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This is a new book series entitled Neuroscience and Respiration, a subseries
of Springer’s renowned Advances in Experimental Medicine and Biology.
The book volumes present contributions by expert researchers and clinicians
in the field of pulmonary disorders. The chapters provide timely overviews of
contentious issues or recent advances in the diagnosis, classification, and
treatment of the entire range of pulmonary disorders, both acute and chronic.
The texts are thought as a merger of basic and clinical research dealing with
respiratory medicine, neural and chemical regulation of respiration, and the
interactive relationship between respiration and other neurobiological
systems such as cardiovascular function or the mind-to-body connection. In
detail, topics include lung function, hypoxic lung pathologies, epidemiology
of respiratory ailments, sleep-disordered breathing, imaging, and biomarkers.
Other needful areas of interest are acute respiratory infections or chronic
inflammatory conditions of the respiratory tract, exemplified by asthma and
chronic obstructive pulmonary disease (COPD), or those underlain by still
unknown factors, such as sarcoidosis, respiratory allergies, lung cancer, and
autoimmune disorders involving the respiratory system.

The prominent experts will focus their presentations on the leading-edge
therapeutic concepts, methodologies, and innovative treatments. Pharmaco-
therapy is always in the focus of respiratory research. The action and
pharmacology of existing drugs and the development and evaluation of
new agents are the heady area of research. Practical, data-driven options to
manage patients will be considered. The chapters will present new research
regarding older drugs, performed from a modern perspective or from a
different pharmacotherapeutic angle. The introduction of new drugs and
treatment approaches in both adults and children will be discussed. The
problem of drug resistance, its spread, and deleterious consequences will
be dealt with as well.

Lung ventilation is ultimately driven by the brain. However, neuropsy-
chological aspects of respiratory disorders are still mostly a matter of conjec-
ture. After decades of misunderstanding and neglect, emotions have been
rediscovered as a powerful modifier or even the probable cause of various
somatic disorders. Today, the link between stress and respiratory health is
undeniable. Scientists accept a powerful psychological connection that can
directly affect our quality of life and health span. Psychological approaches,



vi

by decreasing stress, can play a major role in the development and course of
respiratory disease, and the mind-body techniques can aid in their treatment.

Neuromolecular aspects relating to gene polymorphism and epigenesis,
involving both heritable changes in the nucleotide sequence and functionally
relevant changes to the genome that do not involve a change in the nucleotide
sequence, leading to respiratory disorders will also be tackled. Clinical
advances stemming from basic molecular and biochemical research are but
possible if the research findings are “translated” into diagnostic tools, thera-
peutic procedures, and education, effectively reaching physicians and
patients. All that cannot be achieved without a multidisciplinary, collabora-
tive, “bench-to-bedside” approach involving both researchers and clinicians,
which is the essence of the book series Neuroscience and Respiration.

The societal and economic burden of respiratory ailments has been on the
rise worldwide leading to disabilities and shortening of life span. COPD
alone causes more than three million deaths globally each year. Concerted
efforts are required to improve this situation, and part of those efforts are
gaining insights into the underlying mechanisms of disease and staying
abreast with the latest developments in diagnosis and treatment regimens.
It is hoped that the books published in this series will fulfill such a role by
assuming a leading role in the field of respiratory medicine and research and
will become a source of reference and inspiration for future research ideas.

Titles appearing in Neuroscience and Respiration will be assembled in a
novel way in that chapters will first be published online to enhance their
speedy visibility. Once there are enough chapters to form a book, the chapters
will be assembled into complete volumes. At the end, I would like to express
my deep gratitude to Mr. Martijn Roelandse and Ms. Tanja Koppejan from
Springer’s Life Sciences Department for their genuine interest in making this
scientific endeavor come through and in the expert management of the
production of this novel book series.

Opole, Poland Mieczyslaw Pokorski

Preface



Volume 6: Neurotransmitter
Interactions and Cognitive Function

A host of neurotransmitters and neuroactive substances underlies respiratory
regulation in health and disease. The centerpiece of investigations regarding
adaptation to hypoxia and sensorial perception has been the dopaminergic
system. It is now clear that a complex interaction among various neuroactive
substances, rather than a single one, forms the basis of respiratory changes.
The research on neurotransmitter interactions provides the knowledge of how
the brain functions and a new level of understanding of mind-to-body
connection, which opens up avenues for novel therapeutic interventions.

vii
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Abstract

Neurotransmitters (NTs) play a central role in the efficient communication
between neurons necessary for normal functioning of the nervous system.
NTs can be divided into two groups: small molecule NTs and larger
neuropeptide NTs. Inherited disorders of NTs result from a primary
disturbance of NTs metabolism or transport. This group of disorders
requires sophisticated diagnostic procedures. In this review we discuss
disturbances in the metabolism of tetrahydrobiopterin, biogenic amines,
y-aminobutyric acid, foliate, pyridoxine-dependent enzymes, and also the
glycine-dependent encephalopathy. We point to pathologic alterations of
proteins involved in synaptic neurotransmission that may cause neuro-
logical and psychiatric symptoms. We postulate that synaptic receptors
and transporter proteins for neurotransmitters should be investigated
in unresolved cases. Patients with inherited neurotransmitters disorders
present various clinical presentations such as mental retardation, refrac-
tory seizures, pyramidal and extrapyramidal syndromes, impaired
locomotor patterns, and progressive encephalopathy. Every patient with
suspected inherited neurotransmitter disorder should undergo a structured
interview and a careful examination including neurological, biochemical,
and imaging.
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1 Introduction

Neurotransmitters (NTs) play a central role in the
nervous system homeostasis, movement, and
behavior. Efficient communication between
large numbers of neurons is necessary for normal
functioning of the nervous system. A crucial
mechanism of neuronal interaction involves the
release of NTs into a synaptic cleft and binding to
specific receptors. An understanding of synthesis
pathways of NTs, their receptors and transporter
proteins, locations, and interactions is central to
brain function in normal and pathological
conditions. An array of NTs must be functionally
integrated to facilitate the enormous dynamics
within the nervous system. Functional status of
the central nervous system (CNS) is based on a
highly regulated balance between excitatory and
inhibitory circuits.

NTs can be divided into two groups: small
molecule NTs and larger neuropeptide NTs. Glu-
tamate, y-amino butyric acid (GABA), glycine,
and biogenic amines (dopamine, norepinephrine,
serotonin, and histamine) belong to the former

category (Table 1) (Pearl et al. 2006). Biogenic
amines are transported into synaptic vesicles by
the vesicular monoamine transporter (VMAT);
dopamine is transported from the synapse to
cytosol by dopamine transporter (DAT), and
serotonin by serotonin transporter (SERT) (Lin
et al. 2011). Reuptake of GABA at GABAergic
synapses is performed by GABA transporter
1 (GAT1) (Anderson et al. 2010). The process
of neurotransmission consists of synthesis of a
neurotransmitter by a presynaptic neuron, accu-
mulation and release of it into the synaptic cleft,
binding to, and activation of, the receptor, reup-
take from the synapse, and degradation (Pearl
et al. 2006). Two cofactors play an important
role in NTs metabolism — tetrahydrobiopterin
and pyridoxine. The active form of vitamin Bg
pyridoxine-5-phosphate (PLP) is required for the
synthesis of dopamine, serotonin, and histamine.
PLP plays also a role in the metabolism of
GABA and is a cofactor of the P-protein in the
glycine cleavage system (Clayton 2006; Pearl
et al. 2006). Inherited disorders of NTs belong
to the group of neurometabolic syndromes

Table 1 Neurotransmitters and their role in the central nervous system

Biogenic  Dopamine
amines
Norepinephrine
Serotonin

(5-hydroxytryptamine)
Histamine

Regulation of motor activity and in integrative aspects of behavior, cognitive
functions, and attention-related processes

Regulation of vigilance, reactivity, and executive function

Modulation of tonic of nervous system activity, feeding behavior, and circadian
rhythms. Precursor of the melatonin

Control of biological rhythms, behavioral state, energy metabolism,

thermoregulation, fluid balance, and reproduction

Amino Glutamate

acids

y-amino butyric acid
(GABA)
Glycine

Acetylcholine

Excitatory in the central nervous system. Regulation of sensorimotor functions,
cognitive functions, emotions, and memory

Inhibitory in the central nervous system

Inhibitory in the brainstem and spinal cord, co-agonist of glutamate on NMDA
(excitatory) receptors

Regulation of all motor activity, alertness, cognitive functions, emotions, and
memory
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related to the primary disturbance of NT
metabolism or transport. This group of disorders
requires sophisticated diagnostic procedures.

2 Neurotransmitters and Their
Metabolites
2.1 Tetrahydrobiopterin

Metabolism

Tetrahydrobiopterin (BH,) is a cofactor of phe-
nylalanine, tyrosine, tryptophan hydroxylases,
and all nitric oxide synthases (Blau et al. 2001).
BH, plays an essential role in the synthesis of
L-dopa and 5-hydroxytryptophan from tyrosine
and tryptophan, respectively (the initial and rate
limiting step in the biosynthesis of biogenic
amines) (Blau et al. 2001; Hyland 1999).

BH, provides electrons during reactions
catalyzed by phenylalanine, tyrosine and trypto-
phan hydroxylases, and is oxidized to its hydroxyl
compound — pterin-4a-carbinol-amine which is
further converted to quininoid dihydropterin
(gBH,) by pterin-4 a-carbinolaminedehydratase
(PCD; EC 4.2.1.96) and next regenerated to BH,
by dihydrobiopterin reductase (DHPR; EC
1.6.99.7) (Blau et al. 2001).

The synthesis of BH4 involves three main
reactions. The first step of the BH, synthesis is
conversion of guanosine triphosphate (GTP) to
dihydroneopterin triphosphate (NH,P3) by rate-
limiting enzyme GTP cyclohydrolase I (GTPCH
I; E 3.5.4.16). GTPCH activity is regulated by the
regulatory protein GFPR and phenyloalanine
concentrations. A defect in GTPCH T exists in
both autosomal recessive (arGTPCH) and domi-
nant (adGTPCH) forms. The second enzyme is
6-pyruvoyl-tetrahydropterin synthase (PTPS; EC
4.6.1.10) that converts dihydroneopterin triphos-
phate (NH,P3) to 6-pyruvoyl-tetrahydropterin
(6-PTP). As the last step, sepiapterin reductase
(SR; EC 1.1.1.153) reduces 6-PTP to BH,.
DHPR is an enzyme of regeneration of BH,
from qBH,; (Blau et al. 2001; Hyland 1999).

Defects in the biosynthesis of BH4 may occur
with or without hyperphenylalaninemia (HPA).
HPA is usually detected through the neonatal

screening program and about 2 % of HPA
detected by the newborn screening are due to
disorders in BH, metabolism (Blau et al. 2001).
DHPR, PTPS, and arGTPCH 1 deficiencies are
common in patients with HPA and can be
differentiated by pterin profile in the urine and
CSF, DHPR activity in the blood, and a BH,
loading test. PTPS deficiency increases the level
of neopterin, along with normal or decreased of
biopterin in the CSF and urine. DHPR usually
leads to increased biopterin in the urine and CSF.
ArGTPCH I causes a decrease in both neopterin
and biopterin in the urine and CSF (Pearl
et al. 2006; Blau et al. 2001). The autosomal
dominant form of GTPCH deficiency, commonly
known as the Segawa syndrome or dopa-
responsive dystonia, and SR deficiency are not
connected with HPA and can be detected only in
CSF (Friedman et al. 2012; Kusmierska
et al. 2009; Pearl et al. 2006).

The most frequent symptom of ad GTPCH
deficiency is dopa-responsive dystonia with
diurnal fluctuation. The major symptoms of the
SR deficiency are motor delay, axial hypotonia,
dystonia, and oculogyric crises with diurnal
fluctuation of symptoms (Friedman et al. 2012)

There is a ‘salvage pathway’ for sepiapterin
metabolism by its reduction by carbonyl reduc-
tase (CR) or SR to 7,8-dihydrobiopterin (BH,)
that can be further reduced to BH, by active
dihydrofoliate reductase (DHFR). DHFR is
active only in the liver, and therefore patients
with SR deficiency do not have HPA and have
a normal pterin profile in the urine. In the central
nervous system (CNS), DHFR is not active, so
that the ‘salvage pathway’ is not active in the
brain and a deficit of SR leads to decreased
concentrations of BH,; and biogenic amine
metabolites in CSF (Blau et al. 2001). SR defi-
ciency cannot be detected by conventional
methods applied for the measurement of biogenic
monoamine metabolites in CSF, as it must be
distinguished from all pterins in CSF, especially
BH, and sepiapterin. The detection method is
based on the finding of a marked decrease in
SR activity in fibroblasts, along with SR gene
(SPR gene) molecular analysis (Friedman
et al. 2012; Kusmierska et al. 2009).



All of the enzyme defects impair BH4
synthesis and lead to decreased concentra-
tions of homovanillic acid (HVA) and
5-hydroxyindoloacetic acid (5-HIAA), the
metabolites of dopamine and serotonin, respec-
tively, in CNS (Blau et al. 2001; Hyland 1999).

2.2 Biogenic Amines Metabolism
Tyrosine hydroxylase (TH; EC 1.14.16.2), aro-
matic L-amino acid decarboxylase (AADC; EC
4.1.1.28), dopamine f-hydroxylase (DBH; EC
1.14.17.1), and monoamine oxidase (MAO; EC
1.4.3.4) deficiencies are the known deficiencies
of biogenic amine metabolism (Hyland 1999).
The TH is the rate-limiting enzyme in the
biosynthesis of catecholamines (dopamine,
norepinephrine, and epinephrine) (Fig. 1). TH
deficiency leads to decreased concentration of
HVA in CSF. 5-HIAA should be normal, but
sometimes, a slight decrease of 5-HIAA is
observed. A low concentration of HVA without
any other biochemical disturbances also can
suggests an adGTPCH I deficiency. A phenylal-
anine loading test is helpful to differentiate these
two defects. TH deficiency can be confirmed
only by molecular analysis (Blau et al. 2001;
Hyland 1999). The most characteristic clinical

Fig. 1 Schematic
presentation of biogenic
amine metabolism. Tyr
tyrosine, Trp tryptophan,
TH tyrosine hydroxylase,
TPH, tryptophan
hydroxylase, BH4
tetrahydrobiopterin, SHTP
5-hydroxytryptophan. SHT
5- hydroxytryptamine,

HVA +—— [DOPAMINE]

K. Szymanska et al.

symptoms of TH deficiency are psychomotor
retardation, extrapyramidal symptoms (dystonic
and choreoathetotic movements, and parkinso-
nian symptoms), and an oculogyric crisis
(Hoffmann et al. 2003).

The aromatic L-amino acid decarboxylase
(AADC) enzyme is the last enzyme in the
chain of dopamine and serotonin synthesis.
AADC deficiency is connected with decreased
concentrations of HVA and 5-HIAA and
increased concentrations of 3-O-methyl-dopa
(3-OMD) and 5-hydroxytryptophan (5-HT) in
CSF. Additionally, in AADC deficiency
vanillactic acid (VLA) and vanillpyruvic acid
(VPA) occur in the urine, which may be
detected by gas chromatography—mass spec-
trometry (GC-MS). AADC deficiency can also
occur with decreased concentration of
5-methyltetrahydrofoliate (5-MTHF) (Clayton
2006). The characteristic clinical symptoms of
AADC deficiency are similar to those of TH
deficiency above outlined. In addition, there
may be truncal hypotonia, limb hypertonia,
body temperature instability, and hypoglycemia
(Ide et al. 2009; Swoboda et al. 2003).
A mutation in SLCI8A2 gene, which encodes
VMAT?2, results in a phenotype which
overlaps with monoamine disorders (Rilstone
et al. 2012).

AADC aromatic L-amino

Tyr Trp
o
3-OMD +—[L-DOPA] (B> "
| —— = .|
SEROTONIN
| |
NOREPINEFRINE]| SHIAA

acid decarboxylase, SHIAA
5-hydroxyindoleacetic
acid, MHPG, 3-methoxy-4-
hydroxyphenylglycol, HVA
homovanillic acid, VMA,
vanillylmandelic acid

|
}

MHPG

VMA



Inherited Disorders of Brain Neurotransmitters: Pathogenesis and Diagnostic Approach 5

23 Foliate Metabolism

Folic acid is not a neurotransmitter, but it is
closely linked to neurotransmitters’ metabolism
(Hyland et al. 2010). Foliate is a main cofactor
in DNA biosynthesis, necessary for the methyla-
tion process. It is a critical determinant of the
embryonic central nervous system development
and participates in the synthesis of purines,
pyrimidines, and in the metabolism of serine,
histidine, methionine, and glycine. Folic acid
also affects the activity of some enzymes, such
as DHPR, AADC, and 3-phosphoglycerate dehy-
drogenase. 5-methyl-tetrahydrofolate (5-MTHF)
is decreased in CSF of patients with a low folic
acid concentration. Folic acid has three separate
transporter systems (Hyland et al. 2010).
Deficiency of the primary transporter may lead
to cerebral foliate deficiency (CFD) and decre-
ased 5-MTHF concentration in CSF. A defective
secondary system may be confirmed by increases
in HVA and 3-OMD in CSF.

24 v-Aminobutyric Acid (GABA)

Metabolism

GABA is a major inhibitory neurotransmitter of
the brain and is formed from glutamic acid by
the Bg-dependent enzyme — glutamate decar-
boxylase (GAD; EC4.1.1.15). GABA is trans-
ported into synaptic vesicles by the vesicular
GABA transporter (VGAT). GABA is converted
to succinic semialdehyde (SSA) in the reaction
catalyzed by GABA transaminase (GABA T; EC
2.6.1.19) (Jakobs et al. 1981). Then, succinic
semialdehyde is oxidized by succinic
semialdehyde dehydrogenase (SSADH; EC
1.2.1.24) to succinate that is successively used
in Krebs cycle. Two defects of the GABA metab-
olism have been reported: GABA-T deficiency
and SSADH deficiency (Jacken et al. 1984;
Jakobs et al. 1981).

The best known neurotransmitter disorder is
SSADH deficiency. The main symptoms of
SSADH deficiency are a developmental delay
and intellectual disability, behavioral problems,

motor dysfunction (ataxia), and epilepsy
(Kim et al. 2011). GABA-T deficiency is a rare
disorder of GABA catabolism, with a severe
psychomotor retardation and recurrent episodic
lethargy accompanied by intractable seizures
(Tsuji et al. 2010).

25 Pyridoxine-Dependent Enzymes
Vitamin Bg is present in the organism as six
vitamers: pyridoxine (pyridoxol), pyridoxamine,
pyridoxal, and their 5'-phosphorylated esters.
The biologically active form of pyridoxine (cofac-
tor activity) is pyridoxine-5-phosphate (PLP)
which is a cofactor for approximately
100 enzymes. Pyridoxine dependency is caused
by the binding of PLP to abnormal metabolites
formed due to the deficiency of alpha-aminoadipic
semialdehyde dehydrogenase. AADC also
depends on the PLP; thus a PLP disorder affects
the biogenic amine metabolite profile in CSF in a
way similar to the primary low AADC activity.
PLP deficiency occurs with increased glycine con-
centration in CNS, causing neurological
disturbances. Lack of PLP is the most commonly
caused by decreased pyridoxine-5-phosphate oxi-
dase (PNPO) activity. PNPO deficiency leads to
severe neurological sequelae. A typical clinical
presentation is characterized by perinatal onset,
epileptic  encephalopathy, refractoriness to
antiepileptic drugs, and responsiveness to PLP
treatment (Rahman et al. 2012; Clayton 2006;
Pearl et al. 2006; Jacken et al. 1984; Jakobs
et al. 1981).

2.6 Glycine Encephalopathy

Glycine is an inhibitory neurotransmitter in the
spinal cord and acts as a co-agonist of the
glutamatergic NMDA receptor. An increased
glycine concentration in CSF is usually caused by
a defect of the glycine cleavage system. The sys-
tem has four components: a P-protein containing a
PLP-dependent glycine decarboxylase; H-protein;
T-protein, which is tetrahydrofolate-dependent,
and L-protein, which is a lipoamide dehydrogenase


http://www.ncbi.nlm.nih.gov/pubmed?term=Pearl%20PL%5BAuthor%5D&cauthor=true&cauthor_uid=16298354

moiety of the pyruvate dehydrogenase complex
(Rahman et al. 2012; Pearl et al. 2006). The
P-protein defect is associated with the
neonatal-onset forms, while H- and T-protein
defects are associated with the later-onset
forms. A classic neonatal phenotype includes
in utero-onset seizures. In the neonatal form,
clinical findings include neonatal encephalopa-
thy, hypotonia, myoclonias, and apnea. A later
childhood variant includes mild mental retarda-
tion, delirium, chorea, and vertical gaze palsies,
while a late onset pattern in adults is
characterized by progressive spastic diplegia
and optic atrophy. Defects of the glycine clea-
vage system are detected by a CSF to plasma
glycine ratio of more than 0.08. The measure-
ment of glycine cleavage activity in the liver
and cultured lymphoblasts, or genetic identifi-
cation are available for accurate diagnosis
(Rahman et al. 2012; Pearl et al. 2006).

3 Receptors and Protein
Transporters

Inborn errors of neurotransmitters involve
defects in biogenic amines, GABA, glycine, and
in the metabolism of the cofactors BH, and PLP.
Likewise, pathologic alterations of proteins
involved in synaptic neurotransmission may
cause neurological and psychiatric symptoms
and abnormalities in the CSF content (Bagale
et al. 2011; Duarte et al. 2011). Therefore, in
patients with low CSF levels of HVA and
5-HIAA, unrelated to an enzymatic defect,
further investigation is warranted to discern alter-
native etiologies, such as receptor or transporter
defects. This may be done by positron emission
tomography (PET) and single-photon emission
computed tomography (SPECT), both repre-
senting unique techniques for the assessment of
in vivo dopamine receptor distribution in
humans. PET neuroimaging can be also used to
evaluate other types of vesicular presynaptic
transport systems (Lee et al. 2009; Breit
et al. 2006; Buu 1989). Neuroimaging may be
a useful method for patients with tyrosine
hydroxylase or AADC deficiency. The activity

K. Szymanska et al.

of AADC can be detected in vivo using

"®fuoro-dopa-PET  ('®*F-dopa-PET)  (Martin
et al. 1989).

Monoamine and some amino acid NTs
transporters belong to the solute carrier

6 (SLC6) family, e.g., the transporter for GABA
(Bagale et al. 2011; Duarte et al. 2011). The
function of these transporters depends on
the transmembrane Na* and Cl~ gradient. The
dopamine transporter (DAT) plays a key role in
the regulation of dopaminergic signaling in the
brain by moving dopamine from the synaptic
cleft into the cytoplasm. The vesicular mono-
amine transporter-2 (VMAT?) is responsible for
the loading of monoamine into the synaptic
vesicles. VMAT2 and VGAT vesicular
transporters are intracellular proteins. In turn,
D2R is a receptor that belongs to the G-protein
receptor family. The serotonin transporter
(SERT), also belonging to the SLC6 family, is a
transporter responsible for the active re-uptake of
serotonin from the synapse.

4 Clinical Presentation
of Inherited Neurotransmitter
Disorders

Patients with inherited neurotransmitter dis-
orders present various clinical symptoms and
signs (Friedman et al. 2012; Bagale et al. 2011;
Kim et al. 2011; Tsuji et al. 2010; Kusmierska
et al. 2009; Clayton 2006; Pearl et al. 2006; Pearl
et al. 2005a, b; Swoboda et al. 2003; Hoffman
et al. 2003; Blau et al. 2001; Hyland 1999).

4.1 Newborns

* Abnormal muscle tone in the form of signifi-
cant hypotonia or hypertonia;

» Seizures refractory to anticonvulsants;

« Positive screening test of phenylketonuria
with abnormal pterin profile in CSF (BH,4
deficiency);

« Additional clinical features include jitteriness,
hypothermia, neonatal dystonia, restlessness,
irritability, and emesis preceding seizures.


http://www.ncbi.nlm.nih.gov/pubmed?term=Pearl%20PL%5BAuthor%5D&cauthor=true&cauthor_uid=16298354
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4.2 Children Older than 1 Month

» Extrapyramidal and pyramidal-
extrapyramidal syndromes of unknown
etiology, progressive nature of disease, daily
fluctuations, and normal brain MRI;

» Hypotonic child;

» Hypertonic child (stiff baby);

» Regulatory disorders in infants not being
ameliorated with age, accompanied by
psychomotor;

» Retardation and impaired locomotor patterns;

» Drug-resistant epilepsy;

e Other symptoms implying neurotransmitter
disorders; oculogyric crisis;

* Progressive encephalopathy of unknown
etiology.

Every patient should undergo a structured
interview and a detailed examination including
neurological, biochemical, and imaging.
Lumbar puncture must be performed to obtain
the material for clinical diagnosis. CSF should
be collected in five fractions following a strictly
defined protocol and samples are to be stored
at —80 °C until analysis. Metabolites of
biogenic amines can be examined with high
performance liquid chromatography (HPLC)
with coulometric detection. HPLC with fluori-
metric detection can be used to analyze pterin
profile. 5-MTHF can be measured by HPLC
with a coulometric detector (Kusmierska
et al. 2009; Blau et al. 2001). In case of an
abnormal result, further tests, such as oral
phenylalanine loading test and amino acid and
organic acid analysis in the urine by GC-MS,
should be performed.

5 Neurotransmitter System
as a Whole

Efficient communication in the brain requires a
precise control of neurotransmitter action at
specific molecular targets. Each neuron is
connected with numerous other neurons, receiv-
ing signals by various NTs. Moreover, it has

been shown that a single presynaptic terminal
could release several NTs (co-transmission).
Some NTs can be co-released to provide appro-
priate balance of the signal and to enable more
complex communication. The knowledge about
co-release of NTs and co-transmission in
humans is still limited. Only have a limited
number of studies directly examined more than
one neurotransmitter system at a time and
explored mutual associations of these systems
in neurometabolic disorders in humans.
Disorders that affect the metabolism of NTs
are complex and interactions between different
metabolic pathways can lead to severely
compromised neurological function (Duarte
et al. 2011). Inherited NTs disorders attributed
to a primary disturbance in NTs metabolism or
transport are by far poorly understood. Deregu-
lation of several different neurotransmitter
systems is always implicated in the etiology of
neurological disorders. It is evident that dys-
function of large-scale brain networks rather
than differences in single regions underlie psy-
chiatric disorders. Little is known about the
correlation between abnormal metabolism of
biogenic amines (primary or secondary) and
abnormalities of the metabolism of other
neurotransmitters. Furthermore, the relationship
between metabolic pathways of a large number
of newly characterized neurotransmitters is
poorly characterized. A concomitant measure-
ment of different NTs, their precursors,
metabolites, receptors, and cofactors at the
same time-point in CSF may provide a more
accurate picture of brain function and help
understand the mechanisms of cerebral
dysfunctions and create novel therapeutic
options. The rationale for using the CSF as a
source of various metabolites to study neuro-
transmitter interactions and their receptor or
protein transporter connections seems to have
clinical relevance and may yield information
otherwise unavailable from a single neurotrans-
mitter study.
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Abstract

Dopamine (DA) is a putative neurotransmitter in the carotid body engaged
in the generation of the hypoxic ventilatory response (HVR). However,
the action of endogenous DA is unsettled. This study seeks to determine
the ventilatory effects of increased availability of endogenous DA caused
by inhibition of DA enzymatic breakdown. The peripheral inhibitor of
MAO - debrisoquine, or COMT - entacapone, or both combined were
injected to conscious rats. Ventilation and its responses to acute 8 % O, in
N, were investigated in a whole body plethysmograph. We found that
inhibition of MAO augmented the hyperventilatory response to hypoxia.
Inhibition of COMT failed to influence the hypoxic response. However,
simultaneous inhibition of both enzymes, the case in which endogenous
availability of DA should increase the most, reversed the hypoxic
augmentation of ventilation induced by MAO-inhibition. The inference
is that when MAO alone is blocked, COMT takes over DA degradation in
a compensatory way, which lowers the availability of DA, resulting in a
higher intensity of the HVR. We conclude that MAO is the enzyme
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predominantly engaged in the chemoventilatory effects
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of DA.

Furthermore, the findings imply that endogenous DA is inhibitory, rather

Carotid body ¢ Catechol-O-methyltransferase ¢+ Dopaminergic system e
Endogenous dopamine < Hypoxic ventilatory response ¢ Minute

10
than stimulatory, for hypoxic ventilation.
Keywords
ventilation « Monoaminooxidase

1 Introduction

Dopamine (DA) is present in a substantial
amount and is considered a putative neurotrans-
mitter in the carotid body (Hellstrom 1977), a
paired sensory organ of neural crest origin
whose chemoreceptor cells generate the excit-
atory response to chemical stimuli, most notably
to reductions in partial oxygen pressure in arterial
blood (Pa0,). DA is released from carotid chemo-
receptor cells in proportion to the strength of the
hypoxic stimulus and binds to D2 receptors on
the plasma membrane to trigger the cellular
transduction cascade, ending up in increased
discharge rate in the sinus nerve endings apposing
chemoreceptors (Gonzalez et al. 1994). The
carotid body discharge is then relayed to the
brain stem respiratory areas to evoke a hyperven-
tilatory response (Faff et al. 1999).

Exogenous DA and D2 receptor antagonists
have been extensively used as pharmacological
tools, taking advantage of the incapability of
the hydrophilic DA to cross the blood-brain
barrier, which enables to study the peripheral
DA-mediated effects without vagueness. Never-
theless, studies failed to determine the exact role
of DA in ventilatory regulation and the issue
remains contentious. DA seems to have a well
established inhibitory role for ventilation and
its responses to acute hypoxia in the majority of
species, such as the cat (Llados and Zapata
1978), the rabbit (Matsumoto et al. 1980), or
the rat (Bee and Pallot 1995; Monteiro
et al. 2011), but not in the dog where it has a
stimulatory effect (Black et al. 1972). However,
the notion of DA-mediated ventilatory inhibition

has found support in the action of domperidone, a
peripheral D2 antagonist, which increases venti-
lation (Bee and Pallot 1995), although in some
reports the increase has only been found after
birth and was lost with maturation (Tomares
et al. 1994). The issue is further confounded by
the postulate of the existence of the low affinity
excitatory post-synaptic carotid body dopamine
D2 receptor responding to high doses of DA, as
opposed to the inhibitory effects on the hypoxic
ventilator responses exerted by low doses of DA
through high affinity D2 receptors in animals and
man (Gonzales et al. 1994; Ward and Bellville
1982). The probable presence of two subtypes of
D2 receptors, differing in affinity to DA, makes
an understanding of the action of endogenous
DA, released in a small concentration, unclear.
On the premise that DA is basically inhibitory
for ventilation as mentioned above we made the
hypothesis that the stimulatory ventilatory
response to hypoxia might be attenuated by the
inhibition of DA breakdown, and thus enhance-
ment of its endogenous availability for the D2
receptors within the carotid body. There are
reports showing that blockade of MAO and
COMT effectively increases the dopamine
content in a tissue (Wang et al. 2001). Therefore,
we addressed this issue in conscious rats by
using specific peripheral antagonists of the two
enzymes responsible for DA degradation:
monoaminooxidase (MAQO) and catechol-O-
methyltransferase (COMT). We established that
MAQO is the predominating enzyme engaged in
the chemosensory effects of DA degradation in
the carotid body. Although inhibition of MAO
augmented the hyperventilatory response to
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hypoxia, the augmentation was abrogated by
the simultaneous addition of COMT; the situa-
tion when the accumulation of endogenous
DA should be the most. The inference is that
endogenous DA is inhibitory for ventilation.
The abrogation of MAO-induced ventilatory
stimulation, when both COMT and MAO
inhibitors were used, could be due to COMT
taking over DA degradation when MAO alone
is blocked; a phenomenon reported in the litera-
ture (Trendelenburg 1984).

2 Methods

2.1 Animals and Instrumentation
The study was approved by the IV Local Ethics
Committee for Animal Experiments in Warsaw,
Poland (Permit Number: 29/2010) and was
conducted in accord with the guiding principles
for the European Convention for the Protection of
Vertebrate Animals used for Experimental and
other Scientific Purposes (Council of Europe No
123, Strasbourg 1985). A total of 26 adult male,
conscious Wistar rats, weighing 299.9 + 3.0
(SE) g were used. All rats were kept on a 12 h
light-dark cycle, temperature of 21 + 2 °C,
humidity of 50-60 %, and were fed with a
standard animal chow and had water ad libitum.
The animals were divided into the following
4 groups: control group (n = 5) that received the
vehicle — 0.3 ml dimethylsulfoxide (DMSO), the
debrisoquine group (n = 7) that received 40 mg/
kg of the peripheral MAO inhibitor debrisoquine,
the entacapone group (n = 7) that received
30 mg - kg~ ! of the peripheral COMT inhibitor
entacapone, and finally the last group (n = 7)
received both inhibitors in the above-mentioned
doses. All drugs were administered intraperitone-
ally in a 0.3 ml volume; entacapone being
dissolved in DMSO and debrisoquine in physio-
logical saline, and the injections of both inhibitors
were made 2 min apart symmetrically into either
side of the peritoneal cavity. Entacapone was gen-
erously provided by Orion Corporation — Orion
Pharma (Espoo, Finland) and debrisoquine was
purchased from Sigma-Aldrich (St. Louis, MO).

Lung ventilation and its responses to acute
hypoxia were measured in a whole body rodent
plethysmograph (model PLY3223; Buxco
Electronix Inc., Wilmington, NC). Each unre-
stricted rat was placed in the recording chamber.
Chamber temperature was maintained constant at
21 °C throughout the experiment. Bias flow at a
rate of 2.5 1 - min~' between the hypoxic tests
was used, via a flow pump reservoir system
(PLY1020, Buxco Electronics), for removing
CO, build-up from the chamber. Pressure differ-
ence between the experimental and reference
chamber was measured with a differential
pressure transducer. The pressure signal was
amplified and then integrated by data analysis
software (Biosystem XA for Windows SFT3410
v. 2.9; Buxco Electronics).

2.2 Ventilatory Measurements
Volume (V) and frequency (f) components of
lung ventilation were measured breath-by-breath
were processed to yield instantaneous minute
ventilation (Vg, ml - min~', BTPS). Data were
further processed off-line to show the 30 s
time points of the 180 s course of the hypoxic
ventilatory response. Each point constituted an
average of a 10 s bin of a given variable preced-
ing the 30 s time mark.

2.3 Study Protocol

Each animal was used once. At the beginning
of the experiment, the animal was allowed to
accustom to the chamber in ambient air for
about 15 min. Then, the gas in the chamber was
switched to 8 % O, in N,. The equilibrium of a
gas mixture in the chamber was achieved within
40 s, after which a 3-min hypoxic poikilocapnic
recording started. During the recovery period in
room air, the DMSO vehicle or the enzymes’
inhibitors were injected according to the scheme
and doses above outlined. The hypoxic tests were
repeated after 30 and 60 min from the injection
in like manner.
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24 Blood Pressure

Blood pressure was measured noninvasively with
a CODA tail-cuff blood pressure system using a
volume pressure recording (VPR) sensor tech-
nology and software that enables to continuously
monitor data in real-time (Kent Scientific,
Torrington, CT, USA).

25 Data Evaluation

Data were presented as means £ SE. Ventilatory
variables were normalized to weight in kg. The
data turned out to be normally distributed;
checked with the Shapiro-Wilk test. Statistical
elaboration took into account three main points
of interest characterizing Vg changes along the
hypoxic time course: prehypoxic baseline, peak
hypoxic increase, and hypoxic depressant nadir.
One-way ANOVA was applied to compare Vg at
these time points across each hypoxic profile and
also across the corresponding time points of the
three experimental conditions: untreated control,
30 min, and 60 min after a given pharmacologi-
cal intervention. If significant, the source of
differences was further evaluated with the post-
hoc Scheffe test. Statistical significance was
defined as P < 0.05.

2.5 4 é Baseline 30min 60min *
7, 20 A E:] I;I [T[‘|
¥ *F 5 ETP
L 15 ] A
£ g & 6 4 3
= 1.0 4 Untreated
= 2 _

05 4 [JDE 30 min

£ DE 60 min
0.0 4 r . r v y . ;

0 30 60 90 120 150 180

Time (s)

Fig. 1 Hypoxic ventilatory responses in the untreated
control condition, and then 30 and 60 min after
i.p. administration of debrisoquine (A) and entacapone
(B). *p < 0.05 for the differences at the corresponding
time marks (vertical) as follows: at 0 s mark — between
30 and 60 min post-debrisoquine Vg vs. untreated
prehypoxic baseline Vg; at 30 s mark — between 30 min
post-debrisoquine peak hypoxic Vg vs. untreated peak Vg,
and at 180 s mark — between post-debrisoquine hypoxic
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3 Results

All hypoxic responses recorded in the present
study had a classical biphasic stimulatory/inhibi-
tory character. Vg peaked at about 30 s from the
start of hypoxia, which was followed by a grad-
ual roll-off reaching nadir within 150-180 s. In
this depressant phase, Vg decreased by about
15-20 % of the peak increase, remaining signifi-
cantly above the baseline prehypoxic level.

The results show that debrisoquine, 30 min
after the injection, significantly enhanced both
the resting baseline ventilation and the ventila-
tory response to 8 % hypoxia along its recorded
course. The enhancement was most pronounced
at peak response where Vg increased from
1.52 £ 0.82 before to 2.33 £ 0.30 I'min~ kg~
after debrisoquine; P < 0.05 (Fig. 1A). How-
ever, this effect failed to be long-lived. The ven-
tilatory response to hypoxia repeated 60 min
after debrisoquine injection showed that the
peak Vg regressed to 1.66 &= 0.12 1 - min~' -
kg™'; a downfall also seen at the following
time marks of the hypoxic profile, nearly to the
level present in the control untreated condition.
The increases in hypoxic ventilation after
debrisoquine were achieved due to contributions

of both frequency and tidal ventilatory
b 16
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> 08
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15 4 2 3@ @ @ ®
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Vg nadir vs. untreated Vg nadir; fp < 0.05 for the
differences along the sequential time marks (horizontal)
of the hypoxic courses as follows: prehypoxic untreated
Vg vs. the peak and nadir Vg in each experimental condi-
tion in both panels. The insets show the augmentation of
Vg from the normoxic baseline to hypoxic peak 30 and
60 min after debrisoquine (Panel A; *significantly higher
30 min after debrisoquine, P < 0.05) (Panel B — insignif-
icant differences)
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Fig. 2 Hypoxic ventilatory responses in the untreated
control condition, and then 30 and 60 min after
debrisoquine and entacapone administered together.
There were no significant differences noted at the
corresponding time marks (vertical) of the three experi-
mental conditions. TPrehypoxic untreated Vg (0 s time
mark) significantly lower than peak (30 s time mark) and
nadir (180 s time mark) Vg in each of the three experi-
mental conditions; p < 0.05. The inset shows the aug-
mentation of Vg from normoxic baseline to hypoxic peak
30 and 60 min post-debrisoquine+entacapone; the
differences being insignificant

components. Peak  breathing frequency
amounted to 139 4+ 10 breaths:min~' in the
untreated condition and changed to 168 + 12
and 145 + 10 breaths - min~" at 30 and 60 min
post-debrisoquine. The corresponding values for
tidal component were 12.0 + 1.6, 14.0 & 1.6,
and 11.0 + 0.6 ml - kg~ '. Although the joint
action of both components led to significant
changes in Vg, changes in either component
turned out to be insignificant (P > 0.05,
one-way ANOVA).

Entacapone, on the other hand, failed to
appreciably affect the hypoxic ventilatory
response either 30 or 60 min after injection
(Fig. 1B). Likewise, entacapone combined with
debrisoquine failed to affect the course of the
hypoxic ventilatory response in a significant
way, although there was a tendency remaining
for a higher peak hypoxic Vg compared with the
untreated condition, which was gone 60 min after
injection (P > 0.05) (Fig. 2). Thus, the ventila-
tory augmentation evoked by MAO inhibition
alone was gone when the COMT inhibitor was
simultaneously used.

Hypoxic ventilatory responsiveness remained
grossly unchanged after DMSO-vehicle injection,

compared with that before DMSO, during the
60 min time span recorded, although DMSO
showed a slight tendency to dampen both baseline
and hypoxic ventilatory levels (Table 1).

Neither debrisoquine nor entacapone caused
any meaningful changes in arterial blood pres-
sure recorded up to 90 min after the injection
(Table 2).

4 Discussion

This investigation demonstrates that MAO-
mediated oxidation is the major pathway of
dopamine degradation in the carotid body as
judged by changes in the hypoxic chemoreflex in
response to pharmacological blockade of the
enzyme. The predominant role of MAO in DA
metabolism is in line with the prevailing presence
of MAO in many a cell type, such as peripheral
neurons, glial cells, and others (Weyler
et al. 1990; Hovevey-Sion et al. 1989). Separate
inhibition of the COMT pathway remained
without any ventilatory effects, showing no basic
role of COMT in DA degradation.

The augmentation of the hyperventilatory
response to hypoxia after the peripheral MAO
inhibition seemingly ran counter to our working
presumption that MAO inhibition, by slowing
down DA metabolism and increasing the avail-
ability of DA at its functional receptor sites in
carotid body chemoreceptors, ought to bring up
the inhibitory character of DA regarding the
ventilatory regulation. However, simultaneous
inhibition of both COMT and MAO, the condi-
tion in which endogenous DA should accumulate
the most, reversed the hypoxic augmentation of
ventilation induced by MAO-inhibition. These
results imply the biological plausibility that
when MAO alone is blocked, COMT takes over
DA degradation in a compensatory way, which
lowers the availability of DA, resulting in a
higher intensity of the hypoxic response. The
corollary is endogenous DA is in fact inhibitory
for ventilation. The ability of COMT to compen-
sate for the lost function of MAOQO, but not the
other way around, has been reported in the rat
heart (Trendelenburg 1984).
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Table 2 Influence of entacapone and debrisoquine on
arterial blood pressure

Mean arterial blood pressure (mmHg)

Time (min) Debrisoquine Entacapone
0 119 £7 116 £5
30 105 £ 13 128 £ 7
90 123 + 16 133 £ 8

Values are means + SE. Insignificant changes

The role of DA in carotid body function is a
highly contentious issue. DA is present in the
carotid body in high amounts in chemoreceptor
cells and shapes their sensory responses, being
released in proportion to the hypoxic stimulus
strength (Gonzalez et al. 1994). DA infusion
inhibits carotid body responses to hypoxia and
DA D, receptor blockade increases these
responses in most species (Monteiro et al. 2009;
Chow et al. 1986; Eyzaguirre and Zapata 1984).
The issue is further confounded by the apparent
discrepancy in translation of the sensory carotid
body discharge into ventilatory outcome.
Smatresk et al. (1983) have reported that a
non-specific D2 antagonist, haloperidol, injected
intravenously in a dose of 1 mg/kg in anesthe-
tized cats, increases the carotid sensory discharge
in the sinus nerve, but attenuates the ventilatory
response to hypoxia. The investigators concluded
that haloperidol, which penetrates into the brain,
blocks the central integration of peripheral
chemoreceptor input. There is some supportive
evidence to this end showing no effect of
haloperidol on ventilation during normoxia or
hypoxia (Bainbridge and Heistad 1980), or a
depressant effect on the response to hypercapnia
(Lundberg et al. 1979).

DA infusion in some species, such as goats or
dogs, causes initially a burst of excitatory carotid
sensory discharge, particularly observed after
high doses of DA, later followed by depression
(Bisgard et al. 1979). Since ventilation follows
carotid body discharge rate, DA can cause stim-
ulation or inhibition of the responses to natural
chemical stimuli. To reconcile these divergent
effects of DA on hypoxic ventilation, Gonzalez
et al. (1994) have proposed the existence of a
dichotomous D2 receptor population located
at the carotid chemoreceptor cell/sinus nerve

ending synapses consisting of two opposed
classes: low affinity post-synaptic receptors at
which DA would act as an excitatory neuro-
transmitter and high affinity D, autoreceptors
on chemoreceptor cells at which DA would be
inhibitory, and which would regulate DA release
by these cells. It follows that high doses of DA
would stimulate sinus nerve activity, and conse-
quently ventilation, through low affinity
receptors and vice versa low doses of DA
would inhibit sinus nerve activity through high
affinity autoreceptors. Although we did not mea-
sure DA content in the carotid body, which
would require alternative study design, the possi-
bility of a direct facilitatory effect on ventilation
of DA seems unlikely in face of the disappear-
ance of ventilatory augmentation when both
MAO and COMT were blocked simultaneously,
the condition which favors DA accumulation.
Our findings are in rapport with the concept that
low concentrations of DA at the carotid body
would act to dampen ventilation through high
affinity D2 receptors.

The reversion of MAO-mediated ventilatory
augmentation when both MAO and COMT were
blocked also makes a plausible role of noradren-
aline unlikely in the effects observed. A slow-
down of DA metabolism could increase the
content of noradrenaline that is formed by dopa-
mine PB-hydroxylase, and then is metabolized by
both MAO and COMT. Noradrenaline, in con-
trast to DA, is present mostly in sympathetic
nerve fibers reaching the carotid body from the
superior cervical ganglion and participates in
vascular and blood flow regulation (Hanbauer
and Hellstrom 1978) rather than in the inherent
chemotransduction mechanisms. There is less
noradrenaline than DA in the carotid body; the
ratio being about 1:5 (Vicario et al. 2000). None-
theless, hypoxia stimulates sympathetic nerve
activity and release of noradrenaline in the
carotid body and noradrenaline increases the
chemosensory discharge rate and ventilation
(Somers et al. 1989; Joels and White 1968).
Chemoreceptor cells function also is sensitive
to arterial blood pressure changes (Lahiri
et al. 1980) that could be induced by the accu-
mulation of catecholamine. Lack of blood
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pressure changes in the present study, when both
enzymes were blocked, makes the involvement
of sympathetic background in the results
obtained unlikely. Others studies have also
reported that simultaneous blockade of MAO
and COMT does not influence hemodynamics
or concentrations of unconjugated norepineph-
rine in plasma (Illi et al. 1996).

In conclusion, the present findings demon-
strate an augmentation of hypoxic ventilatory
reactivity at the carotid body level after peri-
pheral pharmacological blockade of MAO,
likely mediated by DA degradation through a
switched-on COMT pathway. The inference
would be that less endogenous DA augments
ventilation, and vice versa, increased availa-
bility of DA dampens ventilation. Although the
study design could not settle the exact role of
DA in ventilatory chemoregulation, we believe
the results may help understand the niceties of
DA action. In addition, the findings of increased
hypoxic ventilatory reactivity after the MAO
inhibitor debrisoquine and no effect on ventila-
tion of the COMT inhibitor entacapone, both
clinically used drugs, may be of therapeutic
consequence.
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Abstract

The aim of this study was to investigate the effects of the extreme
environment of high altitude hypoxia on olfactory threshold. The study
was conducted before, during, and after a scientific expedition to Mera
Peak (5,800 m). The n-butanol test was used for the assessment of the
magnitude of the olfactory threshold. The finding was that the olfactory
threshold dramatically increased at high altitude. We conclude that there
is a physiological adaptation of olfaction due to altitude-hypoxia.
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1 Introduction

Smell is a key sensorial system to identify food,
environment, and it also is involved in such
baffling processes as a partner selection.
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Nevertheless, olfaction is a ‘neglected’ sense
because it is rarely investigated in medical prac-
tice, where patients are often unaware of olfac-
tory alterations (Haddad et al. 2008; Doty and
Laing 2003). Olfactory examination may give
important information, since olfaction
impairment may be associated with focal or dif-
fuse disorders of the nervous system (Doty 2012;
Graves et al. 1999). Moreover, olfactory ability
changes with age; it begins to decline steadily in
the 40s, frequently resulting in complete anosmia
in elderly people (Doty et al. 1984a). In older
people, impairment of olfactory function may
represent an early diagnostic feature of a neuro-
degenerative disease (Mesholam et al. 1998).
Olfaction is a complex system (Haddad
et al. 2008) composed of several physiological
parameters, e.g. threshold, identification, and dis-
crimination. In particular, the olfactory threshold
is a measure of the lowest concentration of an
odorant which activates the olfactory sensory
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neurons and is one of the most investigated
features (Cain 1982). Whereas the threshold test-
ing is assumed to reflect mainly peripheral olfac-
tory processes, discrimination and identification
tasks seem to be more related to higher order
cognitive processing, largely involving various
memory functions (Landis et al. 2005). Olfactory
function can be investigated using psychophy-
siological (Ehrenstein and Ehrenstein 1999),
electrophysiological (Hummel and Kobal 2001),
or imaging techniques (Cerf-Ducastel and Mur-
phy 2003). In clinical practice, the University of
Pennsylvania Smell Identification test (Doty
et al. 1984b), the ‘Sniffin’ Sticks’ test (Hummel
et al. 1997), and the Connecticut Chemosensory
Clinical Research Center test (CCCRC) (Cain
et al. 1988) are the most commonly used psycho-
physiological tests for a comprehensive assess-
ment of olfactory function. There are sparse
reports on the effects of experimental hypobaric
hypoxia on olfaction (Kiihn et al. 2008, 2009;
Semeria 1957), but olfaction has never been
tested at true high altitude. Because of that and
the known similarity between hypoxia and the
aging process (Mazzatenta et al. 2013a), in the
present study we set out to examine the possible
influence of the extreme environment of high
altitude hypoxia on olfactory threshold.

2 Methods

Seventeen healthy individuals of the mean age
453 £ 11.3 (SD) years (F/M - 5/12) were
enrolled into the study during a scientific expedi-
tion to Mera Peak (5,800 m), taking 21 days at
high altitude. The exclusion criteria were smok-
ing, alcohol or drug consumption, impaired sense
of smell, any overt pathology or disease, recent
clinical surgery or anesthesia, and use of drugs.
An additional exclusion criterion for women was
the time between the 17 and 21st day of the
menstrual cycle, to prevent the possible hor-
monal interference with the results. All experi-
mental procedures were clearly explained, and
the participants provided written informed con-
sent prior to the testing sessions. The participants

R. Ruffini et al.

were free to interrupt the testing at any time in
case of any difficult to manage or unpropitious
feelings. The study was performed in accord with
the ethical standards of the Helsinki Declaration
of 2008 and was approved by a local Human
Research Review Board and Ethical Committee.
The olfactory threshold was evaluated by apply-
ing a standard n-butanol test (woody-alcohol
odor), using a growing series of 9 M
concentrations ranging from 107> to 0.6 M in
the following ascending order: 9.14e™>,
2.74e™%, 8.23e %, 0.00245, 0.0074, 0.022, 0.67,
0.2, and 0.6 M (Cain 1982). The trial ended when
the subject perceived an olfactory sensation.
The test was re-administered three times. The
threshold value was defined as the mean score
of dilution steps. The olfactory stimulation was
performed at different altitudes: pre-test at sea
level, test at 3,600 m, test at 5,800 m, and post-
test at sea level. The solution was sniffed from a
distance of 2 cm from the nose, for 3—4 s, and
with an interval of at least 5 min between trials
of different concentrations. The time interval
between two stimuli of the same concentration
was 30 s. The solution were presented in progres-
sively higher concentrations until the volunteers
perceived the odor, which corresponds to an
individual olfactory threshold.

Data are presented as mean values + SD.
Statistical comparisons were made with one-
way ANOVA. The alpha level was set at 0.05.
Analysis was carried out using an SPSS ver. 17.0
commercial package.

3 Results

The mean pre-test olfactory threshold of the
subjects was 5.71 £ 1.10 dilution steps (>0.05 %
of n-butanol) before the expedition at the sea
level (O m). The threshold increased slightly to
5.82 4+ 0.64 dilution steps at 3,600 m. The
increase was distinctly greater at 5,800 m
amounting to 6.94 + 0.24 dilution steps
(<043 % of n-butanol). The post-test result at
the return to sea level was 5.06 £+ 0.43 dilution
steps, which was way below the beginning sea
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Fig. 1 The olfactory threshold, defined as the mean score
of dilution steps: before the expedition at sea level
(pre-test), altitudes of 3,600 and 5,800 m; and back at
sea level (post-test). In the extreme environment of the
higher altitude, the threshold increased by 1.5 concentra-
tion points. The olfactory threshold level showed under-
shoot in the post-test recovery compared with the pre-test
baseline level

level (Fig. 1). One-way ANOVA showed a signi-
ficant effect of altitude on the individual olfactory
threshold F(3,64) :223, p < 0.001.

Differences in the distribution of the olfactory
threshold frequencies per molar concentration of
the stimulating solution at different altitudes are
shown in Fig. 2. There was a very substantial
reduction in frequency classes from the pre-test
(0 m) to the high altitude of 3,600-5,800 m
levels; signs of recovery were noted at the post-
test sea level performed after 21 days’ stay in the
extreme environment.

4 Discussion

The major finding of the present study was that
the perception of smell was distorted at high
altitude. The distortion consisted of a dramatic
increase in the olfactory threshold during the stay
at the altitude of 5,800 m. Natural hypoxia is
an interesting model to study the adaptation of
olfactory threshold to extreme conditions. The
increase in the olfactory threshold we observed
from the pre-test to 3,600 m and to 5,800 m
could be considered as a normal physical
decrease of stimulus volatility linked to the
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Fig. 2 Distribution of olfactory threshold frequencies
per molar concentration of the stimulating solution at
different altitudes: pre-test (0 m); 3,600 m; 5,800 m, and
post-test (0 m)

altitude temperature changes. However, the
post-test drop in threshold below the baseline
pre-test sea level cannot be explained by such a
simple justification. The post-test olfactory
threshold clearly suggests a physiological mech-
anism that affects the periphery of the olfactory
perception pathway. The adaptation of the
olfactory threshold at high-altitude is, in all
likelihood, produced by the accompanying
hypoxia. The physiological mechanisms under-
lying this adaptation are as yet unknown. There is
a literature report showing an interaction
between the olfactory bulb and the reticular
neurons of bulbar respiratory center in hypoxia
(Karapetian et al. 2012). Interestingly, chronic
exposure to hypoxia may underlie the appearance
of some diseases, such as multiple chemical
sensitivity syndrome that also affects olfaction
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(Mazzatenta et al. 2013a, b). Altitude-hypoxia
might be considered an important experimental
model to investigate the effect of hypoxia on the
olfactory physiology. It would be interesting to
investigate the olfactory threshold also in the
hypobaric chamber. Furthermore, such model
could be useful in the understanding of the
mechanisms of the aging process as well as neu-
rodegenerative diseases.
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Abstract

Increasing body of evidence indicates that neuron-neuroglia interaction
may play a key role in determining the progression of neurodegenerative
diseases including Parkinson’s disease (PD), a chronic pathological con-
dition characterized by selective loss of dopaminergic (DA) neurons in the
substantia nigra. We have previously reported that guanosine (GUO)
antagonizes MPP"-induced cytotoxicity in neuroblastoma cells and exerts
neuroprotective effects against 6-hydroxydopamine (6-OHDA) and beta-
amyloid-induced apoptosis of SH-SYSY cells. In the present study we
demonstrate that GUO protected C6 glioma cells, taken as a model system
for astrocytes, from 6-OHDA-induced neurotoxicity. We show that GUO,
either alone or in combination with 6-OHDA activated the cell survival
pathways ERK and PI3K/Akt. The involvement of these signaling
systems in the mechanism of the nucleoside action was strengthened by
a reduction of the protective effect when glial cells were pretreated with
U0126 or LY294002, the specific inhibitors of MEK1/2 and PI3K, respec-
tively. Since the protective effect on glial cell death of GUO was not
affected by pretreatment with a cocktail of nucleoside transporter
blockers, GUO transport and its intracellular accumulation were not at
play in our in vitro model of PD. This fits well with our data which pointed
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to the presence of specific binding sites for GUO on rat brain membranes.
On the whole, the results described in the present study, along with our
recent evidence showing that GUO when administered to rats via intra-
peritoneal injection is able to reach the brain and with previous data
indicating that it stimulates the release of neurotrophic factors, suggest
that GUO, a natural compound, by acting at the glial level could be a
promising agent to be tested against neurodegeneration.

Keywords

Apoptosis « Dopamine * Gial cells « Guanosine ¢« Neurodegeneration ¢
Parkinson’s disease ¢ Substantia nigra

1 Introduction

Parkinson’s disease (PD) is a chronic and
progressive  neurodegenerative  pathological
condition characterized by selective loss of
dopaminergic (DA) neurons in the substantia
nigra (Dauer and Przedborski 2003; Birkmayer
and Hornykiewicz 1961). Although different
mechanisms have been considered influential for
the PD pathogenesis, including inflammation, oxi-
dative stress, excitotoxicity, protein misfolding, or
apoptosis, none has been indicated as the primary
cause of the disease, since all of them may likely
act in a complex integrated pathway to promote
neurodegeneration (Fujita et al. 2013; Barnum and
Tansey 2010). Therapies for PD are mainly based
on DA replacement by L-3,4-dihydroxypheny-
lalanine (L-DOPA), an approach which is effec-
tive in reducing motor handicap and alleviating
the disease-associated depression and pain. How-
ever, chronic administration of L-DOPA often
causes motor and psychiatric side effects which
are reported to be as debilitating as PD itself
(Andrew et al. 1993; Curtius et al. 1974).

In  vitro treatment of cells with
6-hydroxydopamine (6-OHDA) and in vivo
administration of this neurotoxin to laboratory
animals represent one of the most used experi-
mental models of PD. Moreover, 6-OHDA con-
tent is increased in the brain and urine of patients
with PD treated with L-DOPA (Andrew
et al. 1993; Curtius et al. 1974) and a role for
this neurotoxin in the pathogenesis of the disease
has been suggested.

We have recently reported that guanosine
(GUO) protected SH-SYSY neuroblastoma cells

when exposed to neurotoxins, including MPP*
and 6-OHDA (Giuliani et al. 2012b; Pettifer
et al. 2007). We have also reported that in a
clinically relevant chronic animal model of PD,
developed by using a proteasome inhibitor
(McNaught et al. 2004), GUO treatment:
(1) reduced apoptosis; (ii) increased tyrosine
hydroxylase positive DA neurons; and (iii)
ameliorated symptoms (Su et al. 2009). Increasing
body of evidence indicates that neuron-neuroglia
interaction may play a key role in determining the
progression of neurodegenerative diseases,
including PD (McGeer and McGeer 2008; Mena
and Garcia de Yebenes 2008).

6-OHDA, beside its extracellular-mediated
cytotoxic effects, damages catecholaminergic
neurons following its uptake into the cells by
DA transporters (Blum et al. 2000). Both mono-
amine oxidase (MAO) and catechol-O-methyl-
transferase (COMT) are present in astroglial
cells (Fitzgerald et al. 1990; Hansson and
Sellstrom 1983; Pelton et al. 1981), suggesting
that astrocyte uptake systems are likely to play
an important role. It has been reported that
not only catecholaminergic neurons but also
astrocytes are able to take up DA by high-affinity
Na*-dependent and Na'-independent systems
(Pelton et al. 1981) and by EMT, which is an
extraneuronal Na*-independent monoamine
transporter system (Inazu et al. 1999a, b).

The role of astrocytes in DA neurons’ func-
tion is of interest as the glia/neurons ratio in the
substantia nigra is the lowest in the brain
(Damier et al. 1996; Makar et al. 1994; Sagara
et al. 1993). This suggests that DA neurons could
less rely on glial cells in case of different kinds of
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insults and that agents able to damage glial cells
may contribute to the onset and progression of
disease. Therefore, given the emerging role of
astrocytes in the pathophysiology of PD and the
need of evaluating novel therapeutic strategies
for this disorder, in the present study we used
C6 glioma cell cultures to investigate the
neuroprotective effects of GUO in 6-OHDA-
induced neurotoxicity.

2 Methods

The study was approved by the Ethics Commit-
tee of Chieti University in Italy.

2.1 Agents

6-OHDA, cells media, L-glutamine, poly-
L-lysine, GUO, 6-[(4-nitrobenzyl)thio]-9-p-D-
ribofuranosylpurine (NBTI), propentofylline
(PPF), dipyridamole (DYP), 2-(4-morpholinyl)-
8-phenyl-1(4H)-benzopyran-4-one hydrochloride
(LY294002), and 1,4-diamino-2,3-dicyano-1,4-
bis(o-aminophenylmercapto)butadiene monoe-
thanolate (U0126) were purchased from Sigma
Aldrich (Milano, Italy). Fetal bovine serum
(FBS), penicillin/streptomycin (10,000 units/
ml penicillin G sodium and 10,000 pg/ml strep-
tomycin sulfate in 0.85 % saline), trypsin 10X
liquid were obtained from Invitrogen (Milano,
Italy). Antibody against phosphorylated-Akt
(Ser473) and ERK1/2 were purchased from
Cell Signaling Technology (CELBIO S.p.A,
Milano, Italy). Anti-Actin (I-19) antibody was
obtained from Santa Cruz Biotechnology
(D.B.A. TItalia S.r.l., Milano, Italy). Donkey
anti-rabbit HPR-conjugated and chemilumines-
cence (ECL) detection kit was purchased from
GE Healthcare (Milano, Italy).

2.2 C6 Glioma Cell Cultures

C6 glioma cells, were grown in DMEM contai-
ning 10 % FBS and 1 % penicillin/streptomycin
in a humidified 5 % CO, incubator at 37 °C. The
culture medium was changed every other day

and cells prepared at an appropriate density
depending on the kind of experiment to be
performed. In all the experiments, GUO was
dissolved in NaOH 0.1 M and added to the cul-
ture medium at a final concentration of 0.001 M
NaOH. Some cells were exposed to 0.001 M
NaOH, but, as previously reported by Pettifer
et al. (2007), no modification was observed.

23 Cell Viability Assay

Cell viability was evaluated by the MTS assay
using the CellTiter 96 AQueous One Solution
Cell Proliferation Assay kit (Promega, Milano,
Italy). The assay is based on the cleavage of the
yellow tetrazolium salt [3-(4,5-dimethylthiazol-2-
y1)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)
-2H-tetrazolium] to purple formazan crystals by
metabolically active cells. Cultured cells were
starved by serum removal for 24 h and then treated
with 6-OHDA at different concentrations (ranging
from 5 to 200 puM) for 24 h. The ECsy value was
used to treat the cells in combination with 300 pM
GUO (co-treatment).

Inhibitors of the nucleoside transporters
(10 pM NBTT plus 100 pM PPF plus 10 pM
DYP) were added to the medium 1 h before the
6-OHDA/GUO co-treatment until the end of the
experiment. After treatment, 20 pl of the
One-Solution Reagent were added to each well
and the plates were incubated at 37 °C for 2 h.
The optical density at 490 nm was measured
using a Packard SpectraCount™ microplate
reader. The value of viability of treated cells
was expressed as a percentage of that from the
corresponding control cells.

24 Hoechst 33258 Staining

After treatment with 30 uM 6-OHDA in the
presence or absence of 300 uM GUO for 24 h,
the cells were harvested and fixed for 30 min
with gentle agitation in pre-chilled phosphate
buffered saline (PBS) containing 4 % parafor-
maldehyde. After fixation at room temperature,
C6 glioma cells were washed with pre-chilled
PBS and then exposed to Hoechst 33258 2 mg/1
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in PBS at room temperature for 5 min. After
washing, all samples were analyzed with a fluo-
rescence microscope (Leica DM RXA?2).

25 DNA Fragmentation

Specific apoptotic DNA fragmentation was
evaluated by measuring the amount of cytosolic
oligonucleosomes using a Cell Death ELISA kit
(Roche Molecular Biochemicals; Milano, Italy)
and it was carried out according to the
manufacturer’s instruction. After the exposure
of the culture to 30 pM 6-OHDA alone or in
combination with 300 pM GUO, cells were
isolated for analysis of DNA fragmentation as
described by Pettifer et al. (2007). Briefly,
10,000 viable cells/treatment were lysed and
centrifuged to isolate fragmented oligonuc-
leosomal DNA. The cytosolic fractions of cell
lysates were transferred into streptavidin-coated
microplate wells, and a mixture of biotin-linked
anti-histone antibody and peroxidase-linked anti-
DNA antibody was added and incubated for 2 h
at room temperature. Plates were washed with
the incubation buffer to remove the unfixed
anti-DNA antibody and the peroxidase activity
was determined spectrophotometrically with
2,2'-azino-bis[3-ethylbenzthiazoline-6-sulfonic
acid] (ABTS) as substrate (absorbance of
405 nm). The amount of DNA fragmentation
was expressed as a percentage of the positive
control provided with the kit.

2.6 Waestern Blot Analysis

Western blot analysis was used to detect
phosphorylated Akt (p-Akt) and ERKI1/
2 (p-ERK1/2). Cultured cells were rendered qui-
escent by serum removal for 24 h and treated
with 30 pM 6-OHDA and 300 pM GUO alone
or in combination. Inhibitors of nucleoside
transporters (10 pM NBTI plus 100 pM PPF
plus 10 uM DYP) were added to the medium
1 h before the 6-OHDA/GUO co-treatment until
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the end of experiment. At the end of the treat-
ment, cells were washed twice with ice-cold PBS
and then harvested at 4 °C in a lysis buffer
(25 mM Tris buffer, pH 7.4, containing
150 mM NacCl, 100 pM sodium orthovanadate,
1.5 mM MgCl,, 1.0 mM EDTA, 1.0 mM EGTA,
1 % NP40, 10 % glycerol, | mM PMSF, 5 pg/ml
leupeptin, 5 pg/ml aprotinin). After 20 min on
ice, cells were centrifuged at 14,000 rpm for
10 min at 4 °C. Supernatant aliquots were used
for the determination of protein concentrations
by the method of Bradford (Bio-Rad; Milano-
Italy).

Proteins were diluted in Laemli-SDS sample
buffer and boiled for 5 min. Equal amounts of
proteins were loaded onto each lane of
SDS-PAGE gel (12 % resolving gel, 4 %
stacking gel) and resolved at 120 V constant.
Gels were transferred onto PVDF membrane
(Bio-Rad, Milano-Italy) at 100 V constant for
90 min at room temperature, and membranes
were blocked in blocking buffer (PBS, 0.1 %
Tween-20 with 5 % w/v non-fat dry milk) for
2 h. Blots were incubated overnight at 4 °C with
specific primary antibodies. All primary
antibodies were diluted 1:1,000 in primary anti-
body dilution buffer (PBS, 0.1 % Tween-20 with
2,5 % w/v non-fat dry milk) except for pB-actin
that was diluted 1:1,500. After washing three
times for 15 min with wash buffer (PBS, 0.1 %
Tween-20), membranes were exposed to a sec-
ondary antibody diluted 1:2,500 for 1 h at
room temperature. The immunocomplexes were
visualized using an enhancing ECL detection
system. Densitometric analysis was performed
for the quantification of the immunoblots using
the Quantity One 1-D Analysis software
(Bio-Rad; Milano, Italy).

2.7 Statistical Analysis

Data were analyzed with a two-tailed #-test and
expressed as means £ SE. All experiments were
performed at least three times. P < 0.05 was
considered statistically significant.



Guanosine Protects Glial Cells Against 6-Hydroxydopamine Toxicity 27

3 Results

Effect of 6-OHDA on C6 Glioma
Cell Viability

3.1

C6 glioma cells were treated with various
concentrations of 6-OHDA (5-200 pM) for 24 h
and cell viability was evaluated by conventional
MTS reduction assay. As shown in Fig. 1, the pro-
portion of viable cells was reduced by 6-OHDA in a
concentration-dependent manner. The half maximal
effective concentration (ECsop) of approximately
30 pM 6-OHDA was used in the experiments
aimed at studying the protective effects of GUO.

Protective Effect of Guanosine
on 6-OHDA-Mediated Toxicity

3.2

C6 glioma cells were treated with 30 pM
6-OHDA for 24 h in the presence or absence of
300 pM GUO. The concentration of the guanine
nucleoside was chosen on the basis of our previous
results showing its neuroprotective effects in dif-
ferent cell types, including glial and neuroblastoma
cells (Di Iorio et al. 2004; Pettifer et al. 2004). The
addition of 30 pM 6-OHDA led to the expected
reduction in C6 glioma cell viability (Fig. 2). GUO
(300 pM) added along with the toxin
(co-treatment) effectively attenuated (by about
60 %) the 6-OHDA-induced cytotoxicity as deter-
mined by MTS reduction assay (Fig. 2).

To evaluate whether the protective effects of
GUO were mediated by intracellular mechanisms
following the nucleoside uptake, the cells were
pretreated for 1 h with a cocktail of known nucle-
oside transporter blockers (10 pM NBTI, 100 pM
PPF, and 10 pM DYP) (Parkinson et al. 2006). As
shown in Fig. 2, the protective effect of GUO was
not affected by cell pretreatment with these drugs.

3.3 6-OHDA -Induced Apoptotic

Death in C6 Glioma Cells

To determine the capability of the chosen
6-OHDA concentration to cause apoptosis,
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Fig. 1 Concentration response curve of 6-OHDA on
C6 glioma cell viability. The curve was generated to
identify the ECsy value for the toxin on cell survival.
Data are means = SE of at least six independent
experiments and are expressed as a percentage of the
untreated control group
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Fig. 2 Effect of guanosine (GUO) on C6 glioma cell
cytotoxicity = induced by  6-hydroxydopamine
(6-OHDA). The effect of 300 pM guanosine on the toxic-
ity induced by 30 pM 6-OHDA for 24 h was evaluated in
the presence or absence of nucleoside transporter
blockers. The blocker cocktail [10 pM 6-[(4-nitrobenzyl)
thio]-9-B-D-ribofuranosylpurine ~ (NBTI), 100 pM
propentofylline (PPF), and 10 pM dipyridamole (DYP)]
was added to the culture medium 1 h before 6-OHDA/
GUO co-treatment. The C6 cell viability was determined
by MTS assay as described in Methods. Each column
represents the mean £+ SE of at least six independent
experiments. ###P < 0.001 vs. untreated cells (control);
*P < 0.05 vs. 6-OHDA-treated cells
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Fig. 3 Effect of 6-hydroxydopamine (6-OHDA) alone
or in combination with guanosine (GUO) on C6 glioma
cell apoptosis. Cultured cells were exposed to 30 pM
6-OHDA for 24 h in the presence or absence of 300 pM
GUO. Untreated (control) and treated cells were stained
with the fluorescent nuclear dye Hoechst 33258 (Panel A)
and the statistical analysis of apoptotic cells was reported

DNA-sensitive dye Hoechst 33258 staining and
DNA fragmentation assay by oligonucleosomal
ELISA were used. The Hoechst 33258 staining
was used to assess changes in nuclear morpho-
logy following cell treatment with 30 pM
6-OHDA for 24 h in the presence or absence of
300 pM GUO. As shown in Fig. 3A, nuclei in
normal C6 glioma cells exhibited diffused
Hoechst 33258 staining of chromatin. In contrast,
about 27 % of nuclei in cells treated with
6-OHDA  showed condensed chromatin
(Fig. 3A, B). No protection was reported when
300 pM GUO was added to the cell medium
along with the neurotoxin.

These results were confirmed by DNA frag-
mentation assay. 6-OHDA caused a 46 %
increase in oligonucleosmal formation (Fig. 3C)
and GUO (300 pM) added concomitantly with

(Panel B). The apoptosis was also evaluated measuring
the oligonucleosome formation by ELISA assay (Panel
C). Photomicrographs are representative results taken
from ten different fields from randomly selected slides.
Each column value represents the mean £ SE of six
independent experiments. #p < 0.05 vs. untreated cells
(control)

6-OHDA was unable to reduce the toxin-
mediated oligonucleosome formation (Fig. 3C).

3.4 ERK and PI3K/Akt Pathways
Involvement in Neuroprotection
by Guanosine Against
6-OHDA-Mediated Toxicity

in C6 Glioma Cells

It has been reported that GUO induces a rapid
increase in ERK1/2 and Akt phosphorylation in
different cell types including PC12, microglia,
and astrocytes (D’Alimonte et al. 2007; Di Iorio
et al. 2004, Pettifer et al. 2004). To evaluate the
involvement of the above mentioned cell sur-
vival pathways in GUO-mediated neuropro-
tection, we examined the effect of LY294002
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Fig. 4 Effects of PI3-kinase inhibitor (LY294002) and
MEK1/2 inhibitor (U0126) on the protective effect of
300 pM guanosine (GUO) on 6-hydroxydopamine
(6-OHDA)-induced toxicity. LY294002 (30 pM) or
U0126 (10 pM) were added 1 h prior to the co-treatment
with 300 uM GUO plus 30 pM 6-OHDA for 24 h. The C6
cell viability was determined by MTS assay as described
in Methods. Each column represents the mean + SE of at
least six independent experiments. #HP < 0.001 vs.
untreated cells (control); *P < 0.05 vs. 6-OHDA-treated
cells; §P < 0.05 vs. the 6-OHDA/GUO co-treatment

(30 pM) an inhibitor of phosphoinositide-3-
kinase (PI3K), an upstream of Akt, and U0126
(10 pM), an inhibitor of mitogen-activated pro-
tein kinase (MEK1/2), in glioma cell cultures
co-treated with 30 pM 6-OHDA for 24 h. As
shown in Fig. 4, both LY294002 and UO0126
significantly reduced the effect of GUO on
6-OHDA -induced cytotoxicity as determined by
MTS reduction assay. Consistent with the results
obtained by MTS reduction assay, Western blot-
ting analysis showed that 300 pM GUO was able
to increase p-ERK1/2 and p-Akt — immunoreac-
tivity in C6 glioma cells treated with the nucleo-
side for 15 min (Fig. 5A, C). As already reported
for other cell types, including C6 glioma cells
(Lee et al. 2011), also 6-OHDA increased p-ERK
immunoreactivity (Fig. SA).

It has been reported that sustained activation
of ERKI1/2 does not protect against either
L-DOPA- or 6-OHDA-induced cytotoxicity (Jin
et al. 2010). Thus, in an attempt to better define
the characteristics of ERK activation mediated
by co-treatment of C6 glioma cells with 30 pM

6-OHDA plus 300 pM GUO, analysis of the
kinetics of ERK phosphorylation was performed.
As shown in Fig. 5B, co-treatment significantly
increased p-ERK1/2 level within 5 min, peaking
at 15 min after administration, and strongly
decreased it by 60 min.

Contrary to what was found for ERKI/
2 phosphorylation, the neurotoxin was unable to
enhance the levels of p-Akt in the same cells
(Fig. 5C), whereas following the co-treatment
with GUO and 6-OHDA, p-Akt levels increased
by 39 % compared with the control values. The
effect of cell co-treatment with 300 pM GUO
and 30 pM 6-OHDA on p-ERK1/2 and p-Akt
immunoreactivity was not affected by C6
glioma cell pretreatment with the cocktail of the
nucleoside transporter blockers reported above
(10 pM NBTI, 100 pM PPF, and 10 pM DYP)
(Fig. 6A, B).

4 Discussion

In the present study we demonstrate that
6-OHDA, a neurotoxin used to induce experi-
mental models of PD, caused cytotoxicity in a
concentration-dependent manner in C6 glioma
cells, taken as a model system for astrocytes.
We also report that 300 pM GUO concomitantly
administered with 6-OHDA counteracted the
toxin-induced loss of viability in this in vitro
model of PD. It has been shown that GUO and
its metabolic product guanine are taken up into
both neurons and astrocytes mainly via the
equilibrative nucleoside transporter (Parkinson
et al. 2006). Thus, to determine whether
GUO-mediated cytoprotection was due to intra-
cellular effects following its uptake by the cells, a
cocktail of uptake inhibitors was used. In agree-
ment with previous findings observed in primary
cultures of astrocytes (Di lorio et al. 2004), the
results show that the transport of GUO and its
consequent intracellular accumulation was not
required for protecting the cells in our in vitro
model of PD. This fits well with our previous
data which pointed to the presence of specific
binding sites for GUO on rat brain membranes
(Traversa et al. 2002, 2003).
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Fig. 5 Effect of 6-hydroxydopamine (6-OHDA), guanosine
(GUO), or the combined treatment on the phosphorylation of
ERK1/2 (Panels A & B) and Akt (Panel C) in C6 glioma cells.
Cultured cells were incubated for 15 min with 30 pM
6-OHDA, 300 pM (GUO) or 6-OHDA/GUO co-treatment
and harvested for western blot analysis. The protein
expression of phosphorylated ERK1/2 (p-ERK1/2) or Akt
(p-Akt), and f-actin were determined by using specific

The mechanisms underlying neurode-
generative processes in PD are still unclear.
However, increasing evidence indicates that
apoptosis is involved in the loss of dopaminergic
neurons. We recently reported that GUO
(300 pM) protected SH-SYSY neuroblastoma
cells when they were exposed to 6-OHDA,

antibodies as described in Methods. To evaluate the time
course of ERK1/2 activation induced by the co-treatment,
cells were incubated for 5, 15, and 60 min with 30 pM
6-OHDA plus 300 pM GUO (Panel B). For each signaling
pathway, a representative immunoblot is shown. Each col-
umn represents the mean £ SE of three independent
experiments. #P < 0.05, ##P < 0.01, ##P < 0.001 vs.
untreated cells (control); *P < 0.05 vs. 6-OHDA treated cells

promoting their survival by (i) reducing the
neurotoxin-mediated activation of p-38 and
JNK; (ii) causing an early increase in phosphor-
ylation of the anti-apoptotic kinase Akt; (iii)
inactivating the pro-apoptotic factor GSK3p;
and (iv) increasing the expression of the anti-
apoptotic Bcl-2 protein (Giuliani et al. 2012b).
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Fig. 6 Effect of the nucleoside transporter blockers
on the phosphorylation of ERK1/2 (Panel A) and Akt
(Panel B) induced by the C6 cell co-treatment with
6-hydroxydopamine (6-OHDA )/guanosine (GUO). Cultured
cells were incubated for 15 min with 30 pM 6-OHDA plus
300 pM GUO. When used, the blocker cocktail [10 pM
6-[(4-nitrobenzyl)thio]-9-B-D-ribofuranosylpurine (NBTI),
100 pM propentofylline (PPF), and 10 pM dypiridamole
(DYP)] was added to the culture medium 1 h before

Apoptotic cells can be recognized by charac-
teristic morphological changes, which are similar
across cell types and species (Héacker 2000; Leist
et al. 1997). The assessment of cell death by
using Hoechst 33252 staining and oligonul-
ceosomal formation is a combination of simple
and reproducible methods to distinguish among
viable and apoptotic cells. In the present work,
we found that 6-OHDA induced apoptosis in C6
glioma cell but, unlike to what has been reported
in neuroblastoma cells, GUO was unable to
protect glial cultures against this kind of toxin-
induced cell death.

We also reported that 6-OHDA induced a
rapid phosphorylation of ERK1/2. Activation of
the ERK pathway is known to contribute to neu-
ronal cell survival in different models of neuro-
toxicity (Jin et al. 2002; Abe and Saito 2000; Han
and Holtzman 2000), whereas sustained ERK
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6-OHDA/GUO cotreatment. The protein expression
of phosphorylated ERK1/2 (p-ERK1/2) or Akt (p-Akt)
and P-actin were determined by using specific antibodies
as described in Methods. For each signaling pathway,
a representative immunoblot is shown. Each column
represents the mean + SE of three independent
experiments. #P < 0.05, ###P < 0.001 vs. untreated
cells (control)

phosphorylation has been shown to be involved
in apoptosis processes and in a decrease of DA
biosynthesis (Kulich and Chu 2001). Thus, our
results are consistent with an attempt of glial
cells to exert a defense response against the
toxin. As our data indicate that GUO per se is
able to cause a rapid and transient ERK phos-
phorylation, we hypothesize that the regulation
of ERK phosphorylation might be involved in the
mechanisms of GUO-induced cell survival.
Neuronal lesions caused by 6-OHDA are
complex and the toxin can induce apoptosis and
pre-necrotic lesions (Mayo et al. 1999). GUO
could prevent the incipient signs of necrosis by
enabling the cells to activate the recovery
mechanisms. When the nucleoside was added to
cultures along with 6-OHDA, a more intense
early ERK phosphorylation, compared with that
induced by the toxin alone, was observed. This
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ERK activation decreased toward the baseline
level at 60 min. Inhibition of this pathway by
U0126 significantly attenuated the protective
effect of GUO as shown by the MTS reduction
assay. This finding strengthens the notion that the
ERK pathway might play a role in inducing sur-
vival of astrocytes by GUO.

Another finding of the present study was that
6-OHDA did not evoke phosphorylation of Akt, a
key mediator downstream of PI3 kinase reported
to be involved in several physiological cellular
processes including metabolic cell responses and
cell survival, GUO, on the other hand, increased
p-Akt levels either when administered alone or in
combination with the neurotoxin. When the PI3K/
Akt pathway was blocked with the specific phar-
macological inhibitor LY294002, we found a
marked reduction of the protective action of
GUO evaluated by MTS reduction assay,
suggesting that also this protein kinase is involved
in the mechanism necessary for the nucleoside to
protect glia against 6-OHDA-induced cell death.
Alterations in PI3k/Akt signaling have been
associated with loss of DA neurons in PD
(Timmons et al. 2009) and recently the ability
of Myr-Akt to induce a robust, accurate, and
functionally integrated axon regrowth in nigral
DA neurons in a 6-OHDA animal model of
PD has been demonstrated. These observations
suggest that targeting the PI3K-Akt pathway
may represent a pharmacological approach of
a therapeutic interest in neurodegenerative
disorders including PD.

The effects of GUO on both ERK and Akt
phosphorylation, when administered in combina-
tion with 6-OHDA, were not affected by C6
glioma cell pretreatment with a cocktail of nucle-
oside uptake inhibitors, lending support for a
notion that GUO acts through the activation of
membrane receptor sites. A work is in progress in
our laboratories to deorphanize a G-coupled
orphan receptor which seems a good candidate
as a novel purinergic receptor for guanine-based
purines. We have also recently reported that
GUO administered intraperitoneally to rats is
able to pass the blood-brain barrier (Giuliani
et al. 2012a) and stimulates the release of
neurotrophic factors (Di Iorio et al. 2004).

P. Giuliani et al.

Taken together the present findings demonstrate
that GUO might be of research interest as a novel
therapeutic approach for treatment of PD.
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Abstract

Anosmia is a model to study the interaction among chemoreception systems.
In the head injury, the traumatic irreversible anosmia caused by damage to
olfactory nerve fibers and brain regions is of enviable research interest. In this
study, psychophysiological tests for a comprehensive assessment of olfactory
function were utilized to investigate anosmia, together with a new technique
based on the breath real-time monitoring of volatile organic compounds
(VOCs). We applied the breath and VOCs analysis to investigate
chemoresponsiveness in the long-term irreversible post-traumatic anosmia.
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1 Introduction

Smell is essential to life and it is a specialized
chemoreceptive sensorial system. The investiga-
tion of olfaction and its cross-modal interaction
with other chemoreceptor systems is rather a
complicated matter. Anosmia could be a model
for such a study. There are essentially two
categories of anosmia. A constitutive anosmia,
which is a disorder linked to a particular genetic
alteration, e.g., the Kallmann syndrome. A trau-
matic anosmia, on the other hand, is induced by
head injury, chemical exposition, pharma-
cological treatment, surgical damage, or psycho-
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logical stress. Head injury is the most common
cause of smell impairment (Temmel et al. 2002;
Sumner 1975; Sumner 1964). The neural
mechanisms for post-traumatic anosmia are
usually damage to the olfactory nerve fibers
and/or brain regions (Doty et al. 1997; Costanzo
and Zasler 1991). Dramatically, the severity of
olfactory loss is not correlated with the prognosis
(Zusho 1982). The recovery becomes less expec-
table when anosmia lasts over 1-2 year period,
thus indicating an irreversible damage in the
olfactory neural pathway (Mueller and Hummel
2009; Costanzo and Becker 1986; Sumner 1964).
The clinical approach to diagnose the severity of
anosmia is through the University of Pennsyl-
vania Smell Identification test (UPSIT) (Doty
et al. 1984), the ‘Sniffin” Sticks’ test (SS)
(Hummel et al. 1997), and the Connecticut
Chemosensory Clinical Research Center test
(CCCRC) (Cain et al. 1988) which are the most
commonly used psychophysiological tests for a
comprehensive assessment of olfactory function.
Clinical instrumental analysis is through the
electrophysiological techniques: the olfactory
electroencephalogram (O-EEG) and the olfac-
tory event-related potentials (OERP) (Mueller
and Hummel 2009). However, a new technique
based on the breath real-time monitoring of
volatile organic compounds (VOCs) has a pote-
ntial to be useful in the study and diagnosis of
anosmia (see Mazzatenta et al. 2013a for a
review of VOCs analysis). The real-time moni-
toring of VOCs enables to assess both the effect
of olfactory stressor and the level of central
neural fatigue in both healthy and sick subjects
in combination with cognitive performance
(Mazzatenta et al. 2013b, c¢). Here, we applied
the breath real-time monitoring of VOCs to
investigate the chemo-responsiveness in the
long-term irreversible post-traumatic anosmia.

2 Methods

2.1 Case Presentation

An anosmic Caucasian male patient, aged
62, volunteered for the study. The patient pro-
vided written informed consent. The procedure

A. Mazzatenta et al.

was performed in agreement with the Ethical
Principles of the Helsinki Declaration and was
accepted by a local Ethics Committee. The patient
suffered from a complete irreversible anosmia
for 32 years after a car accident in 1981, which
caused a severe frontal and basal head trauma.
The olfacto-electroencephalography (OEEG) and
olfactory event-related potentials (OERP) were
both negative. Patient’s history suggested post-
traumatic olfactory loss, possibly due to shearing
of olfactory nerve fibers passing through the
ethmoidal cribriform plate and contusion of the
olfactory bulb and frontal lobe. Smell function
as well as flavor perception during eating and
drinking also were completely lost.

2.2 Protocol and Measurements

Preliminary psychophysiological tests consisting
of olfactory threshold, discrimination, and
identification were performed. The olfactory
threshold was investigated by applying a standard
n-butanol test (woody-alcohol odor), using a
series of nine increasing molar concentrations
ranging from 10~> to 0.6 M in the following
order: 9.14e™>, 2.74e”%, 823e %, 0.00245,
0.0074, 0.022, 0.67, 0.2, and 0.6 M (Cain 1982).
The trial ended when the subject perceived an
olfactory sensation. The test was re-administered
three times, and the time interval between stimuli
was about 30 s. The interval between trials
with increasing concentrations of the n-butanol
solutions was at least 5 min. The subject was
stimulated for 34 s at a distance of 2 cm from
the nostrils. The threshold value was defined
as the average score of dilution steps. Olfactory
discrimination was evaluated by asking to find the
odor source between three vials, one containing
the stimulus (the stimuli used are: R(-)-carvone,
cinnamaldehyde, citral, eugenol, and 1-octen-
3-ol) and two without it. The olfactory identifica-
tion was evaluated by using a forced test with four
possible answers (one correct, one confounding,
and two wrong), by using a series of 12 stimuli
(acetophenone, R(—) and S(+) carvone, cinna-
maldehyde, citral, citronellal, eucalyptol, eugenol,
hexanal, isoamylacetate, 1-octen-3-ol, and
phenethyl alcohol). The stimulation was for
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3—4 s at 2 cm from the nostrils, the time interval
between two stimuli was about 45 s.

After the investigation of olfaction, the
real-time assessments of breath pattern and
exhaled breath content in the control condition
and after exposure to the olfactory stimulus,
n-butanol were performed. The recording system
used in this experiments was an iAQ-2000
(Applied Sensor, Warren, NJ) equipped with a
metal oxide semiconductor (MOS) having a
sensing range of 450-2,000 ppm CO, equiva-
lents which is able to detect a broad range of
volatile compounds (both organic and inorganic,
e.g., alcohols, aldehydes, aliphatic hydrocarbons,
amines, aromatic hydrocarbons, ketones, organic
acids and CO), while correlating directly with the
CO, levels (Mazzatenta et al. 2013b, c¢).

The breath and VOCs signals were calculated
as an integral of the signal curve in a time inter-
val. The normalization applied was according to
the following formula:

X = (Xi — xi,jmin)/(xi,jmax — xi,jmin)

where X is the normalized value obtained from
the result of subtraction from a value x the mini-
mal value in a series of values ranging from i to
j divided by the result of subtraction from the
maximal value in the same series the minimal value.
An example of the normalization formula in a series
of values of 54, 23, and 68 is this: (54 — 23)/
(68 — 23) = 31/45 = 0.69; the 23 becomes O0;
and 68 becomes 1.

Data were given as means + SD. Differences
between pre- and post-stimulatory conditions
were assessed with one-way ANOVA. The
a-level was set at 0.05. Statistical analysis was
done with Excel, Origin, and SPSS software.

3 Results

The psychophysiological tests performed
showed severe anosmia to n-butanol; the olfac-
tory threshold was greater than 0.6 M. Accord-
ingly, olfactory discrimination and identification
investigation resulted in a null score.
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The real-time recordings of the breath signal
showed appreciable alterations in breathing
after 3 s of 0.6 M n-butanol stimulation,
consisting of increased both minimal and maxi-
mal breath amplitude (Fig. 1); the increases
abated down to the pre-stimulus level within the
next 30 s. Quantification of the normalized mini-
mal and maximal breath amplitudes is shown in
Fig. 2a, b, respectively. Significance of the
pre-post n-butanol increase was confirmed for
the peak breath amplitude only (Fig. 2b)
(one-way ANOVA F(; 76y = 15.92; p < 0.001).
Likewise, separate analysis of the minimal-
maximal breath amplitude differences in the
pre-n-butanol (control) condition and the post-
n-butanol condition showed a significance
increase only for the post-n-butanol condition
(one-way ANOVA F(1,65) = 203, p< 0001)

The real-time monitoring of exhaled breath
content showed a rapid increase in VOCs
exhaled in the post-n-butanol phase; the
stimulation with 0.6 M n-butanol took 3 s and a
significant increase in VOCs appeared about 30 s
after the stimulation (Fig. 3) (one way ANOVA
F(1,168) = 1765, p< 0001)

~— Breath signal
1.0 4

0.94
0.8
0.7
0.6 1
0.51
0.41
0.31
0.21
0.11

0.0 L . } .
20 30 40 S0
Time (s)

Pre-stimulus Post-stimulus

Amplitude (N)

T T T

60 70 80

Fig. 1 Breath real-time monitoring in a post-
traumatic anosmic subject. Breath signal amplitude
increased immediately after 3 s of stimulation with
0.6 M n-butanol. Gray bar represents the onset of
stimulation
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Fig. 2 Comparison of the minimal (a) and maximal
(b) levels of peak breath amplitudes in control vs. after
3 s of stimulation with 0.6 M n-butanol. Significant
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Fig. 3 Breath real-time monitoring of exhaled VOCs
before and after stimulation with 0.6 M n-butanol.
An appreciable increase in VOCs appeared about 30 s
post-stimulation

4 Discussion

Recovery from post-traumatic olfactory loss is
reported in the literature to be barely about 10 %
(Reden et al. 2006; Zusho 1982). In most cases, it
takes a few months until first olfactory impres-
sions are reported, in some few cases it may take
up to several years (Mueller and Hummel 2009;
Sumner 1964). The patient studied in the present
paper was a permanently anosmic subject whit
a negative response to electrophysiological
and neuro-psychophysiological assessments; his
olfactory threshold was greater than 0.6 M
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b
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difference concerns only the maximal levels of peak
amplitude (p < 0.001). Note different scales in each
panel

n-butanol, the maximum concentration used in
the test, representing the first dilution step.
The real-time recording of breath signal showed
a response to n-butanol, besides the subject no
difference distinguish between pre- nor in stimu-
lation nor in post-stimulation. However, the breath
response, consisting of increased maximal
breath amplitude, was analogous to the stress
response previously reported in normosmic
subjects (Mazzatenta et al. 2013b). This interpre-
tation is corroborated by a significant change in
the average maximum breath peak, while not
in the minimum one; the latter suggests a regular
basal physiological activity. Furthermore, the
amount of VOCs increased dramatically follow-
ing the n-butanol administration, which is clearly
related to an alteration in metabolism. Such meta-
bolic alterations could be explained by environ-
mental stressors (Mazzatenta et al. 2013b) or
neural fatigue (Mazzatenta et al. 2013c); in either
case chemical information reaches the homeo-
static regulatory center by a pathway distinctly
different from the olfactory chemoreceptive one.

In the context of the study model of perma-
nent complete anosmia, the disparity between
olfactory and breathing results raises interest in
that it gives a new insight into the complexity of
chemoreception systems. The explanation of this
disparity could be a cross-modal interaction
between several system of chemoreception, e.g.,
olfactory, carotid body chemoreceptors, and
trigeminal ones. When one element of the system
is missing, others sustain their activity. However,
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it also is reasonable to speculate on the presence
of a phenomenon of neural plasticity based
on adaptive mechanisms. When the olfactory
system is severely compromised, other chemore-
ceptive systems could be recruited to substitute
for its target action.

We therefore believe the results presented
in this study may stimulate investigations into
the chemoreception considered as a subtle inter-
action between different, and up to now thought of
as being distinctly independent, sensorial systems.
This interaction seems underlain by adaptive
neural mechanisms addressing the detection of
percepts in the surrounding environment.

Conflicts of Interest The authors declare no conflicts of
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Abstract

Deafness is a model of brain adaptation to sensory deprivation which
entails psychomotor and cognitive domains. This study seeks to determine
the level of emotional intelligence, assessed from the ability to discern
emotions from facial expressions, visual and mental attention, and
non-verbal fluency in the deaf people as compared with the hearing
counterparts. Participants were 29 prelingually deaf, hearing loss of
>70 dB, communicating only in sign language, and 30 hearing persons.
The age range of all subjects was 40-50 years. Psychometric tools
consisted of the Emotional Intelligence Scale-Faces, the d2 Test of Atten-
tion, and the Figural Fluency Test. Data elaboration took gender into
account. The findings were that both deaf women and men defined
significantly fewer emotions as known, compared with the hearing
persons. However, the deaf men, but not women, were able to properly
recognize a higher percentage of emotions associated with a definite face
look, among the emotions they knew. There were no appreciable
differences in attention indices between the deaf and hearing men, but
deaf women’s total performance on attention was worse. By contrast, deaf
women, but not men, fared better in non-verbal fluency, compared with
their hearing counterparts. We conclude that, on the whole, prelingual
deafness does not impede cognitive functioning in adult age. The nature of
detecting and executing of cognitive tasks, despite gender and task-
specific variations, is preserved. Brain networks are able to compensate
for the missing auditory input.

Keywords
Attention ¢ Cognitive functioning ¢« Emotional intelligence ¢« Nonverbal
fluency « Prelingual deafness
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1 Introduction

Prelingual deafness is a model of brain functional
reorganization to develop adaptive processes
mitigating sensory deprivation. Various cognitive
abilities among the deaf have been studied in
the past, but the vast majority of the researched
groups consisted of children or adolescents at
school age (Oberg and Lukomski 2011). The major-
ity of studies show that cognitive functioning in
deaf children is, in the main, on par with normal
children, but some studies underline differences in
scholarly achievements likely caused by parental or
environmental factors (Lauwerier et al. 2003).
Brain neuronal networks specialized in auditory
processing are subject to functional plasticity long
after the childhood physiological brain maturation
(Lazard et al. 2013). The effects of environmental
factors seem enhanced in adulthood, as hearing
disability is often treated as handicap with all the
negative psychological connotations involving stig-
matization, difficulties in career development and
personal advances, often resulting in lower social
status compared with the hearing persons.
Environmental stressors have an impact on cogni-
tion (Brosschot et al. 2006) and thus are viable to
affect plastic brain networks’ reorganization to off-
set auditory deprivation. On the advantage side, the
prelingually deaf rely on the visual communication
skills such as sign language or face emotion recog-
nition, which implements interaction between brain
sensory and cognitive domains. Eyesight is the
main sensory connector to the surrounding environ-
ment, and is some kind of sensory compensation for
the missing hearing sense in the deaf. The delayed
adulthood face of emotional and cognitive function-
ing of prelingually deaf persons is thus less certain.

The present study was designed to examine the
emotion-processing skills, assessed from the abil-
ity to discern emotions from facial expressions,
visual and mental attention, and non-verbal fluency
in the prelingually deaf people as compared with
the hearing counterparts.

2 Methods

The study was approved by a Review Board for
Research of the Institute of Psychology of Opole

M. Pokorski and S. Klimanska

University in Poland and was performed in
accord with the Declaration of Helsinki for
Human Research. All study participants gave
informed consent concerning the survey proce-
dures employed. A total of 59 subjects were
enrolled into the study. There were two groups:
29 persons with hearing loss (F/M — 15/14)
and 30 hearing persons (F/M — 15/15). The age
of all subjects was within the 40-50 years range.
Deaf persons had a severe hearing loss of greater
than 70 dB since early childhood and could
communicate only in sign language. Those with
normal hearing decelerated that they never had
any hearing problems and were unable to com-
municate in sign language. The inclusion criteria
included a generally good health status, no his-
tory of major head injury or brain diseases, no
current medical or psychological problems, no
overt sensory impairments, and no prescription
medication use.

Each person of both groups completed a
battery of the following tests: the Emotional
Intelligence Scale — Faces (EIS-F) developed
and verified for the Polish population by Matczak
et al. (2005), the d2 Test of Attention of
Brickenkamp and Zillmer (1998), and the Figural
Fluency Test (RFFT) of Ruff (1996). The EIS-F
scale assesses the ability to discern emotions on
the basis of facial expression. Mimic expression
of emotions is considered an essential feature of
emotional intelligence. The test consists of
18 sets of photos, each set shows six differently
named emotions and the person should match the
name with emotion. Since some words may be
abstract to the deaf who never hear them, and
who thus may have problems to connect a written
word to the emotion seen in the picture or cannot
describe it in one word, the test instruction
was modified in an effort to equalize the chances
of correct response for the deaf and hearing
persons. The original instruction saying: if you
are unsure whether a given face presents this
concrete emotion, choose ‘hard to say’ was
modified to: ‘if you are unsure whether a given
face presents this concrete emotion or you do not
know the name of emotion, choose ‘hard to say’’.

The d2 Test of Attention assesses individual
psychomotor performance, consisting of visual
and mental attention, concentration, and
processing speed and quality (Zillmer and
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Kennedy 1999). The test is composed of the
letters d and p with a variable number of dashes
underneath or above the letter, from two to four,
arranged in a random order. The subject is asked
to find out d’s with two dashes only (correct hits).
The letters are arranged in 14 lines of
47 characters each, and the subject has a limited
time of 20 s per line. Corrections are permitted.
Performance is characterized by the total number
of all letters processed (TN), the number of
errors of omission (El), the number of wrong
letters crossed out (E2), the total number of
errors (E = El + E2), the percentage of errors
(E%), total performance (TP = TN—E), fluctua-
tion rate (FR), i.e., the maximum difference
between TN across individual trials, and the
index of concentration performance (CP), i.e.,
the number of correctly processed letters minus
E (see details in Table 3).

The RFFT is also a timed test which measures
the ability to generate as many new figures
(unique designs) as possible by connecting at
least two dots included in a 5-dot matrix in such
a way that each time a new figure would be
created. The test consists of five parts with
some variations in pattern design, except for
parts II and III which contain the same pattern
of dots, but with different distracting elements of
the type of diamonds or lines. The time limit per
part was set for 1 min. Repetition of the figures
should be avoided as much as possible.
This measure of non-verbal fluency takes into
account the number of unique designs and
perseverations a person makes (Ruff et al. 1987).

Surveys were conducted during individual
sessions under the oversight of a test supervisor.
Completion of all questionnaires, on average,
required 45 min. Data were presented as means +
SD of raw scores. The normality of data distribu-
tion was determined with Kolmogorov-Smirnov’s
test. Equality of variances for a variable calculated
for two groups was assessed with Lavene’s test. In
case of unequal variances the corresponding
variables were compared with Mann-Whitney U
test. Otherwise, statistical analysis consisted of an
unpaired or paired t-test, as required, for two
group comparisons. The level of statistical signifi-
cance was set at p < 0.05. A commercial
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statistical package SPSS ver. 19 was used for the
statistical elaboration.

3 Results
3.1 Emotional Intelligence -
Recognition of Face Emotions

Analysis of the gender-combined groups of the
deaf (n = 29) and hearing persons (n = 30)
demonstrated appreciable differences in the
number of known and unknown face emotions
being seen in the pictures. The deaf correctly
identified known emotions in 33.1 £+ 12.2
female and 33.4 &+ 12.4 male faces, whereas
unknown  emotions were reported in
20.3 £ 12.3 and 20.4 £ 12.5 faces, respectively.
The number of correct hits in the hearing persons
was 52.8 + 1.6 and 53.2 £ 1.0 for the known
emotions in female and male faces, whereas the
unknown emotions were reported in 0.9 £+ 1.4
and 0.6 £ 0.9 faces, respectively. All differences
between the deaf and hearing persons in the
recognition of the faces of the corresponding
gender being looked upon were significant
(p = 0.001). However, there were no significant
differences between the number of known or
unknown female and male faces recognized by
the deaf or hearing persons.

Since the perception of face emotions could
differ not only regarding the gender of the faces
being observed, but also of the observer’s gender
we broke down the data by the observers’ gender
for further analysis. The data on the number of
female and male face emotions, defined as
known or unknown, identified by the deaf and
hearing women and men are shown in Table 1.
Both deaf women and men defined significantly
fewer emotions as known, and thus more as
unknown, compared with the hearing counter-
parts. That held true for emotions seen in both
female and male faces. These quantitative results
clearly show that the deaf were not able to name
all emotions that have a mimic representation.

The number of identified emotions is not tanta-
mount to the ability of emotion recognition.
Therefore, the results were subjected to further
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Table 1 Number of emotions seen in pictures of female and male faces recognized and unrecognized by deaf and

hearing persons in a test for emotional intelligence

Women Men
Deaf (n = 15) Hearing (n = 15) Deaf (n = 14) Hearing (n = 15)
Female face emotions
Recognized 349 4+ 11.2* 53.0 + 1.27 31.2 + 13.3* 52.6 + 1.97
Unrecognized 18.4 £+ 11.6* 0.8 + 1.1 224 + 13.1* 1.0+ 1.6
Male face emotions
Recognized 30.6 + 11.1% 529 + 1.2} 30.6 + 13.6* 53.5 £ 0.6F
Unrecognized 179 £ 11.1* 09 + 1.0 20.3 + 13.1* 03 +05

Values are means £+ SD of cases

*p < 0.001 for differences between deaf and hearing persons within a gender (horizontal pairwise comparison)
Tp < 0.01 for differences between recognized and unrecognized emotions within a gender (vertical pairwise

comparison)

Table 2 Emotions recognized in female and male faces by deaf and hearing persons as percentage of all known

emotions in a given group

Women Men

Deaf (n = 15) Hearing (n = 15) Deaf (n = 14) Hearing (n = 15)
Female face emotions 59.1 £ 123 555+ 83 66.8 £+ 10.3* 54.8 + 11.7
Male face emotions 55.1 £ 13.6 56.9 + 8.5 63.6 £ 6.5% 535+ 7.7

Values are means + SD of percent

*p < 0.01 for differences between deaf and hearing persons within a gender

qualitative analysis consisting of the calculation of
a proportion of correct hits of face emotions
among all known emotions. The results of this
calculation broke down by the gender of the deaf
and hearing observers of faces and the gender of
the faces being looked upon are shown in Table 2.
The deaf men were able to properly recognize
more emotions associated with a definite either
female or male face look, among the emotions
they knew, compared with the hearing counter-
parts. That regularity did not concern the deaf
women. Thus, it might be presumed that the deaf
men are able to use the visuospatial coordination
more effectively and readily in performance, to
the extent it partakes of the emotional intelligence.

3.2 Attention - d2 Test

The test assessed the ability to scan visual material
by comparing the number of mistakes made along
the process in the deaf and hearing persons. There
were inter-gender differences in the assessment of
attention. The deaf women, but not men, crossed
out significantly fewer letters than the hearing

ones (p < 0.05), whereas the number of errors
made was akin irrespective of the hearing status
(Table 3). It follows that the deaf women’s total
performance corrected for the number of errors
made and concentration was worse. On the posi-
tive side, the scatter of the total number of letters
processed in individual trials was significantly
smaller in the deaf than that in the hearing
women (p < 0.05). In contrast, differences in the
attention indices between the deaf and hearing
men were inappreciable. The hearing men,
however, performed overall worse on the attention
score than the hearing women in terms of the total
and error-corrected numbers of letters processed
and concentration. This inter-gender difference
was absent in the deaf subjects whose attention
was on a par in both genders.

3.3 Non-verbal Fluency: Ruff Figural

Test (RFFT)

The RFFT was used to compare the non-verbal
fluency between the deaf and hearing persons.
Quantitative results were expressed as the total
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Table 3 Comparative descriptions of variables in the d2 attention test in the deaf and hearing persons stratified by

gender

Women Men

Deaf (n = 15) Hearing (n = 15) Deaf (n = 14) Hearing (n = 15)
TN 420.3 £+ 91.9* 483.5 £ 81.7 407.9 £ 99.8 404.2 £ 63.71
El 333+ 242 32.6 + 18.3 234 + 19.8 30.1 £ 233
E2 7.1 £49 8.9 + 6.0 9.9 + 8.0 6.5+ 5.1
E 40.3 £ 24.7 41.5 £ 19.0 33.3 + 25.6 36.6 + 25.8
E% 9.6 £5.1 8.7+ 4.1 7.6 £ 4.7 8.7 5.6
TP 380.2 £+ 84.9% 442.1 £+ 83.0 374.6 + 84.4 367.6 £ 51471
FR 19.1 £+ 6.7* 13.1 £53 19.1 £ 7.5 20.1 + 6.07
CP 143.5 £ 35.1 166.9 £ 52.4 142.8 £+ 26.0* 120.5 £ 25.9%

Values are means = SD. TN total number of all letters processed, £/ omissions, E2 wrong letters crossed out, E total
number of errors (E1 + E2), E% percentage of errors, TP total performance = TN-E; FR-fluctuation rate, i.e., the
maximum difference between TN across individual trials, CP-index of concentration performance — the number of

correctly processed letters minus E

*p < 0.05 for differences between deaf and hearing persons within a gender
Tp < 0.05 for inter-gender differences within the same hearing state

Table 4 Non-verbal fluency (RFF Test) in deaf and hearing persons stratified by gender

Women Men
Deaf (n = 15) Hearing (n = 15) Deaf (n = 14) Hearing (n = 15)
Unique designs
Without distractors 635+ 114 68.1 + 15.7 56.1 + 19.2 60.3 + 15.8
With distractors 425 +£9.2 437 £ 11.1 39.9 + 159 41.2 £ 10.6
Perseverations
Without distractors 1.5+19 3.5 £ 2.6% 55+75 35+24
With distractors 1.9 £2.7 23+ 2.1 1.2+ 1.7 1.1+ 1.1
Error rate (%)
Without distractors 22 +27 5.5 £+ 4.6* 104 + 17.6 53 4+3.0
With distractors 36 £5.1 52+ 44 29+ 34 29 +£2.6

Values are means + SD

*p < 0.05 for differences between deaf and hearing persons within a gender (horizontal pairwise comparison)

number of unique designs created and the
total number of perseverative errors, whereas
qualitative results were expressed as the percent-
age rate estimated from the ratio of perseverative
errors to the total number of unique designs.
Performance on the RFFT was measured without
and with distractors.

Overall, the deaf tended to generate fewer
unique designs, which was slightly more accen-
tuated in the part of the test without distractors,
than the hearing persons. There was also an inter-
gender tendency observed in the number of unique
designs toward the disadvantage of men regarding

the number of unique designs generated,
irrespective of deafness and the presence or not of
distractors (Table 4). The deaf women made sig-
nificantly fewer repetitions of already generated
figures and the proportion of perseverations in the
total number of figures generated was smaller than
that in their hearing counterparts; the findings were
absent in the deaf men. The RFFT results demon-
strate a slightly better non-verbal fluency in the
deaf women, but not men, compared with their
hearing counterparts, although the differences
were rather small and the deaf women tended to
generate fewer unique designs.
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4 Discussion

The present study contrasted the emotion-
processing skills, visuospatial and mental atten-
tion, and non-verbal fluency in the prelingually
deaf and normal hearing persons. Prelingual
deafness is hearing damage that arises before
the acquisition of language, which has a con-
genital background or arises in early infancy
due to morbid conditions (Rehm et al. 2003).
This kind of deafness impairs the individual’s
ability to acquire sound of spoken language.
Prelingual deafness entails psychomotor and
cognitive changes, which may be exemplified
by the development of visual communication
skills, such as sign language or recognition of
facial expressions. Sign language transmits
meaning by manual and body communication
instead of acoustically transmitted sound. This
involves a mixture of fine movements of
hands and arms, accompanied by face emotions.
The deaf persons’ fluid movements serve to
express aspects of meaning. It could thus be
expected that prelingual deafness would parti-
cularly engage visuospatial and attentional
aspects of neural connections.

The findings of the present study demonstrate
that deaf men were able to properly recognize
a higher percentage of emotions associated with
a definite face look, among the emotions they
knew, compared with the hearing men. That
result speaks in favor of enhanced visuospatial
skills and emotional intelligence in prelingual
deafness, to the extent that the recognition
of face emotions is an essential element of
emotional intelligence (Meyer et al. 1990;
Salovey and Mayer 1989). However, visuospatial
dexterity concerned deaf men, but not women,
and the representatives of both genders defined
significantly fewer emotions as known, com-
pared with the hearing persons. There were no
appreciable differences in attention indices
between the deaf and hearing men. On the other
side, deaf women’s total performance on atten-
tion was worse than that in the hearing women,
although the deaf ones responded in a more
regular and uniform way in attention trials.

M. Pokorski and S. Klimanska

By contrast, deaf women, but not men, fared
clearly better in non-verbal fluency, compared
with their hearing counterparts. However, deaf
women had difficulty in warding off distractors,
as the edge they had over hearing women in
non-verbal fluency clearly tended to wane in the
presence of distractors.

Overall, therefore, we found that the brain
deprived of auditory stimuli perception is able
to adapt to remaining sensory inputs. The adap-
tive processes consolidated over time in the
middle-aged individuals whose deafness appe-
ared at the prelingual stage could lead to
sustained alterations in the psychological
domains. The alterations are, however, rather
meager, mixed, and do not downgrade perceptual
skills in the deaf. Conversely, functional brain
reorganization that follows prelingual deafness
alters one’s interaction with the surrounding
environment in a way that clearly tends to com-
pensate for the missing sensory input. The deaf
can more effectively concentrate on visual
stimuli, which makes them notice more detail in
visual material than the hearing persons do.
That is in line with recent neurophysiological
studies showing that people who are deaf benefit
from a differently developed retina that enables
to see better into the visual periphery compared
with hearing adults, as shown in a non-invasive
ocular coherence tomography that scans the
retina (Codina et al. 2011). More neurons trans-
mitting and processing somatosensory and visual
stimulation have been shown in the cortex of
deafened mice and the size of cortical auditory
Al area is increased (Hunt et al. 2006).

In the present study we found gender
differences in visuospatial coordination in that
it was better developed in deaf men than
women. These differences seem an extension of
those reported in visuospatial processing present
in hearing adults. Sex differences in the rate of
visuospatial processing and intelligence, favor-
ing men, have been noted in behavioral and
functional imaging studies (Weiss et al. 2003).
Although right hemisphere predominates in
visuospatial coordination in either sex, there are
intra-hemisphere differences, with men showing
parietal activation and women, in addition,
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inferior frontal activation during visuospatial
tasks (Hugdahl et al. 2006). In this study, how-
ever, we failed to note appreciable advantage of
hearing men over hearing women in visual
aspects of face emotions recognition. We did
note that hearing men and women use different
processing strategies, favoring women, for
attention-concentration and non-verbal fluencys;
the categorical representations ascribed to the
left hemisphere (Rybash and Hoyer 1992). This
advantage for attention processing was gone
in deaf women, but persisted for non-verbal
fluency. It seems, therefore, that the different
processing strategies in men and women to
solve similar tasks may have to do with hemi-
sphere asymmetry, with right-sided bias for
visuospatial tasks in men and left-sided bias for
categorical tasks in women. The sex-related
brain asymmetry seems little affected by the
altered sensory experience of early onset
deafness.

In conclusion, prelingual auditory deprivation
promotes reorganization of brain networks that
facilitates the input of signals related to visual
communication and non-verbal fluency. The
nature of detecting and executing of cognitive
tasks, despite gender and task-specific variations,
is preserved. We believe the study sheds compli-
mentary light on the brain networks’ ability to
compensate for the missing auditory input, which
allows the sensory-deprived individuals to
function well.
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Abstract

Blood gases levels imbalances belong to important factors triggering
central nervous system (CNS) functional disturbances. Hypoxia can be
illness-related, like in many COPD patients, or it may be caused by broad
range of external or iatrogenic factors — including influence of drugs
depressing respiration, failure to keep the patient’s prosthesis-supported
airways patent, or a mistake in the operation of medical equipment
supporting patient’s respiration. Hypoxia, especially when it is not
accompanied by rapid carbon dioxide retention, can go unnoticed for
prolonged times, deepening existing CNS disorders, sometimes rapidly
triggering their manifestation, or evoking quite new conditions and
symptoms — like anxiety, agitation, aggressive behavior, euphoria, or
hallucinations. Those, in turn, often result in situations raising interest in
law enforcement institutions which need forensic medicine specialist’s
assistance and opinion. The possibility of illness or drug-related hypoxia,
especially in terminal patients, is used to raise questions about the
patients’ ability to properly express their will in the way demanded by
law — it also must be considered as a factor limiting the patients’ respon-
sibility in case they commit crimes. The possibility of hallucinations in
hypoxia patients limits their credibility as witnesses or even their ability to
report crime or sexual abuse they have been subjected to.
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1 Introduction

Hypoxia is defined in medical literature as an
illness-related inadequate level of tissues
oxygenation. It causes impairment of physiolog-
ical functions, which threatens patient’s health
and life — especially in case of deep or rapidly
progressing oxygen deficit. In the last decades
many aspects concerning clinical hypoxia and
results of this phenomenon have been discussed —
including its etiology, mechanisms of arising,
symptoms, clinical classifications, and methods
of treatment — but both clinical medicine and
forensic literature lack scientific reports con-
cerning the importance of the generalized hyp-
oxia, resulting from impaired gas exchange, in
solving medical law-related problems. Hypoxia
constitutes an important factor influencing both
overall clinical patient’s condition and the future
prognosis; it also determines the impairment of
different social functions. It must be stressed that
generalized hypoxia-related central nervous sys-
tem dysfunction impairs the patient’s ability to
make independent decisions as well as to declare
the will in a lawful way. This, in turn, is being
considered as the basis of patient’s limited credi-
bility. It constitutes quite a big practical problem
to recognize the threshold beyond which the
patient is unable to make independent informed
decisions — including also the consent to undergo
medical diagnosis and treatment. Chronic
generalized hypoxia — by increasing anaerobic
metabolism, and blood acid-alkali imbalances
secondary to it — causes limitations of several
mental functions and also behavioral changes
that are developing silently and their mani-
festations can be often disguised by overlapping
conditions and iatrogenic factors, especially
drugs’ side effects. It can result in delayed mental
state alterations and seemingly unpredictable
behaviors. Many different aspects of chronic

generalized hypoxia — including its medical,
social, and law-related aspects — shall influence
the forensic medicine specialists’ approach to
cases when medico-legal opinion is required by
law-enforcement institutions, penal, and civil
courts.

2 Methods

The study has been approved by a local Ethics
Committee. The aim of the study was to examine
the chronic generalized hypoxia as an important
factor considered when medico-legal opinions
were required, mainly by law-enforcement
institutions. The study was based on personal
experience of the authors, documented in
medico-legal opinions issued, supported by
information acquired by an extensive review
of the available literature and publications
pertaining to the problem. The medico-legal
archive cases issued by the teams of experts
from the Department of Forensic Medicine of
Medical University in Wroclaw, Poland in the
years 2002-2012 have been reviewed to find
cases in which chronic generalized hypoxia
could have an impact on a patient’s mental status
and had been identified as the factor influencing
the opinion’s conclusion, or the possibility of
hypoxia was raised in the questions the experts’
team had been asked. The discussion of the cases
chosen was enriched by comments based on
the current state of medical and medico-legal
knowledge.

3 Results

Three cases were selected from the archived
medico-legal opinions, in which the chronic
generalized hypoxia differential diagnosis and
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treatment were the crucial elements needed to
solve them. All the discussed cases were further
referred to the law enforcement institutions and
were used as expert statements during court
trials.

3.1 Case 1: Medical Error

A 36-year old male, who had suffered multiple
organ traumas because of traffic accident, was
treated within the first several days of hospitali-
zation in the Intensive Care Unit because of
multi-organ insufficiency. He needed to be
kept sedated because of catecholamine and
respiratory therapy prolonged treatment. Head
computed tomography allowed identifying seri-
ous damages to frontal lobes of the brain cortex
and hemorrhagic foci located in deep structures
of both brain hemispheres, right side brain cham-
ber hemorrhage and left side subdural hematoma
(70 mm in diameter and 6 mm thick). Due to
intensive treatment, improvement of the overall
status has been achieved — including satisfactory
cardiovascular and respiratory capacity. After
20 days, the patient had been moved to Rehabili-
tation Ward, but was shortly readmitted to
the Intensive Care Unit because of acute
hyperventilation-related  respiratory  insuffi-
ciency. Bronchoscope examination revealed
2 cm long trachea narrowing that was related to
prior prolonged intubation. The necessary surgi-
cal treatment was successful, but on the 30th day
after the accident, the patient needed a T-type
tracheal prosthesis to be implanted, to support,
and secure mechanically the desired tracheal
lumen diameter. Until the hospitalization in the
Thoracic Surgery Ward, there were no reported
alterations in the patient’s behavior — especially
any that would point to the central nervous sys-
tem located damage. In the ward the patient was
described as “aggressive because of central ner-
vous system damage... with very limited reac-
tion to sedatives... because of increasing
aggression directed against both himself and the
surroundings, the patient, after prior phone con-
sultation, was sent to the Psychiatric Ward to
undergo further treatment”. Mucolytic drug
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administration and a regular suction of a T-type
airway prosthesis was indicated. The witnesses,
while stating in front of the court, pointed to both
psychic and physical agitation of the patient,
which was linked by him to subjective “shortness
of breath feeling” that he reported of as “increas-
ing over time.” The patient’s aggressive actions
were focused mainly on the external exit of
T-type airway prosthesis and included repeated
attempts to remove it. In the Psychiatric Ward the
therapy was generally limited to administering
several central nervous system targeting drugs,
including haloperidol, carbamazepine, and
valproic acid. Medical files confirmed that agita-
tion and aggressive behaviors increased over
time along with the reported dyspnea. According
to the files, the patient was initiating conflicts
with the medical personnel and was presenting
an aggressive attitude. After 10 days of psychiat-
ric hospitalization, dyspnea increased, which
necessitated an otolaryngological consultation.
The patient was diagnosed with purulent inflam-
mation and marked mucous substance deposition
in the airway prosthesis, with accompanying
mucosa swelling and laryngitis. Neuroleptic
treatment was continued to suppress behavioral
and aggressive behavior that was linked to mor-
phologic central nervous system lesions. Because
of limited success of therapy, the dose of halo-
peridol was significantly raised and hydroxyzine
with benzodiazepines were added to the therapy
regimen. At the same time, the initial physician’s
order to regularly apply suction to the airway
prosthesis was cancelled and replaced with the
request that the patient takes care of the prosthe-
sis by him, which was deemed possible. Even
with the intensified pharmacologic treatment,
his mental status deteriorated further, with a
rapid increase in aggressive behavior episodes.
Dyspnea increased and there appeared forced
respiration with rhonchi and rales over the
lungs. Since doctors were convinced that the
worsening of patient’s condition was due solely
to the brain lesions, the intensity of pharmaco-
therapy was increased. After 18 days of psy-
chiatric hospitalization, a psychiatrist on duty
was called to intervene, because the patient
complained of severe shortness of breath and
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presented with violent agitation. An i.v. bolus of
a benzodiazepine was ordered, which resulted in
deepening dyspnea, although deeply sedated
patient eventually fell asleep. Before midnight,
the patient woke up, showing signs of agitation
and disorientation, and started to run around the
ward in a chaotic way, arguing noisily with other
patients — after a short time he reported he could
not breathe anymore and developed complete
respiratory arrest within minutes, which was
quickly followed by asystole-related cardiac
arrest. Resuscitation continued for more than
60 min remained ineffective. Autopsy revealed
that the lumen of the airway prosthesis was
completely blocked with thick mucus deposits —
partially hard dried and partially soft. A micro-
scopic examination confirmed the presence of
old and recent inflammatory white blood cells
infiltrations of, and bacteria masses on, the
bronchial epithelial cells. In forensic medicine
experts’ opinion that was requested by law
enforcement institution, behavioral changes
were linked with increasing chronic hypoxia
caused by progressive obliteration of airway
prosthesis. Hypoxia, especially when it is unac-
companied by rapid carbon dioxide retention,
can go unnoticed for prolonged times, exa-
cerbating existing central nervous disorders, and
some point rapidly triggering their manifestation,
or evoking quite new conditions and symptoms —
like anxiety, agitation, aggressive behavior,
euphoria, or hallucinations.

3.2 Second Case: Civil Law

Procedure

In the year 2008, forensic medicine physicians
participated in court proceedings concerning a
civil case in the context of inheritance. A
78-year old male patient diagnosed with a termi-
nal stage of lung cancer was treated at home
following the family doctor’s recommendations.
In the last weeks of life, the range of therapeutic
activities was limited to strictly palliative treat-
ment aimed at ensuring the maximum patient’s
comfort. This treatment resulted from a failure of
intensive repeat oncologic treatment, in the
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presence of multiple metastatic lesions con-
firmed in diagnostic imaging of both lungs.
Shortly after the patient’s death, it turned out
that several hours prior the death he called for a
family member and a public notary to change his
will. Because other members of the family did
not witness this event and changes in the inheri-
tance were unexpected for them, they questioned
the ability of the patient to express his will prop-
erly in the last moments of life.

The public notary explained in front of the
court that the patient “was looking exhausted”
and that he heard the patient “repeating the
statements made by the family member present”,
which he took as independent statements of the
patient and included into the written form of the
will, signed in an unreadable form by the patient.
The family doctor and the palliative medicine
specialist who had been taking care of the patient
in the last several months of his life reported that
during that time the patient was barely conscious
most of the time. He was suffering from severe
dyspnea because of massive bilateral pleural
effusions, so in the last weeks he was under
strong influence of narcotics and sedatives that
were administered in increasing doses to lessen
his suffering. Because of that, both physicians
considered the patient to be fully incapable of
making any valid legal statements, including
changing his last will. The court ruling
invalidated the will altered in the last moments
of life. The illness- and drugs-related hypoxia,
especially in terminal patients, is often being
used to raise questions about patients’ ability to
properly express their will, especially last will, in
the way demanded by law — it is also extremely
difficult for the medical experts’ teams to decide
upon whether or not it shall be trusted.

33 Third Case: Penal Law Procedure
In the year 2004, forensic medicine experts were
asked by a judge to issue an opinion on the case
of 32-years old woman subjected to general anes-
thesia because of a routine appendectomy sur-
gery. She reported in the post-operation care
room that she had been sexually abused by a
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seemingly medical staff member — wearing a
white physician’s hospital suit — just after she
partially woke up from anesthesia. The patient’s
complaint was initially distrusted, but a routine
lookup at the hospital staff was immediately
initiated. The anesthesiologist who took care
of the patient during the operation and then
accompanied her for some time alone, as
required, in the post-operation room was missing
— he was reported by witnesses to wear trousers
that appeared to be blood-stained in the groin
region when he was leaving the post-operation
care room. The anesthesiologist was followed by
medical staff to his house where the trousers
were retrieved. In the end it turned out that he
had left the hospital and took hiding in at home
where he was trying in a hurry to wash out his
trousers in a washing machine. It also was
established just before the surgery that the patient
was menstruating, so even a crude microscopic
examination could confirmed that the blood on
the stained trousers was likely hers. Later on, at
the biochemistry department the comparative
DNA tests of the patient’s blood matched
the blood specimens derived from the
anesthesiologist’s  trousers;  thus, plainly
indicating a sexual assault. The physician argued
in court that hypoxia and anesthetics used around
the surgery time influenced the patient’s judg-
ment and accusations against him; the
explanations that were rejected by court.

4 Discussion

Hypoxia is often discussed in the medical litera-
ture and its pathophysiology is quite well known.
It can result, among others, from insufficient
oxygen diffusion in the lungs, limited oxygen
blood transportation due to anemia, or low
oxygen concentration in the air. No matter
what causes hypoxia, it always interferes with
cellular metabolism and triggers multiple organ
dysfunctions. Hypoxic tissues switch into anaer-
obic metabolism which leads to acidosis. Each
organ’s sensibility to hypoxia is different; the
most susceptible are those with the most active
metabolism, like the heart and liver, but the first

53

to be irreversibly damaged by hypoxia is unques-
tionably the brain. The signs of malfunction and
morphology deterioration differ from organ to
organ, but they sum up into an interconnected
dysfunctional interactions leading to organism’s
death if they are not early detected and
compensated for on time (Barash et al. 2006). A
connection between hypoxia and central nervous
system malfunction is of particular interest for
forensic medicine specialists. Cases of violent
deaths have been long studied and described in
medical literature, along with their various
mechanisms and interconnected links (Stark
2011; Olshaker et al. 2007). Among central ner-
vous system asphyxia-related death cases there
are accidents, homicides, and suicides. Acute
brain hypoxia often results from blocking the
oxygen-rich blood from reaching the brain by
applying some type of compression to the neck
organs — homicide deaths are often a result of
rope or manual strangulation and hanging is the
most popular method of committing suicide
among men in Poland (Trnka et al. 2013). Brain
hypoxia is of critical importance in the forensic
investigation of death as it precipitates rapid loss
of consciousness and in people attempting to
commit suicide it is soon impossible to revert
their hanging even when they are not fully
suspended by the rope.

Another field of interest in forensic medicine
concerning brain hypoxia is autoerotic hypoxia
and accidental deaths that result from it. It is
reported that increased sexual satisfaction might
be achieved in cases when sexual activity
coexists with brain hypoxia. It is often abused
by males who set up special, sometimes sophisti-
cated mechanisms allowing them to apply pres-
sure to the neck and automatically release it at
the moment they start to lose consciousness. The
effects of hypoxia similar to those of feeling like
being ‘on high’ achieved by narcotic drugs have
been reported in jet pilots and high mountain
climbers, but hypoxia accompanying the auto-
erotic activities is of purposeful and not acciden-
tal nature and is referred to as a sort of sexual
deviation (Aggrawal 2009).

Old typical scenarios of asphyxia-related
deaths may be relatively easy solved by forensic
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medicine, in contrast to the atypical aspects of
hypoxia currently emerging, especially when
they are iatrogenic in nature. In the three
hypoxia-related cases above outlined, hypoxia
coexisted with the actual offence or misde-
meanor being evaluated in court. It seems that
nowadays law enforcement institutions ought to
get more and more interested in hypoxia side
effects and their sequelae. These institutions ask
for medical experts’ opinions which become
complex and sometimes difficult to be issued at
all, as it is extremely difficult to find out post
mortem and not in a closely monitored patient,
whether or not hypoxia actually existed, how
deep it was, and if and what kind of practical
effect it really had for the patient’s overall medi-
cal condition, consciousness, and behavior.

A 36-year old man described above, treated
for airway obstruction that caused chronic hyp-
oxia, is a case in point concerning the difficulties
in forensic medicine opinions. The patient’s
behavior was considered normal during his
repeated stay at the Intensive Care Unit and his
consciousness was not altered. Initially, he had
full contact with the surrounding people; includ-
ing properly consenting to undergo medical
procedures in the way demanded by medical
law regulations. Later on, however, the patient’s
psychiatric status deteriorated and he was trans-
ferred to a psychiatric ward, where he presented
increasingly intensified behavioral changes, such
as agitation, anxiety, and unexpected aggressive
outbursts against medical staff and other patients.
Physicians associated the symptoms with
trauma-related lesions located in brain frontal
lobes due to a traffic accident. However, chronic
hypoxia also results in brain morphological
changes and therefore it should be part of differ-
ential diagnosis (Corcoran and O’Connor 2013;
Yang et al. 2013; LaManna 2007; Dwinell
et al. 2000). Forensic investigation confirmed
that the patient’s behavioral changes were
associated with progressing brain hypoxia;
mucous and purulent deposits present in the
inflamed airways narrowed the airway prosthe-
sis’ lumen, making ventilation ineffective. Simi-
lar symptoms, but precipitated by a completely
different initial mechanism, have been described
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in medical literature in high mountain climbers
who suffer from central nervous hypoxia because
of breathing air with inadequate oxygen partial
pressure (Arzy et al. 2005; Virués-Ortega
et al. 2004; Brugger et al. 1999). In such cases,
lack of carbon dioxide retention, which usually
accompanies hypoxia in most clinical pathologies,
makes it difficult to diagnose hypoxia on the basis
of physical examination. The forensic experts
analyzing the case had the comfort of being able
to confront the autopsy findings against the
witnesses’ statements and detailed medical files,
all of which allowed drawing a comprehensive
diagnosis. It was concluded that the psychiatrists
failed in efforts to find the cause that was behind
the patient’s symptoms. Instead they acted
schematically, merely intensifying pharmacologi-
cal sedation, which in fact worsened the clinical
status by depressing ventilator drive and conse-
quently exacerbating respiratory insufficiency and
hypoxia (Heuss et al. 2012). The patient received
an additional dose of midazolam just a short time
before his collapse. A tragic death of the 36-year
old man was precipitated by the lack of supervi-
sion of bronchial tree and airway prosthesis
patency and iatrogenic suppression of ventilatory
drive and cough reflex, causing a buildup of debris
in the airways. The law enforcement institutions
needed an answer to the question of whether or
not it was possible for the treating physicians
to differentiate between the symptoms of brain
hypoxia and those attributable to a trauma of
frontal brain lobes; the answer to the question
was positive in this particular case.

The questions about brain hypoxia and its
influence on cognitive functions of the 78-year
old man, described in Case 2 was raised in court.
It was argued that brain hypoxia could signifi-
cantly limit the patient’s ability to think
reasonably, to make informed decisions, and to
declare last will. The expert witnesses needed to
review the court file, including medical records,
medical personnel, and other witnesses’
statements. As the patient was treated mainly at
home, the availability of blood oxygenation tests
was limited. The available data gave a good
enough basis to confirm that the man, prior to
his death, had not been able to fully understand
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or control his actions, which is required to make
legally valid decisions concerning property.
Metastases in the lungs and pleural effusions
caused chronic blood acidosis; the available arte-
rial blood gas content revealed: PO, of
65 mmHg, PCO, of 55 mmHg, and pH of 7.19.
The lab tests were consistent with the witnesses’
statements and the whole case supports the argu-
ment that chronic central nervous hypoxia
impairs consciousness and cognitive functions
(Wiklund et al. 2012; Wilkinson et al. 2010;
Powell et al. 2000). The court shared the forensic
opinion and annulled an altered version of the
patient’s last will.

In contrast to the two cases described above,
hypoxia in Case 3 was not a harmful factor that
should be considered and was overlooked, but it
was taken advantage of by a perpetrator of sexual
crime. The question raised by court was about the
witness’ credibility. Thus, forensic experts were
asked to say whether or not the woman’s state-
ment about her being sexually abused in the
perioperative period could be trusted, which
would eliminate the possibility of hypoxia-
related hallucinations, secondary to anesthesia.
The defense strategy of the accused of sexual
crime anesthesiologist was based on medical
knowledge, since it is rather impossible to fully
eliminate such an option based only on clinical
data. On the other hand, the patient’s story was
consistent with the physical evidence, including
the woman’s menstruation blood present on the
anesthesiologist’s trousers and medical staff’s
statements. Consequently, the patient’s accusa-
tion was trusted and the anesthesiologist was
considered guilty of sexual assault, even in the
face of medical reports describing hallucinations
triggered by anesthetics, like ketamine or
propofol, anesthesia-related brain hypoxia
(Friedberg 1993; Perel and Davidson 1976; Fine
and Finestone 1975).

5 Conclusions
Reports of hypoxia influencing human mental

status raise interest in law enforcement
institutions and courts. The lawyers try to use
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hypoxic states to both accuse and defend their
clients. There is also more demand for medical
forensic experts in such cases, but experience,
scientific, and empirical basis to judge and
resolve such issues is still limited. Central ner-
vous system hypoxia and functional changes sec-
ondary to it are going to be considered as factors
of potential importance also in cases that do not
fit into asphyxia scenarios of forensic medicine.
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Abstract

The level of illness acceptance correlates positively with compliance to the
doctor’s recommendations, and negatively with the frequency and intensity of
complications of chronic diseases. The purpose of this study was to determine
the influence of the clinical condition on the level of illness acceptance, and to
find variables which would have the most profound effect on the level of
illness acceptance in patients with chronic respiratory diseases. The study
group consisted of 594 adult patients (mean age: 60 £ 15 years) with mixed
chronic respiratory diseases, recruited from patients of 136 general
practitioners. The average score in the Acceptance of Illness Scale was
26.2 £ 7.6. The low level of illness acceptance was noted in 174 (62.6 %)
and high in 46 (16.6 %) patients. Analysis of multiple regressions was used to
examine the influence of explanatory variables on the level of illness accep-
tance. The variables which shaped the level of illness acceptance in our
patients included: improvement of health, intensity of symptoms, age, marital
status, education level, place of residence, BMI, and the number of chronic
diseases. All above mentioned variables should be considered during a design
of prevention programs for patients with mixed chronic respiratory diseases.
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1 Introduction

The future of primary care is closely related to
challenges issued by patients with at least two
chronic diseases, i.e., the patients who require
systematic contacts with a general practitioner
(GP), additional medical examinations, and reg-
ular administration of drugs. Most important is
an increase in the level of illness acceptance and
all of these factors result in the continuously
improving quality of life (QoL). Thus, the effi-
cient care provided by a multidisciplinary team
should be based on the knowledge of the particu-
lar population structure and the encouragement
of patients to co-decide about further manage-
ment of their diseases (with emphasis on
exchange of experiences) as well as the process
of education oriented toward the patients’ own
resources, and the evaluation program of:
adverse actions, compliance to doctor’s
recommendations, unsuccessful therapy, and the
recurrence of the complaints (Gerlach
et al. 2006; Wagner 2000). Such a model of
health care includes bio-psycho-social factors,
which should be analyzed from the point of
view of individual needs and attitudes
demonstrated by chronically ill patients (Flores
et al. 2007). The quality assessment of medical
care offered within the above model (Chronic
Care Model) consists of the evaluation of the
process (work of interdisciplinary team taking
care of chronically ill patients and their families)
and the evaluation of the structure (staff and
equipment in a GP’s surgery). These aspects
should be assessed with reference to the result
of medical care, which is defined by the level of
illness acceptance (Kringos et al. 2010;
Donabedian 1980).

A high level of illness acceptance is regarded
to be a factor that supports health, since it shows
that a person is able to adapt to the disease-

related limitations and accepts disability. It also
reflects the level of dependence on other people
(Juczynski 2009). Illness acceptance is extremely
important in case of patients with chronic respi-
ratory diseases, who have to stay within the
health care structures continuously (Wright and
Kirby 1999). Adaptation to a chronic disease
decreases negative reactions and emotions
associated with it and its therapy. The higher
the level of illness acceptance by a patient, the
lower the number of destructive reactions
and emotions should be expected (Fortin
et al. 2006). Adaptation to a chronic illness,
manifest by a high level of illness acceptance,
is essential for the effective disease control,
which includes the patient’s involvement in
self-control. It is a critical element of health
care provided for patients with chronic respira-
tory diseases (Nowicki and Ostrowska 2008).
Lickiewicz et al. (2010) argue that the level of
illness acceptance correlates positively with
compliance to doctor’s recommendations
concerning the diagnostic and therapeutic pro-
cesses, and negatively with the frequency and
intensity of complications of chronic diseases.
Patients with higher acceptance of chronic
diseases react positively to the instructions for
therapy, easier accept the role of a patient, and
deal with the limitations caused by a chronic
disease more constructively while using their
own resources (Lickiewicz et al. 2010). The
study of Juczynski and Adamiak (2000) showed
that sometimes there is no direct relationship
between QoL and the intensity of clinical
symptoms of a disease. Illness acceptance
modulates QoL — even in cases of clinically
advanced chronic diseases — and a high level of
illness acceptance can increase the level of QoL.
The purpose of this study was to determine
the influence of the clinical condition on the level
of illness acceptance, and to find variables which
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have the most profound effects on the level
of illness acceptance in patients with chronic
respiratory diseases.

2 Methods

The study was carried out in accordance with
The Code of Ethics of the World Medical Asso-
ciation (Declaration of Helsinki) and was
approved by the Bioethical Commission of the
Medical University of Wroclaw (no. KB
608/2011). The main inclusion criteria were:
age (at least 18 years), the diagnosis of at least
one chronic disease, and written informed
consent to take part in the study.

The study group consisted of 594 adult
patients with chronic respiratory diseases. The
mean age was 60 £ 15 years. Detailed socio-
demographic data of the patients are shown in
Table 1, and the list of chronic diseases
diagnosed in Table 2. Participants of the study
were recruited from the patients of 136 general
practitioners between July 2011 and April 2013.
The physicians presented patients with a diagno-
sis of a chronic respiratory disease. The project
staff members asked the eligible patients if they
would like to take part in the study. Patients who
agreed to participate anonymously in the project
signed a consent form. The patients were given a
questionnaire to complete at home and to return
in a stamped envelope.

The patients’ adaptation to life with a disease
was assessed using the Acceptance of Illness
Scale developed by Felton et al. (1984), and
adapted to the Polish conditions by Juczynski
(2009). The scale consists of eight statements
about negative consequences of health state,
where every statement is rated on a five-point
Likert scale, where one denotes poor adaptation
to a disease and 5 its full acceptance. The score
for illness acceptance is a sum of all points and
can range from 8 to 40. Low scores (0-29) indi-
cate the lack of acceptance and poor adaptation
to a disease, and a strong feeling of mental dis-
comfort. High scores (35-40) indicate the accep-
tance of illness, manifest as the lack of negative
emotions associated with a disease. The scale can

Table 1 Socio-demographic data of the chronically ill
patients

n %
Gender
Women 148 53.2
Men 130 46.8
Age
<24 11 6.1
25-44 25 9.0
45-64 111 39.9
65-84 112 40.3
>85 13 4.7
Place of residence
Village 97 34.9
Town/city population
< 5,000 37 13.3
5,000-10,000 10 3.6
10,000-50,000 64 23.0
50,000-100,000 39 14.0
100,000-200,000 17 6.1
Over 200,000 14 5.0
Education
Primary 62 22.3
Vocational 84 30.2
Secondary 64 23.0
Post-secondary 37 13.3
Higher 31 11.2
Marital status
Single 25 9.0
Married 182 65.5
Divorced 14 5.0
Widowed 57 20.5

be used to assess the degree of acceptance
of every disease. The a-Cronbach coefficient of
the Polish version is 0.85 (Juczynski 2009) and
that of the original version is 0.82 (Felton
et al. 1984).

The clinical condition of patients was deter-
mined by means of a questionnaire measuring the
improvement of somatic and psychic health,
somatic symptoms occurring most frequently,
and the results of spirometry and laboratory
tests during the past 12 months. For the sake of
analysis, the somatic index was calculated for
each patient. Somatic symptoms reported by the
patients were assigned a value from one
(symptoms occurring once a year) to seven (per-
manent symptoms). The index was calculated by
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Table 2 Patients’ diagnoses according to the 2013
ICD-10-CM Diagnosis Codes and comorbidity (n = 278)

n %
Diagnosis®
J45 Bronchial asthma 130 46.8
J44 Other chronic obstructive 86 30.9
pulmonary diseases
J42 Unspecified chronic bronchitis 39 14.0
J41 Chronic simple and mucous- 35 12.6
purulent bronchitis
J43 Pulmonary emphysema 29 10.4
J47 Bronchiectasis 24 8.6
Most common co-existing diseases”
110 Primary hypertension 75 27.0
M47 Spondylosis 58 20.9
170 Atherosclerosis 39 14.0
E11 Type 2 diabetes mellitus 26 9.4
150 Heart failure 26 9.4
111 Hypertensive heart disease 24 8.6
M15 Osteoarthritis of multiple joints 24 8.6
125 Chronic ischemic heart disease 22 7.9
E10 Type 1 diabetes mellitus 15 54
K58 TIrritable bowel syndrome 15 54
Comorbidity
1 chronic disease 56 20.1
2 and more 222 79.9
3 and more 172 61.9
4 and more 112 40.3
5 and more 65 23.4
6 and more 39 14.0
7 and more 25 9.0
8 and more 14 5.0
9 and more 9 3.2
10 and more 5 1.8
11 and more 3 1.1
15 and more 2 0.7

iSome patients were diagnosed as having at least two
pathological entities

summing up the values assigned to somatic
symptoms, and then dividing the sum by
49 (the highest possible score for the frequency
of somatic symptoms).

2.1 Statistical Elaboration

Statistical analysis was performed using R 2.10.1
(for Mac OS X Cocoa GUI). The type of distri-
bution for all variables was determined. Overall,
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the results of variables were not normally
distributed, which was confirmed by the
Shapiro-Wilk normality test. Arithmetic means,
standard deviations, medians, as well as the
range of variability (extremes) were calculated
for measurable (quantitative) variables, while for
qualitative variables, the frequency (percentage)
was determined. For each variable pair, the
Spearman rank correlation coefficient (r) was
calculated. The null hypothesis was tested that
the correlation coefficient is 0, which would
denote no correlation between variables.

The analysis of multiple regressions was used
in order to examine the impact of explanatory
variables on the level of illness acceptance,
somatic index, and on the subjective improve-
ment of the somatic and psychic health of
patients. An initial set of explanatory variables
for each response variable included only these
variables that significantly correlated with a par-
ticular response variable. All available models
with different numbers of explanatory variables
were checked. Ultimately, 13 significant models
which met the assumptions of multiple
regressions were found; namely, 8 models with
4 explanatory variables for the response variable
‘level of illness acceptance’ and 5 models with
3 explanatory variables for the response variable
‘somatic index’. No model was found for the
response variable ‘subjective improvement of
the somatic and psychic health’. The critical
level of significance was assumed at p < 0.05.

3 Results

During the past 12 months preceding the study,
the improvement of somatic health was reported
by 193 (69.4 %) patients, while no improvement
was reported by 85 (30.6 %) patients. The
improvement of psychic health was reported by
194 (69.8 %) patients, and no improvement was
found by 84 (30.2 %) patients. The average value
of the somatic index in the study group was
0.4 £ 0.2, average forced expiratory volume in
1 s (FEV1) was 75.0 £+ 12.7 1, serum creatinine
0.9 £+ 0.5 mg/dl, total cholesterol 219.2 4+ 43.8
mg/dl, and glucose 125.4 + 54.3 mg/dl. The most
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Table 3 Top 10 medications used by patients

Active substance n %

Formoterol fumarate 57 20.5
Theophylline 45 16.2
Acetylsalicylic acid 43 15.5
Salbutamol 39 14.0
Ipratropium bromide 31 11.2
Salmeterol 27 9.7
Fluticason propionate 25 9.0
Ramipril 21 7.6
Budesonide 19 6.8
Furosemide 18 6.5

common complaints were: permanent pain of the
spine (39, 29.8 %) and peripheral joints
(47, 333 %), high blood pressure (above
140/90 mmHg) 2-3 times a week (56, 29.0 %),
permanent dyspnea (72, 28.4 %), chest pain 2-3
times a week (52, 27.2 %), stomachache once a
month (27, 21.6 %). Most patients (175, 62.9 %)
had abnormal body mass: overweight
(85, 30.6 %), obesity (81, 29.1 %), and under-
weight (9, 3.2 %). The Body Mass Index (BMI)
of 191 (41.9 %) patients was within normal range.

The average number of chronic diseases was
3.4 £ 2.2 and that of medications taken by
patients was 4.4 £ 3.0. The top 10 medications
used by the patients are presented in Table 3. The
average score in the Acceptance of Illness Scale
was 26.2 = 7.6. The low level of illness accep-
tance (score of 1-29 points) was noted in
174 (62.6 %), medium (30-34 points) in
58 (209 %), and high (3540 points) in
46 (16.6 %) patients.

3.1 Results of Correlations
More men than women lived in rural areas and
the majority of women lived in places with a
population of over 200,000 citizens (r = —0.12,
p = 0.048). Incomplete primary education was
more common among widows/widowers and
graduate education more common among unmar-
ried women/men (r = —0.20, p = 0.001).
Patients in advanced age were more often
widows/widowers (r = 0.51, p < 0.0001), had
incomplete primary education (r = —0.48,

p < 0.0001), and lived in rural areas (r = 0.37,
p < 0.0001). This group of patients more often
had high BMI values (r = 0.13, p = 0.032), a
higher number of chronic diseases (r = 0.52,
p < 0.0001), no improvement of somatic
(r=-0.23, p<0.0001) and  psychic
(r = —0.28, p < 0.0001) health during the past
12 months, high values of the somatic index
(r = 0.41, p < 0.0001), used a higher number
of medications (r = 0.22, p < 0.001), and had
abnormal  creatinine levels (r = —0.54,
p = 0.008).

Patients with incomplete primary education
(vs. graduate education) more often lived in
rural areas (r = —0.56, p < 0.0001), and had a
higher number of chronic diseases (r = —0.36,
p < 0.0001), no improvement of somatic
(r =0.13, p =0.037) and psychic (r = 0.16,
p = 0.009) health during the past 12 months,

higher values of the somatic index (r = —0.30,
p < 0.0001), and high FEV1 values (r = —0.49,
p = 0.043).

Widows/widowers (vs. unmarried women/
men) more often had high BMI values
(r =0.19, p=0.001), a higher number of
chronic diseases (r = 0.36, p < 0.0001), no
improvement of somatic (r=-0.17,
p = 0.006) and psychic (r = —0.16,
p = 0.008) health during the past 12 months,
high values of the somatic index (r = 0.19,
p = 0.001), and severe asthma or chronic
obstructive pulmonary disease (COPD) as
assessed by spirometry (r = —0.60, p = 0.012).

Patients from rural areas (vs. patients from
cities/towns with a population over 200,000)
more often had a higher number of chronic
diseases (r = 0.18, p = 0.003), no improvement
of somatic (r = —0.14, p = 0.017) and psychic
(r = —0.13, p = 0.032) health during the past
12 months, and high values of the somatic
index (r = 0.16, p = 0.010).

The number of chronic diseases was
higher among widows/widowers (r = 0.36,
p < 0.0001), patients with incomplete primary
education (r = —0.36, p < 0.0001), patients
from rural areas (r=0.18, p = 0.003),
advanced age patients (r = 0.52, p < 0.0001),
patients with no improvement of somatic
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(r=-029, p<0.0001) and  psychic
(r = —0.25, p < 0.0001) health during the past
12 months, patients with high values of the
somatic index (r = 0.60, p < 0.0001), patients
with high BMI values (r = 0.26, p < 0.0001),
patients taking a lot of medications (r = 0.27,
p < 0.0001), and patients with abnormal total
cholesterol levels (r = 0.39, p = 0.047).

Patients who felt that their somatic health
improved during the past 12 months more often
had an improvement of psychic health (r = 0.63,
p < 0.0001), low values of the somatic index
(r = —0.29, p < 0.0001), high levels of illness
acceptance (r = 0.23, p < 0.0001), and took a
low number of medications (= —0.17,
p = 0.001). No improvement of somatic health
was more common among advanced age patients
(r=-0.23, p < 0.0001), widows/widowers
(r = —0.17, p = 0.006), patients with incom-
plete primary education (r = 0.13, p = 0.037),
patients from rural areas (r = —0.14,
p = 0.017), patients with a higher number of
chronic diseases (r = —0.29, p < 0.0001), and
those using a lot of medications (r = —0.16,
p = 0.008).

Lack of improvement of psychic health during
the past 12 months was more common among
patients in advanced age (r = —0.28,
p < 0.0001), widows/widowers (r = —0.16,
p = 0.008), patients with incomplete primary
education (r = 0.16, p = 0.009), patients from
rural areas (r = —0.13, p = 0.032), patients with
a higher number of chronic diseases (r = —0.25,
p < 0.0001), patients with high values of the
somatic index (r = —0.27, p < 0.0001), and
those using a higher number of medications
(r = —0.17, p = 0.005).

High values of the somatic index were more
often observed among patients in advanced age
(r=041, p<0.0001), widows/widowers
(r = 0.19, p = 0.001), patients with incomplete
primary education (r = —0.30, p < 0.0001), and
patients from rural areas (+ = 0.16, p = 0.010).
Patients with high values of the somatic index
more often had high BMI values (r = 0.14,
p = 0.016), used a higher number of medications
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(r=0.15, p=0.010), had normal serum
cholesterol levels (r = 0.52, p = 0.006), and

had abnormal creatinine levels (r = —0.39,
p = 0.010).

Low FEV1 values were more common among
patients with graduate education (r = —0.49,

p = 0.043), and those below 24 years of age
(r = 0.54, p = 0.026). The third degree asthma
and stage 3 COPD were more often observed in
unmarried women/men (vs. widows/widowers)
(r = —0.60, p=0.012). Normal cholesterol
levels were more often observed among patients
with a higher number of chronic diseases
(r =0.39, p = 0.047), and high values of the
somatic index (r = 0.52, p = 0.006).

Patients with high BMI values more often took
a higher number of medications (r = 0.10,
p = 0.025). High BMI values were more common
in patients with a high number of chronic diseases
(r=0.26, p < 0.0001).

Patients using a higher number of medications
more often had abnormal creatinine levels
(r = —0.35, p =0.022). A higher number of
medications was more common among patients
in advanced age (r = 0.22, p < 0.001), with a
higher number of chronic diseases (r = 0.27,
p < 0.0001), without improvement of somatic
(r = 0.16, p = 0.008) and psychic (r = —0.17,
p = 0.005) health during the past 12 months, and
with high values of the somatic index (r = 0.15,
p = 0.010).

Low levels of illness acceptance were more
often observed among patients with high BMI
values (r = —0.15, p = 0.014), a high number
of chronic diseases (r = —0.47, p < 0.0001),
without improvement of somatic (r = 0.30,
p < 0.0001) and psychic (r = 0.26,
p < 0.0001) health during the past 12 months,
with high values of the somatic index
(r = —0.42, p < 0.0001), with low total choles-
terol levels (r = 0.41, p = 0.038), those with
high serum glucose levels (r= —047,
p = 0.017), widows/widowers (r = —0.22,
p < 0.0001), patients with incomplete primary
education (r = 0.39, p < 0.0001), patients from
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rural areas (r = —0.28, p < 0.0001), and patients
in advanced age (r = —0.51, p < 0.0001).

3.2 Multiple Regression Results

The results of multiple regression are presented

in Table 4. An increase in illness acceptance was

associated with eight variable groupings listed
below, in the order from the most to least influ-
ential explanatory variable:

1. improvement of somatic health during the past
12 months, living in a city with a population
over 200,000 citizens, being single, a low BMI;

2. younger age, higher education, improvement
of somatic health during the past 12 months, a
low number of chronic diseases;

3. younger age, higher education, a low number
of chronic diseases, improvement of psychic
health during the past 12 months;

4. younger age, higher education, a low value of
the somatic index, improvement of somatic
health during the past 12 months;

5. higher education, a low value of the somatic
index, improvement of somatic health during

Table 4 Results of multiple regression

Explanatory variables Estimate coefficient SE
Response variable: level of illness acceptance

Model 1

Improvement of somatic health ~ 0.257
Place of residence —0.201
Marital status —0.119
BMI —0.111
Model 2

Age —-0.312
Education 0.226
Improvement of somatic health ~ 0.170
Number of chronic diseases —0.140
Model 3

Age —-0.320
Education 0.220
Number of chronic diseases —0.158
Improvement of psychic health ~ 0.103
Model 4

Age —0.307
Education 0.216
Somatic index —-0.174
Improvement of somatic health ~ 0.161

0.056
0.056
0.057
0.056

0.060
0.055
0.051
0.055

0.061
0.055
0.055
0.052

0.058
0.054
0.054
0.051

the past 12 months, a low number of chronic

diseases;

6. higher education, a low value of the somatic
index, a low number of chronic diseases,
improvement of psychic health during the
past 12 months;

7. low value of the somatic index, a low number
of chronic diseases, living in a city with a
population over 200,000, improvement of
somatic health during the past 12 months;

8. low value of the somatic index, a low number
of chronic diseases, living in a city with a
population over 200,000, improvement of
psychic health during the past 12 months.

A decrease in the somatic index was
associated with five variable groupings listed
below, in the order from the most to least influ-
ential explanatory variable:

1. improvement of psychic health during the past
12 months, higher education, being single;

2. improvement of somatic health during the
past 12 months, a low BMI, being single;

3. improvement of psychic health during the past
12 months, being single, a low BMI;

t-value Pr (>Itl) Multipler* Adjustedr® p for F-test

4.563 0.168 0.156
—3.607
—2.093

—1.986

<0.0001

<0.001
0.037
0.048

<0.0001

—5.225 0.360 0.350
4.147
3.350

—2.553

<0.0001

<0.0001

<0.001
0.011

<0.0001

—5.286 0.343 0.333
3.978
—2.861

1.993

<0.0001

<0.0001
0.005
0.047

<0.0001

—5.256 0.369 0.359
3.983
—3.233

3.189

<0.0001

<0.0001
0.001
0.002

<0.0001

(continued)
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Table 4 (continued)

Explanatory variables Estimate coefficient SE  t-value Pr (>Itl) Multipler* Adjustedr® p for F-test
Model 5

Education 0.320 0.052  6.192 <0.0001 0.320 0.310 <0.0001
Somatic index —0.190 0.061 —3.102  0.002

Improvement of somatic health ~ 0.179 0.053  3.418 <0.001

Number of chronic diseases —0.148 0.061 —2.450 0.015

Model 6

Education 0.314 0.053  5.985 <0.0001 0.304 0.293 <0.0001
Somatic index —0.204 0.062 —3.299  0.001

Number of chronic diseases —0.161 0.061 —2.630 0.009

Improvement of psychic health ~ 0.119 0.053  2.249  0.025

Model 7

Somatic index —0.228 0.063 —3.594 <0.001 0.258 0.247 <0.0001
Number of chronic diseases —0.188 0.063 —2.979  0.003

Place of residence —0.186 0.053 —3.530 <0.001

Improvement of somatic health  0.164 0.055 2974 0.003

Model 8

Somatic index —0.236 0.064 —3.709 <0.001 0.248 0.237 <0.0001
Number of chronic diseases —0.196 0.063 —3.097  0.002

Place of residence —0.191 0.053 —3.594 <0.001

Improvement of psychic health  0.123 0.055 2229 0.027

Response variable: somatic index

Model 1

Improvement of psychic health —0.213 0.057 —-3.691 <0.001 0.127 0.118 <0.0001
Education —0.198 0.058 —3.446 <0.001

Marital status 0.118 0.058 2.037 0.043

Model 2

Improvement of somatic health —0.260 0.058 —4.522 <0.0001 0.115 0.106 <0.0001
BMI 0.132 0.057 2297 0.022

Marital status 0.123 0.058 2.111  0.036

Model 3

Improvement of psychic health —0.239 0.058 —4.137 <0.0001 0.105 0.095 <0.0001
Marital status 0.128 0.059 2.180 0.030

BMI 0.127 0.058 2.199  0.029

Model 4

Improvement of somatic health —0.260 0.056 —4.642 <0.0001 0.145 0.136 <0.0001
Education -0.212 0.056 —3.762 <0.001

BMI 0.130 0.056 2321 0.021

Model 5

Improvement of psychic health —0.230 0.057 —4.050 <0.0001 0.130 0.120 <0.0001
Education —-0.204 0.057 —3.561 <0.001

BMI 0.127 0.057 2240 0.026
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4. improvement of somatic health during
the past 12 months, higher education, a low
BMI;

5. improvement of psychic health during the past
12 months, higher education, a low BML

4 Discussion

In the present study the most common sustained
symptoms in patients with chronic respiratory
diseases were pain complaints, which have been
also found by other studies in heterogeneous
groups of chronically ill patients (Agborsangaya
et al. 2013). A lower number of somatic
symptoms (lower somatic index) were observed
among patients in advanced age, widows/
widowers, patients with higher education, and
those living in rural areas, which may result
from the fact that these patients go to a doctor
quicker than others, as soon as the first symptoms
appear (Cianciara 2012). The results demonstrate
that an increase in somatic symptoms should be
expected if these patients also show no improve-
ment of their psychic and somatic health during
the past 12 months, are obese, have primary
education, and are single.

Most common problems with the Chronic Care
Model implementation (Helseth et al. 1999;
O’Connor 1998) include the situations when a
patient has a low level of knowledge concerning
the complications of chronic diseases (Anderson
et al. 1991, 1992) or is not convinced that the
doctor’s recommendations will produce the
desired results (Helseth et al. 1999), and
professionals are convinced that a patient has no
will to change his lifestyle (Golin et al. 1996; Wing
et al. 1985; Christensen et al. 1983). Clinical
observations show that education programs based
on patients’ own resources are more effective in
overcoming these barriers than simply giving
information (Bodenheimer et al. 2002). However,
it is not possible to achieve this goal without the
sufficient level of chronic disease acceptance,
which results from appropriate education
(Nowicki and Ostrowska 2008; Ouwens
et al. 2005; Wagner 2000).

The majority of the analyzed patients with
chronic respiratory diseases demonstrated low
level of illness acceptance. Nevertheless, the
average score of illness acceptance of
26.2 £+ 7.6 we obtained was higher than those
observed by Juczynski (2009) in dialysed
patients (25.3 + 6.0), men after a myocardial
infarction (22.1 £ 6.1), patients with multiple
sclerosis (24.6 £ 7.2), patients with chronic
neuropathic pain (18.5 4+ 7.1), patients with
spinal pain (20.5 £ 8.7), women with migraine
(24.2 £ 7.7), and patients with type 2 diabetes
(24.8 £ 7.1). In that study the patient groups
were less numerous and were homogeneous
regarding the type of chronic disease. On the
other hand, we found that the level of illness
acceptance in our patients with chronic respira-
tory diseases was lower than that noted by
Juczynski (2009) among women with cancer of
breast and uterus (28.1 4 7.6); suggesting that
this group of patients participated in more
effective education and received psychological
support, which results in better illness acceptance
(Nowicki and Ostrowska 2008).

An asymptomatic character
diseases, diagnostics based on the analysis of
existing symptoms, and the lack of immediate
treatment effects show that patients often do not
undertake the therapy or interrupt it, do not turn
up for check-ups, and do not undergo diagnostic
tests. All these factors result in postponed ther-
apy and early complications. The improvement
in this sphere can be achieved through an
increase in illness acceptance, and thus higher
QoL in chronically ill patients (Nowicki and
Ostrowska 2008; Wasowski and Marcinowska-
Suchowierska 2006; Wright and Kirby 1999).

According to the presented results, the pre-
vention program oriented toward increasing the
acceptance of illness should be addressed to
patients with chronic respiratory diseases who
do not show any improvement of their somatic
and psychic health, whose somatic symptoms
intensified during the past 12 months, and who
have more than three co-morbidities, are obese,
are of advanced age, live in rural areas, are
widows/widowers, and have primary education.

of chronic
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5 Conclusions

Subjective assessment of the somatic and psychic
health improvement and the intensity of somatic
symptoms shape the level of illness acceptance
among patients with chronic respiratory diseases.
Other variables contributing to level of illness
acceptance in patients with chronic respiratory
diseases include: age, marital status, the level of
education, the place of residence, the BMI, and
the number of chronic diseases. All mentioned
variables should be considered during a design
process of prevention programs for patients with
mixed chronic respiratory diseases.
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