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Abstract

Backgronnd: Serotonin (5-HT) and its receptors are
present in central, the brain stem, and peripheral, the
carotid body, tissues controlling the ventilatory re-
sponses to hypoxia. The exact action of serotonin and
its nature are, however, unsettled. We hypothesized
that the discrepant results on the ventilatory action of
serotonin could be caused by the inability of serotonin
to penetrate into the brain or the plasma membrane
lipid bilayers, the target site of signal transduction cas-
cades, after its exogenous administration.

Obyjective: To study the penetrability of novel lipid de-
rivatives of serotonin of varying fatty acid chain
length and number of saturated/unsaturated bonds,
the oleic, caprylic, and caprolic amides of 5-HT, into
the brain, and their functional effects on the hypoxic
ventilatory response in awake rats after systemic ad-
ministration.

Material and methods: Adult Wistar rats were used for
the experiments. In the biochemical part of the study,
the presence and stability of the compounds tested,
after i.p. injection, was assessed in brain extracts using
spectrophotometry and thin-layered chromatography.
In the functional part, the ventilatory responses to 8
and 12% hypoxia were compared before and 1 h after
the compound administration using a whole body
plethysmography.

Results: The ‘ipidized’ serotonin compounds turned
out to be stable in brain extracts iz vitro for up to 3 h
of the test. However, we could not substantiate the
presence of any of the compounds in the brain, with
cither method used, after i.p. administration. Likewise,
none of the compounds had any appreciable effect on
the profile of the stimulatory hypoxic ventilatory re-
sponse.

Conclusions: Synthetically attaching lipophilic groups
to the serotonin molecule does not make it penetrate
into the brain. The lack of serotonin penetrability
likely depends on the planarity of its molecule, as it
does not seem to depend on the size, number of
carbons or bond saturation of the ‘lipidized’ mole-
cules. Such molecules do not directly interfere with
the carotid chemoreceptor-mediated hypoxic ventila-
tory response. The study failed to substantiate the
bioactive potential of the lipid derivatives of sero-
tonin.

INTRODUCTION

Serotonin (5-hydroxytryptamine, 5-HT) is an amine
neurotransmitter in both central and peripheral ner-
vous systems. Synthesized from the amino acid trypto-
phan by the tryptophan hydroxylase and L-aromatic
amino acid decarboxylase, it is metabolized by the om-
nipresent enzyme monoaminooxydase. The functions
of serotonin are very broad. It takes part in regulation
of temperature, appetite, mood, sleep cycles, and is
the neurotransmitter of major interest in depressive
disorders [1, 2]. One of the less publicized effects of
serotonin is its role in respiratory regulation. Seroton-
ergic active compounds acutely change eupneic respi-
ratory motor output [3]. Serotonin increases phrenic
motoneuron responses through activation of 5-HT,, ¢
receptors [4, 5], abundantly present on medullary
raphe neurons [6]. 5-HT, receptors also are key for the
long-term hypoxic ventilatory facilitation (LTT); the
effect being blocked by an antagonist of these recep-
tors, ketanserin [7, §].

Serotonin also seems essential for the chemical con-
trol of respiration, notably for the hypoxic chemore-
flex, mediated by central integration of peripheral
chemosensory input emanating from the carotid body,
a paired organ whose chemoreceptors generate hypox-
ic hyperventilation [9]. Hypoxia enhances the expres-
sion and release of serotonin in the brain stem [10, 11]
and serotonin has a stimulatory effect on the hypoxic
ventilatory response [7]. The stimulatory effect is
dampened by ketanserin, which speaks to the involve-
ment of 5-HT, receptors [7], although the two major
neuronal motor respiratory outputs, the phrenic and
hypoglossal nerves, are not necessarily enhanced in
parallel [7]. The action of serotonin in chemical regu-
lation of ventilation is compounded by its presence in
the carotid body. Serotonin is expressed in carotid
chemoreceptor tissue in humans [12] and rats [13], and
the 5-HT, receptors are present in chemoreceptor
cells [14]. However, the studies on the role of sero-
tonin in carotid body function have given mixed re-
sults. When applied exogenously in the rat, 5-HT aug-
ments the afferent nerve activity of the carotid body
[15]. Other reports show that the effect of serotonin
is fleeting and followed by sustained depression of
chemosensory activity [16]. What seems unambiguous
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is that serotonin is engaged in sensory LTF of the
carotid body [17] and that any serotonin-related ef-
fects are antagonized by ketanserin [14], again pointing
to the involvement of 5-HT, receptors. Although
serotonin interacts in ventilatory regulation at both
central and peripheral levels, the exact determinants
of this action, the interplay among serotonin receptor
subtypes, and the neurotransmitter’s role in respiratory
rhythmogenesis are still areas of limited understanding,

Serotonin is not lipid-soluble and as such is believed
not to cross the blood-brain barrier (BBB) [18]. The in-
ability to cross biological barriers may be a major hand-
icap in both experimental and therapeutic interven-
tions, directed at either central or systemic supplemen-
tation of serotonin or its close derivatives. Moreover,
most intricate signaling cascades, in which messenger
molecules are generated, are based on the polyunsatu-
rated fatty acid (PUFA) components of neuronal plas-
ma membrane phospholipids [19, 20]; a membrane lay-
er apparently inaccessible for hydrophilic serotonin.
These shortcomings might be one reason for often in-
conclusive, controversial, or differential result in the
serotonin experiment. In addition, a plausible deficit of
serotonin thought to underlie psychoneurological disor-
ders, e.g., depression, psychoses, and the like, could be
more efficiently redressed by serotonin derivatives that
would be able to enter the brain after being systemically
administered. With these premises in mind, in the pre-
sent study we examined three de novo synthesized lipid-
derivatives of serotonin: the oleic, caprylic, and caprolic
amides of 5-HT in the context of their penetration into
the brain and influence on the respiratory response to
hypoxia. The choice of compounds took into account a
different number of carbons and unsaturated bonds in
the fatty acid chain, the elements that could bear on
their bioactive properties [21, 22]. Overall, the study
failed to substantiate the bioactive potential of these
novel derivatives of serotonin.

MATERIAL AND METHODS

The study was approved by a local Ethics Committee
for Animal Research. A total of 22 three-four months
old male Wistar rats (body weight 280-312 g) were used
for the study. All rats were kept with free access to wa-
ter and rodent chow in an artificial 12 h light-dark cy-
cle, with the lights on at 8 a.m., temperature of 21 £2°C,
and humidity of 50-60%. The experiments consisted of
two parts. In the first part (9 rats) we investigated
whether the novel lipid-soluble derivatives of serotonin
penetrate into the rat brain after /» vivo intraperitoneal
injection. The aim of the second part (13 rats) was to
establish whether these compounds influence the respi-
ratory response to hypoxia in conscious rats.

Table 1. Lipid derivatives of serotonin studied.
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LIPID DERIVATIVES OF SEROTONIN

Three lipid derivatives of serotonin were subject of
the study: N-oleoyl-serotonin (C18-5HT), N-capryl-
serotonin (C8-5HT) and N-caproyl-serotonin (C6-
S5HT). All of them were synthesized de novo at the
Faculty of Chemistry of the University of Warsaw and
were generously provided for this study. Purity of the
compounds was confirmed using thin-layered chro-
matography (TLC) which was carried out on precoat-
ed HPTLC silica gel 60F,,; plates (Merck KGaA,
Darmstadt, Germany) with chloroform/methanol
(95:5 v/v) as solvents. Table 1 presents structure de-
tails of the compounds studied. Graphic representa-
tions of the chemical structures of the compounds
tested are shown in Fig, 1.
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Fig. 1. Chemical structures of ‘lipidized’ serotonin deriva-
tives: of N-oleoyl-serotonin (C18-5HT), N-capryl-serotonin
(C8-5HT), and N-caproyl-serotonin (C6-5HT).

COMPOUNDS STABILITY IN VITRO

Before performing biological experiments, we had
checked the stability of the three derivatives in vitro
during 3-h incubation in Krebs buffer and in a crude
brain membranes solution. Briefly, Krebs solution
containing (in mmol/1l) NaCl 118.4, KCI 6, NaH,PO,
x 2 H,0 0.6, MgSO, 1.2, and NaHCO; 25 was pre-
pared and equilibrated to pH of 7.4 with CO,. Crude
brain membranes were prepared as described by Xu et
al [23]. The rat was anesthetized with a-chloralose and
urethane (35 and 800 mg/kg, ip, respectively) and sac-
rificed by perfusion with ice-cold 0.9% NaCl through
the heart. The brain was rapidly enucleated from the

Name of derivative Molecular formula

Number of carbons

Number of unsaturated Molecular mass

in the lipid chain bonds (g/mol, Da)
N-oleoyl-serotonin (C18-5HT) CrgH 4 N,O, 18 1 440.67
N-capryl-serotonin (C8-5HT) CigHpsN,O, 302.42
N-caproyl-serotonin (C6-5HT) CiH»N,O, 274.37
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skull (m=1.84 ¢) and homogenized in 5 v/m of the
isolation buffer containing (in mmol/l) MgCl, x 6
H,O 2.5, KHCO; 1, Tris x HCI 2, EDTA 3, benzami-
dine 0.1, and PMSF/EtOH 0.1. Homogenate was cen-
trifuged at 2000 x g, 4°C 10 min. The supernatant was
taken as crude brain membranes. Calcium chloride was
added to both solutions at a final concentration of 2.5
mmol/l. Then, C18-5HT, C8-5HT, and C6-5HT were
added to 5 ml of the solution to reach a working con-
centration of 1 mmol/l. In parallel, controls contain-
ing pure Krebs and membrane solutions were pre-
pared. After 1, 30, 60, 90, 120, and 180 min, half milli-
liter samples were taken from the Krebs, membranes,
and control solutions containing all compounds. Then,
50 ul of 8% trichloroacetic acid were added to pellet
proteins and the whole was centrifuged at 2000 x g for
4 min at 4 °C. The supernatants were extracted 4 times
with 0.25 ml chloroform, the organic phases collected,
dried under nitrogen and analyzed with a Cintra 10e
UV/VIS Spectrophotometer equipped with Spectral
1.70 software (GBC Scientific Equipment Pty Ltd.,
Victoria, Australia).

COMPOUNDS PENETRATION INTO THE BRAIN AFTER
SYSTEMIC ADMINISTRATION

Eight male Wistar rats were divided into four groups of
two rats each. Each group received a different deriva-
tive: C18-5HT - 50 mg/kg, C8-5HT - 30 mg/kg, and
C6-5HT - 27 mg/kg, all dissolved in 0.3 ml of DMSO,
and 0.3 ml of DMSO alone as a control, all given i.p.
The dose of each compound was equal to 0.1 mol/kg
of body weight, which corresponds to the concentra-
tion of serotonin suggested by Hilaire et al [24] as
being bioactive in animal models for respiratory
studies.

An hour after injection of a tested substance, the
animals were anesthetized and sacrificed as outlined
above. The brain was enucleated, weighed, homoge-
nized in 20 v/m of chloroform:methanol 2:1 v/v and
left overnight at 4°C. Then, the mixture was dried un-
der nitrogen to a volume of 3 ml and the lipids were
extracted 3 times with chloroform and water (1:1 v/v,
4 ml) to remove hydrophilic substances. An organic,
lipid-containing fraction was dried under nitrogen and
stored at -80°C until analysis.

The analysis consisted of two steps. First, the sample
was dissolved in 2 ml of chloroform. From that
volume, 0.3 ml was taken for UV/VIS spectral analysis.
In parallel, spectra of the control (standard) solutions
of ecach substance at a concentration of 1 mg/ml were
performed. The second step consisted of TLC of
the samples. Twenty microliter of pure lipid and the in-
vestigated membrane solution were applied, alongside
the 20 ul of the standard, on silica gel 60F,;; plates
(Merck KGaA, Darmstadt, Germany) with chloro-
form:methanol (95:5, v/v) as solvents. Then, all plates
were visualized by iodine vapors and immediately pho-
tographed.

Concerning the spectral analysis, we compared the
characteristic points (maximum and minimum) and
shape of the spectra among the samples, control
lipids, and standards. In chromatographic studies, re-
tention factors (Ry), calculated as the ratio between the
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migration distance of a substance to that of the sol-
vent front, were taken under consideration.

FUNCTIONAL STUDIES — THE HYPOXIC VENTILATORY
RESPONSE

Thirteen awake rats were used for the functional venti-
latory studies. Seven rats were used for the tests with
N-oleoyl-serotonin (C18-5HT), and 3 ecach for N-
capryl-serotonin  (C8-5HT) and N-caproyl-serotonin
(C6-5HT). Ventilatory measurements wetre performed
in a whole body single-chamber plethysmograph (mod-
el PLY3223, Buxco Electronics, Wilmington, NC).
Pressure difference between the experimental and ref-
erence chambers was measured with a differential pres-
sure transducer. The pressure signal was amplified and
integrated with data analysis software (Biosystem XA
for Windows SFT3410 v. 2.9, Buxco Electronics, Wilm-
ington, NC). Tidal volume (V), respiratory frequency
(f), and minute ventilation (Vi; ml min™!, BTPS) were
computed breath-by-breath and analyzed off-line. Ten
second averages were taken before the half-minute time
points during the course of hypoxic exposure.

The experiment started with a 10 min period of the
acclimation of a rat to the chamber, breathing ambient
air. Then, the animal was randomly exposed to two de-
creasing levels inspired oxygen: 12 and 8% O, bal-
anced with N, in the poikilocapnic setting. Hypoxic
tests took 3 min, followed by recovery in room air.
Hypoxic exposures were separated by a 15 min recov-
ery interval in air. Next, the animal was injected with a
compound tested, in the doses outlined above, and the
tests were repeated after the time elapse of 60 min. In
the protocol employed for the study, the hypoxic re-
sponse in a pharmacologically treated animal was com-
pared with the response in the same untreated animal.
Therefore, each animal served as its own control.

A set of experiments with each compound tested
was treated as a separate entity for statistical elabora-
tion. All ventilatory data were normalized for weight
in kg and were expressed as means £SE. Minute venti-
lation VE was the variable of the major meaning, and
the tidal and frequency components were analyzed
only if significant changes were noted in Vg. The
course of each hypoxic response was represented by
the group mean values at sequential 30 s time points.
Statistical comparison concerned the three main time
points of interest in Vp: basal, peak at 30 s, and de-
pressant nadir at test-end. The Friedmann test was
used to compare these three time points in each re-
sponse, followed, if significant, by a Wilcoxon test for
comparisons among these three time points. Pair-wise
comparison of differences at the corresponding time
points between control and compound’s effects was
performed with a Wilcoxon test. P<0.05 was assumed
to indicate statistical significance of differences.

REsuLTS

STABILITY IN IVITRO

All three tested derivatives of serotonin turned out to
be faitly stable during the 3 h observation time. Stabili-
ty of N-oleoyl-serotonin (C18-5HT) in Krebs solution
and in crude brain membranes is demonstrated in Fig,
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Fig. 2. Spectrophotometric spectra showing stability of C18-5HT, after its incubation at 36°C at the time petiods indicated in
the legend, in Krebs (Panel A) and in crude brain membranes solutions (Panel B).

3 A and B. In both solutions, C18-5HT had a clear and
repetitive spectral shape during the entire experiment.
The maximum was located at 275 nm and minimum at
259 nm, with a secondary peak at 310 nm. The spectra
remained unchanged over 3 h.

C8-5HT and C6-5HT also showed an unchanged
pattern of shape over 3 h in both solutions (graphical
data not shown). The formet’s maximum was at 276
nm and minimum at 258-260 nm. The latter’s maxi-
mum was at 277 and minimum at 258 nm, with both
compounds having a secondary peak at 310 nm. Of
note, the shapes of each serotonin derivative’s spectra
were somehow different in biological samples than
those in the control solutions, even though the maxi-
ma and minima were at the same wave length.

PENETRATION INTO THE BRAIN

Here, each compound was injected i.p. and the extract
of brain membranes was investigated after 1 h and the
spectra compared with standards. Fig. 3. exemplifies
the results obtained with C18-5HT. The spectrum for
the lipids obtained from the control untreated rats,

2.0 4
.I
|
1641 control untreated
b = = = = C18.5HT standard
7% 20000 imesassess C185HT treated

Absorbance (arbitrary units)

Wavelength (nm)

Fig. 3. Spectra of brain extracts obtained from the control
untreated (lipids standard), C18-5HT standard, and i.p. C18-
5HT treated rats.

taken as lipids standard, showed a maximum at 273
nm and minimum at 261 nm. The C18-5HT standard
had two maxima: at 275 and 310 nm, and a minimum
at 259 nm. The spectrum obtained from the brain ex-
tracts of C18-5HT treated rats was different. We
failed to detect local maxima and minima within the
range of 240-400 nm, where these characteristic
points were detected for standards. Additionally, a sub-
traction of the lipids spectrum from the CI18-5HT
spectra did not result in clearly shaped standard-like
spectra. The shape of brain extracts spectra obtained
from the rats injected with the other two derivatives of
serotonin did not bear any resemblance to the stan-
dards either (data not shown).

In TLC experiments, R; for the N-oleoyl-serotonin
(C18-5HT) standard was 0.44. No spots appeared at
this level either concerning the samples prepared from
untreated or C18-treated rats (Fig. 4). R; for N-capryl-

Fig. 4. TLC plate showing lipid extracts prepared from brains
of control untreated (C), taken as lipids standard, and N-
oleoyl-serotonin (C18-5HT)-treated (1 h after 50 mg/kg, i.p.)
rats, alongside the C18-5HT standard (S). There were no lipid
spots at the level of the standard shown by a rectangular. See
Material and Methods for analytical details.
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serotonin (C8-5HT) were 0.26 and 0.32 and for N-
caproyl-serotonin (C6-5HT) were 0.21 and 0.26. In
neither case were there spots detected at the same lev-
els in preparations from C8-5HT and C6-5HT injected
rats (data not shown).

Hyroxic VENTILATORY RESPONSE

The profile of the hypoxic ventilatory responses, as-
sessed from its minute volume (Vy), in the control
condition and after administration of CI18-5HT in a
dose of 50 mg/kg, i.p., is demonstrated in Fig. 5. The
response consisted of eatly stimulation of ventilation,
which achieved its peak at 30 s of hypoxia, followed
by a slow decline. The decline, corresponding to the
ventilatory hypoxic depression, did not result in a sig-
nificant difference in Vi compared with its peak, likely
due to a shortness of the hypoxic test. In the control,
Vy, increased from the baseline 1.01 £0.01 to 2.07
+0.12 1/min/kg for 8% hypoxia and from 1.19 +0.14
to 1.62 £0.03 1/min/kg for 12% hypoxia (P<0.05).
The stimulatory responses were achieved by increases
in both frequency and tidal components of ventila-
tion. After C18-5HT, the profile and magnitude of the
hypoxic Vy; responses did not change appreciably (Fig.
5). Likewise, the other two derivatives of serotonin
tested, C8-5HT and C6-5HT, failed to appreciably in-

fluence the responses to hypoxia (data not shown).
DiscussioN

Given the multifactorial nature of neurotransmitter-
related respiratory regulation, researchers theorized
that serotonin was the neurotransmitter of interest.
Therefore, there have been numerous attempts to
identify reproducible alterations in respiration in re-
sponse to application of serotonin or agents interfer-
ing with its receptors. Although serotonin is elaborat-
ed in hypoxia, its role in the hypoxic ventilatory re-
sponse is debatable and the studies on the issue atre
hampered by the inability of serotonin to cross the
blood brain barrier (BBB). Insolubility of serotonin in
lipids limits its usefulness as a potential neurothera-
peutic and confounds the experimental studies.

For a molecule to diffuse through the BBB, it
should have a sufficient amount of lipid solubility.
With that in mind, in the present study we set out to
determine the passage through the BBB of three nov-
el synthetic ‘lipidized’ derivatives of serotonin. Fur-

thermore, intracellular signal transduction pathways
are based on the polyunsaturated fatty acids (PUFAs)
components of the neuronal plasma membrane phos-
pholipids [19]. Such components, when membrane-
bound, modulate membrane fluidity and functional
properties of membrane proteins [20]. Therefore, we
reasoned that diffusion of ‘lipidized” molecules of
serotonin would be the brain-targeting way to study
the effects of exogenous serotonin. We also wished to
examine the respiratory-related effects of these com-
pounds, as serotonin and its 5-HT, receptors are clear-
ly involved in the chemical control of respiration at
both central and peripheral levels [7, 11] and PUFAs
are involved in signal transduction mechanisms of
chemosensory neurons [25]. The plausible effects on
the hypoxic ventilatory response of the ‘lipidized” de-
rivatives of serotonin could serve as an index of their
bioactivity.

The findings of the study were clearly negative on
both counts. Even though the serotonin molecule
turned out to be synthetically open to lipophilic modi-
fications, as it was successfully bonded at the N-termi-
nal with different lipophilic groups, its diffusion
through the brain capillaries remained impeded. None
of the compounds were recovered from brain tissue
after systemic injection and none had any countable
effect on hypoxic ventilation.

That the lipid-derivatives of serotonin investigated
in the present study do not penetrate into the brain
was a rather unexpected finding which ran against our
working hypothesis, and which is not easily explicable.
Attaching lipophilic groups to a compound is a way to
make them penetrate the BBB. For instance, N-oleoyl-
dopamine, a condensation product of oleic acid and
dopamine of the molecular mass similar to that of
C18-5HT used in the present study, 418 and 441 Da,
respectively, does cross the barrier [26]. Molecular
mass of both compounds is well below the limit of
about 700 Da proposed by Scherrman et al [27] for
lipophilic substance penetrability into the brain.
Therefore, it is unlikely that the lack of penetrability
of C18-5HT could have to do with the free fatty acid
chain, or with its length, in terms of the number of
carbons, or the number of saturated/unsaturated
bonds, all potential modifiers of penetration through
membranes |21, 22]; as we purposefully used com-
pounds with varying characteristics to this end. In all
likelihood, the issue lies with the structure of the sero-
tonin ring which is chemically ‘planar’ and, irrespective
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of the lipophilic modifiers, gets locked into the barrier
rather than crossing it, particularly that it becomes
bulky after attaching a fatty acid chain at the N-termi-
nus. Lack of penetration into the brain of the other
two compounds, caproic (C6-5HT) and caprylic (C8-
5HT), whose fatty acid moieties are saturated and rela-
tively short, is not readily explicable. These molecules
of 274 and 302 Da, respectively, are amphiphilic. They
are too big to penetrate the membranes as hydrophilic
substances, particularly that the carbon chains of
lipids cause them to be immiscible with the aqueous
phase, and their lipophilicity is likely too small to allow
them to penetrate as lipophilic compounds.

One another reason for the lack of penetrability of
the serotonin-derived compounds employed in the
present study could be that, as opposed to the amide
of dopamine mentioned above which is native to the
brain [28], these compounds are purely synthetic and
therefore foreign to brain tissue. Alternative study de-
signs would be required to resolve this issue. Since we
found that the lipid derivatives of serotonin did not
cross the BBB, any central serotonin-like biological ef-
fects on respiration could hardly be expectable.

In the present study we found the lipid derivatives
of serotonin are fairly stable in brain tissue extracts
for up to 3 hours. The finding is in accord with a long-
term integrity of the only other fatty acid amide of
serotonin reported in the literature, arachidonoylsero-
tonin (AA-5HT). AA-5HT inhibits fatty acid amide
hydroxylase (FAAH) and blocks the vanilloid TRPV1
receptors in a neuroblastoma cell line 7z vitro |29, 30].
That suggests that other amides of serotonin also
may be resistant to decomposition by FAAH. The
penetrability into the brain of AA-5HT has not been
studied.

In the present study we did not directly measure the
penetrability of the serotonin derivatives into the
carotid body (CB), a sensory organ which generates
the hypoxic chemoreflex. The CB is not equipped
with a barrier of the BBB type and is a target tissue
for N-oleoyl-dopamine [31]; the compound also at-
fecting ventilatory responses to hypoxia [32]. It is a
reasonable assumption that lipid-derivatives of sero-
tonin also could be taken up by the CB. Functionally,
however, administration of serotonin derivatives
failed to cause appreciable changes in the hypoxic
ventilatory response. Serotonin and 5-HT, receptors
are present in carotid chemoreceptors. Several studies
have attempted to examine the effects of serotonin
or its receptors antagonists on hypoxia-induced
chemoreceptor excitation. In a recent comprehensive
study performed on ex wivo carotid bodies to avoid
secondary, blood pressure-related effects on carotid
chemosensory discharge, Jacono et al [33] have
found that 5-HT has no effect on the magnitude or
onset of the hypoxic sensory response. Our present
findings are, generally, in line with that study,
showing no effect of lipid derivatives of serotonin
on the hypoxic ventilatory response 7z vivo in con-
scious rats. Others have reported on the elaboration
of brain serotonin in hypoxia [10, 11] and hypoxic
ventilatory stimulation by serotonin [7]. Thus, the is-
suc remains contentious and may be species depen-
dent.

EUROPEAN JOURNAL OF MEDICAL RESEARCH 133

We conclude that lipid-soluble derivatives of sero-
tonin do not hold promise in solving the uncertainties
concerning the role of this neurotransmitter in respi-
ratory regulation. The vastly complex neural respirato-
ry system and the serotonin molecule are constructed
in such a manner as to not take advantage of the nat-
ural diffusion processes for more general use of sero-
tonin. The study failed to substantiate the bioactive
potential of lipid derivatives of serotonin. Other
chemical delivery systems should be designed to shep-
herd serotonin into the brain.

Conflicts of interest: No conflicts of interests were declared by
the authors in relation to this article.
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