarily act upon one type of effector. The By
subunits are capable of regulating a multitude of ef-
fector molecules including all the abovementioned
as well as phophoinositide 3-kinases, G-protein cou-
pled receptor kinases (GRKs), tyrosin kinases and
ion channels among others (11). In addition to sig-
nalling through G-proteins, 7TM receptors can also
transduce signals through G-protein independent
mechanisms. This was first reported in 1988, when
acetylcholine was found to induce a potassium cur-
rent through muscarinic receptors in the absence
of G-protein (18). However, this remained highly
controversial until recently as the tools available to
rule out a G-protein mediated response have made
G-protein-independent signalling unequivocal. The
existence of G protein-independent, GRK/p-arrestin-
mediated signal transduction has been established
for several 7TM receptors (19) and may represents a
potentially important mechanism by which 7TM re-
ceptors modulate physiologic processes as recently
suggested in the cardiovascular system (20).

Idea about 7TM receptors dimerization and
their cross-talk

7TM receptors are traditionally thought to act
as monomers that engage their cognate G-proteins
with a stochiometry of 1:1 (6). The traditional view
of 7TM receptors signalling (described above), a
cell-surface receptor is activated by the binding of
a single agonist ligand, which further activates one
G-protein (21, 22). Rhodopsin, the first 7TM receptor
which was purified, was characterized as a single
polypeptide that functions as an isolated monomer
30 years ago. Initially it was assumed that it binds
like other 7TM receptor members to one heterot-
rimeric G-protein, thus a single receptor can acti-
vate sequentially a large number of G-proteins. How-
ever, this idea has been challenged during the 1970s
and 1980s, with the usage of radiation inactivation
as well as accumulating pharmacological and bio-
chemical data regarding the association of many
7TM receptors types into higher-ordered structures
(23, 24). On the other hand, crystalographic analy-
ses of two new crystal forms of rhodopsin (25) re-
vealed an interaction surface which may be involved

in the formation of functional dimers or oligomers
and implicates TM-I, TM-II, and helix 8 as the main
contact surface stabilizing the dimers; this supports
a stochiometry of 2:1 (2 receptors, 1 G-protein). Most
evidence suggests that 7TM receptors dimerize,
although formations of higher 7TM receptor com-
plexes are also probable, as receptor dimers may
represent the “building blocks” of higher order oli-
gomers. This idea that receptors might dimerize was
first proposed in 1982 (26) although the idea only
gained some acceptance after more than a decade.
7TM receptors can be either connected to identical
partner(s), which results in formation of homodim-
ers (or homo-oligomers), or to structurally different
receptor(s), which results in formation of heterodim-
ers (hetero-oligomers) (27).

7TM receptor dimerization was proposed to play
a potential role in i) receptor maturation and correct
transport to the plasma membrane, ii) ligand-pro-
moted regulation, iii) pharmacological diversity, iv)
signal transduction, and v) receptor internalization
and desensitization (28, 29).

Dimerization interface and domain swapping

Many different interfaces of dimerization are re-
ported in literature, involving the transmembrane
domains and ectodomains, such as C-termini. A
considerable amount of evidence supports a TM-V
and TM-VI dimerization interface (30), however on
the other hand, functional site was identified also in
helices TM-II and TM-III. Nevertheless, the interface
may depend on additional stabilizing factors such
as the coiled-coil interactions reported in the GABA
receptor and the disulfide bridge interactions in the
muscarinic and the other class C receptors. GABA
receptors are an example of an interaction involv-
ing their C-termini (31). The evidence from several
laboratories (reviewed in 30) support the TM-V and
TM-VI dimerization interface, known to play a role
in activation. Helices TM-V and TM-VI can form two
dimer types: TM-V, TM-VI-contact dimers, and TM-V,
TM-VI-domain-swapped, dimers. Simple TM-V, TM-
VI contact dimer would use exactly the same V-VIin-
terface and would differ only in the relative orienta-
tion of IC loop3. Domain swapping was proposed by
Gouldson et al. (32) as an explanation for the func-
tional rescue observed on co-expression of adren-
ergic-muscarinic chimeric receptors (33). The abil-
ity of helices TM-I and TM-V and TM-VI and TM-VII
to function as separate A and B domains has been
shown for the rhodopsin, adrenergic, muscarinic,
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vasopressin, and GnRH receptors. Such evidence for
a dynamic structure reinforces the idea that these
receptors could domain-swap (30). The functional
interaction site identified in helices TM-II and TM-
III is not as well-defined as the site on helices TM-V
and TM-VI and there are not many experiments that
clearly implicate the external face of helices TM-II
and TM-III in dimerization activity (34).

Methods applied for studying 7TM receptor
dimerization and cross-talk

Different methods have been employed in order
to resolve how 7TM receptors work, showing that
they might not act as single monomeric units. De-
spite many different techniques applied to resolve
this issue, this new concept is still debated (35).
One concern has been that 7TM receptors homo-/
heterodimerization might be an artefact of receptor
over-expression and/or a result of the techniques
used to study receptor associations. Some of these
methods are discussed below.

Sucrose density gradient fractionation and
imumunoblot analyses

Initially, analysis of the receptor species for neu-
rotransmitters, such as dopamine, opioids, and oth-
er peptides present on plasma membranes obtained
by sucrose density gradient fractionation and visu-
alized by immunoblot, revealed receptor monomers,
dimers, and higher molecular weight forms. Te-
tramers of 7TM receptors have also been reported
in immunoblot analyses of membranes from cells
expressing the receptors and in native brain tissue
(36). This method never gained general acceptance,
partly due to the fact that there were observations
of some oligomers with odd an number of receptors
(e.g. trimers, pentamers) (23).

Co-immunoprecipitation and Western blot

One ofthe most frequently used approaches was
co-immunoprecipitation of differentially-tagged
receptors, which has also been used to track other
protein partners. Immunoprecipitation is a useful
method for isolating proteins of interest from cel-
lular extracts using specific antibodies. Following
immunoprecipitation of a protein of interest, it can
be determined via Western blot whether any other
proteins have co-immunoprecipitated. 7TM re-
ceptors can be tagged with different epitopes (e.g.

HA-, c-myc-) and the same 7TM receptor can be co-
expressed in two different foms in a heterologous
expression system. Initially this technique was
used to co-express c-myc- and HA-tagged forms of
B,-AR in insect Sf9 cells and demonstrated inter-
action between the two isoforms of the receptor
as both were present in imunoprecipitates gener-
ated using either anti-HA or anti-c-myc antibod-
ies (37). These studies also noted the resistance to
monomerization during SDS/PAGE resolution of
simple membrane preparations, while higher-or-
dered structures were observed, under denaturat-
ing conditions (in the presence of sodium dodecyl
sulfate; SDS), which were interpreted as potential
artefacts. Because of hydrophobic nature of the
receptor TM domains there were opinions that co-
immunoprecipitation might reflect nonspecific
aggregations due to detergent extraction of mem-
branes or cells. However, Salim et al. (38) showed
interactions between several 7TM receptors. The
first widely accepted demonstration of 7TM re-
ceptor heterodimerization came from the GABA,
(GB_R) receptors, which only responded to GABA
when co-expressed (39).

Atomic force microscopy (AFM)

Rhodopsin is the only 7TM receptor for which the
presumed higher-order oligomeric state has been
demonstrated in the native disk membrane. Recent
atomic force microscopy (AFM) studies revealed an
oligomeric arrangement of rhodopsin and opsin in
the form of large paracrystalline arrays, which shows
receptors organized into rows of dimers (40, 41).

AFM is a very high-resolution scanning probe
microscope, with demonstrated resolution of frac-
tions of nm, more than 1000 times better than the
optical diffraction limit. The AFM can be used to
image and manipulate atoms and structures on
a variety of surfaces. The atom at the apex of the
tip “senses” individual atoms on the underlying
surface when it forms initial chemical bonds with
each atom. Because these chemical interactions
gently alter the tip’s vibration frequency, they can
be detected and mapped. AFM has also been used
to measure the forces required to unfold single
rodopsin molecules, thereby revealing which resi-
dues are responsible for its stability. Recent func-
tional analyses of fractions from solubilized disk
membranes revealed that higher-order rhodopsin
oligomers are the most active species. Based on
these data and the X-ray structure, an atomic mod-
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el of rhodopsin dimers has been proposed, a model
that is currently analyzed and utilized in various
ways (42).

Fluorescence resonance energy transfer
(FRET) technique

Fluorescence resonance energy transfer (FRET)
is a biophysical method that enables proximity as-
sessment of appropriately tagged receptor proteins
in live cells. Initially it was used to demonstrate
conformational changes in 7TM receptor mono-
mers upon agonist binding and was later used to
detect 7TM receptor dimers. Forster resonance
energy transfer (RET) is based on non-radiative
transfer of energy between suitable donor and ac-
ceptor that are less than 100 A apart and properly
orientated (43, 44). The basic principle (described
in 45) of this method of detection uses two fluo-
rescently labeled proteins, the green fluorescent
protein (GFP) and a mutation of this protein with
altered spectral characteristics, e.g. cyan fluores-
cence protein (CFP), yellow fluorescence protein
(YFP) or others variants. The transfer of energy
is a consequence of the spectral overlap between
the donor emission and acceptor excitation pro-
files. Although, FRET enables the visualization of
protein interactions in living cells, the problems
associated with FRET (e.g. high fluorescent back-
ground, autofluorescence, photobleaching) make
BRET, which uses bioluminescence donor instead
of a fluorescent one, the technology of choice for
several applications. Also a distinct time-resolved
FRET-based approach to monitor interactions be-
tween 7TM receptors at the cell surface is based
on using anti-epitope tag antibodies labeled with
suitable donors and acceptors, which are modifica-
tions of earth elements lanthanides. N-terminally
epitope-tagged forms of 7TM receptors should only
be accessible to such antibodies in intact cells if
they have been delivered successfully and inserted
in plasma membrane (46). Advanced version is a
combination of time-resolved FRET and SNAP-tag
technologies, which enables quantitative analysis
of protein-protein interactions. SNAP-tag technolo-
gy enables direct covalent labeling of the proteins of
interest, eliminating the need for antibodies and re-
ducing the assay complexity. It consists of a protein
tag that reacts covalently with a labeled substrate,
forming a stably labeled fusion protein. Substrates
are derivatives of O benzylguanine (BG) that can
carry a wide range of different labels (46, 47).

Bioluminescence resonance energy transfer
(BRET)

BRET is principal method by which scientists
currently investigate 7TM receptors oligomeriza-
tion (28). BRET was first described in a study on
dimerization of the bacterial Kai B clock protein
(43). Subsequently, BRET was introduced in the
7TM receptor and tyrosine kinase receptor field
demonstrating B,-AR dimerization (48) and ligand-
induced conformational changes in the insulin re-
ceptor (49). Further on it has been suggested as a
suitable tool for characterization and detection of
7TM receptors homo/heterodimerization (50). Since
then, existence of several homo- and heterodimers
has been reported in living cells. Renilla luciferase
(RLuc) and green fluorescent protein (GFP) used
as energy donor an acceptor, respectively are fused
to the proteins of interest and co-expressed in the
same cells (described in 45). In the presence of the
substrate (e.g. coelenterazine, DeepBlueC), RLuc
emits light at a specific wavelength and after inter-
action of labeled proteins RET occurs, when energy
is transferred from RLuc to GFP and light is emit-
ted at different wavelength. Following BRET, an ad-
vantageous version, termed BRET? was developed
with improvements in the substrate (instead of coe-
lenterazine h, a coelenterazine analog DeepBlueC
was employed) and Stokes shift (GFP was replaced
by GFP mutant GFP?), which gives better separation
of RLuc and GFP light and hence higher sensitivity
(51). However, quantification of the fraction of 7TM
receptors existing as momoner vs. dimer or higher-
order oligomer remains a challenging task. With a
modified form of the Veatch and Stryer model (52)
and using BRET, we proposed a theoretical model to
distinguish between these possibilities (50).

Controlled dimerization system

This system was developed by Patricia Hinkle
group (53) in order to study the functional impor-
tance and consequences of homodimerization of
thyrotropin-releasing hormone receptor (TRH). In
this system, which allows artificially induced ho-
modimerization of TRH receptor, the C-terminal tail
of receptor was linked to HA-tagged human FK506
binding protein (FKBPv). Furthermore, a dimeric
ligand was created by linking together to monomer-
ic ligands, which each bind to a single FKBPv and
used to induce dimerization of FKBPv-TRH receptor
fusion protein.
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Chimeric approach - employment of quality
control system of GB,R

The most direct and convincing evidence for re-
ceptor dimerization came from studies on the GABA
(GB) receptors, the first 7TM receptors shown to
be functionally combined of two distinct subunits,
GABA;, (GB,) and GABA,, (GB,), as an obligatory
constitutive heterodimer (39, 54, 55, 56), thus rep-
resenting a good model for studying the functional
relevance of 7TM receptor dimerization. The GB,
found to be largely nonfunctional in the terms of
ligand binding when expressed alone and GB, non-
functional in signalling properties. Co-expression
of the two subunits is required for proper insertion
of the heterodimer to plasma membrane. The GB,
subunit contains an endoplasmic reticulum (ER)
retention RSRR signal in its C-terminal tail, prevent-
ing it from reaching the cell surface as a monomer.
Only when associated with GB,, GB , retention sig-
nal is masked and the GB,, subunit can reach the
cell surface as a functional receptor (56). Although
no covalent linkage between the subunits has been
observed, these dimers are likely to be very stable
due to o coiled-coil interaction. To determine wheth-
er the GB,, subunit is required for all GB R pharma-
cology, transgenic mice were generated with a GB |
receptor deletion. In these mice, pre- and postsynap-
tic GB,R function was absent, which suggests that
GB,, is essential for all GB R pharmacology. In ad-
dition, the epileptic phenotype of heterozygote ani-
mals indicated that both GB,R agonist and antago-
nists might have therapeutic benefit in treatment
of neurological and psychiatric disorders (57). In a
study on mGlub receptor (58), a member of C fam-
ily of 7TM receptors, chimeric mGlub receptor was
engineered by exchange of the mGlub receptor tail
with GB,, and GB, tails, developing mGlu5-GB, and
mGlu5-GB, chimeras (receptors that have combined
attributes from different sources). The study dem-
onstrated that the quality control system of GB,R
could be transferred to other family C members. In
our study this principle was transferred to a mem-
ber of the A family of 7TM receptor (59).

Concatameric approach

For studying dimerization, a new approach of
forced obligatory dimers, also termed concatam-
ers can be used. The term concatamer or concat-
americ receptors is used when two or more linear
molecular units are covalently linked in tandem.

Previously this system was used to study the stoi-
chometry of acetylcholine ion gated channel - a
heteromer consisting of five subunits (60) and was
later transferred to the 7TM receptor field by Terp-
ager (61). In the latter study two 7TM receptors were
forced together by linkage with an artificial trans-
membrane region, since 7TM receptors have an un-
even number of transmembrane segments, which
places the N-terminal and C-terminal parts on the
opposite side of membrane, we can not fuse them
together in a classical way. Concatamers were en-
gineered by linking the C-terminal end of “receptor
A” to the N-terminal end of “receptor B” through a
spacer construct comprising of an artificial trans-
membrane helix. As model systems, two unrelated
7TM receptors e.g. NK -R and ,-AR were chosen,
which, at present, are not expected to form hetero-
dimers by themselves, but homodimers of the 3,-AR
were (37, 48) and were also connected together in a
fusion protein. The same system was used to study
homodimerization of the ghrelin receptor (unpub-
lished).

Dimerization observed in different families of
7TM receptors

Heterodimerization in the C family of receptors
has been most extensively studied and for some ex-
perts in the field of 7TM receptors the only one dem-
onstrated to form real dimers. In this family of 7TM
receptors heterodimerization is important for either
receptor function, proper expression on the cell sur-
face or enhancing receptor activity. In the A family
of receptors, dimerization was extensively studied,
however it remains extensively controversial. On the
other hand, this view my change due to recent com-
pelling evidence for the dimerization in the family
A 7TM receptors that was elegantly demonstrated
for the first time in vivo by Huhtaniemi’'s group who
was able to rescue the LH receptor knockout pheno-
type by complementation i.e. co-expressing two non-
functional receptor mutants in the knockout mice
(62). Review of examples is presented in Table 1.

Clinical relevance of 7TM receptor homo-
and heterodimerization

Importance of 7TM receptor dimerization is al-
ready obvious in cross-talk between different class-
es of drugs. Beta blockers can, in some cases, block
signalling by both ,-AR and angiotensin AT R. Fur-
thermore, the interaction between 6-OPR and u-OPR
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Table 1: Overview of dimerizing 7TM receptors

7TM receptors Type/ Effect Method Refe-
FAMILY C Mechanism rence
GABA receptors heterodimerization GB, R binds the ligand, GB,R is yeast two-hybrid screening;, (54, 63,
GB, R, GB,R via C-terminal tail required for cell-surface expression,  co-immuno- precipitation 64)
coil-coiled interaction together are functional
glutamate receptor ~ homodimerization each bind a ligand, might be required  different crystal structures  (65)
mGluR1 via a disulfide bridge in  for proper expression on the cell of the extracellular ligand-
the N-terminal domain ~ surface binding region of mGIuR1
Taste receptors heterodimerization sweet response transgenic rescue (66)
(TR),(TR) experiments
Taste receptors heterodimerization umami taste responses transgenic rescue (66)
TR and TR, effect on pharmacology of receptors ~ experiments
FAMILY A
adrenergic receptors  homodimerization targeting of receptor to the cell coimmunoprecipitation; (37,48,
(AR) surface rescue of a constitutively 50, 67)
B,-AR desensitized form of the
receptors;
BRET,
mutation of a putative
dimerization motif
-B,-AR heterodimerization reduction in the rate of agonist- co-immunoprecipitation; (68, 69,
-B,-AR induced internalization of B,-AR; BRET; 70)
or f-AR reduced ability of the receptor to knock out mice; co-
stimulate ERK phosphorylation; immunoprecipitation
proper regulation of cardiac
contractility
B-AR/B,-AR ,-AR heterodimerization cross-internalization of the receptors ~ BRET (71)
following agonist stimulation
B,-AR heterodimerization significant cross-internalization of BRET (72)
opioid receptors the receptor complex by adrenergic
and opioid ligands
dopamine receptors  heterodimerization heterodimer exhibits different transgenic mice (73)
DR function than the individual experiments
D,R momomer receptors
opioid peptide homodimerization interconversion between the dimeric ~ BRET; (72, 74,
receptor (OPR) and monomeric forms playsarolein  agonist-induced 75)
family opioid receptor internalization internalization with
differentially (Flag and
c-Myc) epitope-tagged
receptors; biochemical and
pharmacological methods
opioid peptide heterodimerization change in pharmacological biochemical and (79)
receptor (OPR) properties of the receptors pharmacological methods
family
&-OPR

k-OPR
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§-OPR heterodimerization influences receptor pharmacology co-immunoprecipitation; (76)
p-OPR and results in synergistic signalling,  invivo experiment on mice
delta opioid receptor ligands
enhance morphine's potency
0-OPR/x-OPRB,-AR  heterodimerization influences receptor internalization BRET; (72)
p-OR heterodimerization significant co-internalization and co-immunoprecipitation; (77)
somatostatin cross-desensitization
receptor
SSTR,A
p-OR heterodimerization significant co-internalization and co-immunoprecipitation; (78)
NK R cros-desensitization BRET
somatostatin heterodimerization significant co-internalization and biochemical and (79)
receptor family cross-desensitization pharmacological methods
SSTR,, SSTR,
DR
purinergic receptor ~ heterodimerization exhibits a distinct pharmacological co-immunoprecipitation; (80)
subtypes profile, which may contribute to confocal laser microscopy
ARP2YR the diversity of purinergic receptor
binding sites
AR heterodimerization exhibits a distinct pharmacological co-immunoprecipitation; (81)
D, dopamine profile confocal laser microscopy
receptors
AR heterodimerization new molecular and functional co-immunoprecipitation (82)
mGluR1 interaction between two functionally
unrelated types of G protein-coupled
receptors and receptors cross-talk
AR heterodimerization synergistic signaling between co-immunoprecipitation; (83)
mGIuR5 adenosine receptor and glutamate confocal laser microscopy;
receptor agonists in vivo experiment on mice
olfactory receptors heterodimerization a striking enhancement in the co-immunoprecipitation; (84)
(ORs) surface trafficking of M71 in co-internalization
M71 heterologous cells
B‘)_AR
vasopressin heterodimerization two receptors can be endocytosedas  co-internalization (85)
oxytocin receptor stable heterodimers
(OTR) subtypes
VlaR/V2R’
V. R/OTR,
V,R/OTR
v, R//OTR
vasopressin heterodimerization effect on the cell surface expression ~ co-immunoprecipitation; (86)
bradykinin B, BRET
receptor
muscarinic heterodimerization functial interaction between chimeric receptors (87)
acetylcholine M, receptors,
M, cross-interaction between receptor
subtypes
M, heterodimerization functial interaction between chimeric receptors (87)
a,C receptors,
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thyrotropin- heterodimerization interactions of TRHRs with beta- BRET; (88)
releasing hormone arrestin may be altered by hetero- confocal microscopy
receptors oligomer formation
TRHR1
TRHR2
Angiotensin AT, heterodimerization alteration in the hetero-dimerization =~ pharmacological methods;  (89)
bradykinin B, of 7TM receptors was linked to in vivo experiment on mice
preeclampsia, first known disorder
caused by heterodimerization of
7TM receptors
angiotensin AT, and  heterodimerization AT, antagonises AT, receptor pharmacological methods;  (90)
AT, in vivo experiment on mice
cholecystokinin type  heterodimerization heterodimeriaztion enhances pharmacological methods;  (91)
AandB signalling and promotes cell growth  co-internalization
endothelin type A heterodimerization influence on ligand induced co-immunoprecipitation; (92)
and B receptors internalization co-internalization
thyrotropin (TSHr) homodimerizationand  link between homodimerizationand ~ BRET; (93)
and lutropin (LH/ heterodimerization negative cooperativity TR-FRET:
CGr) receptors functional and
biochemical approaches
relaxin family homodimerizationand  link between homodimerizationand =~ BRET (94, 95)
peptide receptor 1 heterodimerization negative cooperativity
and 2
FAMILY B
gastric inhibitory homodimerization new insight into the ability of family =~ BRET (50)
polypeptide receptor B 7TM receptors to dimerize
(GIPR)
(GIP-Rwith B,-AR heterodimerization heterodimerization between BRET (50)
members of different families of 7TM
receptors
vasoactive intestinal ~ homodimerization new insight into the ability of family =~ BRET (96)
polypeptide and B 7TM receptors to dimerize
receptors (VPAC1 heterodimerization
VAPC2)
(VPAC1 and VAPC2)  heterodimerization new insight into the ability of family =~ BRET (96)
with secretin B 7TM receptors to dimerize
receptor
Calcitonin-like dimerize with non-7TM  expressed alone, it seems to be non-  co-immunoprecipitation 97)

receptor protein
(CLRL9,
receptor-activating-
modifying protein
(RAMP) family

receptor proteins

functional, but when co-expressed
with a member of the receptor-
activating-modifying protein (RAMP)
family, becomes functional receptor

(bold - known relevance in organism, italic - homodimerization)

has been postulated to account for the well-known
effects of 6-OPR on p-OPR mediated-analgesia. Syn-
ergisticand antagonistic interactions between drugs
are extremely important to consider in a clinical set-
ting and heterodimerization between receptors rep-
resents a specific mechanism that may potentially
underlie certain drug-drug interactions at the mo-
lecular level. In the field of chemokine receptors, two

subtypes of chemokine receptor, CCR5 and CXCR4
are known to act as co-receptors for HIV entry into
cells. Evidence exists that dimerization or cross-talk
between 7TM receptors in host cell and viral 7TM
receptor can enable the activity of viruses.

Further evidence for the clinical significance
of 7TM receptor heterodimerization has also come
from recent studies on Wnt receptors. Wnts are
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secreted glycoproteins that play diverse roles in
regulating cell fate and proliferation via activation
of 7TM receptors belonging to the frizzled (Fz) fam-
ily. Mutations to the Fz4 subtype have been found
to underlie an autosomal-dominant form of a dis-
ease known as familial exudative vitreoretinopathy
(FEVR), which is characterized by impaired growth
of retinal capillaries leading to eventual retinal de-
generation. The mutant Fz4 receptor in FEVR can
form homodimers with wild-type Fz4 leading to ER
retention of these receptors (98). Preeclampsia was
the first disorder associated with altered 7TM re-
ceptor heterodimerization of AT, /B, receptors (89).
AT, is a receptor for the vasopressor angiotensin II
and the B, receptor for the vasodepressor brady-
kinin 2. Upon AT -B, receptor heterodimerization,
angiotensin- II-stimulated signaling is strongly
enhanced. AT -B,receptor heterodimerization in
preeclampsia is mediated by a 4-5-fold increase in
B,-receptor protein levels. A significant induction of
B, receptors can be observed with the major clinical
signs of preeclampsia.

7TM receptor homo- and heterodimerization
could therefore represent a novel aspect of 7TM re-
ceptor biology that has exciting potential in drug
discovery.
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RECEPTORJI S SEDMIMI TRANSMEMBRANSKIMI OBMOCUJI (7TM) V LUCI DIMERIZACIJE TER
EKSPERIMENTALNI PRISTOPI ZA PROUCEVANJE NJIHOVE DIMERIZACIJE IN MEDSEBOJNIH
VPLIVOV

V. Kubale, A. Pogacnik, T. W. Schwartz, M. Vrecl

Povzetek: Receptorji s sedmimi transmembranskimi obmociji (receptorji 7TM) oblikujejo najvecjo in najbolj raznoliko super-
druzino proteinov, kodiranih v ¢loveSkem genomu, ki Steje vsaj 850 domnevnih predstavnikov. Receptorji 7TM so v orga-
nizmu splosno izrazeni in igrajo temeljno viogo v fiziologiji ter patofiziologiji. Ker uravnavajo mnogo fizioloskih procesov, so
pomembna tarc¢a za zdravila, ki jih bodisi aktivirajo ali inaktivirajo in so posledi¢no najbolj uspesno prodajana zdravila. Od
priblizno 500 trenutno prodajanih zdravil jih ve¢ kot 30 odstotkov vpliva na delovanje receptorijev 7TM. V zadnjih dveh dese-
tletjih je znanje na podrocju delovanja receptoriev 7TM mocno napredovalo, kljub temu pa je koncept njihovega zdruzeva-
nja v bodisi dimere ali oligomere Se vedno sporna ter neobi¢ajna tematika. Kljub temu da obstaja mnogo podatkov o njihovi
dimerizaciji, pridobljenih z razlicnimi biofizikalnimi, biokemijskimi, strukturnimi in funkcionalnimi pristopi, kot so na primer
tehnike koobarjanja, prenos po metodi western ter metodi bioluminiscenénega in fluoroscencnega prenosa resonancne
energije (BRET, FRET), so stevilne objave kritizirale obstoje¢e metode in izzvale omenjeno zamisel. V ¢lanku predstavijamo
osrednje in najpomembnejse metode za proucevanje dimerizacije, ki so dopolnjene Se z nasimi pristopi.

Kljuéne besede: 7TM receptoriji; struktura; dimerizacija; eksperimentalni pristopi
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IMPAIRED EXPRESSION OF FOXA3 IS NOT A COMMON
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Summary: FoxA3 knockout mice develop Sertoli cell-only syndrome in adult life. In human infertile patients, the underlying
cause of Sertoli cell-only syndrome is often unknown. In the present study, immunoexpression of FoxA3 in human testes
biopsy samples was examined to determine whether expression of FoxA3 is impaired in human infertile patients. Twenty
six human testes samples (20 with Sertoli cell-only syndrome, 3 with maturation arrest and 3 with normal spermatogen-
esis) were examined using immunocytochemistry with specific antibodies against FoxA3 protein. All human samples were
obtained during diagnostic biopsy procedure because of azoospermia at outpatient infertility clinic. In all 26 human testis
samples examined, immunoexpression of FOXA3 was detected in Leydig cells regardless of the histopathological findings.
Suggesting that impaired expression of FoxA3 is not a common cause of Sertoli cell-only syndrome in human infertile pa-

tients.

Key words: testes; infertility; FoxA3; immunohistochemistry

Introduction

FoxA proteins are members of the winged he-
lix/forkhead transcription factor gene family. The
FoxA transcription factors (al, a2 and a3, formerly
known as hepatocyte nuclear factor HNF 3a, -B, -y)
are important for endodermal development dur-
ing embryogenesis. During formation of the defi-
nite endoderm, FoxA2 is activated first, followed
by FoxA1l, and finally FoxA3 (1). In addition to their
presumed role in endoderm development, FoxA3 is
the dominant regulator of GLUTZ2 gene expression in
the hepatocytes. The targeted null mutation of the
FoxAZ2 gene results in a missing or abnormal neural
node and endoderm, which leads to early embryonic
lethality (2). Embryos deficient in FoxA1 develop to
term but have abnormal glucagon secretion and die
due to hypoglycemia around postnatal day 10 (3).
In contrast, FoxA3™/~ mice develop normally and
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are fertile at young age, although through analyses
revealed some differences in liver gene expression
between WT and FoxA3 knockout mice suggesting
that FoxA3 is an important activator of hepatocyte
specific genes (4).

Behr et al. (5) recently reported impaired male
fertility and atrophy of seminiferous tubules in
adult FoxA3 knockout mice. Testes of FoxA3”7 mice
show loss of germ cells secondary to an increase
in germ cell apoptosis, ultimately leading to Sertoli
cell-only syndrome. Interestingly, both FoxA3’" and
FoxA3"" mice exhibit loss of germ cells, reduced
fertility and testes weights. Microarray analysis of
testis transcriptome from WT and FoxA3 knockout
mice revealed several interesting changes in the
gene expression. Among others, adult Sertoli cells
from FoxA37 mice expressed anti-Mtllerian hor-
mone (5), what is similar to some previous reports
about human infertile patients (6).

Infertility affects 13-18% of couples and growing
evidence from clinical and epidemiological studies
suggests an increasing incidence of male reproduc-
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tive problems. Half of these couples have a compo-
nent of male factor infertility and almost 30% of in-
fertilities will be caused solely by male factors (7, 8).
In 40 % - 50 % of cases, the male partner has quan-
titative or qualitative abnormalities of sperm pro-
duction and about 25 % of male patients with non-
obstructive azoospermia are diagnosed with Sertoli
cell only syndrome, where some or all tubules are
completely devoid of germ cells. The etiopathogen-
esis of testicular failure remains unknown in about
half of the cases, although it is presumed that in
many cases the real causes are yet undiscovered ge-
netic defects (9, 10).

Histological findings in the murine testes re-
ported in the study by Behr et al. (5) were similar
to some cases of Sertoli cell-only syndrome in men.
Therefore, in the present study, immunoexpression
of FoxA3 protein was examined with the aim to de-
termine whether the lack of FoxA3 expression could
be a cause of Sertoli cell-only syndrome in men.

Materials and methods
Mice

Adult mouse testes were obtained by perfusion
fixation of adult (60 days old) Balb/c WT mice.
Mice were anesthetized, perfused with Bouins’ so-
lution and testes postfixed in Bouins’ solution for
24 hours before processing into paraffin wax using
standard procedures. All animal experiments were
approved by the Veterinary commission of Slovenia
and were done according to the ethical principles
and in accordance with the EU directive (86/609/
EEC).

Infertile men

Human testis samples were obtained during diag-
nostic biopsy of infertile patients with azoospermia
attending the Andrology Centre at the outpatient in-
fertility clinic, Department of Obstetrics and Gyne-
cology, University Medical Centre Ljubljana, before
intracytoplasmic sperm injection was attempted.
Samples were fixed in 4% paraformaldehyde and
processed into paraffin wax using standard proce-
dures.

Twenty-six human testes biopsy samples with
different pathology, 20 with Sertoli cell-only syn-
drome, 3 with maturation arrest and 3 with normal
spermatogenesis were examined. Average age of
patients with Sertoli cell-only syndrome was 35.7

years (range 30 to 47 years). None of the patients
was diagnosed with hypogonadotrophic hypogo-
nadism. The use of human samples was approved
by the Slovenian national medical ethics’ commit-
tee.

Immunohistochemistry

Sections (7 microns) were mounted on slides
coated with 3-aminopropyl triethoxy-silane (TESPA;
Sigma, Taufkirchen, Germany) and dried overnight
at 50°C. Before incubation with primary antibodies,
sections were dewaxed, rehydrated in graded eth-
anols, washed in water and phosphate buffer saline
(PBS) followed by blocking endogenous peroxidase
by incubating the section for 30 min in 1% H,0, in
PBS. Antigen retrieval was performed by microwav-
ing the sections in 0.01M citrate buffer (pH 6.0) on
full power (750W) for 20 min, and thereafter left
standing for 20 min without disturbance. Sections
were then washed for 5 min in PBS and blocked
using normal goat serum diluted 1:5 in PBS. Poly-
clonal rabbit antibodies raised against synthetic
peptide corresponding to amino acids 287 - 299 of
FoxA3 protein (Abcam, Cambridge, UK) were used
at a dilution of 1:500. All primary antibodies were
diluted in PBS containing 20% normal goat serum.
Sections were incubated with primary antibodies
overnight at 4°C in a humid chamber. The following
day coverslips were removed, sections washed twice
in PBS (5 min each wash), incubated for 30 min with
goat anti-rabbit immunoglobulins (Jackson immu-
nochemicals, West Grove, PA, USA) diluted 1:100 in
PBS and then washed again in PBS (2 times 5 min).
For detection of bound antibodies, sections were
first incubated with rabbit peroxidase-antiperox-
idase complex (Jackson immunochemicals) for 30
min and washed 2 times in PBS (5 min each). Color
reaction product was developed by incubating sec-
tions in a mixture of 0.05% (w/v) 3,3’-diaminoben-
zidine tetra-hydrochloride (DAB, Sigma) in 0.05M
Tris-HCI, pH 7.4 and 0.01% hydrogen peroxide. After
15-30 min, sections were washed in distilled water,
counterstained with haematoxylin, dehydrated in
graded ethanols, cleared in xylene and coverslipped
using Pertex mounting medium (CellPath plc, Hem-
el Hempstead, UK). Specificity of the antibody was
controlled by using non-immune rabbit serum in-
stead of primary antibodies.

Photomicrographs were captured onto computer
using a Nikon Eclipse 80i microscope and Nikon
DS-Fil digital camera.
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Results
Immunoexpression of FoxA3 in murine testis

In adult murine testis, FoxA3 protein was ex-
pressed in Leydig cells and in postmeiotic elongated
spermatids. Expression in elongated spermatids
was first present in stage I-Il and persisted until
stage VII, when spermatids are shed into the tubule
lumen (Fig. 1a and 1b).

Immunoexpression of FoxA3 in human testis

In the human testes samples, FoxA3 immunoex-
pression was detected in Leydig cells in all 26 sam-
ples examined, irrespective of their pathology (nor-
mal spermatogenesis, spermatogenic arrest, Sertoli
cell-only syndrome; Fig. 1a, b and c). Similarly to the
expression pattern in the mouse testes, immunoex-
pression of FoxA3 was also detected in the postmei-
otic spermatids in human samples with complete
spermatogenesis (Fig. 1a).

Discussion

In the present study, immunoexpression of
FoxA3 protein was studied in the human testes to
determine whether FoxA3 protein expression could
be involved in the development of Sertoli cell-only
syndrome in men.

Male infertility is a widespread, although still
poorly understood health problem. In recent years,
many genes that contribute to male infertility/
subfertility have been identified. However, in many
cases the underlying genetic cause of infertility is
unknown (7-10). Mice with targeted mutation of
FoxA3 gene became subfertile with age. Although
young animals are healthy and fertile, throughout
adult age germ cells in their testes degenerate and
this ultimately leads to the Sertoli cell-only syn-
drome in many, but not all, tubules within the testis
(5). This histopathological finding is very similar to
some cases of human infertility/subfertility where
mixed seminiferous tubule phenotype is observed.
In biopsy samples from such patients, tubules with
complete spermatogenesis as well as tubules with
Sertoli cell-only syndrome can be found (11).

Antigen used to raise the antibodies was syn-
thetic peptide corresponding to aminoacids 287
- 299 of human FoxA3 protein. To determine the
specificity of the antibodies used in our study, we
first performed immunocytochemical staining on

mouse testes samples. Results were similar to the
results from study by Behr et al. (5), in which they
utilized CRE - -galactosidase system to detect sites
of expression of FoxA3 protein. In the mouse testis,
FoxA3 was detected in both Leydig cells and germ
cells with stage specific expression in the elongated
spermatids, suggesting that antibodies indeed rec-
ognized FoxA3 protein.

In all 20 human testes samples with Sertoli cell
only syndrome examined, we also detected the ex-
pression of FoxA3 protein at similar levels to those
found in patients with normal spermatogenesis,
suggesting that lack of FoxA3 expression was not a
cause for the development of Sertoli cell-only syn-
drome in the patients examined. However, since im-
munocytochemistry is not a quantitative method,
differences in the expression levels, perhaps due to
haploinsufficiency, between patients with normal
spermatogenesis and patients with Sertoli cell-only
syndrome cannot be ruled out. Therefore, further
genetic studies will be needed to confirm whether
there is any role for a FoxA3 gene in human infertil-
ity. Furthermore, in the present study we examined
20 patients with Sertoli cell-only syndrome so it is
still possible that there are patients with mutations
in FoxA3 gene that were not found in our study due
to relatively small sample size.

Kariotyping and genetic analyses of microdele-
tions on Y chromosome were not performed in this
group of patients. This could potentially implicate
other underlying causes for development of Ser-
toli cell only syndrome. However, in patients with
Klinefelter's syndrome, seminiferous tubules usu-
ally undergo degeneration during puberty and in
adult patients they are usually severely affected with
strong hyalinization (12). In patients we examined
in this study, tubules were well preserved but lacked
germ cells, suggesting that Klinefelter's syndrome
was unlikely cause for Sertoli cell only syndrome
in these patients. Microdeletions on Y chromosome
could also result in Sertoli cell only syndrome and
this could not be excluded as a possible cause for
the infertility in some of the patients examined in
this study. However, microdeletions on Y chromo-
some are usually cause of infertility in about 5 - 10
% of azoospermic patients and within these, pathol-
ogy is quite varied from Sertoli cell only to matura-
tion arrest (13). Therefore, even though we cannot
rule out microdeletions as underlying cause for his-
topathological findings in our patients, it is likely
that such patients will represent only a minority of
cases and therefore suggesting that majority of pa-
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Figure 1: FoxA3 immunoexpression in the normal adult mouse testis (a and b). FoxA3 protein was detected in Leydig
cells (arrows) and in elongated spermatids (arrowheads) within the tubules (bar = 50 um)

ik

Figure 2: FoxA3 immunoexpression in human testes samples obtained during the diagnostic biopsy for azoospermia.
FoxA3 protein was detected in Leydig cells (arrows) in patients with normal spermatogenesis (a) and in patients with
Sertoli cell-only syndrome (b, ¢). In a sample with normal spermatogenesis, FoxA3 immunoexpression was also de-
tected in the elongated spermatids (a, arrowhead), similarly to the mouse testis. No immunostaining was detected in
section incubated with normal rabbit serum (d; bar = 50 pm)
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tients had unknown cause of Sertoli cell only, which
could be also lack of FoxA3 protein.

In conclusion, FoxA3 immunoexpression was de-
tected in all 20 patients with Sertoli cell-only syn-
drome examined, therefore, our study suggests that
inactivating mutations of FoxA3 gene are not a com-
mon cause for this condition in the human infertile
patients.
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MOTNJE V IZRAZENOSTI BELJAKOVINE FOXA3 NISO POGOST VZROK ZA RAZVOJ SINDROMA
SCO PRI NEPLODNIH MOSKIH

K. Ceh, B. Zorn, J. Sinkovec, G. Majdi¢

Povzetek: Pri misih brez gena FoxA3 se v odraslem Zivljenju v modih razvije sindrom SCO (prisotnost samo sertolijevih
celic). Pri neplodnih moskih pacientih z enako histolosko sliko mod je vzrok za sindrom SCO obi¢ajno neznan. V opisani
raziskavi smo ugotavljali prisotnost beljakovine FoxA3 v modih zdravih misi ter v biopsijskih vzorcih ¢loveskih mod pacientov
s popolno spermatogenezo in pacientov s sindromom SCO, da bi ugotovili, ¢e je motena izrazenost gena FoxA3 lahko
vzrok za sindrom SCO pri ljudeh. Sestindvajset biopsijskih vzorcev (20 vzorcev s sindromom SCO, 3 vzorci s hiposperma-
togenezo in 3 vzorci z normalno spermatogenezo) smo pregledali z metodo imunohistokemije s specificnimi protitelesi proti
beljakovini FoxAS. Vsi vzorci ¢loveskih mod so bili zbrani z rutinsko biopsijo ob pregledu pacientov na kliniki za neplodnost.
V vseh 26 preiskanih vzorcih smo ugotovili izrazenost beljakovine FoxA3 v lejdigovih celicah, ne glede na histolosko sliko.
Rezultati nase raziskave kazejo, da napake v izrazenosti beljakovine FOXA3 niso pogost vzrok za nastanek sindroma SCO
pri neplodnih pacientih.

Kljuéne besede: modo; neplodnost; FoxA3; imunohistokemija
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Igor Gruntar, Tadej Malovrh

Institute for Microbiology and Parasitology, Veterinary Faculty, Gerbi¢eva 60, 1000 Ljubljana, Slovenia

*Corresponding author, E-mail: igor.gruntar@vf.uni-l;j.si

Summary: We developed antigen capture double sandwich ELISA (ACDS ELISA), based on borrelia flagellin-specific mon-
oclonal antibody. Nested PCR analysis for borrelial DNA in the urine samples was used for comparison. Results obtained by
ELISA and nested PCR analyses of urines from mice, experimentally infected with B. garinii by different routes of inocula-
tion, confirmed the presence of borrelial antigens (antigenuria), while whole spirochetes or their DNA could not be detected
or were not released into the urine (absence of spirocheturia). Such ELISA might become a good supplementary method in
the diagnostics of Lyme disease, especially in seronegative subjects suspected to be infected with B. burgdorferi.

Key words: Borrelia antigens; urine; immunoenzime assay

Introduction

Borrelia burgdorferi sensu lato spirochete (B.b.)
is the causative agent of Lyme borreliosis, a multi-
systemic illness and the most prevalent tick-borne
disease. The diagnosis of this disease is achieved
by evaluating clinical, epidemiological and labora-
tory findings (1, 2). Unfortunately, according to the
protein electrophoresis patterns and specific mono-
clonal antibodies (mAbs’) reactivity, B.b. is antigeni-
cally extremely heterogeneous microorganism which
induces highly variable humoral immune response
and is consequently difficult to confirm by serologi-
cal methods (3-10). Serological diagnosis of Lyme
disease is therefore unreliable and a direct method
for detection of B.b. in presumably infected patients
is needed to improve and to simplify borreliosis di-
agnostics. PCR is a method of choice (11-14) but
unfortunately still too expensive, too elaborate and
inaccessible for some laboratories. Since B. burgdor-
Jferi antigens have been detected in urine, blood and
many tissues of infected hosts (15, 16) we tried to de-
velop a simple but sufficiently sensitive and specific
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monoclonal antibody based ELISA for B.b. antigen
detection in urine specimens. The method was eval-
uated by probing urine samples from experimental-
ly infected BALB/c mice, analysing also the dynam-
ics of.B. burgdorferi antigenuria, humoral immune
response and the importance of inoculation route.
The results were compared to those obtained with
nested flagellin gene targeted polymerase chain re-
action performed on the same samples.

Materials and methods
B. burgdorferi antigen detection ELISA

The method we developed is an antigen capture
double sandwich (ACDS) ELISA based on a mono-
clonal antibody (mAb) 1G6/G6/D12, directed against
genus specific 41 kDa protein flagelin. MAb used in
the test is of our own production (17) and can be
substituted with adequatly purified mAbs specific
for other borrelial proteins. In the first step 100ul per
well of mAb (5 pg/ml, carbonate-bicarbonate buffer,
PH 9'6) is adsorbed onto solid phase (96 microwell
ELISA plate for antibody adsorbtion; Nunc Max-
isorp, Copenhagen, Denmark) at 40C overnight. Af-
ter washing the wells with 3 x 350 pl of Phosphate
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Buffered Saline (PBS) with 0,05% Tween 20 (washing
solution, PBS -T; Tween 20: Sigma, St. Louis, USA),
nonspecific antigen adsorption is limited by blocking
unoccupied binding sites in the wells with 200 ul of
2 % Bovine Serum Albumine (Sigma, St. Louis, USA)
in PBS, pH 7,2 (PBS-BSA) for one hour at 370C. The
wells are then washed as described above and borre-
lial antigens in the urine samples (if present), diluted
1:4 in PBS-BSA, are allowed to react with the mAb
(100 pl per well, one hour at room temperature, shak-
ing). The eventually bound flagellin is, after washing,
recognized by previously standardized (crossboard
titration in indirect ELISA) hyperimmune polyclonal
anti B.b. rabbit serum at 1:800 dilution in PBS-BSA
(100 pl, one hour at room temperature, shaking).
Rabbit antibodies, specific for the B. burgdorferi flag-
ellin (if present in the sample), react in the next step
(after the washing of the wells) with pig anti-rabbit
immunoglobulins conjugated with horse-radish per-
oxidase (HRP-conjugate; Dako, Copenhagen, Den-
mark; 1:1000 dilution in PBS-BSA, 100 ul per well,
one hour at room temperature, shaking) and are re-
vealed consequently, after washing the wells, by the
Tetra Methyl Benzidine HRP substrate (TMB, Sigma,
St. Louis, USA; 100ul, 10 minutes at room tempera-
ture) evaluating the results spectrophotometrically
by ELISA test plate reader (Behring EF-200 ELISA
reader, Germany; double OD at 450 and 630 nm) af-
ter the peroxidase activity in the wells was stopped
by adding 50 ul per well of 0,5 M H,SO,. Positive (pre-
viously tested negative urine spiked with 30 ng/ml of
sonicated B. garinii) and negative controls (negative
urine) are included on every test plate, 4 wells each.
Samples yielding optical densities higher than 3 SD
of the negatives’ average are considered positive.

The method was tested by probing different types
of samples (PBS, BSK medium, urine) spiked or not
with borrelial antigens (sonicated or whole borrelia
cells) in known concentrations (two-fold dilutions
starting at 4ug/ml to 2 ng/ml and 7,2x10° to 3,5x103
B. burgdorferi spirochetes/ml, respectively). Sam-
ples spiked with sonicated Leptospira spp., E. coli
and Salmonella spp. at same concentrations were
used to detect eventual cross reactions due to other
bacteria flagellin.

Experimental infection of mice with B. garinii
and sampling procedures

Fifteen 6-week old female BALB/c mice divided
in 3 separately caged groups of.5 animals were in-
fected by different routes of inoculation with the

3rd passage B. garinii M3/S (cultured from a tick in-
fested mouse heart on our institute and determined
as B. garinii by RFLP analysis after Mlul digestion
by dr. Eva Ruzic-Sabljic from Institute for microbi-
ology, Medical Faculty, University of Ljubljana). The
first group of mice (group A) was infected intraperi-
toneally, the second (group B) subcutaneously and
the third (group C) intravenously with.0,1 ml BSK-H
medium containing 1x107 M3/S spirochetes. Ad-
ditional 5 mice (group D) were inoculated with 0,1
ml sterile BSK-H medium and served as negative
control. Blood and urine samples were taken at the
beginning of the experiment (day 0), and on days 4,
8, 15 and 30 after initial inoculation of spirochetes.
Serum and urine samples were stored at - 200C im-
mediately after sampling.

ELISA for the detection of B. garinii-specific
antibodies in sera from experimentaly in-
fected mice

B. garinii-specific antibodies in mouse sera were
detected by indirect ELISA as described previously
(17). Shortly, sonicated B. garinii was adsorbed onto
the wells of ELISA plate overnight. Unoccupied bind-
ing sites in the wells were blocked by 2% BSA. Se-
rum samples at 1/400 dilution reacted then with an
adsorbed antigen and bound B. garinii specific anti-
bodies were detected by anti mouse HRP conjugated
rabbit immunoglobulins and TMB/stop substrate,
measuring optical density at 450 nm in the test wells.
Sera from uninfected group D mice served as nega-
tive controls. Sera yielding optical densities higher
than calculated average + 3 SD of sera derived from
uninfected controls were considered positive.

Detection of borrelial DNA in urine samples

A nested PCR, developed by Schmidt et al. (13),
claimed to be capable of detecting less than 5
B.burgdorferi organisms was applied to detect B.
garinii DNA in urine of experimentally infected mice.
The target for this PCR was a specific region of the
flagelin gene, common to all three pathogenic spe-
cies of genus Borrelia: B. burgdorferi sensu stricto,
B. afzelli and B. garinii. The primers and most of
the PCR procedure were identical to the one de-
scribed by Schmidt. Mouse urines collected during
one month experimental infection were thawed and
brought to room temperature. 50 ul of each sample
was centrifuged at 14,000 g for 30 min. The pellet
was resuspended in 600 ul PBS, pH 8. Half (300 pl)
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of this suspension was used for PCR analysis. 200
B. garinii M3/S spirochetes in 50 ul of PBS, previous-
ly counted in Hauser - Petroff chamber by darkfield
microscopy, were added to the other half to evaluate
eventual inhibitory activity of each urine sample.
Both suspensions were then centrifuged at 14,000
g for 20 min. The resulting pellets were dissolved in
100 ul of a 5% Chelex-100 suspension (Perkin-Elmer,
USA) in PBS, heated at 1000C for 5 min and subse-
quently chilled on ice. After centrifugation (3000 g
for 1 min), 10 pl of each supernatant was used as a
template DNA in the first PCR.

Primers used in the first PCR were BBSCH31
(CAC ACC AGC ATC ACT TTC AGG GTC T) and BB-
SCH42 (CAA CCT CAT CTG TCA TTG TAG CAT CTT
TTA TTT), targeting the chromosomal flagellin gene
of B. burgdorferi (GenBank accession No X15661-2)
and representing positions 477 to 501 and 913 to
881, respectively. The reaction mixture contained
50 mM KCl, 1,5mM MgCl2, 10mM Tris-HCI (pH 8,3),
0,05% glycerol, 0,1% TritonX-100, 0,1 mM EDTA,
00,1% BSA, 200um (each) desoxynucleotide triphos-
phate (AAMP, dCTP, dTTP, dGTP), 50pM (each) outer
primers, 2 U of Taq polymerase (Promega, USA) and
10ul of the DNA preparation (total volume 60 pl). The
mixture was then overlaid with one drop of mineral
oil. The amplification reactions were performed in
0,5 ml tubes with attached cap in a PTC-200 ther-
mocycler (MJ Research, Watertown, USA). The first
PCR with the outer primers was run for 25 cycles
with denaturation at 94°C (30 s),.annealing at 550C
(30 s) and elongation at 72°C (30 s). Thermocycling
was preceeded by 1 min at 95°C and followed by fi-
nal 10 min extension at 72°C. After amplification,
3 ul of.the first PCR mixture was transferred to a
second PCR mixture, consisting of the same master
mixture as described abov; instead of outer primers,
25 pm (each) of inner primers FL-59 (TTT CAG GGT
CTC AGG CGT CTT) and FL-7 (GCA TTT TCA ATT
TTA GCA AGT GAT G), representing positions 491
to 511 and 767 to743, respectively, were used, yield-
ing a 277-bp amplicon. The second PCR was done
with 35 cycles of the same duration and same tem-
peratures used for the first PCR for the denaturation
and elongation, but the annealing temperature was
increased to 58°C.

Blank controls, containing 10 pl of water instead
of urine samples, as well as positive controls (10 fg
of purified borrelial DNA) were run in parallel with
each amplification assay.

DNA extraction, PCR mixture preparation, ampli-
fication, and analysis of amplicons were each done

in separated areas. Filter barrier pipette tips and a
dedicated set of pipetors were used for sample and
PCR mixture preparation.

Amplified products were resolved by 3% agarose
gel (NuSieve/SeaKem, 3:1; FMC Corporation, Rock-
land, Maine, USA) at 150 V for 25 min. The gel was
then stained with ethidium bromide and the bands
observed under UV illumination at 254 nm.

Results

Results of our ACDS ELISA sensibility testing
with serial dilutions of sonicated borrelial anti-
gens and whole B. garinii cells in different types of
samples are shown in Graphs No. 1 and 2, respec-
tively. The detection limit was less than 0,5 ng/100
ul sample for sonicated borrelial antigens and cca
2,000 spirochetes/100 ul sample for whole borre-
lial cells. The type of the sample did not interfere
with the results. Urine samples spiked with borre-
lial antigens reacted positively even after 14 days
of storage at 40C indicating that urine had no de-
terioration effect on B.b. flagelin. Cross reactions
to the other bacterias’ flagelin were not observed
(Graph No. 3).

The detection limit of.the flagellin targeted nested
PCRwas in our hands slightly higher than described
by the authors (13). The method was capable of de-
tecting from 10 to 20 B. garinii borrelias per sample,
as determined by assaying mouse urine samples
spiked with known numbers of spirochetes, and
thus prooved to be sufficiently sensible and specific
(according to the authors) tecnique for B. burgdorferi
DNA detection in urine. Yet, when urines obtained
from mice from our experiment were examined, bor-
relial DNA could not be detected by this method. In
view of the fact that the same samples, when spiked
with 200 B. garinii, always.yielded the expected 277
bp amplicon, mouse urine tested were not found to
be inhibitory.

Contrariously, when the same samples were
tested in ACDS ELISA, borrelial antigens could be
detected in urine of virtually every B. garinii infected
mouse at least in one of four samples taken (OD-
450 nm > 0,192; cut off = average of negative con-
trols + 3 SD = 0,145 + 3 x 0,015). The dynamics and
the extent of B. garinii flagellin shedding in urine,
together with humoral response of each animal in
intraperitoneally, subcutaneously and intravenous-
ly infected groups of mice during the first month
of.experimental infection, are shown in graphs 4, 5
and 6, respectively.
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Graph 1: ACDS-ELISA B.
burgdorferi flagelin detec-
tion in BSK II medium,
PBS-BSA and urine spiked
with sonicated B. burgdor-

feri

Graph 2: ACDS-ELISA B.
burgdorferi flagelin detec-
tion in BSK II medium,
PBS-BSA and urine spiked
with whole B. burgdorferi
cells

Graph 3: Reactivity of soni-
cated heterologous bacte-
ria in ACDS-ELISA for Bor-
relia burgdorferi detection
in urine samples
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Graph 4: Humoral response
(indirect ELISA) and bor-
relial antigen detection
in urine samples (ACDS
ELISA) of mice after experi-
mental intraperitoneal in-
fection with B. garinii

Graph 5: Humoral response
(indirect ELISA) and bor-
relial antigen detection
in urine samples (ACDS
ELISA) of mice after experi-
mental subcutaneous in-
fection with B. garinii
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Humoral response and ACDS ELISA B. b. antigen detection in
urine of mice after experimental i/v infection with B. garinii
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Discussion urine and other biological fluids might be question-

Our developed antigen capture ELISA, grounded
on the flagellin-specific monoclonal antibody might
be, at least in our view, a tool for improving the
complex Lyme disease diagnostics. Being capable
of detecting less than 0,5 ng of sonicated borrelial
antigens, the method offers substantially better sen-
sibility than equivalent inhibition ELISA (18). The
detection limit was higher when whole spirochetes
were used as an antigen in sensitivity testing; this
fact can be explained by periplasmic and not sur-
face localization of B. burgdorferi flagella in intact
spirochetes. The catching mAb can consequently
not react with the flagellin molecules at the same
extent as when sonicated borreliae were used. Al-
though not tested with comparable B. burgdorferi
s. s. and B. afzelli antigens, the assay should be,
due to flagellin protein invariability.among B. burg-
dorferi sensu lato genomospecies, able to detect all
the causative agents of Lyme borreliosis, too. This
is not the case with the OspA antigen capture ELI-
SAs, which can recognize only a limited number of
B. burgdorferi Osp A serotypes (19), even if the detec-
tion limit of the method is superior in comparison
to our method. In addition to this, OspA detection in

able since this protein is generally down-regulated
in infected hosts (20). Cross reactions to the other
bacterias’ flagellin were not observed (Graph No.
3), but further investigations in this field are neces-
sary. Reports on cross-reactivity of antibodies raised
against other bacteria to this protein exist (21); other
authors however claim that these antibodies do not
react with 41 kDa flagellin but with another borre-
lial protein of 40 kDa (22). The type of the sample
(urine or PBS) did not interfere essentially with the
results. Urine samples spiked with borrelial anti-
gens reacted positively even after 14 days of storage
at 4°C indicating that urine had no serious deterio-
ration effect on B.burgdorferi.flagellin.

Results obtained by ACDS ELISA and nested
PCR analysis of urines from mice, expeimentally
infected with B. garinii by different routes of inoc-
ulation confirm the presence of.borrelial antigens
(including flagellin) in urine from infected mice
(antigenuria), while whole spirochetes or their DNA
could not be detected or were not released into the
urine (absence of spirocheturia). Our data correlate
well with available articles on borrelial antigenuria
in mice (15,16, 18), inasmuch as our negative PCR
results combine well with reports on failed attempts
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of B. burgdorferi cultivation from mouse urine dur-
ing experimental infection, despite the fact that the
spirochetes were easily recovered from the walls of
obviously infected urinary bladders (23, 24, 25)..As
far as we know, with an exception of one work where
B. burgdorferi has been succesfully isolated from
mouse urine, but only from mice coinfected with
Babesia microti (26), this spirochete has not been
cultivated from, nor has its DNA been detected in
mouse urine yet.

B. burgdorferi flagellin has been found in at least
one of four urine samples taken from each of ex-
perimentally infected mice. The dynamics and the
extent of flagellin shedding in urine appeared to be
dependent on inoculation mode, which apprently
influenced the humoral response development.
Flagellin concentration in urine seemed to be in-
versely proportional to the.amount of.B. burgdorferi
specific antibodies present in serum: flagellin could
be detected in higher levels when the humoral re-
sponse was still weak (in the first 4 days of infection)
and a slight rise-ups in flagellin concentration were
observed when specific antibody levels fell, usually
around day 15. This antibody level - flagellin urine
shedding relationship was most transparent in ani-
mals inoculated intravenously, which.responded
immediately and with higher levels of specific im-
munoglobulins than those infected intraperitone-
ously or subcutaneously, and shed evidently less
flagellin in urine than mice belonging to the other
two groups (graphs 4-6). One month after initial in-
oculation antibody levels were elevated in all of the
infected mice and flagellin could not be detected in
urine any of the animals in the experiment. Urine
and sera derived from the negative control group of
mice reacted negatively throughout the study in the
ACDS and antibody ELISA, respectively. These re-
sults suggest that the infection with B. garinii is be-
ing controlled by the specific humoral response level.
Tiny rise-ups in flagellin in urine present in parallel
with temporary regress in antibody titers might be
a sign of multiplication of borreliae, possibly escape
variants with new antigens expressed, and are then
followed by a new rise in antibody titer..

The assay might become a good supplementary
method in the Lyme disease diagnostics, especially
in seronegative subjects suspected to be infected
with B. burgdorferi. Further cross reactivity testing
with broader range of bacteria, particularly other spi-
rochetes, is necessary in order to calculate the exact
specificity of the test, and the test needs to be evalu-
ated also by probing urine samples from humans

and other animal species. Although not so perfectly
sensitive and specific as diverse PCR technique, the
method demonstrates by these preliminary results
an acceptable sensitivity for the B. burgdorferi anti-
gen detection in the urine specimens with the pos-
sibility of improving it by concentrating the urine
samples. In contrast to PCR, it does not suffer from
unknown inhibition substances present in the sam-
ples and can detect borrelial antigens even if (or
when) the spirochetes are not released into urine.
Besides this, it is cheap, simple and fast and thus
easily adaptable to every laboratory.
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RAZVOJ IN PREIZKUSANJE METODE ELISA Z MONOKLONSKIMI PROTITELESI ZA
UGOTAVLJANJE ANTIGENOV SPIROHETE BORRELIA GARINII V URINU

I. Gruntar, T. Malovrh

Povzetek: V prispevku je opisan razvoj antigenske lovilne metode ELISA, ki temelji na nacelu dvojnega sendvi¢a z mono-
klonskimi protitelesi, specificnimi za borelijski flagelin. Za primerjavo metod smo uporabljali vgnezdeni PCR specificen za
borelijsko DNK v vzorcih urina. Rezultati pridobljeni z ELISA in z vgnezdenim PCR v vzorcih urina eksperimentalno okuzenih
misi z razlicnimi nacini inokulacije B. garinii, potrjujejo prisotnost borelijskih antigenov (antigenurija), medtem ko celotnih
spirohet ali njihove DNK ni bilo mozno dokazati ali pa celih spirohet ni bilo prisotnih v urinu (ni spiroheturije). TakSno metodo
ELISA bi torej lahko uporabljali kot dopolnilno metodo v diagnostiki lajmske borelioze, Se posebej pri seronegativnih prime-
rih, pri katerih se domneva, dag re za okuzbo z B. burgdorferi.

Kljuéne besede: borelijski antigeni; urin; imunoencimske analize
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¢ene v besedilo. Slikovni material naj bo poslan posebej v obliki bmp, jpg,
ali tif.

Priloge in slike morajo biti poimenovane z besedami, ki jih opredelju-
jejo, in arabskimi Stevilkami (npr. Table 1:, Figure 1: itn.). Za dvopi¢jem sle-
di besedilo oziroma naslov. Vsi navedki (reference), citirani v besedilu, se
morajo nanas$ati na seznam literature. V besedilu jih je treba ostevil¢iti po
vrstnem redu, po katerem se pojavljajo, z arabskimi Stevilkami v oklepaju.
Prvi navedek v besedilu opredeli Stevilko oziroma vrstni red ustreznega
vira v seznamu literature. Ce se avtor v besedilu ponovno sklicuje na ze
uporabljeni vir, navede tisto Stevilko, ki jo je vir dobil pri prvem navedku.
Citirana so lahko le dela, ki so tiskana ali kako drugace razmnoZena in
dostopna javnosti. Neobjavljeni podatki, neobjavljena predavanja, osebna
sporocila in podobno naj bodo omenjeni v navedkih ali opombah na kon-
cu tiste strani, kjer so navedeni. V seznamu literature so viri urejeni po
vrstnem redu. Ce je citirani vir napisalo Sest ali manj avtorjev, je treba
navesti vse; pri sedmih ali ve¢ avtorjih se navedejo prvi trije in doda et al.

Da bi se morebitni popravki lahko objavili v naslednji Stevilki, jih
morajo avtorji pravoéasno sporo¢iti glavnemu uredniku.
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