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Abstract

Breathing is a rhythmic motor process that starts at the perinatal age,
influenced by other physiological measures, and continues throughout the life
course of a mammal. Failure to produce a respiratory rhythm can be fatal and
understanding the mechanism of the respiratory rhythm generation by the
brainstem is crucial. In vitro and in vivo studies have disclosed evidence of a
region within the ventrolateral medulla, known as the pre-Botzinger complex
(preBotC), and assumes it to be the respiratory rhythmogenesis originator. Also,
some studies suggest the retrotrapezoid nucleus/parafacial respiratory group
(RTN/pFRG) as a second respiratory rhythm generator that plays a certain role in

in the neonatal rodent.

At neonatal age in rodents and humans, the breathing pattern is irregular and
respiratory system is immature, which signifies that it is vulnerable to external
environmental challenges during this period. Nevertheless, the maturity step
occurs early in life and breathing becomes stable and constant. The mechanisms
of respiratory rhythm generation perinatally remains elusive, and it is
hypothesised that the RTN/pFRG acts as the dominant respiratory rhythm
generator during the early days of life when the respiratory system is immature.
After that, preBotC takes the role of the rhythm generation, and breathing
becomes more stable. However, the interaction between preBotC and RTN/pFRG

in vivo during postnatal development is not fully understood.

Fentanyl is widely used on a clinical basis to control chronic and acute pain.
Despite the fact that respiratory depression is a common side effect of fentanyl,
the long-term respiratory consequences of repeated fentanyl exposure is
unknown. Concerning the immaturity of the respiratory system during neonatal
life in mammals, the thesis was designed to understand the long-term effects of
fentanyl exposure during this vulnerable period in neonatal rodents, which is a
suitable model for understanding long-lasting changes in humans. Therefore, the
fentanyl-exposure at postnatal stage was categorised into two groups, which are
neonatal mice (NN) exposed to fentanyl (0.04 mg/kg daily) from P1-P5 and

juvenile mice (JUV) exposed from P9-P13.



The first aim of the thesis was to investigate the influence of fentanyl on the
postnatal maturation step of the central respiratory control. Fentanyl, a potent
M opioid receptor agonist, was introduced to evoke respiratory frequency
depression in vivo by targeting preBotC neurons, which are sensitive to p opioids,
while the RTN/pFRG neurons are insensitive to p opioids. Therefore, fentanyl
was used to suppress the preBotC in vivo throughout the postnatal
developmental phase. Then, the effect of the early fentanyl exposure was
evaluated during adulthood via plethysmography. The plethysmography data
showed differences in the respiratory rate at rest between the NN and the
control group. Also, the awake fentanyl challenge showed an increase in the

tidal volume response to fentanyl in the NN group.

The fentanyl challenge was applied to the study groups to evaluate the
vulnerability and sensitivity to fentanyl under anaesthesia. The vulnerability to
fentanyl was observed in the NN and JUV groups, which shows low survival rates
of the fentanyl challenge. This indicates that the anaesthetised state is more
sensitive to respiratory depression. Also, cerebral blood flow (CBF) was analysed
during the same challenge to investigate the effect of opioids on CBF. An
increase in the CBF was recorded via the laser speckle technique as a response
to opioid exposure, and the fentanyl-exposed groups (NN and JUV) showed an

attenuated response to opioid exposure within the parietal regions.

The second aim of the thesis was to highlight the chronic effect of early-life
fentanyl exposure on endogenous opioids and stress hormones by utilising the
enzyme-linked immunosorbent assay (ELISA) technique. The study showed low
detection of the endogenous opioid level (B -endorphin) due to the small blood
volume used for the analysis. Yet, the JUV-FEN group had more detectable levels
of endogenous opioids, which could support the effect of earlier opioids
exposure on endogenous opioids level. Weighted average trends were obtained
in the JUV-FEN group compared to JUV-SAL, which were not statistically
significant. In addition, a trend of the stress hormone (corticosterone) collected

from hair follicle samples was noted in the JUV-FEN group.
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The third aim of the thesis was to investigate the long-lasting effect of early-life
fentanyl exposure on the p opioid receptor (MOR) neural expression and
distribution within the CNS. Unfortunately, the initial group had cross-
contamination on the films, and the samples were discarded. Therefore, other
groups were involved in the study that showed a slight decrease of pOR density
across the brain regions in the JUV-FEN group compared to JUV-SAL.
Nevertheless, the presented data were underpowered regarding the small
sample size involved in this other group. The last study of pOR neural expression
was planned to be investigated via Immunohistochemistry (IHC) for brainstem
and cerebral regions. Still, due to the national lockdown and the pandemic

situation, it was not completed as planned.

In conclusion, repeated early-life exposure to fentanyl possibly leads to long-
lasting changes that may affect the breathing pattern at rest and last into
adulthood. Those changes are attenuated under anaesthetic and may lead to

respiratory arrest.
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1.1 The breathing process

Breathing is the critical function; in humans it starts in utero and advances after
birth to balance with the environmental settings and physiological requirements.
Essentially, breathing interacts with various other tasks that rely on respiratory
function, such as speaking, sneezing, crying and coughing. Each of these tasks
requires a coordination between the on-going rhythmicity of breathing and the
emerged parallel task, in order to maintain a breathing pattern that is fluent in
all conditions. Additionally, the breathing pattern is affected by other
physiological challenges, such as body temperature, blood PH and metabolic
rate. Yet, to compensate for the variable physiological demands, a closed neural
circuit takes place in order to link the feedback received from peripheral and
central sensors to the assigned breathing neural kernel, which modifies the
breathing pattern as a response to the variable signals obtained (Feldman et al.,
2013).

The breathing cycle in human is driven by three main actions which are inflate,
deflate and airway resistance. Inflation, which is inspiration, is triggered by the
diaphragm muscle contraction that is assisted by the external intercostal
muscles. On the other hand, the oblique abdominal muscle accompanied by the
transversus abdominus and internal intercostals are the expiratory muscles,
which are intended to create the deflation force of the thoracic cavity during
the expiratory phase. Also, breathing accessory muscles (scalene muscle and
sternocleidomastoid) join the role of inspiration or expiration according to the
physiological demands, such as the changes of the metabolic rate and blood
gases’ levels. Hence, the airway resistance has a role in the breathing series and
it is participated by the genioglossus, hyoglossus and styloglossus muscles, which
facilitate the air passage across the respiratory tract (Milici-Emili and Petit,
1960, Feldman, 1986).
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The respiratory process is monitored by neural circuits that receive the feedback
from chemosensors that are distributed peripherally and centrally. For instance,
carotid bodies are peripheral chemosensors that monitor the oxygen pressure.
The chemosensor signals are transferred to the brainstem via the
glossopharyngeal nerve toward the glia of the ventral parafacial nucleus, where

the alterations of the blood gases are interpreted initially see Figure 1-1.
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Figure 1-1 Schematic illustration of the breathing mechanism

Neural breathing centres trigger the respiratory cycle by sending signals to the spinal and cranial
motor centres. Accordingly, an output signal is transmitted from the motor neuron centres towards
the respiratory muscles including the thoraco-abdominal and laryngeal muscles. The respiratory
muscles initiate the breathing mechanical function by contracting the diaphragm and expanding the
lung capacity, to commence inhalation. Hence, the airway resistance is decreased as part of the
inhalation process, after receiving the breathing motor signals too. As the ventilation process
started, a feedback process provides the control mechanism of the breathing rhythm. Indeed, there
are several factors that control the ventilation process, such as Pao2, Pco2 and blood pH. The
change of these parameters is delivered to neural breathing centres via the peripherally and
centrally distributed sensors, in the form of chemoreceptors and mechanoreceptors. Those
receptors provide the details of blood gas levels and blood pH, which guide the respiratory neural
centres to adapt to the alterations by adjusting the rhythm and pace of the breathing pattern (Del
Negro et al., 2018).
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To understand the origin of breathing control, several studies were conducted on
the central nervous centre to reveal the brain’s critical role in initiating and
maintaining breathing rhythm. An earlier observation by Legallois in 1809 linked
the control of blood pressure and respiratory activity to “medulla and spinalis”,
which emphasised the role of the central nervous system in controlling the
breathing function. It was later published in 1813 (Experiments on the Principles
of Life). Marckwald backed up the medullary inspiratory centre at 1888 and
included the fact that the expiratory centre is located within the medulla too
(Marckwald, 1888). Both findings ascertained the central role of the medulla
oblongata in monitoring breathing. Later in 1923, Lumsden conducted a study on
an anesthetised cat brain, where a micro-segmentation of a cat’s brain was
performed during anaesthesia, while observing the breathing function
alterations. The study was conducted to localise the specified brainstem region
that is responsible for breathing control when a complete breathing cessation is
achieved during the coronal micro-sectioning of the brainstem. Prolonged
inspiratory silences were observed when they reached the caudal pons and
rostral medulla; the neural breathing centres are assumed to be located within

this region (Lumsden, 1923).

Lumsden’s work inspired many scientists to explore the breathing control
centres, and two pontine regions were linked to respiratory control which are
Kolliker-Fuse (K-F) and parabrachial nuclei (PB) (Lara et al., 1994). Later,
respiratory neurons were categorised as two main groups: the ventral respiratory
group (VRG) and the dorsal respiratory group (DRG). Both named groups have
neural axons travelling caudally towards the thoracic area, where the neural

signal is delivered to the phrenic nerve and intercostal muscles (Spyer, 2009).
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1.2 Respiratory neurons in brainstem

The respiratory control neurons, which are located within the brainstem, are
categorised into three main clusters, which are the pontine respiratory group
(PRG), the dorsal respiratory group (DRG) and the ventral respiratory group
(VRG). The PRG comprises the PB and K-F nuclei, whose role in breathing
pattern generation remains unclear. However, electrophysiological studies have
shown the synaptic input of the PRG into the medulla (Ezure et al., 1998, Jiang
et al., 2004) and also computational modelling analyses asserted the regulation
role of PRG on the PreBotzinger complex (preBotC) signal output (Rybak et al.,
2004). DRG is found within the Nucleus Tractus Solitarius (NTS), and it receives
the afferent signals from the mechanoreceptors and chemoreceptors, which are
distributed peripherally across respiratory airways. Also, it is presumed that DRG
provides the relay input phase of the respiratory control, which allows the
adjustment of respiratory activity (Alheid et al., 2011). VRG is located within the
ventral respiratory column (VRC) and comprises several neural clusters that are
accountable for variable roles in controlling respiratory patterns. The neural
clusters localised across the VRG are (caudal-rostral) caudal ventral respiratory
group (cVRG), rostral ventral respiratory group (rVRG), preBotzinger complex
(preBotC), Botzinger complex (BotC) and retrotrapezoid nucleus/parafacial

respiratory group (RTN/pFRG). See Figure 1-2.
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Figure 1-2 Respiratory neurons distribution within the brainstem

A sagittal view of the human brainstem that shows the main respiratory neural groups distribution
through the brainstem, which are ventral respiratory group (VRG), dorsal respiratory group (DRG)
and pontine respiratory group (PRG). Adapted from (Spyer, 2009).
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1.3 PreBotC and the respiratory rhythm generation

1.3.1 Location of preBotC and neural projections

The preBotC region is identified as the essential inspiratory rhythm generator
located in the ventrolateral medulla. The motor output originates from preBotC
and is transmitted by the neural projections to the premotor regions that are
responsible for controlling the respiratory muscles and facilitating breathing
airway resistance. The neural projections arise from preBotC and transmit the

signals to the ponto-medullary and supra-pontine regions (Smith et al., 1991).

Recognising the shape and borders of preBotC has drawn attention in order to
understand its impact on breathing phases and rhythm. Therefore, many neural
markers were taken into account to be linked to preBotC and to shape its
borders. An example of these neural markers is neurokinin-1 receptor
(NK1R).See Figure 1-3. Anatomically, NK1R is distributed along preBotC caudally
and rostrally to the rostral ventral respiratory group, which comprises the
phrenic pre-motor neurons . Also, NK1R is extended dorsolaterally to the nucleus

ambiguus and ventrolaterally to the parafacial neurons (Wang et al., 2001).

The NK1R neurons express vesicular glutamate transporter 2, which indicates
that the preBotC has an excitatory glutamatergic role. Also, some NK1R neurons
express glutamic acid decarboxylase 67 (GAD67) and a y-aminobutyric acid
(GABA) which highlights the excitatory function of preBotC. Anatomically NK1R
neurons extend to other neighbouring regions that may express a different role
in the breathing cycle, which may interfere with understanding the accurate role
of PreBotC in the breathing rhythm and recognising the distinct borders of the
inspiratory oscillator (Del Negro et al., 2018). Additionally, the NK1R neurons
express other neuropeptides such as somatostatin and the glycoprotein reelin,
which forces the research groups to look for neural subgroups that are distinct to

an isolated breathing oscillator (Pantaleo et al., 2011).
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A subpopulation which showed the expression of the transcription factor
developing brain homeobox protein 1 (Dbx1) is linked to the inspiratory rhythm
generated from preBotC (Kottick et al., 2017). Accordingly, Dbx1-knockout mice
were studied and died instantly after birth when they failed to generate a
distinct breathing pattern (Picardo et al., 2013). Also, an optogenetic
photoinhibition was applied on the Dbx1 neural population through in vitro and
in vivo preparations, and a gradual depression of the inspiratory rhythm was
observed as a result of the photoinhibition (Vann et al., 2016, Wang et al.,
2014). Additionally, a photosimulation of channel rhodopsin-expressing Dbx1
cells triggered a premature inspiratory rhythm through the expiratory phase (Cui
et al., 2016). This evidence may support the role of Dbx1 precursor in the
inspiratory rhythm generation. Nevertheless, the detailed Dbx1 precursor role is

not fully understood, concerning the rise of the preBotC neurons.
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Figure 1-3 Neurons expressing yOR within preB6tC

(a) A confocal microscopic image that shows the stained pOR within preB6tC. (b) A confocal image
presenting NK1R-expressing neurons within preBétC cell soma. (c) The arrow T indicates a co-
expression of NK1R and pOR in preBotC cell soma and process, while the arrowhead V points to
the absence of co-expression. scNA, subcompact nucleus ambiguous. Modified from (Gray et al.,
1999).
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1.3.2 Mechanism of respiratory rhythm generation in preBotC
(pacemaker hypothesis)

PreBotC pacemaker neurons are persistent sodium currents (INaP) dependent
(Smith et al., 1991), which are voltage-dependent, and are suppressed by
riluzole (INaP blocker) (Del Negro et al., 2002). An additional type of pacemaker
activity that is sensitive to calcium ion channel blocker (cadmium) was found
within the preBotC (Thoby-Brisson and Ramirez, 2001). Experiments employing
pharmacological interventions have been conducted to investigate the potential
influence of pacemaker neurons on the respiratory rhythm generation. Blocking
both INaP and the calcium-activated nonspecific cation current (ICAN) were
done pharmacologically, and the changes in network activity were measured to
determine if either or both types of pacemaker neurons’ respiratory rhythm
generation was affected. Only 5% of neurons within preBotC were found to rely
on INaP (Del Negro et al., 2005). Riluzole administration to in-vitro medullary
slice preparation including preBotC from neonatal rats does not alter the
frequency of the rhythmic motor output (Del Negro et al., 2005). Nevertheless,
riluzole blocks the fictive gasping under anoxic conditions in vitro, which
indicates that respiratory rhythm generation during gasping is INaP dependent
(Pena et al., 2004, Paton et al., 2006).This supports the fact that the role of
pacemaker neurons in respiratory rhythmogenesis is likely to be state-

dependent.

The administration of riluzole and the ICAN blocker, flufenamic acid (FFA), stops
the respiratory rhythm in vitro (Pena et al., 2004, Del Negro et al., 2005).
Accordingly, it was suggested that ICAN-dependent pacemakers are vital for
controlling the respiratory rhythm in vitro. Yet, preBotC neurons express both
INaP and ICAN (Del Negro et al., 2002), which means that the failure of rhythm
generation could be linked to riluzole and FFA affecting the excitability of all
neurons as possible induvial pacemakers. Therefore, it is difficult to conclude
the significance of pacemaker neurons to rhythm generation relying on the
riluzole and FFA effect only. In fact, blocking the rhythmic motor output in the
slice preparation using riluzole and FFA, and the application of SP, depolarises
preBotC membrane potential and resumes the respiratory rhythm (Del Negro et
al., 2005). This suggests that high levels of cellular excitability are necessary to

maintain respiratory rhythmogenesis.
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1.3.3 Prenatal development of the preBotC

Breathing is one of the first detectable physiological functions in the mammalian
foetus. During prenatal life, the mammalian foetus produces a series of rhythmic
foetal breathing movements (FBMs) that involves respiratory muscular
contractions (Jansen and Chernick, 1983, Kobayashi et al., 2001), which are
assumed to originate from the respiratory rhythm generator. FBMs are
hypothesised to encourage the maturation of the lungs, and to influence the
development of respiratory motoneurons to facilitate synchronised breathing at
birth (Kitterman, 1988).

1.3.3.1 Anatomical development

The preBotC comprises several population of rhythmically active neurons that
are linked together through a glutamate-mediated network of synaptic input
(Hilaire and Duron, 1999, Feldman and Del Negro, 2006). These neural
populations are known to have distinct bursting pacemaker properties, which are
driven by the persistent sodium current (INaP) and the calcium-activated
nonspecific cation current (ICAN) (Del Negro et al., 2005, Thoby-Brisson and
Ramirez, 2001). The pacemaker neurons play a role in generating the respiratory
rhythm in accordance with different age and environmental changes (Pena et
al., 2004, Thoby-Brisson and Greer, 2008).

To investigate the prenatal development of preBotC, NK1R expression was
examined in rodents by labelling a region below NA, in addition to other
markers, such as SST and TrkB. A weak NK1R labelling was detected at the
embryonic age of E14 in mice and E16 in rats, which increases in intensity in
newborn rodents. A similar increase of intensity from the embryonic age was
obtained on other neural populations (SST and TrkB), while NK1R-expressing
neurons originate at E12-E13 and migrate to their final location around E17 to
E18 (Pagliardini et al., 2003). However, preBotC only expresses Nk1R neurons at
their final site within the ventrolateral population (Thoby-Brisson and Greer,
2008). Despite the fact that Nk1R-expressing neurons are vital for respiratory
rhythm generation, they represent a subpopulation of all preBotC neural groups

(Guyenet et al., 2002). Other respiratory neurons (which do not express Nk1R)
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could participate in breathing rhythm regulation during the earlier days of life or

specific developmental stages.

In rodents, preBotC is defined anatomically as a region containing neurons that
express neurokinin-1 receptor (NK1R), u-opioid receptor (UOR), tyrosine kinase B
receptor (TrkB), somatostatin (SST) and type 2 vesicular glutamate transporter
(VGlut2) (Gray et al., 1999, Stornetta et al., 2003, Thoby-Brisson et al., 2003)
(see Table 1-1). Accordingly, respiratory rhythm is regulated by a group of
substances, such as substance P, opioid agonists and brain-derived neurotropic
factor (BDNF) (Manzke et al., 2003, Rekling et al., 1996, Thoby-Brisson et al.,
2003). The anatomical borders of the preBotC remain indistinct and may indicate
an overlap between preBotC breathing function and other neurological roles (Del
Negro et al., 2018). Outlining preBotC neuronal sub-populations regarding the
anatomical features, electrophysiology and transmitter phenotype has helped us
to recognise the role of preBotC in breathing. For instance, silencing NK1R-
expressing preBotC neurons (within days) results in breathing irregularity in
adult rats (Gray et al., 2001, McKay et al., 2005). Also, inhibiting the SST-
expressing preBotC neurons within a short duration (minutes) ceases the
breathing function (Tan et al., 2008). Peptide receptors are not perfect markers,
because their neural expression is not an indication of their roles in breathing
rhythm generation, or in synchronising breathing with other functions, such as

whisking or licking (Moore et al., 2013, Moore et al., 2014).

Additional neuronal subpopulations are classified concerning the genetic
transcription factors. Accordingly, Dbx1-knockout mice did not develop an active
preBotC, and die at birth due to breathing failure; also, following in vitro
preparations from the same mice group, which retained the medulla, no
inspiratory rhythm was obtained (Gray et al., 2010, Bouvier et al., 2010). In
fact, Dbx1 preBotC neurons express rhythmogenic membrane properties in vitro
(Picardo et al., 2013), and the optogenetic photoinhibition in the preBotC of
mice expressing archaerhodopsin in Dbx1 cells leads to the inspiratory rhythm
gradually reducing and stopping, in vitro and in vivo (Koizumi et al., 2016, Vann
et al., 2016), while the transient photo stimulation of channel rhodopsin-
expressing Dbx1 cells at expiration produces premature inspiration (Cui et al.,

2016). Consequently, it is suggested that Dbx1 preBotC neurons are accountable
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for these effects, and that the Dbx1 neuronal population includes non-
rhythmogenic neurons, rhythmogenic neurons (Cui et al., 2016) and signal-

transmitting neurons throughout preBotC (Tan et al., 2010, Yackle et al., 2017).
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Overlappin Reference
Marker ppINS Relevance f
marker
Peptide receptor that (Tan et al., 2008, Thoby-Brisson
NK1R | SST and pOR | depolarises rhythmogenic et al., 2005)
neurons
Peptide receptor that (Gray et al., 1999, Liu et al.,
UOR NK1R hyperpolarises preBotC 2004)
neurons
NK1R, (Stornetta et al., 2003, Cui et
Marker of pattern-generating
SST VGLUT2and al., 2016, Koizumi et al., 2016)
output neurons
Dbx1
VGLUT Marker for glutamatergic (Koizumi et al., 2016, Gray et
Dbx1 and SST
2 neurons al., 2010)
Transcription factor expressed | (Wu et al., 2017, Yackle et al.,
VGLUT2, SST, | by glutamatergic rhythm- 2017, Revill et al., 2015)
Dbx1 SSTR2A and | generating neurons, premotor
NK1R neurons and midbrain-

projecting neurons

Table 1-1 Selected markers for interneurons in preBo6tC.
NK1R, neurokinin 1 receptor, yOR, u-opioid receptor; SST, somatostatin; VGLUTZ2, vesicular

glutamate transporter 2, Dbx1, developing brain homeobox protein 1, SST2AR, somatostatin 2A
receptor.
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1.3.3.2 Functional development

Respiratory recordings were performed in vivo, in vitro and in utero, which
stressed the emergence of the rhythmogenic respiratory neurons at the age of
E15 in mice and E17 in rats (Abadie et al., 2000, Di Pasquale et al., 1992,
Kobayashi et al., 2001, Viemari et al., 2003). Thus, it suggests a strong link
between the anatomical emergence of preBotC and the functionality of
respiratory rhythm motor output. At the beginning of the respiratory rhythm
activity the burst frequency is low, and it increases with the gestational age (Di
Pasquale et al., 1996, Onimaru and Homma, 2002, Viemari et al., 2003). Before
commencing the respiratory neural activity, the associated neurons are gathered
to originate regular motor pattern along the full extent of the spinal cord and
medulla. The developed motor pattern plays a key role in the early neural
developmental networks and motor neural phenotypes. Nevertheless, no
evidence supports its part in the early respiratory activity (Gust et al., 2003,
O'Donovan and Landmesser, 1987, Ren and Greer, 2003, Yvert et al., 2004).

In mammals, GABA and glycine are neurotransmitters that are known to have a
fast inhibitory action on the nervous system. However, chloride-mediated
inhibition has the principal effect on the neural output that modifies the
respiratory rhythm (Brockhaus and Ballanyi, 1998, Parkis et al., 1999, Ritter and
Zhang, 2000). Due to the immaturity of the neural transmembrane at early
embryonic days, chloride-mediated transmission enhances the respiratory
neurons and increases the burst frequency (Ren and Greer, 2003). Once the
neuron transmembrane develops at E19 in rats, a transition of the action is
inherited from excitation to inhibition of the synaptic input on respiratory
rhythm. At birth, the activation of GABA and glycine receptors results in a
decrease of the respiratory rhythm (Thoby-Brisson and Greer, 2008). These
transitional periods are the key events of the maturation of preBotC respiratory

function prenatally.
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1.4 The retrotrapezoid nucleus/parafacial respiratory
group

1.4.1 RTN/pFRG and respiratory rhythm generation

The Retrotrapezoid nucleus (RTN) is a cluster of neurones which have
chemoresponsive properties. It transmits the feedback of the
chemoreception to preBotC and brainstem in order to compensate with the
metabolic demands (Rose et al., 2009, Dubreuil et al., 2009). Indeed,
Ventral parafacial nucleus (VpF) generates a late active expiratory rhythm
beside the inspiratory preBotC signals earlier at postnatal and late
embryonic age (Onimaru and Homma, 2003). The rhythmogenic output from
these neurones is not detected in later ages; however the chemosensation
role remain unchanged (Onimaru et al., 2008). Despite the fact that VpF
expresses an active expiratory role in the breathing rhythm of mature
rodents, Lateral parafacial nucleus (LpF) does not show a similar
characterisations earlier in life at the same age window (Pagliardini et al.,
2011). Indeed, LpF neurons remain silent at rest, but late expiratory signals
are triggered alongside the preBotC inspiratory bursts with an unsolved
mechanism of action (Huckstepp et al., 2016, Zhang et al., 2016). In fact,
LpF expiratory bursts are associated with the preBotC signals in adult
rodents, but in neonatal rodents the LpF expiratory activity remains without
the obligation of preBotC inspiratory bursts, which may suggest a maturation
step that occurs earlier in life regarding the breathing rhythm coordination

(Janczewski and Feldman, 2006).

Regarding the neural breathing centres, it is hypothesised that the
retrotrapezoid nucleus and parafacial respiratory group (RTN/pFRG) is the
main oscillator for breathing in the early days of life (P1-P3) in rodents,
when breathing is vulnerable and unstable. Later on, pre-Botzinger complex
(preBotC) takes the lead of breathing control and breathing becomes more
rhthmic with less variable patterns (Greer et al., 1995; kennedy, 2015).
PreBotC is rich with neurokin (Gray et al., 1999; Inturrisi, 2002; Montandon
et al., 2011; Smith et al., 1991a).
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Systemic administration of p-opioid agonists to neonatal rodent (P1-P5)
causes a slight depression in breathing compared to the effect in adult
rodents; thus, suggesting that the dominant respiratory oscillator is the
opioid insensitive RTN/pFRG during this neonatal/early life period. (Smith et
al., Science, 1991; Gray et al., Science, 1999) (see Figure 1-4).
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RTN/pFRG
Expiratory activity

Lung deflation ‘I\> Lung inflation

PreBotC .
Inspiratory activity O Opiates
O SP-SAP lesion

Figure 1-4 An illustration of respiratory rhythmogenesis theory in a mammal’s brainstem
This assumes that the two respiratory oscillators are affected by different inputs. For instance,
inspiration has a negative feedback on preBo6tC (inspiratory active drive) but a positive influence on
RTN/pFRG (expiratory active drive), while expiration (lung deflation) has the opposite effect on
both oscillators. In addition, opiates and substance P-saporin (SP-SAP) supress breathing, which
has a negative effect on preBo6tC. A transaction between RTN/pFRG (rostral centre) and preBo6tC
(caudal centre) disrupts the expiratory activity, but the inspiratory oscillator (preB6tC) remains
unabated. Thus, a group of pacemakers is suggested to speculate the rhythmogenesis of the
respiratory drive (Feldman and Del Negro, 2006).
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1.4.2 Prenatal development of RTN/pFRG

In vitro, a rhythmic activity within the parafacial region was identified by
utilising the calcium imaging and neuronal population recordings in the isolated
embryonic mouse brainstem (Thoby-Brisson et al., 2009). This rhythmic neuron
activity occurs at the border of the facial motor nucleus and is recognised as the
embryonic parafacial oscillator (e-pF). The activity of the e-pF develops at
E14.5, which is one day before the onset of preBotC rhythmic activity at E15.5
(Thoby-Brisson et al., 2005). Administration of riluzole blocks rhythmic activity
of the e-pF, indicating that the firing of these neurons is INaP dependent. Yet,
preBotC is identified anatomically by its expression of NK1R and Phox2b (Thoby-
Brisson et al., 2009). In regard to the anatomical features and the expression of
histological markers, it is expected that e-pF rhythmic activity is unaffected by p
opioid receptor agonists. In fact, the e-pF neurons are the embryonic origin to
the RTN/pFRG. Also, the e-pF and preBotC become functionally synchronous
when both oscillators are active at E15.5. Once the e-pF is suppressed by
riluzole, the frequency of rhythmic activity from the preBotC is decreased, which
indicates that preBotC receives inputs from the e-pF (Thoby-Brisson et al.,

2009). These findings illustrate that analogous with postnatal life (Mellen et al.,
2003), during embryonic development a network of dual respiratory rhythm

generators is formed by a couple of spatially distinct neuronal groups.

1.4.3 RTN/pFRG and the active expiration

Depending on the variable sensitivity of the preBotC and RTN/pFRG to p opioids,
RTN/pFRG may play an important role in generating active expiration. Normally,
expiration is a passive process in mammals which becomes active in some
conditions, when the metabolic demand increases as a response to vigorous
exercise or a drop in O2 levels. Indeed, the active expiration decreases the lung
volume below the resting levels, which increases the tidal volume of the
following inspiration and delivers more 02 to the lung by the end of the

breathing cycle (Del Negro et al., 2018).
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The active expiration is primarily linked to the parafacial respiratory group (pF)
that extends on the lateral and ventral borders of the facial nucleus dorsally to
the pyramidal tract and medial to spinal trigeminal tract, and contains the NK1R
glutamatergic-expressing neurons. In fact, the pF nuclei are divided into two
groups: the ventral parafacial nucleus (VpF) and the lateral parafacial nucleus
(LpF). Both nuclei are hypothesised to have an essential role in CO; central
chemoreception and active expiration (Huckstepp et al., 2016). Furthermore,
transection of the brainstem caudal to the RTN/pFRG interrupts the abdominal
muscle expiratory activity, but has a negligible effect on inspiratory motor
activity (Janczewski and Feldman, 2006). Therefore, it was suggested that
inspiratory and expiratory phases of respiration are not derived from a single
oscillator. To support this, a study was performed on adult anaesthetised rats
and it was found that stimulating the RTN/pFRG changes the normal silent
RTN/pFRG neurons into rhythmically active neurons, which exhibit an
expiratory-modulated rhythm. This stimulation of RTN/pFRG rhythmic activity
produces active expiration, by affecting the expiratory-related abdominal
muscles (Pagliardini et al., 2011). These observations suggest that the rhythm-
generating features of the RTN/pFRG remain into adulthood, but under resting

conditions synaptic inhibition supresses these neurons.

1.5 Developmental plasticity of the respiratory control
neural centres

The key feature of developmental plasticity is the time of the environmental
stimulus, which affects a specific age or developmental process (Carroll, 2003,
Bavis and Mitchell, 2008). As the individual matures they may acquire
developmental plasticity due to the ceasing of the maturation process, or exhibit
inconstant physiological capacity of adaptation between individuals (Burggren
and Reyna, 2011). For example, new-born rats were exposed to hyperoxia
challenge at ages one, two, and four weeks old. Later, an assessment of the
carotid body response to the hypoxic challenge was applied once the rats were
adult. An impaired response to hypoxic challenge was obtained in the group
involved in the hyperoxia challenge at two weeks old compared to other groups
(Bisgard et al., 2003). The experiment emphasises the critical window of the

developmental changes that occur through the first two weeks of life (Bavis et
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al., 2002). Indeed, the carotid body emerges into rapid maturation steps early in
life and the environmental stimuli at this age could lead to hyperoxia-induced
hypoplasia (Dmitrieff et al., 2012, Bavis et al., 2013).

In order to emphasise the respiratory neural plasticity, the critical maturation
window must be reviewed at the time when the breathing pattern is immature,
and characterised by irregularity and vulnerability (Fisher et al., 1982, Read and
Henderson-Smart, 1984). The mammals develop neural plasticity as a long-term
change in the mature adult respiratory system, which is triggered by
environmental challenges that occurred at the critical maturation time windows.
Yet, no chronic changes were obtained after the exposure to similar
environmental challenges later in life (post-maturational age) (Carroll, 2003,
Bavis and Mitchell, 2008). Thus, the chronic effect and plasticity may develop at
this stage as the neural breathing centres are not fully mature (Wong-Riley and
Liu, 2008, Wong-Riley and Liu, 2005).

The postnatal maturation of the respiratory controls within the brainstem alters
the expression of neurochemical factors, such as GABA, Glutamate and 5-HT
(Wong-Riley et al., 2013). Those significant changes take place at the age of
P11-P13 (Wong-Riley and Liu, 2005), and the functional abnormality could be
related to the disappearance of the hypoxic ventilatory response (HVR) at P13
(Liu et al., 2009, Holley et al., 2012). Other studies had obtained an increase of
the HVR magnitude between P10-P15 (OHTAKE et al., 2000), so the receptors’
adjustment and neurotransmitters are affected at this critical window, and the
adaptation to hypoxic challenge at this age becomes insufficient (Stunden et al.,
2001, Putnam et al., 2005). Additionally, an animal model had shown a
vulnerability to hypoxic exposure at the second week postnatally, where a
chronic sustained hypoxia (CSH) was introduced at the age of P11-P15 and
caused a significant surge of mortality rate in neonatal rats (Mayer et al., 2014).
Nevertheless, the younger (P1-P5) and older (P21-P25) groups were unaffected
by the CSH exposure, which highlights the vulnerable transitional period that
occurs at the age of P11-P15 (Wong-Riley and Liu, 2005, Wong-Riley and Liu,
2008).
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The development of the respiratory rhythm generation during early life remains
unclear. Indeed, preBotC and the RTN/pFRG are essential for postnatal breathing
rhythm generation, and the inhibition or deletion of either of these neuronal
groups leads to respiratory failure at birth in rodents (Blanchi et al., 2003,
Dubreuil et al., 2009, Rose et al., 2009, Bouvier et al., 2010). At present,
engagement of preBotC and the RTN/pFRG into the early life breathing rhythm
generation remains elusive and understanding the mechanisms of the respiratory
rhythm generation during the early postnatal development age is a crucial step
to apprehend the pathophysiology of the central respiratory disorders that

develop in early life.
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1.6 Cerebral blood flow

1.6.1 Anatomy of cerebral blood supply

In humans more than 75% of the cerebral blood supply is delivered by the
internal carotid artery (ICA), which is a branch of the common carotid artery
(CCA) (Scheel et al., 2000). The CCA arises from the aortic artery, and it
contributes two branches: the ICA and the external carotid artery (ECA). The
ECA provides the blood supply to the face and neck structures. The ICA
bifurcates into two branches: the anterior cerebral artery (ACA) and middle
cerebral artery (MCA) which in mice supply blood to the frontal and parietal
regions of the brain. (Watson et al., 2012). The posterior cerebral region is
mainly supplied by vertebral arteries that join to form the basilar artery.
The basilar artery gives off two branches (right and left posterior cerebral
arteries), which provide the blood to the brainstem, midbrain, occipital
cortex, cerebellum and hypothalamus. The main branches of cerebral blood
supply are connected together by a ring-shaped network that joins ACA, MCA
and the posterior cerebral artery, and it is called the arterial circle of Willis
(Gillilan, 1974). See Figure 1-5.
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Figure 1-5 The arterial blood supply of the brain in humans and rats.
A schematic illustration of the major arterial blood supply of the brain and the circle of Willis in humans (A) and rats (B). Modified from (Lee, 1995)
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1.6.1.1 Variation in the cerebrovascular anatomy

The circle of Willis has varying degrees of completeness in humans (Zhou et al.,
2016). An approximate 30-50% showed a lack of either the anterior or posterior
parts of the circle of Willis (Zhou et al., 2016, Romero et al., 2009, Hashemi et
al., 2013). The nonexistence of anterior or posterior parts is believed to be
found in 4-15% of individuals. In rodents, the mouse strain (C57BL/6) usually
shows an inadequate formation of the posterior part of the circle of Willis
(Hartkamp et al., 1999).

Morphologically, humans and rats share similar features of the circle of Willis
formation (see Figure 1-5). Yet, some variations are obtained within the circle
organisation. Starting with the internal carotid artery which forms the circle of
Willis in rats, while it represents the continuation of the middle cerebral artery
(MCA), and provide the posterior communicating branch to form the circle of
Willis in humans. In addition, anterior communicating artery has no existence in
rats and is found in humans (Lee, 1995). A wide variation of MCA communication
patterns in rats was studied by (Fox et al., 1993). Accordingly, 80% of the rats
showed a typical bifurcation of MCA, while 17% had atypical branching

formations arise from the anastomotic connection to the branches of MCA.
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1.6.2 Regulation of cerebral blood flow

Cerebral blood flow (CBF) delivers continuous and constant oxygen supply to the
brain, which consumes around a fifth of the oxygen within the blood circulation.
The need for oxygen supply may vary depending on different circumstances that
affect brain function. A change in the brain vascular resistance occurs within the
large arteries to regulate the blood supply in certain areas (Siegel, 1999).
Henceforth, the function of increasing the blood supply to certain brain region is
called hyperaemia, which raises the blood supply blood (oxygen) to a specific
region in response to emerging metabolic demands in order to compensate the

neural tissue requirement (Faraci and Heistad, 1990).

The necessity of cerebral oxygen supply may vary depending on different
circumstances that affect the brain function. Cerebral blood flow is controlled
by three key factors, which are arterial blood pressure (ABP), intracranial
pressure (ICP) and cerebrovascular resistance (CVR). Starting with ABP, which is
produced by the cardiac output and the peripheral vessels’ resistance. Both
factors act together in order to maintain the blood volume delivered to the brain
(Meng et al., 2015). Nevertheless, the relationship between ABP and CBF is
affected by an additional factor which is cerebral autoregulation, which
influences the vascular tone of the cerebral arterioles (Donnelly et al., 2016).
The cerebral autoregulation (CA) process aims to control the CBF, which remains
constant when the mean arterial blood pressure (MABP) ranges between 50/150
mmHg. Accordingly, a dilation of the cerebral arterial vessels occurs to lower
the MABP, and a constriction of the arterial vessels is triggered by CA to increase
the MABP when the lower limit is reached (Siegel, 1999, Panerai, 1998).
Additionally, an increase in the ICP causes a decrease of the CBF by providing a
reversed pressure within the vascular bed that is delivered by veins. Indeed, the
increase of ICP influences the venous pressure, which passes the pressure to
bigger veins and produces the resistance that affects the CBF (Ursino and Lodi,
1997).



45

1.6.3 Analysing cerebral blood flow changes

Non-invasive imaging techniques, such as near infra-red spectroscopy (NIRS) and
trans-cranial Doppler (TCD), are used to provide a continuous monitoring data,
to follow up the CBF fluctuations. The continuous recording of the CBF data is
useful to analyse the changes of other physiological parameters such as Pco;
(Willie et al., 2011, Davies et al., 2015). In addition, invasive imaging techniques
are used for critical patients, where they provide long-term data for the CBF
changes, for instance laser Doppler flowmetry (Rajan et al., 2009). Analysing the
CBF fluctuations may not reflect the entire process of CA, where it might be
affected by external factors, such as MABP and ICP. Therefore, measuring the
additional parameters is a key factor to evaluate the CBF changes and relate it
with the events that trigger those alterations (Donnelly et al., 2016).The laser
speckle (LS) device was introduced initially in the physiological tissue blood
perfusion studies that intended to evaluate the changes in quantity of blood flow
within the assigned areas in the course of the in vivo experiments. In fact, LS
took advantage of other devices such as Doppler flowmetry, as it was preferred
regarding its simplicity and measurement accuracy through the course of the
study, and the live recording of CBF changes up to up to 120 minutes (Dunn,
2012, Perimed, 2018).
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1.7 Opioids

Since 2015, drug overdose remained a serious public health crisis in the United
States. Opioid prescriptions formerly forced the crisis, but by 2015, they
contributed an equal share to heroin, synthetic opioids other than methadone
(mostly illicit fentanyl), cocaine, and methamphetamine (Mattson et al., 2017).
Approximate 47.7 million Americans aged 12 or older used illegal substances or
abused prescription medications, a rate of 17.8 per 100 individuals. 2015 has
seen a record number of drug overdose deaths, 52,404. While multiple drugs
may contribute to death, prescription or illicit opioids were involved in 63.1% of
these cases (Mattson et al., 2017).

Females are more likely to have opioids prescribed than men, and opioid could
be consumed early in pregnancy, as most pregnancies are unplanned and
commonly recognised by the sixth week of gestation (Ailes et al., 2015). This
could lead to exposing a neonate to opioids in a critical development time.
Indeed, opioid exposure during the gestation age leads to premature delivery,
which is accompanied by a lower birth weight compared to the average, and the
possibility of having a neonatal opioid withdrawal syndrome (NOWS) will range
between 60-80% (Patrick et al., 2012). A neonate with an opioid withdrawal
syndrome experiences several complications that include diminished brain
volume and an increasing risk of the sudden unexpected death. Also, secondary
complications may appear in forms of tachypnoea, respiratory distress and
meconium aspiration (Ko et al., 2016). The estimated half-life of morphine in
adults is one hour, and it takes a longer time in infants and reaches up to 6-12
hours. The prolonged half-life of morphine in infants is related to the slower
elimination produced by the liver metabolism. Morphine elimination speeds up
as the human body grows, and it reaches the adult elimination rate by the age of
6 months (Ainsworth, 2014). Yet, the slow elimination in infants leads to an
accumulation of morphine metabolites within the brain blood barriers (BBB),
which causes the chronic sensitivity to opioids that triggers the long-term

neurological developmental consequences (Bhat et al., 1990).
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1.7.1 Opioid receptors

Opioid receptors belong to the group of G-protein-coupled receptors (GPCRs),
which consists of 100 types that depend on 7 trans-membrane subunits to
activate the intracellular signalling process (Waldhoer et al., 2004). There are 4
main opioids receptors, which are y, K, 6 and the nociception/orphanin, and
they are linked to the endogenous ligand such as endorphins and enkephalins
(Meunier et al., 1995). The receptors are distributed through the CNS and could
be found in several sites with variable expression. For instance, p-opioid
receptors (UOR) are expressed in the basal ganglia, spinal cord and brainstem
(Gabilondo et al., 1995). The distribution and expression of opioid receptors
could be altered by aging and the different physiological circumstances (Trescot
et al., 2008).

1.7.2 Opioids’ pharmacology

The affinity of receptors for opioids and membrane transportation are enhanced
by the drug lipophilic profile and the ionisation at certain physiological pH. For
instance, fentanyl has a higher lipophilicity than morphine, which improves the
transportation through the lipophilic membranes. The latter increases the
uptake of fentanyl through skin and mucous membrane. In general, opioids are
highly absorbed within the gastrointestinal tract, following the oral intake
(Stein, 2016). Yet, their bioavailability is determined by the first pass
metabolism. Once absorbed, opioids target their effector sites, which are
located within the central nervous system, such as spinal cord, brainstem and
brain (Stein, 2016). After that, metabolism takes place employing the
glucuronidation or methylation process in the liver. Some opioids, such as
fentanyl, metabolised via cytochrome p450 (CYP) isoenzymes. The genetic
variability of the cytochrome p450 significantly influences the metabolism
process of the related opioids (Chaves et al., 2017). Opioids are mainly exerted
through kidneys. Nevertheless, the accumulation of opioid metabolites in
kidneys could result into renal impairment, and develops renal opioid toxicity
(Niesters et al., 2013). The action of the commonly used opioids is reviewed in
Table 1-2.



Name Type Action

Alfentanil Fully synthetic | p-opioid receptors (UOR) agonist

Codeine Natural H-opioid receptors (HOR) weak agonist

Diamorphine | Semi-synthetic | y, K, 0 receptors agonist, predominant to
(heroin) HOR

Fentanyl Fully synthetic | b, K, 0 receptors agonist, predominant to
HOR

Morphine Natural M, K, & receptors agonist, predominant to
HOR

Pethidine Fully synthetic | K receptors agonist

(meperidine)

Tramadol Fully synthetic | Weak pOR agonist

Table 1-2 The action of commonly used opioids
The data are retrieved from the DrugBank and PubChem database (http://www.drugbank.ca)
(https://www.pubchem.ncbi.nim.nih.gov)
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1.7.2.1 Opioids’ agonists/antagonists

Agonists of opioids modulate pain via the peripheral, neuraxial or systemic
administration (Stein and Machelska, 2011, Stein and Zollner, 2009, Schumacher
et al., 2004). The systemic administration of opioids results in side effects, such
as respiratory depression, depending on the dose, route of admission and
distribution. Some opioids, such as buprenorphine and butorphanol, are mixed
agonists/antagonists, which act as agonists in small doses and antagonists at
higher doses (Stein and Zollner, 2009). Opioid’s receptors have the same
analgesic effect but different side effects, which may result from the variability
of regional expression and plasticity. For example, mu-receptors mediate
respiratory depression, nausea and constipation, while kappa-receptors mediate
diuretic and sedative effects (Stein, 2007). Opioid antagonists are mainly used to
treat constipation, which is a common side effect of opioid intake. Opioid-linked
constipation results from the stimulation of intestinal and central mu-opioid
receptors. Laxatives represent an alternative solution for opioid-linked
constipation (Holzer, 2009). Moreover, naloxone and its derivatives
(methylnaltrexone) are introduced as mu-opioid antagonists and are used to
reduce analgesia or drug overdose withdrawal (Diego et al., 2011, Pattinson,
2008).

1.7.2.2 Opioid’s tolerance

Tolerance is defined as a decrease in the drug effect after repeated exposure of
the same dose, and the need to increase the dose in order to produce an
equivalent effect. All opioids are subjected to differing levels of tolerance
development. For instance, respiratory depression tolerance develops faster
than constipation (Collett, 1998, McNicol, 2008). Opioid-induced adaptation is
linked to several procedures, which start with the alteration of opioid receptors
signalling and extends to neural development of adapted behaviour. The
intended pharmacodynamic mechanism involves opioid receptor-G protein
uncoupling that causes the receptor’s internalisation/recycling to subside and
increases the N-methyl-D-aspartate (NMDA) receptor’s sensitivity (Stein, 2007,
Williams et al., 2013).
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1.7.3 Endogenous opioids

Endogenous opioids (EO) are peptides that are distributed within the body and
CNS. Those peptides interact with the CNS as neurotransmitters in order to
control pain and enhance the neuroendocrine interaction (Adams et al., 1986,
Toubia and Khalife, 2019). The key precursors of EO are pro-opiomelanocortin
(POMC), pro-enkephalin (POE) and pro-dynorphin (POD), which produce 20
known types of EO that are categorised into four main categories (enkephalins,
endomorphins, dynorphins and endorphins) (Corder et al., 2018, Vuong et al.,
2010). In detail, opioid exposure, 75 mg pe pellet implanted in rats for 7 days,
alters the B-endorphin levels and the HPA axis by affecting the regulation of the
POMC gene in the hypothalamus (Bronstein et al., 1993b); therefore, it
decreases the hypophyseal B-endorphin concentration (Gudehithlu et al., 1991).
In contrast, a chronic administration of naltrexone (10 mg pellet for 8 days)
significantly elevates POMC mRNA levels 140% from control level (Bronstein et
al., 1993a). In fact, the increased level of plasma B-endorphin is linked with
obesity in mice (Recant et al., 1983), and the decrease of u opioid receptor
binding sites may enhance the receptor’s binding affinity and trigger

hyperphagia (Khawaja et al., 1989).

The distribution of EO varies in relation to the main group. For example,
endomorphin-1 is found in the brain while endomorphin-2 is distributed along
the spinal cord (Waldhoer et al., 2004). In addition, Enkephalins are located
within KF (Hermanson and Blomqvist, 1995) and distributed along KF neurons and
the parabrachial plexus, which express pro-pro-enkephalin mRNA (PPEM)
(Engstrom et al., 2001, Hermanson and Blomqvist, 1997). Also, B-endorphins
were identified in a moderate to high level of distribution in the parabrachial
plexus of the rodents, but no distribution was acknowledged within the KF
neurons (Palkovits and Eskay, 1987). Despite the fact that exogenous opioid
effect was reviewed among several studies (Prkic et al., 2012, Saunders and
Levitt, 2020, Varga et al., 2020), not much research has been conducted to

analyse the EO effect on KF.
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The concentration of endogenous opioids is raised in both the foetus and the
mother during pregnancy, thereafter it decreases to the postnatal control level.
However, an exposure to exogenous opioids in the perinatal period will result in
an increase of the EO level up to 100 times in the foetus. This elevation remains
up to 40 days postnatal until it returns to the normal average (Panerai et al.,
1983). YOR are ascertained to be the principal receptors for exogenous opioids,
such as morphine and heroine, beside the endogenous p-endorphin. These
receptors are found to be active within the CNS at 12-13 weeks of gestation (Ray
and Wadhwa, 1999). Therefore, an exposure to exogenous opioids in utero will
affect the affinity to EO. Indeed, some studies have indicated that altering the
EO receptors earlier in life may lead to long-term effects on the cognitive

function (Victoria et al., 2015).
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1.8 Opioids’ influence on the physiological process

1.8.1 The effect of opioids on the respiratory system

Opioids are known to cause a depressive effect on the respiratory pattern which
includes a reduction in the breathing rate, a change in the tidal volume and a
decrease of the upper airway patency (Ferguson and Drummond, 2006). Yet,
some patients suffer from hypersensitivity to opioids that becomes remarkable
with the extensive depression of the breathing pattern, such as elderly and
obese patients (Desrosiers, 2006). Therefore, several studies have been
conducted to understand the mechanism of opioid effect on respiratory
patterns, beside the substantial hypersensitivity that patients develop when
given the common clinical doses of opioids. Concerning the fact that opioid
receptors have a major role in controlling respiratory neural centres in the
brainstem (Akil et al., 1984), those receptors could be found in other higher
centres such as the thalamus and anterior cingulate cortex (McKay et al., 2003).
Hence, opioid receptors could be found in other sites around the body like the
carotid body and the mechanoreceptors located in the respiratory tract linings
(Kubin et al., 2006, LUNDBERG et al., 1979).

The opioid’s effect on respiratory patterns is brought by the pOR, which is a
subtype of GPCRs found within the preBotC neurons as a part of NKR1 neurons
expression (Montandon et al., 2011, McKay et al., 2005). The systemic
administration of fentanyl, u opioid receptor agonist, results in a reduction of
the respiratory rate. The respiratory depression is reversed by introducing a
naloxone, u opioid receptor antagonists, into the artificial cerebral spinal fluid
(aCSF), which is perfused within the preBotC (see Figure 1-7). The activation of
HOR is triggered by a negative coupling to adenylate cyclase, which starts the
inhibitory cycle pathway (Law et al., 2000). This will lead to a closure of calcium
channels and provoking of the potassium efflux (see Figure 1-6). According to
the stated intracellular changes, the neural excitability is reduced and the

breathing pattern is consequently affected (Lonergan et al., 2003).
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Figure 1-6 Opioid receptors’ signalling process

The activation of JOR evokes changes that initiate an intracellular signalling process. The latter
inhibits the adenyl cyclase and reduces cAMP, which results in closing of the calcium channels and
stimulation of the potassium efflux. The end product of the mentioned intracellular changes is a
reduction of the neural excitability that affects yOR in the CNS (Stein, 2016).
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Despite the fact that opioid effect on respiratory neurons was linked to preBotC,
the Kolliker-Fuse nucleus (KF) had shown an pOR expression under
immunohistochemistry and in situ hybridisation in rodents (Erbs et al., 2014,
Chamberlin et al., 1999, Ding et al., 1996). Also, a sufficient expression of delta
opioid receptors (DOR) on site was documented by (Cabhill et al., 2001). On a
physiological basis, HOR expression neurons were linked to KF (Levitt et al.,
2015, Varga et al., 2020) and parabrachial nuclei (Miller et al., 2017, Prkic et
al., 2012). In addition, a lack of somatodendritic function of DOR was the result
of HOR antagonist CTAP (d-Phe-Cys-Tyr-d-Trp-Arg-Thr-Pen-Thr-NH;) (Levitt et
al., 2015), and the deletion of pOR neurons (Varga et al., 2020).
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Figure 1-7 Systematic fentanyl administration depresses respiratory rate by targeting
preBotC

A systemic administration of fentanyl (intravenous, 1V) accompanied by artificial cerebrospinal fluid
(aCSF) injection in the preBotC results in respiratory suppression and a decrease in the
genioglossus (GG), diaphragm (Dia) muscles activity and blood pressure (a) and (c).However,
naloxone administration prevents the respiratory rate suppression that is caused by the systematic
fentanyl injection, and the drop of GG muscle and blood pressure remains unaffected (b) and (d).
Reproduced from (Montandon et al., 2011)
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1.8.2 The effect of opioids on CBF

In the beginning, opioids were considered to have no effect on CBF, as the
studies conducted were backed by low-resolution techniques, such as TCD,
which measures the blood flow velocity through the middle cerebral artery to
estimate the CBF without considering the regional changes of CBF in certain
cerebral areas. Thereafter, high-resolution techniques were utilised to analyse
the regional changes of CBF, such as magnetic resonance imaging (MRI) and
positron immersion tomography (PET). The latter had identified the changes of
regional CBF after opioids administration, which differs in certain cerebral
areas. For example, systematic fentanyl exposure in humans results in an
increase of CBF in prefrontal cortex and caudate (Firestone et al., 1996, Zelaya
et al., 2012). Also, morphine and hydromorphone revealed a similar effect on
the regional CBF changes (Schlaepfer et al., 1998). Yet, remifentanil
administration has a dual action on the regional CBF, which starts with an
increase of CBF at low to moderate dose followed by a dose-dependent decrease
of CBF under normocapnic conditions (Fodale et al., 2008, Lorenz et al., 2000).
See Table 1-3 for the effect of opioids and other anaesthetic agents on CBF. The
systemic administration of opioid’s antagonist, such as naloxone, decrease the
CBF (Theodore et al., 1993). Therefore, a neural protection utilisation was
attributed by opioid antagonists (naloxone) in order to preserve the blood flow
in spinal cord injuries (Flamm et al., 1982, Erman et al., 2004). The key role of
the neural protection properties of opioid antagonists is based on the
competition that arises between the opioid antagonists and endogenous opioid

agonists on the opioid receptor signalling process (Slupe and Kirsch, 2018).
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agent Blood flow References
an;’gif__‘ﬁgfics ncrease | (Kadoi et al., 2009, Jung et al., 2014, Li
(isoflurane) etal., 2014)
. . (Reinstrup et al., 2008, Field et al.,
Nitrous oxide Increase 1993)
Probofol Decrease (Kaisti et al., 2003, Schliunzen et al.,
P 2012)
Ketamine Increase (Zeiler et al., 2016, Oren et al., 1987)
Opioids Dose-specific (Zelaya et al., 2012, Fodale et al., 2008,

Lorenz et al., 2000)

Benzodiazepines

Decrease

(Matthew et al., 1995, Roy-Byre et al.,
1993, Finelli et al., 2000)

Lidocaine

Dose-specific

(Adinoff et al., 2009, Kastrup et al.,
1990, Lam et al., 1993)

Table 1-3 The effect of anaesthetic agents on CBF
A summary of the influence of common anaesthetic agents on CBF
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1.8.3 Opioid effect on hormones, HPA axis and stress

Beside the increased demand of opioid prescriptions, many studies reviewed the
side effects of the drugs. Some common side effects of opioids on the endocrine
system have been acknowledged for more than four decades (Morley et al.,
1980, Delitala et al., 1983), but the full picture of the endocrinopathies has not
been revealed yet, because of the lack of symptoms reporting criteria and the
awareness concerning the effect of opioids on the endocrine system (Hochberg
et al., 2019, Saeed et al., 2019). See (Table 1-4) for more details about the

effect of opioids on hormone secretions.

Opioid exposure stimulates the hypothalamic-pituitary-adrenal axis (HPA), which
activates the secretion of corticotropin-releasing hormone (CRH). The latter
stimulates the adrenocorticotropic hormone (ACTH) and results in producing
corticosterone hormone in rodents and cortisol (CORT) in humans as a response
to the stressful provocation. The end product, corticosterone and cortisol, acts
as negative feedback towards the hypothalamus as a part of the stress
adaptation (Ignar and Kuhn, 1990, Glahn et al., 2013) (see Figure 1-8). In
rodents, acute exposure to morphine (0.06 mg/kg subcutaneous) leads to a
significant increase in the plasma adrenocorticotropic hormone (ACTH) levels
(Jezova et al., 1982). Also, acute morphine administration (0.02 mg/kg i.p.), in
rats, exaggerates the stress response of hypothalamic-pituitary-adrenal axis
(HPA axis) (Buckingham and Cooper, 1984). In rats, the chronic exposure to
opioid analogues (morphine 2mg/kg daily for 7 days) results in a reduction of
ACTH levels (Houshyar et al., 2001), and the treatment with morphine
subcutaneously twice a day raises the corticosterone levels (Little and Kuhn ,
1995). The effect of opioids on adrenal function is highly suggested, once
naloxone administration increases the cortisol concentration in patients suffering

from hypothalamo-pituitary malfunction (Coiro et al., 2011).



Acute Chronic

Hormone

Animals Humans Animals Humans
GH

+ + = ?
PRL

+ + + +/=
TSH

- + ? ?/=
ACTH

+ - -/+ -/=
LH
FSH
Estradiol

- - —_— -/=
Testosterone
AVP

+/- +/- +/- +/-
oT

- - -/= -/=

Table 1-4 The effect of opioids on the endocrine system

(+ stimulation) (- inhibition) (+- uncertain) (= no change) (? No studies obtained). Abbreviations,
growth hormone (GH), prolactin (PRL), thyroid-stimulating hormone (TSH), adrenocorticotropic
hormone (ACTH), luteinizing hormone (LH), follicle stimulating hormone (FSH) arginine
vasopressin (AVP), oxytocin (OT). The table is extracted from (Vuong et al., 2010).
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Figure 1-8 The effect of opioids on the HPA axis and stress response

The acute exposure to opioids triggers the HPA axis and enhance the secretion of CRH hormone.
In rodents, acute exposure to opioids leads to increase of ACTH secretion, while humans studies
showed a decrease of ACTH hormones after opioids administration. The increased level of stress
hormones (corticosterone and cortisol) initiate a negative feedback pathway that inhibits the CRH
and ACTH secretion.
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The long-term use of opioids is associated with the suppressive effect on the
HPA axis in patients with chronic pain. Two studies were conducted on the
hypoadrenalism linked to the chronic use of opioids (Abs et al., 2000, Valverde-
Filho et al., 2015). Despite the fact that studies backed the secondary
biochemical adrenal insufficiency, several studies reported clinical
manifestations of hypoadrenalism in patients who receive oral opioids (Debono
et al., 2011, Das, 2014). In addition, hypoadrenalism was noticed with opioid
addicts, who receive diamorphine treatment (Gerber et al., 2012). Also, heroin
addicts are diagnosed with impaired ACTH circadian rhythm and reduction of the

basal ACTH and cortisol concentration (Facchinetti et al., 1984).

To summarise, the inhibitory action of opioids on the HPA axis could be obtained
with acute or chronic consumption of the drug. Nevertheless, a clear image and
the actual process has not been defined yet. Indeed, the chronic exaggerated
stress response may contribute to the HPA axis and may trigger changes in the

hormonal concentration and responses.
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1.9 Thesis aims

The aims of the thesis are as follows.

To investigate the chronic effect of opioids exposure, at the age of P1-P5 and

P9-P13, on breathing pattern at adulthood.

To investigate the acute opioids effect on CBF, utilising a laser speckle device.

To analyse the chronic effect of repeated opioids exposure, at the age of P1-P5

and P9-P13, on cerebral blood flow.

To assess the vulnerability of respiratory function to fentanyl challenge under

anaesthetic.

To analyse the chronic effect of the repeated opioids exposure, between P9-P13,

on the HPA axis, endogenous f-endorphin level and weight gain.

To investigate the long-lasting effect of repeated opioids exposure, between P9-
P13, on the pPOR distribution within the brain, utilising autoradiography

technique.

Investigating the chronic effect of opioids exposure, between P9-P13, on the

HOR neural expression within the brain, utilising the IHC technique.



Chapter 2

Methodology
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2.1 Animals

The experimental animal procedures were performed under the regulations of
the UK Home Office (personal licence number i51F7C81D, and project licence
number 60/4558). The studies were designed in correspondence with the
Animal's Scientific Procedure Act, 1986. The experimental procedures were
conducted on ICR mice, which were acquired from HARLAN. Pregnant dams were
ordered and delivered to the housing facility at the Veterinary Research Facility,
Garscube campus, University of Glasgow. The pups were kept with the mother
up to the age of 21 days, when they were weaned. Then, the male and female
mice were housed in separated cages, with a maximum of 4 mice per cage. Also,
an ear-piercing technique was applied to identify individual mice within the
cage. The light/dark cycle was 12 hours duration, with no dietary modifications.
Day of birth is referred to as postnatal day (P0). The age categories used in this

study were neonate (P0-P7), juvenile (P8-P21) and adults over P21.
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2.2 Postnatal injection

The experimental groups were defined in regard to the age when the postnatal

fentanyl exposure occurred:

» Group 1 - Neonatal Fentanyl (NN-FEN) This group received a daily
injection of fentanyl (0.04 mg/kg i.p.) for 5 days from postnatal day 1
(P1) to postnatal day 5 (P5) injection at the age of (P1-P5) once daily).

» Group 2 - Neonatal Saline (NN-SAL) An equivalent volume of

physiological saline was given once daily at the age of P1-P5.

» Group 3 - Juvenile Fentanyl (JUV-FEN) This group was introduced to a
daily injection of fentanyl (0.04 mg/kg i.p.) between P9-P13.

» Group 4 - Juvenile Saline (JUV-SAL) A daily equivalent volume of the

physiological saline was given to this group at the age of P9-P13.

Fentanyl citrate (p-opioid receptor agonist) (Janssen-Cilag, UK) was acquired
with a concentration of 50 pg/ml. It was administered intraperitoneally (i.p.).
An essential dose was given after birth 0.04 pg/kg once daily in correspondence
to the age group, and for the control group an equivalent volume of the normal
saline was introduced as an alternative for fentanyl. The fentanyl was dose
adjusted to 0.04 mg/kg as previous in vivo studies have found that this dose
induces a significant respiratory depression in neonatal rodents without

triggering significant side effects (Greer et al., 1995; Laferriere et al., 2005).
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2.3 Plethysmography

Plethysmography apparatus was used to assess the awake respiratory function in
mice, by measuring the pressure changes within the chamber in a freely
behaving animal. The apparatus is made up of a group of devices that include
two chambers, temperature monitor, calibration needle, pressure transducer
and an air humidifier. Starting with the two chambers used in the
plethysmography, the first one is a 700 ml recording chamber where the mouse
is placed, and the second chamber is a reference chamber that has a similar
volume. Both chambers are connected to the pressure transducer (model DP103-
4, Validyne Engineering, Northridge, CA), which detects the pressure difference
between the chambers and send it to the analogue-to-digital converter (CED,
Cambridge Instruments, UK), executing a 100 Hz sampling frequency. The digital
signals are analysed, once stored in the PC, using Spike 2 software (Cambridge

Instruments, UK).

A plethysmography recording chamber is fitted with a temperature probe (RET-
3, Physitemp Instruments Inc, USA) that indicates the chamber’s temperature
during the recording, and a humidified air is also delivered to the chamber at a
rate of 2 L/min. A leak is set on each chamber (recording and reference), using a
26-gauge needle (Terumo, Exchange Supplies UK), which helps in standardising
the thermal drift that disturbs the pressure signal. In addition, a calibration
syringe is connected to the recording chamber to inject a known volume of 100

gl of room air at the end of the recording. See Figure 2-1.
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Figure 2-1 Plethysmography apparatus

The picture shows the plethysmography apparatus that comprises four main parts (recording
champers, reference chamber, Validyne and the air humidifier). The recording chamber, where the
mouse is placed through the experiment, receives the air from the humidifier at a rate of 2 L/min,
and it is connected to the temperature monitor. It has three output tubes, one is for air output, the
second is linked to the reference chamber and the last one is for the calibration needle. The
reference chamber is connected to the recording chamber and Validyne.
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The plethysmography experiment starts with habituation of mice to the
plethysmography chamber. Mice are placed into the recording chambers for two
hours on two separate days, so they become familiar with the surrounding
environment and behave normally on the day of the procedure. A typical
protocol for recording breathing pattern using plethysmography is as follows.
Mice are habituated in the chamber for a period of 60-90 minutes. During this
period the mouse settles within the recording chamber, and three control
breathing recordings are taken to assess the baseline breathing parameters.
Each recording lasts up to 2 minutes while airflow to the recording chamber is
blocked at this point, to maintain a constant air pressure within the chamber,
and deliver accurate pressure changes that are excreted by breathing
movements caused by the mouse. After that, the mouse is removed from the
recording chamber, and receives an injection of FEN 0.06 mg/kg IP. Once the
injection is given, the mouse temperature is measured by a rectal probe (RET-3,
Physitemp Instruments Inc, USA), and the mouse is put back into the chamber
(Buxco Research Systems, USA). The effect of FEN on breathing function is
measured right after the FEN injection is given at 5 minutes post injection (T5),
10 minutes post injection (T10) and 15 minutes post injection (T15). Then,
additional breathing recordings are taken on specified time points after the FEN
administration 30 minutes post injection (T30), 45 minutes post injection (T45)
and 90 minutes post injection (T90). Each recording lasts for two minutes within

the individual time point. See Figure 2-2.

Fentanyl injection

Habituation Control recordin i
g 0.06mg/kg Post fentanyl recording
? ? o
? ? ? ? ? ?
45-90 i
_ Three c.ontrol recordings T0 T5 T10 T15 T30 T45 T90
minutes (two minutes each)

Figure 2-2 Plethysmography experiment timeline

The figure provides an illustration of the plethysmography experiment, which starts with a
habituation period, that is followed by three control recordings to determine the baseline of the
breathing function. After that, FEN is administrated, and breathing is evaluated in individual time
points to follow up to 90 minutes post-injection.
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2.4 Laser speckle imaging CBF

The laser speckle imaging technique (LS) has been used to record the real-time
blood flow changes. It had been introduced into experimental models to analyse
the CBF changes and the collateral blood flow dynamics. Generally, LS device is
cheaper than MRI, CT and ultrasound, used for similar experimental purposes.
The LS device has two main parts: the laser light source and the charged couple
device camera (CCD). The laser light source produces a 785 nm wavelength,
which illuminates the red blood cells (RBC) on the sample’s surface. The surface
vasculature reflects the laser light as a backscattering signal recorded by the
CCD. The static RBCs, with no flow, produce a stationary speckle pattern. Yet,
the moving RBCs produce a dynamic speckle pattern, which is a blurred image

indicating the level of blood flow (Perimed, 2018).

Laser speckle experiment is conducted on 10-week-old ICR mice, one week after
the awake fentanyl challenge study (plethysmography). The experiment is a
continuation of the long-term assessment of the earlier exposure to fentanyl. In
this part of the experiment, an adult ICR mouse is brought to the theatre, and
an initial dose of urethane anesthetic is given (1.5 mg/kg i.p.). This dose of
anesthetic is followed by three top-up doses (0.25 mg/kg i.p.) with 15 minutes
between each top-up dose. Accordingly, urethane was chosen as the preferred
anesthesia in these studies since it has a minor effect on respiration rate that
mimics the rapid-eye-movement (REM) sleeping pattern, unlike other anesthetic
agents, such as Isoflurane which is commonly used in rodent’s anesthesia
(Pagliardini et al., 2013). Mice were continually monitored throughout the

experiment and paw reflex tested to check full anesthesia. See Figure 2-3.
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Laser speckle study starts with anaesthetising the mouse with urethane injection 1.5 mg/kg i.p., which is followed by three top-up injections of urethane 0.25 mg/kg i.p.
Once the mouse delves into deep state of anaesthesia, a placement within the stereotaxic frame takes place and followed by a scalp incision. The live recording starts
right after, using PIM software to investigate the cerebral blood perfusion. Once the baseline data were taken (5-10 minutes), fentanyl injection (0.04 mg/kg i.p.) was

given and CBF recording resumes up to 90 minutes.
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2.4.1 Surgical preparations

Once a deep level of anaesthesia was maintained and paw reflex disappeared,
the mice were then placed in a stereotaxic frame on prone position, where the
head was secured using ear bars and a snout clamp to avoid any movement
during laser speckle imaging. After that, a midline incision was made on the
scalp to expose the skull. Additionally, monitoring devices were included in this
stage in order to supervise the general state of the anaesthetised mouse, which
are Pulsoxiometer, pressure pad, warming pad and a rectal thermometer. At the
end of the experiment, the mouse was euthanised by cervical dislocation
manoeuvre, as the experiment was a terminal procedure in this longitudinal

study. See Figure 2-4.

Wrming

mat

Figure 2-4 Anaesthetised fentanyl challenge set-up

The mouse was placed in a prone position, with the skull exposed for the laser speckle camera
recording. Also, a warming mat was used to maintain the mouse temperature during the
experiment, and a pulsoxiometre device attached to the left thigh in order to provide monitoring
data about heart rate and approximate respiratory rate.
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2.4.2 Live recording of the dynamic CBF changes

A live recording of the CBF dynamic changes is obtained by LS device, then it
was analysed with PIM software that is provided by the manufacturer (Perimed,
2018). The recording cam was placed at 10 cm from the skull, the diffusion
depth of the recording of the changes was 0.5 mm below the exposed skull (Tian
et al., 2011; Davis et al., 2014). The imaging specifications were set to 1.4 * 1.4
field view, resolution 0.02 cm and 0.5 image/second. A 10-minute baseline
period was used to set up the baseline perfusion rate, in reference to the
arbitrary unit (a.u.). After the baseline recording was completed, a fentanyl
injection was administered (0.04 mg/kg i.p.), and the recording was resumed up

to 90 minutes post-fentanyl administration. See Figure 2-5.
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Figure 2-5 Laser speckle data presentation and analysis
The graph provides the data presentation within the PIMSoft software (PIM). The Y axis reflects the arbitrary unit of blood flow in the assigned ROI. The higher value is
higher blood flow in the region. The X axis stands for the time, and the dashed line is the point when fentanyl was introduced into the study.
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2.5 Enzyme-linked immunosorbent assay (ELISA)

2.5.1 Sample collection and processing

The ELISA test (Cusabio Biotech UK) was utilised in the study to follow up the
chronic effect of the neonatal fentanyl exposure on the levels of the enzymes
and stress response later in life. The sampling process starts by taking tail blood
samples at weeks 6, 8 and 10 for B-endorphin levels analysis. Later, another tail
vein sample is taken, at the termination point, at week 12 and it is accompanied
with a cardiac puncture sample and hair sample. An illustration of the sampling
process is provided at Figure 2-6, and more details are to be discussed later in

the relevant chapter.
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Figure 2-6 ELISA sampling (B -endorphin and corticosterone) process

75

Collecting the samples for ELISA analysis starts at 6 weeks old, and ends at the termination point (12 weeks old). Three tail vein samples are collected essentially at
three different time points, and this is followed by a fourth sample that is taken beside cardiac puncture and hair sampling too.
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2.5.2 Hair samples (corticosterone level)

At the age of 12 weeks, hair samples were collected from the mice group that
received fentanyl injections between P1-P5 NN and P9-P13 JUV. The mice were
injected with phenobarbital (0.1ml) intraperitoneal at the terminal phase of
autoradiography and cryostat procedures. Hair samples were pulled from the
back of the mice and stored in a dry vial at room temperature. Next, the
samples were weighed, then washed with diluted methanol 20% (HPLC-grade
methanol). Each wash required 2 ml of HPLC-grade methanol and placing the vial
into the shaker set on 200 spins/minute for 2 minutes. Each hair sample took up
to 3 washes, then vials were placed into the fume hood with no cap for 18-24
hours, so the remaining of the washing solution evaporated. After that, 2 ml of
methanol (MeOH) was added to each vial, then placed on the orbital shaker at
52°C for 16 hours. The next day, MeOH was extracted from each vial and
dispensed into a 12x75mm glass tube. Later, glass tubes were placed into the
SpeedVac (Thermo Scientific, UK) , set on medium temperature, and kept for 2
hours, so the MeOH evaporated and the steroids dried at the bottom of the vials.
The end product after evaporation process was sealed with a plastic cover and

stored in the lab freezer for later analysis with an ELISA kit. See Figure 2-7.
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Figure 2-7 Hair sample preparation for ELISA test
Hair samples were collected at the age of 12 weeks old. It was stored in a dry place, then washed with methanol two times for 2 minutes. Methanol was aspirated and

samples were left to dry for 18-24 hours at the fume hood. Then, 2 ml of methanol was added to the hair sample’s vial and kept on the orbital shaker for 16 hours, set
on 52°C. Methanol, containing steroids from hair samples, as aspirated again and placed into a separate vial, which as spun at the SpeedVac and dried. So, the
methanol evaporated and steroids descended to the bottom of the vial, which as analysed later with ELISA test for corticosterone levels.
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2.5.3 Blood samples (B-endorphin level)

Blood samples were collected in three different time points for each mouse. The
mice group involved in this cohort was introduced to fentanyl earlier in life, the
same group of mice that were involved in the autoradiography study. Hence,
these mice were introduced to fentanyl at the age of P9-P13. Then, blood
samples were collected at the age of 6, 8 and 10 weeks. Indeed, blood sampling
was acquired by tail vein at each time point; moreover, a cardiac blood sample
was collected at the age of 12 weeks, and the tail blood sample was taken the

same day.

The blood sampling process was designed following the 3Rs recommendations,
including the technique, sample volume and the timing of the sampling.
Accordingly, mice were placed in the restraining apparatus that restricts the
mouse movements and keeps the tail free for sampling. A side cut is made on
the tail vein using a blade, then dripping blood is collected directly by
heparinised Eppendorf. Once the 200 microliter blood sample is acquired, the
samples are stored into an icebox. After that, samples were spun for 10 minutes
at microcentrifuge (Sigma 1-14 Microfuge, Sigma®, Germany), and plasma was
pipetted and kept on isolated Eppendorf. Then, plasma was stored in -60°C

freezer in order to be analysed with ELISA kits later. See Figure 1-4.

The cardiac puncture was performed at the terminal experiment, when mice
were euthanised by phenobarbital as a part of the brain dissection process,
which is illustrated in detail at 1.6. In order to perform the cardiac puncture, a
thoracotomy was mandatory and mid-clavicle cuts were done in parallel lines, so
the rib cage could be everted and the heart exposed for sampling. Consequently,
a 23-gate needle was used to pierce the heart at the left ventricle and blood
was withdrawn gradually up to 1 ml. Once the samples were collected and
stored in dry ice, center fusion was done for 10 minutes and serum extracted

and stored in a separate tube at -60°C in a freezer, for later analysis.
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2.6 Autoradiography

The brain samples used in this study were dissected from mice that are exposed
to fentanyl after birth, at the age of (P9-P13). At the age of 10 weeks, the mice
were injected with phenobarbital (0.1ml) intraperitoneal; as soon as the reflexes
faded, brain dissection was carried out. Once the brain was excised from the
skull, it was immersed in isopentane solution that was poured into a metal
bucket which was surrounded by dry ice. This step may take up to 10 minutes.
After that the brain sample was ready for preservation at - 80°C in a freezer,

and cryostat sectioning later.

2.6.1 Cryostat

Frozen brain samples were retrieved from the -80°C freezer and each sample
was cut into two parts (brainstem and cortex) by a blade. Each part was
mounted on a separate chunk and fixed by Cryomatrix (Thermo Fisher Scientific,
Cheshire, UK) at -20°C, or dry ice. When the brain was fixed and enclosed by the
Cryomatrix, the chunk was placed in the cryostat sectioning device at -20°C.
After that, micro-sectioning was commenced and set on a 20-micrometre width
for both parts (brainstem and cortex), and the sections are collected to plates

for future processing.

2.6.2 Incubation and film exposure

First of all, stored brain samples were retrieved from the -80 °C freezer and
washed (50 mm Tris-HCl buffer) 3 times for 5 minutes each. After that, slides
were incubated in 4 nm [3H] DAMGO for 60 minutes. Another wash (50 mm Tris-
HCl) was conducted 3 times for 5 minutes each, after incubation with the [3H]
DAMGO. Then, slides were left to dry at room temperature and placed into
cassettes; exposed to Kodak bio-max films up to 15 weeks post-incubation. In
the period of films exposure, cassettes were stored at 4°C, and test cassettes
were opened at weeks 9, 12 and 15 to assess the film's development during the
exposure period. Test cassettes were processed to develop and fix the film
reaction; then the development level was measured and weighted against
standard slides. Once an adequate level of development was obtained, the

remaining cassettes were retrieved and analysed.
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2.7 Immunohistochemistry

2.7.1 Perfusion

The perfusion procedure was carried out on mice that were involved in the
immunohistochemistry study. This started with the administration of a single
dose of phenobarbital (0.1ml) intraperitoneal, which was followed by testing the
withdrawal reflexes. Once a suitable anesthetic state was attained, removal of
the superficial ventral skin took place. Therefore, the thoracic and peritoneal
cavity membrane became visible. A cut was made below the sternum in order to
disclose the diaphragm. After that, an incision was made through the diaphragm
on the lateral side, in order to expose the respiratory cavity and avoid damaging
the internal organs (e.g. lungs and heart). Once the heart became visible, a
butterfly needle (Butterfly-23 INT, Venisystems) was used to penetrate the left
ventricle. The needle was attached to the perfusion system with the aim of
replacing the circulatory blood with PBS by the end of the process. Once the
butterfly needle was fixed through the left ventricle, a cut was made on the
right atrium, and an influx of heparinised normal saline (10 ml heparin/1 1 0.9%
saline solution) was commenced by the perfusion set, which was connected to
the butterfly needle. The flushing process can take up to 30 seconds, and the
constant pressure of influx was set to 80 mmHg. Accordingly, a changing of the
liver’s colour to pale is an early sign of successful clear out of blood from the
vascular system. After that, the perfusion solution was switched to 4%
paraformaldehyde, up to 250 ml with the same constant pressure. Stiffness of
extremities is a useful indication of a successful perfusion, and this is followed
by brain excision from the skull. After that, an immersion of the brain sample
into 4% paraformaldehyde took place for up to 4 hours, then the sample was

transferred to 30% sucrose vial.
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2.7.2 Antibodies incubation (primary and secondary)

After perfusion and brain dissection, samples were immersed into sucrose and
stored in the lab fridge. Next, brain samples were retrieved and rinsed into the
PBS buffer. After that, the brain was cut coronally into two parts (brainstem and
cortex), and both parts were placed on a separate plate and covered with
agarose 5%. Agarose helps to segment samples via a vibratome and preserves the
sample consistency. Once the sample is positioned in the vibratome, the micro-
sectioning starts to segment 60- micrometer samples (caudal-cranial), for the
brainstem; and (cranial-caudal) for the cortex part. Samples were collected in
48-well plates, in order, to select the required samples that take place when the
micro-sectioning is over. After that, samples were allocated four vials and rinsed
into glycerol in order to be stored at -20°C in a fridge. On the day of antibody
incubation, the vials are retrieved, and glycerol was rinsed with PBS (double
salt) a couple of times. Then the samples were incubated into the primary
antibodies for 48 hrs. After that, the samples were washed three times in PBS
and incubated into secondary antibodies overnight. The next day, another
washing with PBS (3 times) took place, then samples were mounted on anti-fade

medium slides.
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Chapter 3 The long-term effects on breathing
pattern following opioid exposure in early life in
ICR mice.
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3.1 Introduction

The respiratory system is characterised as immature, vulnerable and unstable at
birth and in the early days of life, with breathing pattern being susceptible to
external environmental changes and distresses during this age window (Read and
Henderson-Smart, 1984). Beyond the first week of life in rodents, the respiratory
system matures leading to a breathing of increased frequency and rhythmicity
(Hilaire and Duron, 1999). The retrotrapezoid nucleus/parafacial respiratory group
(RTN/pFRG) is considered to be the origin of the breathing rhythm in the neonatal
rodent. In the neonatal brainstem-spinal cord preparation, the RTN/pFRG produce
rhythmic activity that is linked to the pre-inspiratory signals that precede the
onset of inspiration (Onimaru et al., 2008, Onimaru and Homma, 2003). These pre-
inspiratory signals are not observed from RTN/pFRG neurones in vivo studies
conducted on adult rodents (Stornetta et al., 2006, Mulkey et al., 2004); which
indicates a change in the breathing oscillator from neonatal to adult. On the other
hand, the preBotC is acknowledged as a critical site for respiratory rhythmogenesis
in mammals which drives the rhythmic contractions of the inspiratory muscles
(Mellen et al., 2003; McKay et al., 2005; Janczewski and Feldman, 2006; McKay
and Feldman, 2008; Tan et al., 2008).

Several studies have highlighted the role of preBotC in the opioid induced
respiratory depression (Gray et al., 1999; Takeda et al., 2001; Mellen et al., 2003;
Montandon et al., 2011),as applying DAMGO (a pOR agonist) directly to preBotC
neurones in vitro results in a decrease in respiratory motor output; which is
reversed by Naloxone (UOR antagonist) (Mellen et al., 2003, Takeda et al., 2001).
In vivo, the systemic injections of DAMGO or fentanyl result in quantal slowing of
the respiratory frequency, which leads to complete respiratory arrest if injected
continuous and directly into preBotC (Montandon et al., 2011), while the
administration of naloxone systemically or locally into preBotC will reverse the

HOR agonists’ effect and stop the respiratory depression (Montandon et al., 2011).
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Clinically, respiratory function is monitored during the administration of opioids
(Niesters et al., 2013); however, the long-term respiratory outcomes of repeated
opioid exposure, especially during the first weeks of life, have never, to our
knowledge been investigated clinically or in pre-clinical animal studies. To date,
the pre-clinical rodent studies are focused on developing tolerance and reduced
sensitivity to the drugs, which are resulted from repeated opioid exposure early in
life (Thornton and Smith, 1998).

This study provides a novel insight into the long-term consequences of respiratory
patterns triggered by early repeated exposure at neonate and infant age.
Accordingly, fentanyl was introduced at the postnatal age P1-P5 and P9-P13 to
disturb the maturation process and produce a long-term effect on the breathing
pattern. After the repeated exposure to fentanyl early in life, mice were let to
grow without any additional intervention for up to 10-12 weeks. Finally, at the
adult age, respiratory measures (respiratory rate, tidal volume and minute volume)
are assessed to investigate the long-term changes triggered by the early exposure

to fentanyl.



3.2 Study aim

» To study the long-term effects on breathing pattern of postnatal (P1-P5)
opioid exposure.

» To study the long-term effects on breathing pattern of postnatal (P9-P13)
opioid exposure.

3.3 Hypothesis

The earlier exposure to opioids, postnatally, may cause alterations in breathing

pattern later in life.
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3.4 Materials and methods

3.5 Animals

The experimental animal procedures were performed under the regulations of the
UK Home Office (personal licence number i51F7C81D, and project licence number
60/4558). The studies were designed in correspondence with the Animals
(Scientific Procedures) Act 1986. The experimental procedures were conducted on
ICR mice, which were acquired from HARLAN. Accordingly, pregnant dams were
ordered and delivered to the housing facility at Veterinary Research Facility,
Garscube campus, University of Glasgow. The pups were kept with the mother up
to the age of 21 days, when they were weaned. Post weaning, male and female
mice were housed in separated cages, with a maximum of 4 mice per cage. Ear-
piercing allowed for identification of individual mice within the cage. The
light/dark cycle was 12 hours duration, with no dietary modifications. Day of birth
is referred to as postnatal day 0 (P0). The age categories used in this study were
neonate (P0-P7), juvenile (P8-P21) and adults over P21.
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3.6 Postnatal injection

The experimental groups were defined as follows:

» Group 1 - Neonatal Fentanyl (NN-FEN) n=8 Each mouse received one daily
injection of fentanyl (0.04 mg/kg i.p.) for 5 days from postnatal day 1 (P1)
to postnatal day 5 (P5)

> Group 2 - Neonatal Saline (NN-SAL) n=8 Each mouse received an equivalent

volume of physiological saline was given once daily P1-P5.

» Group 3 -Juvenile Fentanyl (JUV-FEN) n=8 Each mouse received one daily

injection of fentanyl (0.04 mg/kg i.p.) P9-P13.

» Group 4 Juvenile Saline (JUV-SAL) n=8 Each mouse received an equivalent

volume of the physiological saline P9-P13.

Fentanyl citrate (p opioid receptor agonist, 50 pg/ml, Janssen-Cilag, UK) was
administered daily (0.04 pg/kg i.p.) P1-P5 for group 1 or P9-P13 for group 3.

Control groups received an equivalent volume of the normal saline.
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At week 10-12, all mice were habituated to the plethysmograph apparatus prior to
recordings being made. On the day of recording, mice were given a period of time
to settle before three control recordings of 2 minutes duration were taken to
assess the baseline breathing parameters at rest. Upon completion of control
recordings, mice received an injection of Fentanyl (0.06 mg/kg IP), rectal
temperature was recorded, and mice were placed back into the plethysmography
chamber. Two-minute recordings of breathing pattern were taken at the following
time points post injection: 5 minutes (T5), 10 minutes (T10), 15 minutes (T15), 30
minutes (T30), 45 minutes (T45) and 90 minutes (T90); see Figure 3-1.

Fentanyl injection
0.06mg/kg

[ [ 1 1111
| | RN

45-90 Three control recordings TO T5 T10 T15 T30 T45 T90
minutes (two minutes each)

Habituation Control recording Post fentanyl recording

Figure 3-1 Plethysmography experiment

Plethysmography experiment timeline starts with a habituation period of 45-90 minutes, that is
followed by three control recordings that are taken to determine the baseline of the breathing
measures. Once the Fentanyl was administrated, breathing was evaluated in individual time points
across 90 minutes time window post-injection.
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3.7 Data analysis

The key software used for the Pleth study was Spike software (Cambridge, 2018).
Plethysmography data were exhibited as a waveform signal that was obtained via
the pressure changes delivered by the validyne (see Figure 3-2). The tidal volume
(Vt) was measured via (Drorbaug and Fenn, 1955) equation that was set for the
closed plethysmography pressure oscillation. The breathing cycle within the closed
chamber will change the pressure inside the chamber by a magnitude proportional
to the volume difference from the chamber to the airway conditions. In order to
calculate the Vt, other variables were taken at the time of the recording, such as
the mice and room temperature (see Figure 3-3). The mean average of the three
control recordings was taken as a baseline record of respiratory parameters for
each mouse in both groups (SAL and FEN). After that, the baseline data were set
up as an average line to evaluate any change of respiratory measures during the

course of the in-vivo experiment.
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Figure 3-2 Plethysmography data presentation and analysis
The graph shows the raw data extracted from the Pleth experiment and it is presented in a waveform
signal that illustrates the breathing cycle which starts with inspiratory and ends with expiratory.
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Figure 3-3 Obtaining the tidal volume through plethysmography data

Tidal volume (V) was calculated by using the equation developed by (Drorbaug and Fenn, 1955). It
started by converting the pressure change exerted by the calibrating needle Pk into volume Vi Also,
Pr stands for the pressure change with the respiratory cycle. The remaining variables at the equation
are (Tr) the mouse body temperature, (Tc) recording chamber temperature, (Ps) barometric pressure,
(Pr) pressure of water vapour at body temperature (50mmHg) and (Pc) pressure of water vapour in
the recording chamber (50mmHg).
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3.8 Statistical analysis

The statistical analysis was executed using GraphPad Prism 4 software. Data were
presented as mean + SD, and the level of statistical significance was set at p<0.05.
Unpaired t-test were used to analyse the difference in baseline mean average for
respiratory measures (respiratory rate, tidal volume and minute volume) between
the FEN groups and the SAL from the same age category (NN and JUV). After that,
the mean was taken from the respiratory measures at several time points (T5, T10,
T15 ... T90), and two-way Analysis of Variance (ANOVA) test was performed to
analyse the difference between (NN-FEN vs NN-SAL, and JUV-FEN vs JUV-SAL)
groups that is followed by a post hoc Bonferroni correction, for multiple
comparison. Respiratory data were presented as normalised ratio to take account
of the individual baseline variability. A coefficient variation (Co-Var) was
performed to evaluate the variability of baseline respiratory rate within the study

groups.



93

3.9 Results

3.9.1 Results of awake respiratory analysis (plethysmography)

Plethysmography breathing traces, collected at the age of 10-12 weeks, are
presented in the figure Figure 3-4, which shows variable breathing patterns
observed from different time points during the experiment. The top trace in both
graphs shows the control breathing which presents the baseline breathing pattern
in both groups, NN and JUV. Breathing traces are displayed from T15 and T30 post
FEN injection 0.06 mg/kg i.p. or saline injections. T30 trace post fentanyl shows a
decrease in number of peaks and amplitude in comparison to the baseline
breathing pattern, as a result of the respiratory depression induced by the FEN

injection.
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Figure 3-4 Plethysmography raw data

A schematic illustration of plethysmography raw data. The pressure waveforms illustrate breathing
pattern and frequency pre-fentanyl injection (baseline) and post injection: T15 and T30 from one
representative mouse from each of the 4 groups.
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3.9.2 Baseline breathing data

Baseline respiratory frequency was significantly decreased in NN-FEN (n=8)
compared to NN-SAL (n=8) (136.5 + 5.63 bpm vs 153.1 + 4.25 bpm, p<0.05) There
was no significant difference in tidal volume when comparing NN-FEN with NN-SAL
(0.24 £ 0.02 ul/g vs 0.25 + 0.02 ul/g, p>0.05). The significant decrease in minute
volume in NN-FEN (VALUE) compared to NN-SAL (29.56 + 2.41ul/min/g vs 37.76
2.86 ul/min/g, p<0.05) is driven by the decreased respiratory frequency. On the
other hand, the baseline respiratory frequency showed no significant difference in
JUV-SAL (n=8) compared to JUV-FEN (n=8) (173.3 £ 19 bpm vs 176.9 + 14.84 bpm, P
> 0.05). The tidal volume showed no significant difference between the JUV-SAL
(n=8) and JUV-FEN (n=8) (0.29 + 0.03 ul/g vs 0.33 + 0.03 ul/g, P<0.05). The minute
volume showed no significant difference when JUV-SAL (n=8) compared to JUV-FEN
(n=8) (49.35 + 8.74 ul/min/g vs 58.01 + 7.23 ul/min/g JUV- P<0.05). See Figure
3-5.
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Figure 3-5 Breathing baseline data in NN and JUV groups

125+

Minute volume

100+
(22
E 75+ *
£ 5. 5
> —e— e
()
25+ L LINC
0 T T
NN SAL n=8 NN FEN n=8
125+
100+ ' e
K=
c 75+
e o o
= R —
= 50+ B L — ° o
= oL ® o0
%
25+ ®
0 T T
Juv SAL n=8 Juv FEN n=8

The breathing baseline measures are plotted for all experimental groups, and NN-FEN had exhibited a lower breathing frequency, when compared to NN-

SAL. The same effect was obtained on the minute volume data. However, the JUV groups had brought a similar breathing data concerning the different
parameters (breathing frequency, tidal volume and minute volume).
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3.9.3 Awake fentanyl challenge
3.9.3.1 NN-SAL and NN-FEN

The NN-SAL baseline average was 153.1 bpm and it had declined to 141.8, then 148
at T15, 134.7 at T30, 128.5 at T45 and recorded a 149.6 bpm at T90. The NN-FEN
baseline average was 136.5 bpm, and it had increased to 146.8, then declined to
126.7, 117.6 at, 130.3 at and ended at 117.4 bpm. See Figure 3-6 . No significant
change was obtained between each time point and the baseline average of the
breathing frequency at the awake fentanyl challenge conducted on both groups
(NN-SAL and NN-FEN). Additionally, normalised ratio was applied to trace the
changes of respiratory measures, starting from a baseline of 1. NN-SAL breathing
frequency dropped to 0.93 at T10, then it raised to 0.97 at T15, followed by 0.88
T30, 0.84 T45 and 0.98 at T90. Besides, NN-FEN breathing frequency starts as 1 at
baseline point, and raises to 1.06 at T10, then 0.93 at T15, 0.87 at T30, 0.96 at
T45 and 0.86 at T90. Again, time factor was significant, with a P value < 0.05, and
no significant change was obtained in between the groups’ P value > 0.05. No
significant differences were found between each time point and baseline for both

NN groups. See Figure 3-6 (A)

Tidal volume average in NN-FEN showed an increase from baseline (0.24 ul/g)
toward T15 (0.29 ul/g) and slowly decrease toward T30 (0.28 ul/g) T45 (0.27 ul/g)
till (0.25 ul/g) at T90. NN-FEN showed a significant difference between T15 and
baseline normalised ratio, as an increase in the tidal volume recorded from 1 at
baseline to 1.25. The trend had declined at the following time points T30 (1.2),
T45 (1.125) till reached (1.05) at T90. No significant change found by the time
factor (P value > 0.05), but a difference between the groups was pointed with a (P
value < 0.05). In addition, NN-SAL exhibited no increase in the tidal volume, where
baseline average was (0.248 ul/g), then it changed to (0.247 ul/g) at T10, (0.225)
at T15, (0.249) T30, (0.258) T45 and (0.231 ul/g) at T90. No significance difference
found between each time point and baseline average. Hence, NN-SAL tidal volume
(normalised ratio) did not reveal a change from the baseline point (1), as the mean
average across different time points was (1.01) at T10, (0.91) T15, (1.02) T30,
(1.05) T45 and (0.94) at T90. The group factor was significant (P value < 0.05) as a



98

difference between NN-SAL and NN-FEN, and tidal volume response to fentanyl is

shown in Figure 3-6 B,

Minute volume showed a significant difference between the baseline and T10 at
NN-FEN group, where the baseline mean average was (29.56 ul/min/g), T10 minute
volume was (40.36 ul/min/g), and P value < 0.05. However, the remaining time
points showed no difference from the baseline, as the mean averages were 35.57
at T15, 31.9 at T30, 32.28 at T45 and (28.18 ul/min/g) at T90. The control group
(NN-SAL) showed no difference from the baseline average (37.76 ul/min/g), as the
time points’ averages were 35.76 at T10, 33.17 at T15, 33.65 at T30, 32.75 at T45
and (32.96 ul/min/g) at T90. Contrasting with the normalised ratio, NN-FEN group
revealed the same significance change of minute volume at T10, where the mean
average equals 1.414, compared to 1 at the baseline. The other time points
showed a dropping slope from T10 points as the average was 1.229 at T15, 1.133 at
T30, 1.108 at T45 and 0.960 at T90. The control group (NN-SAL) imposed a similar
curve to the raw data, and the mean averages were 0.958 at 10, 0.887 at T15,
0.885 at T30, 0.883 at T45 and 0.912 at T90. See Figure 3-6 C.
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Figure 3-6 Awake fentanyl challenge in NN-FEN and NN-SAL groups
The graphs present the change of the breathing parameters (breathing frequency, tidal volume and minute volume) during the awake fentanyl challenge. The
main finding is a decrease of the respiratory rate following the FEN injection. Hence, the decrease of respiratory rate is accompanied with an increase of the
tidal volume, which is significantly seen at T15 on the (b) charts when the normalised ratio compared in the NN group . An asterisk highlights the increase of
the minute volume (c) in NN-FEN group is detected at T10 and it reaches up to 1.5 increase from the baseline, where it was near the 1 (baseline records) in
the NN-SAL. Two-way Analysis of Variance (ANOVA) test was performed to analyse the difference between the study groups that is followed by a post hoc

Bonferroni test, for multiple comparison. Data is presented as mean + SD,
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3.9.3.2 JUV-SAL and JUV-FEN

JUV groups (JUV-FEN and JUV-SAL) showed similar results through the awake
fentanyl challenge. Starting with the breathing frequency, the JUV-SAL mean
average was (173.3 bpm) at baseline point, and after that it increased to 187.8 at
T10, then a descent occurred and it reached 159.7 at T15, 145.7 at T30, 149.9 at
T45 and ended at 180 bpm on T90 timepoint. No significant change was obtained
between the breathing frequency average on different time points and the
baseline. The other group (JUV-FEN) baseline average was (176.9 bpm), and it
dropped to 151.8 bpm at T10. After that, an increase occurred and reached 165.6
at T15, then 148.2 at T30, 151 at T45 and 170.2 breaths/minute at T90. Again, no
significant difference was highlighted between the time points and the baseline
average. See Figure 3-7 A.Tidal volume on JUV-SAL group showed a slight rise at
T10 and T30, beside a marked drop at T90 at the end of the challenge.
Accordingly, the baseline average at JUV-FEN was (0.33 ul/g) and it rose to 0.36 at
T10, then returned to 0.33 at T15 and another increase occurred at T30 0.35 ul/g
that was followed by 0.33 at T45 and 0.26 ul/g at T90. JUV-SAL group had an
average of (0.29 ul/g) at baseline, which lowered to 0.28 at T10 and rose to 0.28
at T15. It remained at 0.27 at T30 and 0.28 at T45, then ended at 0.24 ul/g at T90.

The normalised data of tidal volume change in JUV groups were similar to the raw
data, as JUV-FEN showed an increase of the ration from 1 at baseline to 1.106 T10
and 1.085 at T30. Moreover, a significant drop was obtained at T90, where the
normalised ratio had reached 0.8138, and (P value < 0.05) between baseline point
and T90, which matches the same significant drop at the raw tidal volume at the
same time point (P value < 0.05). The JUV-SAL group had no significant trends from
the baseline point (0.293 ul/g) as the tidal volume at the different time points was
0.278 at T10, 0.284 at T15, 0.273 at T30, 0.281 at T45 and reached 0.24 ul/g at
T90. Additionally, the normalised ratio of JUV-SAL was close to the baseline (1),
T10 =1.011, T15=0.95, T30 = 0.93, T45 = 0.923 and 0.811 at T90. Yet, T90 had a
significant drop from the baseline (P value < 0.05), but no other time point had a

significant change. See Figure 3-7 B.
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No significant change was observed on the minute volume through the awake
fentanyl challenge in both groups (JUV-SAL and JUV-FEN). The raw average minute
volume of JUV-SAL was (49.35 ul/min/g), which rose at T10 to 50.82, then dropped
to 42.39 at T15 and was followed by 38.84 at T30, 40.4 at T45 and 41.74 ul/min/g
at T90. Plus, in the JUV-FEN group, the baseline average started at 58.01 ul/min/g
and lowered to 52.97 at T10, then 53.79 at T15, 50.58 at T30, 47.91 at T45 and
reached 44.24 ul/min/g at T90. No significant difference was observed between
the time points and baseline in both groups (P value > 0.05). Additionally, the
normalised ratio graph exhibited a steady slope after the awake fentanyl challenge
for JUV-SAL and JUF-FEN groups, where JUV-SAL had an elevation at T10 = 1.165,
which was followed by a reduction at T15 = 0.9791, T30 = 0.861, T45 = 0.9643, and
T90 = 0.9489. Moreover, the JUV-FEN group had a decline at T10 = 0.9587, which
was followed by a similar level at several time points T15 = 0.9741, T30 = 0.9198,
T45 = 0.8438 and T90 = 0.79. No significant difference was obtained between the

time points and baseline in both groups (P value > 0.05). See Figure 3-7 C.
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Figure 3-7 Awake fentanyl challenge in JUV-FEN and JUV-SAL groups

The graphs present the change of the breathing parameters (breathing frequency, tidal volume and minute volume) during the awake FEN challenge in JUV
group. The main finding is a decrease of the respiratory rate that resulted from the FEN injection. Hence, the decrease in the respiratory rate is accompanied
with an increase in the tidal volume. Two-way Analysis of Variance (ANOVA) test was performed to analyse the difference between the study groups that is

followed by a post hoc Bonferroni test, for multiple comparison. Data is presented as mean + SD,
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A coefficient variation (Co-Var) was performed to evaluate the variability of the
resting breathing data of each study group. In NN groups, the Co-Var range was
19% vs 21% in the JUV group. Those imply the variability of breathing data that
could be produced within a single group as a part of an in vivo study. Therefore,
a normalised ratio was used to evaluate the changes in breathing pattern from
the baseline point in each mouse, to minimise the variability of the data of the

study groups. See Figure 3-8.
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Figure 3-8 Co-variation of breathing pattern in the awake FEN challenge
The coefficient of variation shows an inconsistency of the breathing frequency across the recording

period during the awake FEN challenge. The range of co-var falls between 10-45% and it is related
to the nature of variation obtained in (in-vivo) studies. Data is presented as mean + SD,
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3.10 Discussion

The aim of the experiment was twofold i) to investigate if exposure to fentanyl
in early life (P1-5 or P9-P13) would have long term effects on baseline breathing
in adult hood; ii) if exposure to fentanyl in early life would alter how the
respiratory system responds to further fentanyl exposure in adult hood. The
results show a variable response; however, there is a clear indication that
exposure to fentanyl during the neonatal period (NN-FEN) results in a long-term
decrease in baseline respiratory frequency in adult hood, the response to further

fentanyl challenge in adulthood is variable and will be further discussed.

3.10.1 Baseline breathing records

The baseline recording showed a decrease in breathing frequency and minute
volume in the NN-FEN group compared to NN-SAL. The juvenile group exhibited
no significant difference from the control group at the breathing measures
taken. The decrease in breathing frequency is a similar finding to previous
studies performed in the lab (Kennedy, 2015), investigating similar experimental
groups and fentanyl doses. Opioids are known for their depressive effect on
breathing frequency, which had been related to NK1R-expressing neuron within
PreBotC (Montandon et al., 2011). Moreover, injecting u-opioid antagonists into
PreBotC reversed the depressive action of breathing frequency (Montandon et
al., 2011). The power of the study is estimated between 50-80 % based on a
standard deviation of 20 and an alpha level of 0.05. In order to have 95% of
statistical power in future, a sample size of 22 mice would be recommended for
the study design. Yet, the number may vary due to habituation period, mice
movement and stress level during the recording of the awake fentanyl challenge
(Fitts, 2011).

Concerning the fact that PreBotC is known to be the inspiratory rhythm
generator, and it expresses a high level of NK1R neurons that are opioid-
sensitive (Smith et al., 1991, Del Negro et al., 2018), an earlier enhancement of
u-opioid receptors could affect its function and sensitivity for future opioid
exposure. Yet, the neural respiratory centre comprises a group of interacting
neurons that act simultaneously to generate breathing bursts and control the

rhythmogenesis (Feldman et al., 2013). Therefore, the long-lasting effect of a
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systemically introduced opioid-agonist may involve a group of neural pacemakers
instead of a single nucleus. As follows, the respiratory depressive effect of
opioid-agonists on PreBotC could be triggered by another neural centre, Kolliker-
Fuse nucleus (KF) (Lalley et al., 2014 Varga et al., 2020). Kolliker-Fuse nucleus is
linked to VRG and ventrolateral medulla (Jiang et al., 2004), and a
computational model analysis denoted its role in monitoring the PreBotC neural
output (Rybak et al., 2004). Based on this, the chronic effect of postnatal opioid
exposure may contribute to other nuclei in conjunction with PreBotC, to alter

the respiratory frequency in the NN-FEN group.

3.10.2 Adult mice awake fentanyl challenge

Both groups (NN-FEN and NN-SAL) showed a decrease in breathing frequency as
an expected outcome of opioid administration (Montandon et al., 2011,
Pattinson, 2008) (see Figure 3-4). NN-FEN had a lower breathing frequency than
NN-SAL at T15 and T30, which is associated with a marked increase in tidal
volume at T15 (see Figure 3-6). The findings signify an attenuated response to
opioid exposure. The increase in tidal volume as an outcome of systematic
fentanyl administration was observed by (Lewanowitsch et al., 2006, Leino et
al., 1999, Colman and Miller, 2001) as an acute response to opioid exposure, and
the attenuated increase of tidal volume in a specific study group would suggest a
higher sensitivity to opioid within the group. The JUV-FEN group had a similar
response to the control group JUV-SAL after fentanyl administration (see Figure
3-7); both groups had an equivalent decrease in breathing frequency and a slight
increase in tidal volume at T30. Although a postnatal exposure to opioids had
resulted in a long-term alteration in breathing frequency, the breathing pattern
remained intact, and no irregularity of breathing rhythm was obtained in the
fentanyl-exposed groups (NN-FEN and JUV-FEN). This suggests that the early
days of life are critical for developing breathing neural centres, which might be

triggered by repeated opioid exposure between day 1 and day 5.
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Previous studies have addressed the long-term effects of the perinatal
environment on respiratory control in rodents and, consistent with the data
discussed in this chapter, have found that exposure to various environmental
stimuli in the neonatal period, such as hypoxia, hypercapnia, caffeine, and
stressful events, can induce permanent changes in ventilatory control (Okubo
and Mortola, 1988, Bavis et al., 2004, Montandon et al., 2006, Gulemetova and
Kinkead, 2011). Our results are consistent with the hypothesis that
manipulations of the developing respiratory system can result in long-lasting
changes in respiratory activity. Furthermore, our findings suggest that neonatal
repeated fentanyl exposure induces developmental plasticity, which in terms of
respiratory control has been identified as long-term changes in the developed
respiratory system that are induced by events that occur during a crucial
developmental time frame, whereas the same experiences after this critical
time window cause no changes (Carroll, 2003, Bavis and Mitchell, 2008). This
theory is supported by the fact that juvenile exposure to fentanyl did not induce
the same profound long-term respiratory changes, indicating that the first five
days of a rodent’s life represent a crucial developmental period vulnerable to

opioid-induced developmental plasticity.

The mechanism underlying the postnatal chronic alterations of opioid exposure is
uncertain. Nevertheless, a combination of several factors may contribute to the
chronic changes in opioid exposure. Evidence suggests that chronic opioid
exposure in rats induces glucocorticoid-dependent alterations in the expression
of Fos transcription factors in stress-related brain regions, such as the central
amygdala and the hypothalamic paraventricular nucleus may affect the stress-
response system (Garcia-Perez et al., 2012). In addition, continuous fentanyl
exposure to neonatal rats has been associated with withdrawal symptoms
(Thornton and Smith, 1998), which may modulate anxiety levels. Therefore, the
anxiety level was assessed in Chapter 5, and there was a trend of an increase of
the stress marker, corticosterone, in the opioid exposed group, which support
the increase in stress level in this specific group. In addition, the long-lasting
effect of early opioid exposure might be triggered by hypoxemia, which fentanyl
administration causes (Chen et al., 1996, Chevillard et al., 2009). The repeated
hypoxic exposure in juvenile rats increases their respiratory sensitivity to future

fentanyl exposure in adulthood (Moss et al., 2006), and the increased sensitivity
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to opioid exposure might be triggered by the release of endogenous opiates
induced by repeated hypoxic events. Thus, it could activate opioid receptors and
sensitise them to future opioid administration exposure (Moss et al., 2006). If
repeated fentanyl exposure in neonatal life provokes hypoxemia, this mechanism
of enhanced endogenous opiate release and subsequent sensitisation of the
opioid receptors within the preBotC may explain the increased respiratory
responsiveness to future fentanyl application in adulthood. Therefore, recurrent

hypoxemia in early life may have detrimental effects on the respiratory system.
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3.11 Summary

The plethysmography study had emphasised the changes in respiratory pattern
that are triggered by opioids exposure at the postnatal age. These findings had
attracted attention regarding the long-term consequences of repeated opioids
exposure, at the early days of life, on the respiratory function. The age-
dependent factor was observed within the results, when the neonate group
presented more vulnerability upon receiving fentanyl during the earlier days of
life, compared to juvenile mice. This supports the hypothesis of the critical
maturation step of breathing oscillators in the early days of life, when
RTN/pFRG is responsible for the breathing drive after birth and followed by
preBotC emerges into the breathing drive neural group. However, the long-
lasting impact of opioids on respiratory pattern is uncertain, and it could be
inherited by the increase of POR sensitivity or the alteration of the brainstem’s

neural expression and distribution.

3.12 Study limitations

Due to the nature of the study, as the fentanyl should be administered at the
early days of life, the sample size was restricted to the litter produced by each
dam. A larger sample size would be suggested for future work, with the
consideration of the time frame and staff support. In addition, a double blinded
standard was not applied in the study, as the injection should be delivered for a
specified mice group within a short time window. Yet, the mice assessment was
done in random order, and the data was collected in reference to the ID

number, without knowing the study group.
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Chapter 4 The long-term effects on cerebral
blood flow following opioid exposure in early life
in ICR mice.
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4.1 Introduction

Cerebral blood flow (CBF) is controlled by the autoregulation process, which
preserves the blood supply to the brain by adjusting the resistance of blood
vessels. The cerebral autoregulation process (CA) is influenced by several
mechanisms, such as metabolism, neurovascular coupling, blood gases pressure
and myogenic response (Claassen et al., 2021). Starting with the metabolic
mechanism, which is linked to the neurovascular coupling activity (NVC) that
influences changes in the level of CO2, Oz, and adenosine (ladecola, 2017). The
activation of the NVC process results in vasodilation and an increase in regional
CBF (O’Herron et al., 2016). For example, brain visual stimulation leads to NVC
activation of the occipital cortex, which enhances the regional blood flow of the

occipital lobe in humans (Aaslid, 1987).

The arterial blood gases and pH are essential in stabilising the brain perfusion
(Ainslie and Duffin, 2009, Xie et al., 2009). In humans, the rise of PCO; levels
results in hypercapnia and triggers the vasodilation process, reducing
cerebrovascular resistance and increasing the regional CBF (Brian, 1998, Pandit
et al., 2003). Moreover, the drop in PaO; increases the ventilation and results in
hypocapnia, which induces vasodilation and attenuates the CBF response (Ainslie
and Ogoh, 2010, Lucas et al., 2011). For example, a drop in the Pa02 level
beyond 50 mmHg can cause a 400% increase in the CBF in a resting state, and
inhalation of 7% of CO; in humans could lead to a CBF surge up to 100% (Bor-
Seng-Shu et al., 2012, Walsh and Cunningham, 2004). See Figure 4-1. The
mechanism of the blood gases effect on cerebrovascular resistance remains
unclear. Nevertheless, it was related to the extracellular pH level, which
enhances the vasodilation mechanism by activating the hyperpolarisation
cascade and releasing vasodilators such as nitric oxide (NO) (Cipolla , 2016,
Faraci et al., 2019).
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Some drugs can manipulate the CBF and prompt an autoregulation response,
such as ketamine, isoflurane and fentanyl, which are known to attenuate
regional CBF when given instantly (Franceschini et al., 2010). Although the acute
opioid exposure leads to an instant rise in CBF, the chronic exposure to opioids
(opioid addiction) results in a decrease in the regional CBF (rCBF) within frontal,
temporal and occipital lobes in the resting state (Botelho et al., 2006) (Pezawas
et al., 2002). The long-term changes of rCBF are not fully understood, but some
studies hypothesised that it could be triggered by the morphological and
structural changes in the brain caused by opioids addition (Pezawas et al., 1998,
Pezawas et al., 2002). Even though acute opioid exposure depresses the
respiratory rate and increases the rCBF, the dominant cause remains elusive.lt

could be linked to the respiratory changes that alter blood gas levels.

The vascular smooth muscle plays a role in maintaining the CBF through the
myogenic response, which is achieved by cerebrovascular resistance changes
(Longden et al., 2017). Accordingly, vasorelaxation leads to the dilation of the
cerebral arteries and arterioles, which increases CBF (O’Herron et al., 2016).
The actual mechanism of the myogenic response is elusive, and it could be
triggered by endothelial molecules that released by the endothelium tissue and
enhance the vascular muscle contractions, such as NO, potassium ion and

hydrogen peroxide (Faraci , 2011).

The nervous system is believed to control the CBF via the sympathetic pathway.
The sympathetic activation enhances vasoconstriction, which decreases the CBF
(Jeng et al., 1999). A study found that patients that have undergone superior
cervical ganglionectomy are likely to demonstrate an increase in CBF (Suzuki et
al., 1975). In humans, the systemic pharmacological ganglionic blockade
(blocking sympathetic pathways) showed variable effects on CBF, although the
majority stands with the increase of CBF effect (Willie et al., 2014). It is
generally accepted that the activation sympathetic nervous system decreases
the CBF under resting conditions (Heistad, 1980). Yet, the other mechanisms
might significantly impact CA, such as myogenic response and chemical and
metabolic (Ter Laan et al., 2013).
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The current study was designed to analyse the changes in CBF, after the early
exposure to opioids at the age of P1-P5 and P9-P13. Laser speckle will be
introduced as a novel technique to evaluate the dynamic changes of CBF due to
the systematic fentanyl administration. The resting-state CBF will be examined
to evaluate the regional variations of CBF as a long-lasting effect. It will be
followed by a fentanyl challenge to analyse the differences in the acute

response within the experimental groups.
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Figure 4-1 The effect of blood gases on CBF in the human brain under normal conditions.
CBF remains stable when Pao2is more than 60 mmHg and cerebral perfusion pressure (CPP) is
50-150 mmHg. Nevertheless, the increase of Pacoz results in an increase of CBF, and the decrease
of Paoz leads to an increase of CBF. Modified from (Shardlow and Jackson, 2011)
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4.2 Study aim

> Investigate the dynamic changes of CBF after opioid administration,

utilising a continuous imaging technique laser speckle (LS).

» Study the chronic effect of the repeated postnatal opioid exposure on

cerebral blood flow.

» Study the vulnerability to opioids under anaesthesia in adult mice, after

the postnatal exposure to opioids at the ages of P1-P5 and P9-P13.

4.3 Hypothesis

Repeated exposure to opioids postnatally results in a long-term change in CBF,
such as a decrease in the regional CBF and an attenuated response of CBF to

opioid administration under anaesthesia.
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4.4 Methodology

4.4.1 Animals

The experimental animal procedures were performed under the regulations of
the UK Home Office (personal licence number i51F7C81D, and project licence
number 60/4558). The studies were designed in correspondence with the
Animals (Scientific Procedures) Act 1986. The experimental procedures were
conducted on ICR mice, which were acquired from HARLAN. Accordingly,
pregnant dams were ordered and delivered to the housing facility at Veterinary
Research Facility, Garscube campus, University of Glasgow. The pups were kept
with the mother up to the age of 21 days, when they were weaned. Post
weaning, male and female mice were housed in separated cages, with a
maximum of 4 mice per cage. Ear-piercing allowed for identification of
individual mice within the cage. The light/dark cycle was 12 hours duration,
with no dietary modifications. Day of birth is referred to as postnatal day 0 (PO).
The age categories used in this study were neonate (P0O-P7), juvenile (P8-P21)

and adults over P21.
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4.4.2 Postnatal injection

The experimental groups were defined as follows:

» Group 1 - Neonatal Fentanyl (NN-FEN) n=7 Each mouse received one
daily injection of fentanyl (0.04 mg/kg i.p.) for 5 days from postnatal day
1 (P1) to postnatal day 5 (P5)

» Group 2 - Neonatal Saline (NN-SAL) n=10 Each mouse received an

equivalent volume of physiological saline (i.p.) once daily P1-P5.

» Group 3 -Juvenile Fentanyl (JUV-FEN) n=5 Each mouse received one

daily injection of fentanyl (0.04 mg/kg i.p.) P9-P13.

» Group 4 Juvenile Saline (JUV-SAL) n=8 Each mouse received an

equivalent volume of the physiological saline (i.p.) once daily P9-P13.
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4.4.3 Anaesthetic protocol

Urethane (ethyl carbamate) was used as an anaesthetic agent because it has the
advantage of minimal effects on cardiorespiratory physiology and spinal neural

reflexes compared to other anaesthetics. However, the disadvantage is Urethane
is a carcinogenic and hepatotoxic agent; therefore, Home Office guidance is that

all procedures conducted under Urethane anaesthesia are non-recoverable.

4.4.4 The study timeline

The mice were reused from the plethysmography experiment, see Chapter 3.
They were brought to the surgical theatre at Wellcome Surgical Institute for the
LS experiment a week after the awake fentanyl challenge was completed.
Firstly, mice were anaesthetised with an initial dose of urethane (1.5 mg/kg
i.p.), which was followed by three supplementary doses of 0.25 mg/kg i.p. Once
the mouse was deeply anaesthetised, and the tail-flick sign disappeared, a
sagittal incision was made through the skin to expose the skull. Bregma and
Lambda were identified as anatomical landmarks on the skull surface, allowing
for accurate placement of ROIs. ROl 4 and 5's centre was defined by identifying
the midpoint between Bregma and Lambda, then measuring 2.5 mm lateral over
right and left parietal bones, respectively. ROI 1 and 2 were determined by
measuring 2 mm anterior and 2 mm lateral to Bregma, on the right and left,
respectively. Each ROl is a 3 mm? surface area, fixed during the experiment. See
Figure 4-2. A pressure pad RX110 (Biopac, UK) was placed below the mouse, in
front of the mouse’s chest. The pad was utilised as a non-invasive tool to
measure the respiratory rate through the study, and follow-up the effect of
opioid administration on respiratory rate. See Figure 4-4 Real-time changes in
CBF were recorded by means of laser speckle contrast imaging (Perimed, 2018).
After that, mice were allowed to stabilise for at least 10 minutes before baseline
recording. Baseline recording was carried out for 5-10 minutes followed by
fentanyl injection (0.04mk/kg i.p.). Following injection of fentanyl, LSCI was
carried out for a further 90 minutes. Mice were euthanised with an overdose of
pentobarbital (0.1 mli.p.) at the end of recording, the brain was removed and

frozen fixed in liquid Nitrogen (see Figure 4-3).
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Figure 4-2 Cerebral blood flow ROI locations within the brain cortex
The picture shows the allocated ROIs used in the LS experiment, two located

over the frontal cortex and two over the parietal areas. Locating ROl was aided
by identifying the Bregma and Lambda at the beginning of the experiment as
known anatomical markers.



Urethane 1.5 Urethane0.25 Placethe mouseinto CBF baseline Fentanylinjection post fentanyl
mg/kgi.p mg/kgi.p * the stereotaxic frame recording 0.04mg/kg CBF monitoring
15 minutes 15-45 20-40 10 minutes |
minutes minutes

Figure 4-3 Laser speckle experiment timeline

The experiment started general anaesthesia which took around 45-60 minutes. After that, the
mouse was placed into the stereotaxic frame and a sagittal incision was made on the scalp to

5 minutes 90 minutes

expose the skull for the LS imaging. Then, a fentanyl 0.04 mg/kg i.p. injection was given, and a live
recording of the dynamic changes of CBF was taken up to 90 minutes post-injection
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Figure 4-4 Pressure pad tool to measure the respiratory rate

form

(a) The pressure pad was placed beneath the mouse, in the right front of the chest in order to

transduce the chest movement pressure as an electrical signal. The generated signals from the
pressure pad were transmitted to ACQKNOWLEDGE software (b) and were presented in wave

120
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4.5 Data analysis

PIM software was utilised to analyse the dynamic changes of CBF. See chapter
2.4 for details. The software presents the changes of CBF in a linear graph across
the timeline, which traces the blood flow within the assigned area on the
cortical surface. The changes of CBF in the course of the anaesthetised FEN
challenge are presented through a number of graphs that provide longitudinal
diagrams of the change contrasted to the normalised ratio (referred to in the
baseline recording). The baseline recording took place once the mouse was fixed
and stable within the stereotaxic frame, then fentanyl was injected and changes
of CBF were traced across the 90 minutes post drug administration. The data are
provided as an a.u., and the changes of the CBF are compared later to baseline
blood flow in the same area to study the effect of yOR agonist administration on
the CBF. See Figure 4-5.



122

350 .
300- — ROI 1
. ROI 2
g 250 : — ROI 3
200~ N — T «+se+ Fentanyl
: 0.04 mg/kg
150=—— Y ; . . 1
Q Q Q Q QO Q Q
S & &S F S S
Q’. Q‘. Q’. Q‘. \’. \‘. \’.

Figure 4-5 Laser speckle data presentation and analysis

The graph presents a smoothed version of the data collected by the Laser speckle device (five
minutes averages). The X axis stands for the time (hours: minutes) and the Y axis stands
represents CBF dynamic changes (a.u.). The dotted line indicates when the Fentanyl injection was
performed.
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4.6 Statistical analysis

All the statistical analyses were carried out by Graphpad Prism 6 (GraphPad
Software, USA). The data are presented as mean + SD, and an unpaired t-test
was used to analyse the CBF at rest between the study groups within the same
brain region. The data were normalised to the baseline record, and normalised
blood flow was used to analyse the longitudinal changes of CBF due to the
fentanyl challenge. The data were presented in a 5 min average for statistical
analysis. 2-way ANOVA test was performed to analyse the CBF dynamic changes
between the designed group. It is followed by a post hoc Bonferroni correction
for multiple comparisons between each time point in both groups (NN-SAL vs NN-
FEN and JUV-SAL vs JUV-FEN). An unpaired t-test comparison was used to
analyse the 5 minutes-average difference, between the study groups, of the
dynamic CBF changes at the following time points (T10, T20 and T30). The
mice’s survival rate through the anaesthetised FEN challenge was analysed by

Chi-square test.
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4.7 Results

NN FEN group and JUV FEN showed an increase of vulnerability to the FEN
challenge under anaesthesia and the completion percentage was the lowest with
43% and 20% respectively. Nevertheless, the control group from the JUV age
group (JUV SAL) had exhibited an increased number of mice dying through the
challenge; and the completion percentage was 50% in JUV SAL (control group).

This outcome was not expected. See Table 4-1.

Started Completion
Mice Urethane baseline | Fentanyl Completed 90 of 90 minutes
group | anaesthesia | recording | injection minutes post anaesthetised
0.04mg/kg | FEN injection FEN
challenge %
NN 10 10 10 8 80%
SAL
NN 7 4 4 3 43%
FEN
JUV 8 8 8 4 50%
SAL
JUV 5 5 5 1 20%
FEN

Table 4-1 The percentage survival of anaesthetised FEN challenge of the
study groups.

The table provides information about the mice numbers involved in the anaesthetised FEN
challenge and how many mice completed 90 minutes challenge post FEN injection. Accordingly,
NN-SAL (control group) had the higher completion rate, and the lowest rate was observed on the
JUV-FEN (treated group). Nevertheless, JUV-SAL (control group) had a 50% completion rate. A
Chi square test was performed to compare the survival rate between the groups (P value > 0.05).
No statistically significant changes between the study groups.
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Baseline CBF data showed a decrease in the CBF of the frontal region in NN
group (NN-FEN n = 4 and NN-SAL n =10). The mean average of a.u. was 244.3 +
1.993 in NN-SAL group, while NN-FEN group mean average was 206.7 + 2.99. NN
group parietal region averages were 235.6 + 2.343 in NN-SAL, and 239.1 + 4.833
in NN-FEN. The P value > 0.05 non-significant. JUV group (JUV-SAL n= 8 and JUV-
FEN n= 5) had no significant difference in the CBF mean average at frontal and
parietal regions P value > 0.05. Accordingly, JUV-SAL frontal a.u. average was
256.8 + 2.364, and JUV-FEN 252.6 + 2.53; parietal region averages were JUV-SAL
= 252.1 £ 1.805 and JUV-FEN = 259 + 2.717. See Table 4-2 and Figure 4-6.

Study group Frontal region Parietal region
NN-SAL n= 10 244.3 +1.99 235.6 +2.34
NN-FEN n= 4 206.7 +2.99 239.1 £4.83
JUV-SAL n= 8 256.8 +2.36 252.1 +1.81
JUV-FEN n=5 252.6 +2.53 259 +£2.72

Table 4-2 Regional CBF at rest in the study groups

The table presents the 5 minutes mean average of the CBF at rest within the study groups, as an
arbitrary unit. The data are presented as mean + SD, and t-test performed for the analysis. See
Figure 4-6
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Figure 4-6 Baseline cerebral blood flow in the experimental groups

A comparison between the CBF baseline mean averages, at rest, of the 4 experimental groups
(NN-SAL n=10, NN-FEN n=4, JUV-SAL n=8, and JUV-FEN n=5). A significant decrease was found
on the frontal lobe CBF in NN groups, and P value < 0.05. No significant difference between the
NN parietal CBF or JUV groups’ baseline averages on the assigned ROls (frontal and parietal).
The data is presented as mean + SD, and t-test was performed for analysis.
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An increase of the dynamic CBF was observed post fentanyl injection under
anaesthesia. In all groups a baseline recording was taken over 5 minutes, and it
was set as reference for the normalised ratio. Once fentanyl was administered,
while recording, a surge of CBF was observed (5% increase) in the CBF average of
each of the study groups (NN-SAL n=10, NN-FEN n=4, JUV-SAL n=8, and JUV-FEN
n=5). The elevation of CBF reaches maximum around 10-20 minutes after the
fentanyl injection, followed by a gradual decrease takes place until it returns to

the normal baseline average. See Figure 4-7.
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Figure 4-7 The effect of fentanyl administration on the cerebral blood flow
The main effect of the systematic fentanyl administration was an increase of the CBF, as shown in
both graphs for the neonate group (NN-SAL and NN-FEN) and juvenile groups (JUV-SAL and JUV-
FEN). The rise of CBF lasts for 20 minutes post fentanyl injection, then it returns to the normal
average (1) gradually. The data is presented as mean + SD, and 2-way ANOVA test performed for
analysis
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Referring to the assigned ROIls, an average of each frontal and parietal regions
was calculated for each group, and it was followed by a comparison of fentanyl
exposed group and control group at specific time points (T10, T20 and T30) post
fentanyl injection. Starting with the neonatal groups (NN-SAL n= 10 and NN-FEN
n= 4), frontal region showed 5-10% increase of the CBF after fentanyl
administration, which declined gradually after T30 to reach the baseline level
(normalised ratio 1); that remains unchanged until the end of recording (T90). In
addition, the change of CBF was not significant between NN-SAL and NN-FEN at
T10, as the mean averages were NN-SAL = 0.9733 + 0.0313 and NN-FEN = 0.9849
+ 0.0272. At the following time points (T20 and T30) the control group (NN-SAL =
10) showed a significant elevation of CBF T20 = 1.033 + 0.006, T30 = 1.018 +
0.007 when compared to the treated group (NN-FEN n=4) T20 = 1.016 + 0.0144
and T30 = 0.9977 + 0.016 (P value <0.05) in both time points. See Figure 4-8 and
Table 4-3.

In regard to parietal regions in neonatal groups (NN-SAL n=10 and NN-FEN n=4),
10-20% elevation of CBF was observed after the fentanyl injection, which was
followed by a gradual decrease down to the baseline level (normalised ratio =1)
after 30 minutes post fentanyl exposure. The control group (NN-SAL) showed a
significant increase at T10 1.051 + 0.04, and NN-FEN = 0.9902 + 0.04 (P value >
0.05), then NN-FEN had a higher increase of CBF at T20, mean average = 1.077 +
0.019 and NN-SAL = 1.084 + 0.007 (P value > 0.05). No significance was obtained
at the parietal region between neonatal groups at T30, NN-SAL mean = 1.056 +
0.03 and NN-FEN = 1.059 + 0.0234 (P value <0.05). See Figure 4-9 and Table 4-3.



130

Time point
Region Study group
T10 T20 T30

NN-SAL n=10 | 0.97 +0.03 1.03 £ 0.01 1.02 + 0.01
Frontal

NN-FEN n=4 0.98 £ 0.02 1.02 £ 0.01 0.99 £ 0.02

NN-SAL n=10 | 1.05 +0.04 1.08 + 0.01 1.06 + 0.03
Parietal

NN-FEN n=4 0.99 £ 0.04 1.08 + 0.02 1.06 + 0.02

Table 4-3 The dynamic changes of regional CBF after fentanyl administration at different
timepoints in neonatal group

The table shows the regional dynamic changes of CBF in the neonatal group. The frontal region
showed a similar change in both groups NN-FEN and NN-SAL at T10, followed by a 2-3% increase
of CBF at T20 and returned to normal at T30 in the NN-FEN group, while NN-SAL maintained the
2% increase. NN-SAL showed a 5% increase in CBF in the parietal group, followed by an 8%
increase from the baseline at T20, and remained 6% higher than the resting state at T30. The NN-
FEN group mean average was close to normal at T10 ; then, it rose by 8% at T20, and maintained
a 6% rise from baseline at T30. The data is presented as mean + SD, and t-test was performed for
the analysis See Figure 4-8 and Figure 4-9
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Figure 4-8 The effect of fentanyl administration on CBF at frontal ROl in

neonatal group

(a) A longitudinal graph that shows the effect of systemic fentanyl administration on the frontal region
CBF, which increases the CBF and followed by a gradual decrease. The data is presented as mean +
SD, and the graph was executed regarding the 2-way ANOVA analysis which is followed by a post
hoc Bonferroni correction test for multiple comparison. No significant different between the study
groups (b) A comparison of the dynamic changes of CBF as a response to systemic fentanyl
administration at specific timepoints (T10, T20 and T30). The data presented as mean + SD, and t-
test performed for analysis. A significant increase of CBF presented by NN-SAL at T20 and T30,
compared to NN-FEN n= 4 (P value >0.05). for details, see Table 4-3
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Figure 4-9 The effect of fentanyl administration on CBF at parietal ROl in

neonatal group

(a) A longitudinal graph that shows the response of CBF, with a (10-20%) increase, which is observed
on parietal region as a result of the systematic administration of fentanyl in both groups (NN-FEN and
NN-SAL). The data is presented as mean + SD of the normalised ratio, and the value of (1) is referred
to the CBF level at resting state (baseline). A 2-way ANOVA test performed for the analysis, and no
significant change between the groups. (b) The graph shows a comparison of the CBF dynamic
changes at specific timepoints (T10, T20 and T30). Each timepoint represent a 5 minutes average of
the mean + SD, and t-test used for the analysis. At T10 (NN-SAL) showed a significant increase,
compared to (NN-FEN) at the same time point (P value >0.05). Then NN-FEN reflects a higher
response with a significant increase of CBF at T20, and no obtainable significance between the
groups at T30 (P value <0.05). See Table 4-3
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The juvenile group (JUV-SAL n=8 and JUV-FEN n= 5) presented (5-15%) increase of
the CBF within the frontal and parietal region, as an outcome of the systematic
fentanyl exposure. Parietal showed a dominant increase, which is linked to the NN-
SAL group mainly and exceeded 10% average at T20 and T30 post fentanyl
injection. On the other hand, the frontal region revealed a similarity in the CBF
response to fentanyl administration in both groups (JUV-SAL and JUV-FEN) at three
different time points (T10, T20 and T30). Accordingly, the mean average of JUV-
SAL at T10 = 1.005 £ 0.011, T20 = 1.001 + 0.015 and T30 = 0.9579 + 0.02; and the
mean average of JUV-FEN at T10 = 1.01 + 0.04, T20 = 1.001 + 0.019 and T30 =
0.9721 + 0.019. No significant difference was obtained between the juvenile group
at the frontal region within the specified time points (P value <0.05). See Figure
4-10. The parietal region showed a significant increase of CBF between JUV-SAL
and JUV-FEN at T20 and T30 (P value >0.05). The mean average of JUV-SAL at T10
was 1.037 £ 0.02, T20 = 1.053 £ 0.02 and T30 = 1.009 + 0.013; and for the JUV-FEN
at T10 = 1.032 + 0.04, T20 = 1.016 + 0.03 and T30 = 0.989 + 0.024. See Figure 4-11
and Table 4-4.
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Time point
Region Study group
T10 T20 T30

JUV-SAL n=8 | 1.01 £ 0.01 1.00 + 0.02 0.96 £ 0.02
Frontal

JUV-FENn=5 |1.01 £0.04 1.00 £ 0.02 0.97 £ 0.02

JUV-SAL n=8 | 1.04 £0.02 1.05 £ 0.02 1.01 + 0.01
Parietal

JUV-FENn=5 |1.03 +0.04 1.02 £ 0.03 0.989 + 0.02

Table 4-4 The dynamic changes of regional CBF, after fentanyl administration, at different

timepoints in juvenile group

The table shows the changes in the regional CBF after fentanyl administration in the frontal and
parietal areas. The frontal area increased CBF by 1% at T10, which returns to the average level at
T30. The parietal groups showed a 2-4% increase of CBF at T10, followed by 2-5 % at T20, and
returns to the average level (1) at T30. The data is presented as mean + SD, and a t-test is used for
the analysis. See the following figures for more information Figure 4-10 and Figure 4-11



(a) 1.3 .
. m JUV-SAL frontal
° : ®  JUV-FEN frontal
- 1.2 E ceee Fentanyl
g E 0.04 mg/kg
2 1.1 :
© :
C o] Bl
Z 1.0 I " N
o n
E - | | n
0.9 :
— T T T 1
S N N S S
N NG o N N
Qo Qo Qo Qo \o
(b) 1.2 T 10 T 20 T30

-—
-
—

TT

Normalised ratio
(-] -—
© o
1
[ |
/

o
o
L

HH
H

] JUV-SAL [ JUV-FEN

135

Figure 4-10 The effect of fentanyl dose on CBF at frontal ROl in juvenile group

(a) A longitudinal graph that shows the dynamic changes of the CBF at the frontal region, which is

enhanced by the fentanyl injection. The data is presented as mean +SD, and 2-way ANOVA test used
for the analysis. No significant changes of the CBF response between the study groups (NN-SAL and

NN-FEN). (b) The 5 minutes average of CBF dynamic changes at specific points showed no

significance between the study groups (JUV-SAL and JUV-FEN) at the specified time points, after the

systematic fentanyl administration (P value < 0.05). The data presented as mean + SD, and t-test

performed for the comparison. See Table 4-4
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Figure 4-11 The effect of fentanyl dose on CBF at parietal ROl in juvenile group
(a) A longitudinal graph that shows the dynamic changes of parietal CBF, after fentanyl
administration. An increase of CBF is obtained after fentanyl administration, which returned to normal
level at 30 minutes post-fentanyl injection, and no significant different between the study groups. The
data presented as mean + SD, and 2-way ANOVA test used for the analysis (b) The graph shows the
5 minutes average of CBF dynamic changes at specific points (T10, T20 and T30). Fentanyl
administration increases the CBF within the parietal region by 5% at T10 and T20, post-injection. A
significant different of the CBF response at T20 and T30 (P value >0.05). The data is presented as
mean + SD, and t-test performed for the analysis. See Table 4-4
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Respiratory rate data were collected from some samples, alongside CBF, in order
to analyse the dynamic response of CBF and respiration to fentanyl
administration under anaesthesia. Mice included in the analysis were JUV-SAL n=
3, JUV-FEN n= 2, NN-SAL n= 3 and NN-=FEN n= 2. The initial observation was an
increase of CBF in all groups that was accompanied by a decrease in respiratory
rate during the first 10 minutes after fentanyl administration. This was followed
by a gradual return to the baseline average (in both CBF and respiratory rate) at
20 minutes post fentanyl injection. The JUV-SAL group showed a 4% increase in
CBF, accompanied by a decrease in the respiratory rate by 10% from the
baseline. In the JUV-FEN group, CBF increased by 6% from the baseline, and the
respiratory rate decreased by 10% from baseline when CBF took place. See
Figure 4-13. The neonate group showed similar results, and NN-SAL had a 10%
increase in CBF from the baseline, and breathing frequency dropped to 8% from
the baseline. In addition, the NN-FEN showed a 10% increase in CBF, and the

breathing rate decreased by 9% at the same time. See Figure 4-12.
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Figure 4-12 The change of respiratory rate and CBF after fentanyl administration in the
neonatal group

The graph shows the changes of CBF and respiratory rate in (a) NN-FEN group n= 2, and NN-SAL
group n = 3. An increase of CBF 10% from the baseline is observed in both graphs, and a 10%
decrease of respiratory rate took place at the same time on both groups.



Normalised ratio

Normalised ratio

1.2+ (a)
1.1-
1.0~
0.9~ :
0.8~ : —— Cerebral blood flow
- Breathing frequency
| | 1 | | 1
Ny N Ny Ny N
Nd N ol N N
Q- Q- Q- Q- N*
1.2+ (b)
1.1+
1.0~
0.9- :
0.8- = Cerebral blood flow
- Breathing frequency
| 1 1 | ] 1
N N Ny S Ny
N N’ o> N &
QS * Q- Q! NS

139

Figure 4-13 The change of respiratory rate and CBF after fentanyl administration in juvenile

group
The graph illustrates the changes that occurred in CBF and respiratory rate, after fentanyl

administration in the following groups (a) JUV-FEN group n= 2 and (b) JUV-SAL group n= 3. (a)
showed a 5% increase of CBF and from baseline and 10% decrease of respiratory rate from the
baseline average. (b) presented a 3% increase of CBF and 10% decrease of respiratory rate from
the baseline average.
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A fluctuating pattern was observed from the live recording of the CBF dynamic
changes in the following mice (NN-SAL n= 2, NN-FEN n= 2, JUV-SAL n= 1, and
JUV-FEN n= 1). The fluctuating pattern was synchronous among the identified
ROIs, and the mice had completed the experiment 90 minutes post-fentanyl
administration. The fluctuating pattern lasts between 180-300 seconds and

remained consistent for most of the recording. See Figure 4-14
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Figure 4-14 A fluctuating pattern obtained on CBF

A fluctuating pattern was observed in some of the recording, where a 10% increase of CBF
occurred gradually and decreased after that, within a 180-300 second cycle. The fluctuation
occurred in all regions in a rhythmic pattern.
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4.8 Discussion

4.8.1 The effect of fentanyl on survival rates under anaesthesia

The preliminary results of the laser speckle experiment highlighted that groups
of mice exposed to fentanyl were more vulnerable to death under anaesthesia
than the control groups. There was 80% survival in the NN-SAL group vs 43%
survival in the NN-FEN group. A similar difference was seen between JUV-SAL
and JUV-FEN groups, though mortality was higher in both of these. See Table
4-1. Clearly, mice were vulnerable to fentanyl under anaesthesia. This finding
matches the data provided by (Montandon et al., 2011, Montandon and Horner,
2019) concerning the opioid-induced respiratory depression relation to the level
of cortical activity, which was determined by EEG. Montandon found that
decreasing the cortical activity by anaesthesia leads to an attenuation of the
respiratory depressive action of opioid exposure. This finding is backed by the
wakefulness theory, which states that the excitatory drive supports the
respiratory system to compensate the respiratory depressive action that is
triggered by opioids (Phillipson and Bowes, 1986).. Concerning the fact that the
u-opioid receptor agonists act on the preBotC to suppress the respiratory
frequency in vitro and in vivo (Montandon et al., 2011), it is speculated that the
attenuated vulnerability of the opioid-exposed groups, under anaesthesia, is
related to alterations at the level of the preBotC. Accordingly, the repeated
exposure to opioids at the postnatal age may induce a long-term neural
adaptation of preBotC that lasts up to adulthood. This neural alteration of
preBotC is noticed as a hypersensitivity to future opioid exposure under
anaesthesia and non-REM sleep, once the wakefulness cortical drive is absent as
a compensation factor to respiratory suppression (Montandon and Horner, 2019).
In fact, the destruction of NK1R-expressing neurons within preBotC results in
breathing disturbances during a sleeping state in adult rats (McKay et al., 2005).
Thus, a stand with the possibility of the preBotC neural alteration is involved

with the opioid hypersensitive obtained under anaesthesia.
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The study was stopped because of the unacceptably low survival rate. This
followed direction from the Home Office and the Veterinary Research Facility.
Subsequent post-mortem examination did not identify any obvious problem.
Other projects experienced similar high mortality rates at the same time. As we
referred to the VRF, they suggest that an external noise of construction work

may have exposed the mice to stress during the VRF habituation period.

4.8.2 Opioids effect on CBF

An overall increase of the CBF was noted as a response to the FEN administration
under urethane anaesthesia. See Figure 4-7. In fact, fentanyl exposure increases
the CBF in general (Franceschini et al., 2010). Also, other pOR agonist drugs,
such as heroin and cocaine, are known to increase the CBF (Safo et al., 1985).
The mechanism which causes the increase in CBF is not fully understood.
Accordingly, respiratory depression, which is a common side effect of exposure
to opioids, results in a decrease of PO; that could lead to an increase of the CBF;
also an increase of PCO, may lead to the same results (Kety and Schmidt, 1948,
Walsh and Cunningham, 2004). To analyse respiratory depression and CBF
response to fentanyl administration, these experiments recorded breathing
frequency and dynamic CBF changes simultaneously. See Figure 4-12 and Figure
4-13. Both measures had changed at the same time. Neither obviously preceded
the other. Yet, to understand the CBF autoregulation many factors should be
considered beside the neural and circulatory system, such as arterial blood
pressure and cerebral blood volume (Roy and Sherrington, 1890), and
neurovascular coupling (Franceschini et al., 2010), and the intracranial pressure
(Marina et al., 2020). Considering the mentioned factors beside the changes of
oxygen and carbon dioxide partial pressure will help in future to understand the

mechanism of opioid influence on the CBF.
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The regional changes of CBF in ROI 3 and ROI 4, parietal region, revealed a
higher CBF response to FEN injection compared to the ROI 1 and ROI 2, frontal
regions. See Figure 4-9, Figure 4-11, Table 4-3 and Table 4-4. The data remain
underpowered due to the low survival rate in the study groups discussed in
section 4.8.1. Up to our knowledge, no similar studies were conducted on the
same age window and fentanyl dose, followed by a CBF analysis later in
adulthood. The literature backed the regional changes of CBF (Firestone et al.,
1996, Zelaya et al., 2012) as the systemic fentanyl administration increases the
CBF within prefrontal cortex and caudate. Also, morphine and hydromorphone
presented similar results of the regional CBF influence (Schlaepfer et al., 1998).
This regional effect of opioid on CBF is linked to the pOR distribution across the
cortex (Lorenz et al., 2000, Jones et al., 1991), which could be analysed in
future by introducing histological studies following the imaging protocol to

investigate the changes at the level of pOR.

A decrease in the baseline average in the frontal region, as the NN-FEN group
n=4 mean average was 206 + 2.99 vs NN-SAL group n=10 mean average 244.3 +
1.993, See Figure 4-6. The sample size was imbalanced due to the vulnerability
of the NN-FEN mice group and low survival rate, which makes it difficult to have
a statement to this finding. Yet, the reduction of the rCBF was obtained by
(Pezawas et al., 1998, Pezawas et al., 2002) previously, as the chronic exposure
to opioids leads to a decrease of the prefrontal cortex blood perfusion. (Botelho
et al., 2006) observed a reduction of the CBF at the frontal, temporal, and
occipital lobe. The temporal lobes showed no difference in the CBF data in the
current study, and it was difficult to obtain the occipital cortex data as the scalp
remnants appeared within the ROl and interfered with the CBF recordings. In
fact, the parietal region in the fentanyl exposed groups presented an increase of
the CBF as a response to fentanyl administration. See Figure 4-9 and Figure 4-11.
The regional heterogenicity response to opioids administration was found by (Qiu
et al., 2011), as the chronic exposure of opioids in heroin dependent patients
lead to regional heterogeneity of CBF that included an increase of CBF within
the thalamus, cuneus and lingual gyrus. Yet, the fentanyl effect on CBF was
linked to the pOR population and location by (Lorenz et al., 2000), therefore,

the alterations of POR distribution may interfere with the chronic rCBF changes.
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4.8.3 CBF fluctuating pattern

A fluctuating pattern was observed on some of the CBF data, as the CBF
increases by 5-20% and then returns to normal.(See Figure 4-14 A fluctuating
pattern obtained on CBF) The fluctuation cycle was observed in the mice that
completed the 90 minutes post-fentanyl injection and lasted around 250 seconds
and remained until the end of the recording. These fluctuations are identified as
a vasomotion phenomenon (Obrig et al., 2000). Similar observations were
recorded on rat’s brain by Laser Doppler Flowmetry as the CBF changes by 5-20%
(Hudetz et al., 1992, Golanov and Reis, 1996). Vasomotion were linked to
several causes , such as the myogenic components (Wilkin, 1986, Bollinger et al.,
1991, Kano et al., 1991), haemostatic stress, tissue oxygen delivery and the

functional connectivity map (Biswal et al., 1997, Lowe et al., 1998).

4.9 Summary

Laser speckle (LS) experiment was designed investigate the dynamic changes of
CBF after opioid administration. LS had provided the advantage of recording the
live dynamic changes of CBF in response to pharmacological agents, which may
help to broaden the utilisation of the tool in future study and have detailed
understanding of the drugs impact on haemodynamic stability. NN-FEN showed a
higher response of CBF to fentanyl administration (0.04 mg/kg i.p.), in
comparison to the control group NN-SAL. Additionally, fluctuating pattern were
obtained in some LS recordings, which is referred to the vasomotion activity.
Opioid exposed mice were vulnerable to the generalised aesthesia procedure,

and the mortality rate ranges between 60-80%.
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410 Study limitation

The major limitation is that the number of mice that survived the experiment is
low, limiting the data analysis and conclusion. The reason for the high mortality
is still unclear, and the whole post-mortem report done by the VRF showed no
elusive cause of the incident. The same protocol was used by (Kennedy, 2015),
and the control group managed to complete the anaesthetised fentanyl
challenge, which excludes fentanyl as a direct factor affecting the control

group.
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Chapter 5 The chronic impact of opioid exposure
early in life on corticosterone, f-endorphin
levels and weight in ICR mice.
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5.1 Introduction

As discussed in Chapter 3, opioid exposure in the early days of life resulted in
long-lasting changes in breathing patterns, such as the decreased resting
breathing rate in the NN-FEN mice group compared to NN-SAL. In addition to
changes in breathing pattern, it was observed that fentanyl exposed mice had an
increased body weight. This suggests exposure to fentanyl may have wider
systemic actions. The study reported in this chapter was conducted to analyse
other physiological changes such as weight gain, endogenous opioid level, and
chronic stress markers, corticosterone. Older literature contains conflicting
reports about the effects of opiates on weight gain in rodents, which may reflect
differences in the drugs used, the dosage schedules, other experimental
differences and the widespread actions of opiates on hormone secretion (Levine
et al., 1985, Buck and Marrazzi, 1987). As a part of the weight gain
investigation, the plasma level of B-endorphin was measured to look after the

cause of the weight gain observed on the mentioned study group from Chapter 3.

Endogenous opioids interact with different families of receptors to trigger a
range of physiological responses. The three principal endogenous opioids are
endorphin (END), enkephalin (ENK) and dynorphin (DYS), and they originate from
three protein precursors (pro-opiomelanocortin (POMC), preproenkephalin A, and
preproenkephalin B) (Vuong et al., 2010). In general, endogenous opioid
peptides are linked to specific receptors; for example, END is known as a p
receptor agonist, ENK is selective to 6 receptors, and DYS is associated with k
receptors. Opioids bind to three receptor types (a., 3, k) to exert their actions,
such as food intake, cognitive function, neuroendocrine and cardiovascular
regulation (Fichna et al., 2007). See Table 5-1 Endogenous and exogenous opioid

affinity to selective receptors, for the summary.

Concerning the chronic stress markers, exposure to opioid compounds
(endogenous and exogenous) alters the secretion of the hormones by the
endocrine system (See Table 1-4 The effect of opioids on the endocrine system).
The literature review in section 1.8.3 described the short-term effects of opiates

on the HPA axis in rodents.
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The long-term effect could be noticed on the hormonal distribution after opioid
exposure at the perinatal age. For instance, introducing rats to morphine at the
day of birth produces a long-term effect on the stress reactions which could be
obtained on the rat behaviour within the open field apparatus at the adulthood
age (Victoria et al., 2015). A similar response is spotted in adult rats whose dams
are treated with morphine throughout the gestation age (Ahmadalipour and
Rashidy-Pour, 2015). Indeed, an early enhancement of the opioid may result in
chronic changes that affect the CNS and stress adaptation. Again, range of
experimental protocols have produced conflicting results. At the time of writing,
there is no study conducted on the long-lasting changes of stress following an

early repeated opioid exposure.



Ligand

Opioid receptor

1) ) K
B-endorphin 4+ ++ ++
Met-enkephalin ++ +++ 0
Dynorphin ++ 0 +++
Endmorphin-1 +++++ 0 0
Endmorphin-2 +++++ 0 0
Morphine +++ 0 0
Fentanyl +++ 0 0
Methadone +++ 0 0
Naloxone
Naltrexone

Table 5-1 Endogenous and exogenous opioid affinity to selective receptors
Selective receptors were highlighted in relation to the specific opioid peptides. (+) Agonist, (-)
antagonist and (0) have no specific affinity (Vuong et al., 2010).
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5.2 Study aims

» To study the effect of repeated exposure of opioids, between P9-P13, on

the plasma level of B-endorphin.

» To study the effect of repeated exposure of opioids, between P9-P13, on

body weight.

» To study the long-term effect of opioid exposure between P9-P13 on

corticosterone levels.

5.3 Hypothesis

The early exposure to opioid agonists, at the age of P9-P13, results in an
increase in the plasma levels of B-endorphin, corticosterone and enhances

weight gain.
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5.4 Methodology

5.4.1 Animals

The experimental animal procedures were performed under the regulations of
the UK Home Office (personal licence number i51F7C81D, and project licence
number 60/4558). The studies were designed in correspondence with the
Animals (Scientific Procedures) Act 1986. The experimental procedures were
conducted on ICR mice, which were acquired from HARLAN. Accordingly,
pregnant dams were ordered and delivered to the housing facility at Veterinary
Research Facility, Garscube campus, University of Glasgow. The pups were kept
with the mother up to the age of 21 days, when they were weaned. Post
weaning, male and female mice were housed in separated cages, with a
maximum of 4 mice per cage. Ear-piercing allowed for identification of
individual mice within the cage. The light/dark cycle was 12 hours duration,
with no dietary modifications. Day of birth is referred to as postnatal day 0 (PO).
The age categories used in this study were juvenile (P8-P21) and adults over
P21.
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5.4.2 Postnatal injection

The experimental groups were defined as follows:

» Group 1 -Juvenile Fentanyl (JUV-FEN) n=16 Each mouse received one

daily injection of fentanyl (0.04 mg/kg i.p.) P9-P13.

» Group 2 -Juvenile Saline (JUV-SAL) n=9 Each mouse received an

equivalent volume of the physiological saline P9-P13.

Fentanyl citrate (p opioid receptor agonist, 50 pg/ml, Janssen-Cilag, UK) was
administered daily (0.04 pg/kg i.p.) for JUV-FEN. The control group JUV-SAL

received an an equivalent volume of the normal saline.



153

5.4.3 Study timeline

Sampling started by taking tail vein blood samples at week 6, 8 and 10 for j3-
endorphin levels analysis. Another tail vein sample was taken, at the termination
point, at week 12 and it is accompanied by a cardiac puncture sample and hair
sample. The samples collected at 6" week were used as a to determine the

suitable protocol and dilution level See Figure 5-1.

Mice were injected Tail blood samples (150-200ul) were At week 12, Hair samples were
with fentanyl 0.04 taken at three point, week 6,8 and 10 collected, and blood samples were
mg/kg i.p once daily taken from tail vein(150-200 ul) and

from P9-P13 cardiac puncture (250-400 ul)

Figure 5-1 B-endorphin and Corticosterone sampling timeline

Collecting the samples for ELISA analysis started at week 6 old, and ended at the termination point
(12 weeks old). Three tail vein samples were collected essentially at 6, 8 AND 10 weeks of age,
followed by a fourth tail vein sample and cardia puncture, and hair samples at 12 weeks.
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5.4.4 The level of plasma p-endorphin

Blood samples were collected at the ages of 6, 8, 10 and 12 weeks. Blood
sampling was collected via the tail vein at each time point; a cardiac blood
sample was collected at the age of 12 weeks. The blood samples collected at
week 6 were used as a pilot to adjust the ELISA buffer concentration. B-
endorphin level is known to be influenced by several factor, such as stress, age
and sex (Pilozzi et al., 2020). Therefore, it was planned to collect the samples in
several timepoints (10-12 am at the same day of the week) and compare the
study groups at each timepoint. The blood sampling process was designed
following the 3Rs recommendations, including the technique, sample volume and
the timing of the sampling. Accordingly, mice were placed into the restraining
apparatus that restrict the mouse movements and keep the tail free for
sampling. A side cut is made on the tail vein using a blade; then dripping blood
up to 200 microlitres was collected directly by heparinised Eppendorf. Once the
200-microlitre blood sample was acquired, the samples were stored in an icebox.
After that, samples were spun for 10 minutes at microcentrifuge (Sigma 1-14
Microfuge, Sigma®, Germany), and plasma was pipetted and stored in isolated
Eppendorf at -60°C in a freezer in order to be analysed with ELISA kits later. See

Figure 5-2.

The cardiac puncture was performed at the terminal experiment, when mice
were euthanised by phenobarbital as part of the brain dissection process, which
is illustrated in detail in chapter 2.5.3. In order to perform the cardiac puncture,
a thoracotomy was mandatory and mid-clavicle cuts were performed in parallel
lines, so the rib cage could be everted, and the heart exposed for sampling.
Consequently, a 23-gauge needle was used to pierce the left ventricle and blood
was withdrawn gradually up to 1 ml. Samples were spun for 10 minutes and
serum extracted and stored in a separate tube at -60°C freezer, for ELISA

analysis.
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Figure 5-2 Plasma B-endorphin sampling process

Once a blood sample collected, it was kept on ice box (a). Then it was spun for 10 minutes at
microcentrifuge (b). Right after the centrifuging, plasma was aspirated and stored in a separated
vial. Both samples (blood and plasma) were kept in -60°C for ELISA analysis later.
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5.4.5 Measuring corticosterone level in hair samples

Hair samples were collected from mice aged 12 weeks. The corticosterone
concentration in hair has been validated as a reliable biomarker for chronic
stress in rodents. The hair corticosterone level in rodents reflects their plasma
level for up to 14 days (Scorrano et al., 2015). The hair samples were collected
at the terminal point to avoid the additional stressor of hair extraction and to
manage collecting samples from the same site in each induvial mouse. The
samples were pulled from the back of the stored in a dry vial at room
temperature. Next, the samples were weighed, then washed with a diluted
methanol 20% (HPLC-grade methanol) by 80% distilled water. Each wash requires
2 ml of HPLC-grade methanol and the vial placed into the shaker set on 200
spins/minute for 2 minutes. Each hair sample is washed 3 times, then vials are
placed into the fume hood with no cap for 18-24 hours, so the remainder of the
washing solution evaporates. After that, 2 ml of methanol (MeOH) is added to
each vial, then to be placed on the orbital shaker at 52°C, set on 40 rpm, for 16
hours (4 pm-8 am). The next day, MeOH is extracted from each vial and
dispensed into 12x75mm glass vial. Later, glass tubes are placed into the
SpeedVac (‘Thermo Scientific, UK), set on medium temperature, and kept for 2
hours, so the MeOH evaporates and the steroids precipitate at the bottom of the
vials. The end product after the evaporation process is sealed with a plastic
cover and stored in the lab freezer for later analysis with ELISA kit. See Figure
5-3. The extracted hair samples were reconstituted into an assay buffer, as
duplicates, and the guidelines were followed through the user manual provided
with each kit (Cusabio Biotech. Co., Ltd, UK). The samples’ optical density was
read at 405 wavelength using LT-4500 reader (Labtech, UK). Duplicate samples
were taken from each mouse; the average of the duplicates was calculated for

the analysis. See Figure 5-4.
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5.4.6 Longitudinal weight follow-up

Body weight records were registered on a weekly basis for each mouse n=9 and
n=16 . The records started at the age of 3 weeks old until 12 weeks old. The
weighting was done on the same day, each week, between 10-12 am, on the

same scale provided by the VRF department.

An additional 4 groups were added to the weight comparison, which are NN-FEN,
NN-SAL, JUV-FEN and JUV-SAL. The weight data were collected for the average
weight between 10-12 weeks. The data were retrieved from the chapter 2, and
the group’s description is provided in the following section 2.2. The weight of

this group was recorded at the day of the plethysmography experiment.
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Hair samples were Steroid extracts were placed

assembled (for each into a Speedvac and spun in L v
individual) and stored in dry order to evaporate any
place at room temperature methanol remains in the vial

Steroid extracts stored into

At week 12, brain was Hair samples were washed
dissected, hair samples were e =1 with methanol; then steroids ] v lab freezer -4°C , and kept for
collected, and blood samples were extracted and placed - ELISA test later

were taken from tail into a separated via

vein(150-200 ul) and cardiac \m ®

puncture (250-400 ul) v @

L ———
= -

-

Figure 5-3 Hair sample preparation for ELISA test
Hair samples were collected at the age of 12 weeks. It was stored in a dry place then washed with methanol twice for 2 minutes. Methanol was aspirated and samples

were left to dry for 18-24 hours at the fume hood. Then, 2 ml of methanol was added to the hair samples and kept on the orbital shaker for 16 hours, set on 52°C.
Methanol, containing steroids from hair samples, was aspirated again and placed into a separate vial, which was spun using the Speedvac and dried. So, the methanol
evaporated and steroids descended to the bottom of the vial, which was analysed later with an ELISA test for corticosterone levels.
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The samples were plotted as duplicates on the plate, beside the standard curve (a) and (b). Standard curve was measured using the software provided with the user
manual (c). The X axis stands for the optic density that is measured by LT-4500 reader, and the Y axis stands for the certain concentrations reflected on different optic

densities.
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5.5 Statistical analysis

The statistical analysis was executed by GraphPad Prism 4 and significance was
set at P value < 0.05. A non-paired t-test was used to compare the means of the
corticosterone concentrations; Two-way ANOVA, which is followed by a post hoc
Bonferroni correction, to compare the weight average of the study groups in
each timepoint (JUV-SAL vs JUV-FEN). Plasma B-endorphin levels were assessed
by two-way ANOVA, which is followed by a post hoc Bonferroni correction, for

multiple comparisons between each time point in both groups (JUV-SAL vs JUV-
FEN).
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5.6 Results

5.6.1 Weekly weight assessment

The JUV-FEN group had a bigger spread of weight data along the longitudinal
study. This bigger distribution could be related to the larger group size of n=16
in JUV-FEN vs n=9 in JUV-SAL. In addition, both groups have male and female
mice, which could increase the variability of weight data because male mice are

usually heavier than female mice (https://www.jax.org). The longitudinal graph

showed a trend toward an increase in weight in JUV-FEN compared to JUV-SAL
on a weekly basis. Two-way ANOVA, followed by a post hoc Bonferroni
correction, was used to compare the weighted average of the study groups at
each time point. No statistically significant difference was obtained between the
experimental groups (JUV-FEN vs JUV-SAL) P value > 0.05. See Figure 5-5.

The additional 4 groups, whose data were retrieved from the plethysmography
chapter (NN-FEN, NN-SAL, JUV-FEN and JUV-SAL), were added to the weight
comparison and showed a significant difference between the mean weight, (NN-
FEN (n=9) had an average of 43.06 grams + 2.67 vs 33.18 grams + 2.32 in NN-SAL
(n=11), P value < 0.05). JUV-SAL group (n=11) had an average of 40.36 grams +
5.89 vs 40.72 grams + 5.45 in JUV-FEN (n=9), P value > 0.05). An additional JUV
group was added with a new batch of mice later, and JUV-SAL weight average
(n=9) = 34.83 grams + 4.09, and JUV-FEN (n=16) average was 36.19 grams + 4.86
(P value > 0.05). See Table 5-2 and Figure 5-6.
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Figure 5-5 Mice weight weekly records

The figure presents the longitudinal weekly weight average for the study groups. The fentanyl-
exposed group JUV-FEN had a higher spread compared to the control JUV-SAL group on a weekly
basis. The JUV-FEN weight average was 31.38 grams at week 4 and reached 35.36 grams at 12
weeks old, while the JUV-SAL group weight average was 30 grams at week 4 and reached 33.89
grams at 12 weeks old. The data is presented as mean average +SD



Study group Weight average (gram)
NN-SAL n=11 33.18 £2.32
NN-FEN n=9 43.06 + 2.67
JUV-SAL n=11 40.36 £ 5.89
JUV-FEN n=9 40.72 £ 5.45
** JUV-SAL n =9 34.83 £+ 4.09
** JUV-FEN n=16 36.19 + 4.86

Table 5-2 Average mice weight between week 10-12 in all study groups
The table presents the mice weight average taken between week 10-12 in all study groups. The
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NN-FEN group showed a higher weight average 43.06 + 2.67 grams in comparison to the control
group NN-SAL 33.18 + 2.32 grams. ** Is the same longitudinal weight average group, which weight

records were taken on weekly basis. The data of remaining groups were retrieved from the

plethysmography study records that were taken between week 10-12.
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Figure 5-6 Average mice weight between week 10-12 in the study groups used in plethysmography study

(a) NN-FEN showed an increase in the weight average 43.06 grams, compared to NN-SAL 33.18 grams (P value < 0.05). (b) No significant difference was found
between JUV-FEN 40.72 grams and JUV-SAL of 40.36. (c) No significant difference was found in the weight average between JUV-FEN 36.19 grams and JUV-SAL
34.83 grams. The data is presented as mean +SD
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Similar finding was obtained in previous work (with similar experimental groups)
conducted by (Kennedy, 2015). Kennedy conducted her work on four mice
groups, which went through the same protocol concerning fentanyl injection at
P1-P5 and P9-P13. Kennedy’s study aimed to investigate the long-lasting effect
of opioid exposure early on in life, and mice weight was taken as a part of her
assessment. Their study showed a trend of increase in the average weighted in
the NN-FEN group compared to the control group, which was not statistically
significant (P-value >0.05, two-way ANOVA). See Table 5-3 and Table 5-4.
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Weight (g)

Age
NN-SAL NN-FEN
P1 1.6+0.3 1.8+0.3
P2 2+0.5 2.2+0.2
P3 2.8+0.4 2.7+0.3
P4 3.310.4 3.1£0.5
P5 3.940.3 3.740.7
Adult 36.4+4.7 38.943.2

Table 5-3 Average body weight in fentanyl-exposed neonatal group
The table presents the data of body weight average of the experimental groups NN-SAL n =16 and
NN-FEN n=16. No significant difference found between the study groups. The data presented as

mean £SD, and 2-way ANOVA test was used for the analysis. The table was amended from

(Kennedy, 2015).
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Weight (g)

Age

JUV-SAL JUV-FEN
P9 5.4+1.9 6+1.3
P10 5.8+1.9 6.4+1.4
P11 6.2+1.8 6.7+1.4
P12 6.45+1.8 7+1.4
P13 6.9+1.8 7.3+1.5
Adult 33.4+2.9 35.2+4

Table 5-4 Average body weight in fentanyl-exposed juvenile group
The data represents the weight average of the study group across several ages.

No significant difference was obtained in the body weight between the groups.

The table was modified from (Kennedy, 2015).
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Concerning the fact that male mice tend to have a bigger weight than females,
as referred earlier in section 5.6.1, and the female mice could produce an
exaggerated response to opioid exposure, preliminary data was presented, and
mice were divided into subgroups depending on their sex. A small sample size
was introduced between NN-FEN male (n=3) vs NN-SAL male (n=4) groups, which
makes it difficult to justify the trend at the NN-FEN group. The JUV-FEN group
male (n=6) had an average of 43.42 gram + 3.8, and the JUV-SAL group male
(n=6) average was 44.33 gram + 4.32. The additional JUV group averages were
JUV-FEN male (n =9) 39.94 gram + 2.62 and JUV-SAL male (n=3) 39.83 gram +
0.29, which is affected by the non-balanced group’s size JUV-FEN (n=9) vs JUV-
SAL (n=3). See Figure 5 9. The female mice data showed a trend in the NN-FEN
(n=6) weight average of 43 gram vs 31.86 gram in NN-SAL (n=7). No difference
was found between JUV-FEN (n=3) 35.33 gram vs 35.6 gram JUV-SAL (n=5). No
difference was found in the weight average between JUV-FEN (n=7) 31.36 gram
vs 32.33 gram JUV-SAL (n=6). See Figure 5-10. The subgroups data are
underpowered by the small size number. The data were collected to present
preliminary results to highlight the gender weight differences in the study groups

in mice. This will be addressed with additional details in the discussion section.
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Figure 5-7 Average male mice weight between week 10-12 in all study groups

169

Awas observed in the mice weight on (a) NN-FEN average = 43.17, and NN-SAL average = 35.5 grams (b) A similar spread of the weight average was found between

JUV-FEN 43.42 grams and JUV-SAL of 44.33. (c) No difference was found in the wight average between JUV-FEN 39.94 grams, and JUV-SAL 39.83 grams.
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Figure 5-8 Average female mice weight between week 10-12 in all study groups

Ais found on (a) a trend towards an increase of body weight is found in fentanyl exposed group NN-FEN average = 43 vs 31.86 grams in control group NN-SAL . (b) No
difference was found between JUV-FEN 35.33 grams and JUV-SAL of 35.6. (c) No difference was found in the weight average between JUV-FEN 31.36 grams, and
JUV-SAL 32.33 grams
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5.6.2 Hair corticosterone level

Figure 5.7 shows the concentrations of corticosterone in hair samples from mice
in the JUV-FEN and JUV-SAL groups. There is big spread of concentrations in
both groups, which ranges between 100-600.The mean average of the fentanyl-
exposed group (JUV-FEN n= 14 was 321.6 + 38.1 pg/ml vs 279.5 + 40.6 pg/ml for
the control group JUV-SAL n=9). JUV-FEN showed a trend of an increase in hair
corticosterone level. A non-paired t-test was used to compare the means of the
corticosterone level and it was not statistically significant (P > 0.05). See Figure
5-9.

700

550

400

250

Corticosterone (Pg/ml)

Fentanyl-exposed n=14 Control n=9

Figure 5-9 Hair corticosterone levels

The hair corticosterone level in the JUV-FEN group was 321.6 + 38.1 pg/ml vs 279.5 + 40.6 pg/ml
for the control group JUV-SAL n= 9. The change was not statistically significant, and the data is
presented as mean average +SEM
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5.6.3 Plasma B-endorphin

Plasma B-endorphin level was measured at 8, 10 and 12 weeks old. A duplicate
sample were taken from each mouse; the duplicates average was calculated for
the analysis. No significant results were found between the study groups at the
different timepoints (P value > 0.05). The JUV-FEN group had a mean average of
1.175 pg/ml at week 8: 3.51 pg/ml at week 10: 1.85 pg/ml at week 12, and 1.91
pg/ml in the cardiac puncture sample. The JUV-SAL group had an average of
1.68 pg/ml at week 8: 2.03 pg/ml at week 10: 0.71 pg/ml week 12, and 1.22

pg/ml in the cardiac puncture sample.
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Figure 5-10 B-endorphin plasma levels in the study groups

The JUV-FEN group had a mean average of 1.175 pg/ml at week 8, which was followed by an
increase of the B-endorphin levels up to 3.51 pg/ml, then a decrease to 1.85 pg/ml and 1.91 pg/mli
in the cardiac puncture sample. The control mean average was 1.68 pg/ml at week 8, then 2.03
pg/ml at week 10, 0.71 pg/ml week 12 and 1.22 pg/ml in the cardiac puncture sample. The data
was widely dispersed throughout the designed time points, which may affect the quality of the
statistical analysis. There was no significant difference between the study groups at the same time
points (P value > 0.05). The data is presented as mean average +SD
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5.7 Discussion

The study investigated the long-lasting changes of repeated postnatal exposure
to -opioid agonists (fentanyl) between (P9-P13). After that, a series of
investigations were conducted to evaluate the chronic effect of opioid exposure
early in life, such as weight, plasma pB-endorphin and hair corticosterone levels.
As a result, a higher trend was observed in the fentanyl exposed group at the
longitudinal weight records, plasma f-endorphin and hair corticosterone levels,

which were not statistically significant.

In Figure 5-5, The weight measures were taken weekly from 4 weeks old up to 12
weeks old. The mean average represented a 1-gram trend towards an increase in
the JUV-FEN group compared to the JUV-SAL group on a weekly basis. However,
no statistically significant difference was obtained between the groups. The G
power of the study is estimated to be 50 % based on the standard deviation = 5
grams and an alpha level of 0.05. It is recommended to have at least 40 mice in
a future study to produce robust statistical data analysing the weight difference
between the study groups (Fitts, 2011). On the additional data retrieved from
the plethysmography chapter, the fentanyl-exposed group showed a significant
increase in body weight for the NN-FEN group vs NN-SAL. (See Table 5-2)

Additional analysis of mice weight was included in the study by comparing the
same-sex mice from the study groups. (See Figure 5-7 and Figure 5-8) The idea
was introduced to the work concerning the general difference in weight average
between male/female mice, and the fact that Gender differences may affect
the response to opioid administration and the severity of the side effects.
Female rodents appear to be more vulnerable than males to the reinforcing
effect of opiate addiction, such as acquisition, maintenance, and relapse (Lynch
et al., 2002). Also, u opioid receptor agonists showed a higher reinforcing effect
in rats females than in males. Regarding the weight gain effect, male and
female rats tend to have low birth weight after prenatal opioid exposure
compared to the control group, which rises gradually and is equal to the control
weight at the age of P21 (weaning age) (Timar et al., 2010, Kunko et al., 1996),
similar to human studies of neonatal abstinence syndrome (Hunt et al., 2008).

However, opioid-exposed rats tend to gain more weight, after weaning age, than
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the control group, specifically females (Timar et al., 2010). The data presented
in Figure 5-7 and Figure 5-8 are considered preliminary data to overview the
weight average difference between mice sex within the study groups. The data
remain underpowered, and no statement could be given for the latter analysis.
The mechanism underlying the sex differences is unclear. Still, the preclinical
and clinical studies suggested that hormonal effect, particularly oestrogen, plays
a role in sex-related alterations in female rodents compared to males (Lynch et
al., 2002).

Even though the literature was in conflict about the effect of opioid exposure on
weight gain, some studies found that an increase in food intake and weight gain
was noticed upon introducing opioid agonists to CNS, when the agonists bind to
multiple opioid receptors and affect the food modulation centres (Baile et al.,
1986, Levine et al., 1985). Accordingly, there was a trend toward an increase in
plasma B-endorphin level in the JUV-FEN group compared to JUV-SAL, see Figure
5-10. The data showed a trend of an increased plasma p-endorphin level in the
JUV-FEN group; however, a large distribution of the data was found along the
samples analysed. Starting with the duplicate samples executed via the ELISA
process, a 15% was set for each duplicate error, and the samples matched in
general. The main issue concerning the collected data was the volume of tail
blood samples of mice, which was restricted to 200 microlitre/mice. The low
volume of blood samples had shown the lowest detectable level of plasma -
endorphin 0.78 pg/ml, mainly in the JUV-SAL group. Yet, the JUV-FEN group
showed more traceable levels of plasma p-endorphin and produced the
variability of data distribution too. This finding may suggest the increasing level
of plasma B-endorphin in the JUV-FEN group. Still, the methods should be
improved in future by collecting a larger volume of a blood sample or using
another ELISA kit with higher sensitivity. A larger blood sample volume
succeeded in producing more reliable data, as shown in Figure 5-10 at the
cardiac puncture sample (CP). The cardiac puncture sample was collected at the
terminal stage, and volume was not restricted to 200 microliters, and the JUV-
FEN mean 1.91 pg/ml vs 1.22 pg/ml in JUV-SAL group. On week 10, the mean
average of the plasma B-endorphin in JUV-FEN was 3.51 pg/ml vs 2.03 pg/ml in
JUV-SAL. The marked rise in BEND level on week 10 had occurred in both study

groups and it may be resulted by using a new ELISA kit for the assigned week.
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Plasma BEND rises are an acute response to morphine (opioid agonist)
administration (Martinez et al., 1990), and postnatal exposure to morphine could
lead to a long-term increase in endogenous opioid levels (plasma BEND) that
alters the affinity of u-opioid receptors (LaPrairie and Murphy, 2010, LaPrairie
and Murphy, 2009). The postnatal increase of endogenous opioids affects the
HPA axis and triggers long-lasting changes in stress hormone levels (cortisol in
humans and corticosterone in rodents) (CORT) (Victoria and Murphy, 2016, Ignar
and Kuhn, 1990).

The corticosterone level was presented in Figure 5-9, and a trend toward an
increase in the JUV-FEN group 321.6 + 38.1 pg/ml vs 279.5 + 40.6 pg/ml JUV-SAL
was observed as an increase of the chronic marker for stress hormone release in
JUV-FEN. In addition, the data was distributed between 100-550 pg/ml for both
groups, which tend to be a big variance in a small study group. Similar results
were provided in (Houshyar et al., 2001), which supported the increase of CORT
level as an outcome of chronic morphine treatment. The significant variance in
corticosterone levels was presented at several time points. As introduced
earlier, postnatal opioid exposure results in significant stressful behaviour within
the open field apparatus at adult rodent (Victoria et al., 2015), and similar
stressful behaviours were observed in the offspring of morphine-treated dams,
and an increase in CORT levels was attained (Ahmadalipour and Rashidy-Pour,
2015, Fodor et al., 2014). More details about the relation between opioid

exposure, stress and corticosterone level could be found in section 1.8.3

Regarding the data presented in Figure 5-9, most of the data fell within a similar
range of corticosterone level, but a single reading was higher in both groups, and
2-3 samples were markedly lower, which tend to be similar to (Ku Mohd Noor,
2017). An error in the preparations of the samples, such as hair weight, wash
and buffer concentration, could result in a large distribution of the data. Yet, no
significant difference was obtained through the sample’s duplicate, which
approves the quality of the ELISA technique conducted in the final stage. Due to
the mice’s small body size, short, thin hair coat, and uneven hair growth, the
collection and analysis of mouse hair can be difficult. In humans and some larger
veterinary species, hair grows significantly longer and, in some cases, at a

predictable rate. So, the samples measured from different areas of the hair
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shaft can indicate exposure over specific periods. Therefore, if the duration of
the hair samples collected at a specific point in time is long enough, a degree of
retrospective assessment of glucocorticoid exposure is viable. However, this
would be challenging in C57BL/6 mice because the hair shaft has a maximum
length of 1 mm (Erickson et al., 2017). In addition, different lifestyles and
environments could affect the differences between humans and mice in hair
sample assessment. For example, hair washing with shampoo solution and the
use of cosmetic products may cause a decrease in cortisol in human hair (Stalder
and Kirschbaum, 2012). Furthermore, humans are exposed to seasonal changes,
whereas experimental rodents were kept in a cage with standard conditions,
including constant temperature and light intensity (Dettenborn et al., 2012). A
further methodological consideration is the methanol wash, which may dissolve
some hair corticosterone before the extraction phase. Other solutions, such as
isopropanol, could be used for the washing step in future studies (Erickson et al.,
2017).



177
5.8 Summary

This chapter underlines the chronic effect of opioid exposure on the
hypothalamic-pituitary-adrenal axis (HPA axis) and stress hormones. Opioid
exposure is known to increase the secretion of the ACTH hormone and trigger
the function of the HPA axis, which results in an increase in stress hormone
concentration (cortisol in humans and corticosterone in rodents). In the current
study, hair corticosterone, the chronic marker of the rodent’s stress, showed a
trend toward an increase in the JUV-FEN group. The plasma B-endorphins had a
higher variation of data at different time points, and no statement could be
given due to the low sample size. The weight data showed an increase in weight

averages, collected at the age of 10-12 weeks, in the NN-FEN group.

5.9 Study limitations

The study was designed to have two groups besides JUV-FEN and JUV-SAL: NN-
FEN and NN-SAL. The group NN group planned to have repeated opioid exposure
at an earlier age (P1-P5). Yet, due to the time frame and licence renewal issues,
the NN group could not be a part of the study. Due to the different means and
nature of the studies conducted within this chapter on the mice group, it was
challenging to meet the appropriate sample size in each group. For example, the
weight data required a sample size of 40 mice to produce statistically robust
data, while the sample size may differ in the other studies, hair corticosterone,
for example. The plasma B-endorphins showed a variation in the data., which
could be related to several factors, such as blood sample volume and sample
bioavailability. Concerning the blood volume, the home office guidance was
followed in mice species, and the only way to increase the sample volume was
by conducting the experiment on rat species in a future study. The sample’s
bioavailability could be reserved in future work by completing the ELISA analysis
on the same day of the sample’s extraction. In this study, | had to arrange with
an external lab to reserve the bench and tools for the ELISA experiment, and

samples were stored in the fridge until the day of the analysis.
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Chapter 6 The long-term effect of opioid
exposure on p-opioid receptor density within the
CNS of ICR mice (autoradiography study)
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6.1 Introduction

Mu opioid receptors (UOR) are distributed through the human CNS, with high
densities in particular locations, such as the basal ganglia, cortex, thalamic
nuclei, spinal cord and brainstem nuclei (Cross et al., 1987, Pilapil et al., 1987).
The pOR distribution is based on the functional role of the receptors in
controlling the behaviour, nociceptive modulation and physiological regulations
(Gabilondo et al., 1995). See Table 6-1 for the full distribution of pOR within the
rat brain In general, exogenous stimulation of the opioid receptor by the
administration of opioid agonists impacts multiple cortical and subcortical sites.
It influences the mesolimbic reward system within the nucleus accumbens
(NaCC) and ventral tegmental region (VT) (Trigo et al., 2010).Also, pOR neural
expression is identified within the amygdala, and it is conducted by GABAergic
neurons of the central nucleus and intercalated cell mass (Winters et al., 2017).
The p-opioid agonists’ inhibition of these neurons reduces the amygdala
inhibitory input of the descending brainstem pain pathway (Han et al., 2015,
Namburi et al., 2015). Those chronic changes of the pOR neural expression
within the amygdala might affect the same receptors located at the neural
breathing centres in the brainstem due to the systemic opioid exposure earlier in
life and produce the long-term effect on the breathing pattern, which discussed

in chapter 3.

In human studies, delayed maturity of the prefrontal cortex and a decrease in
the subcortical projections may persist till adulthood, as a chronic change of CNS
maturation, which are triggered by the early life opioid exposure (Squeglia et
al., 2009). Also, changes in cortical thickness may occur after exposure to
marijuana during early adolescence, diminishing in the middle, superior and
frontal cortical regions accompanied by an increase of other brain regions’
thickness, such as superior temporal and inferior parietal regions (Lopez-Larson
et al., 2011). Methylphenidate (MP) as a medication example, which is used to
treat the attention-deficit/hyperactivity disorder (ADHD), is categorised as
norepinephrine-dopamine reuptake inhibitor (NDRI) and enhances the CNS by
targeting dopamine the D2 receptor (D2R). Consuming MP in childhood results in
chronic changes in D2R levels in the striatum, that affects the rewarding system,
causing anxiety-like behaviour and affecting the plasma level of corticosterone

(Bolanos et al., 2003, Thanos et al., 2007).Although morphological and structural
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changes were triggered by early-life opioid exposure, the mechanism of these

changes remains unclear.

Chronic exposure to exogenous opioids will result in alterations in the
endogenous opioids system, where adaptive developmental changes occur and
affect the tolerance to opioid compounds (Matthes et al., 1996). In addition,
chronic exposure to opioid agonists leads to a decrease in the physiological
response of the opioid’s receptors, which is linked to three principal factors that
are down-regulation, desensitisation and the loss of G-protein coupling (Zadina
et al., 1995). Desensitisation and downregulation were reviewed due to chronic
exposure to exogenous opioids (Trigo et al., 2010). Holaday et al. (1982) and
Zadina et al. (1989) stated that pOR increased after the chronic exposure to
opioids. Accordingly, HOR desensitisation and down-regulation start with the
phosphorylation process triggered by G-protein-coupled receptor kinase (GRK).
The phosphorylation process increases the pOR affinity to B-arrestin proteins,
resulting in the uncoupling of G-protein signalling and internalisation (Trigo et
al., 2010).The mentioned factors are hypothesised to cause the changes in pOR

density, which could be triggered by the early life opioid exposure.

The chronic physiological changes were observed in the earlier chapters, for
example, breathing pattern alterations, the attenuated anaesthesia
vulnerability, and the hair corticosterone level trend. See chapters 3,4, and 5
for details. Therefore, the current study was designed to expose the mice to
repeated opioid exposure at the age of P9-P13 to investigate the long-term
neurological changes in the brainstem and cortex at the level of pOR distribution
within the CNS.



Region HOR Region HOR
Frontal cortex +++ Interpeduncular ++++
(laminar) nucleus
Piriform cortex ++ Substantia nigra +++
(laminar) (pars compacta)

Entorhinal Cortex ++ Substantia nigra ++
(laminar) (pars reticula)
Amygdala +++ Ventral ++
tegmental area
Hippocampus +++ Periaqueductal +
(laminar) gray
Dentate gyrus +++ Superior ++++
(laminar) colliculi
Olfactory tubercle + Inferior colliculi ++++
Nucleus Accumbens ++++ Dorsal raphe ++
nucleus
Caudate putamen ++++ Parabrachial +++
nucleus
Globus pallidus + Nucleus raphe ++
magnus
Medial septum +++ Nucleus reticula +
Thalamus 0 Nucleus tractus ++++
periventricular solitarius
nucleus
Thalamus Central- ++++ Lateral +
medial nucleus reticules
nucleus
Thalamus reuniens ++++ Spinal +++
nucleus trigeminal
nucleus
Medial habenula +++

Table 6-1 pOR distribution in a rat's brain
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MOR are highly distributed within the neocortex, caudate-putamen, nucleus accumbens, thalamus,

hippocampus, amygdala, inferior/superior colliculi and interpeduncular nucleus. Also, moderate
clusters of yOR are located at the periaqueductal gray and raphe nuclei. Indeed, the pOR

distribution corresponds to their role in sensory and pain regulations (Erbs et al., 2015, Mansour et

al., 1988).
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6.2 Study aim

To study the long-term effects of exposure to fentanyl P9-P13 on p-opioid

receptor (MOR) density within the CNS in mice.

6.3 Hypothesis

An early exposure to mu-opioid agonist (fentanyl) at the age of P9-P13 (juvenile

mice) will induce a long-lasting change on the pHOR density within the brain.
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6.4 Methodology

6.4.1 Animals

The study was carried out under the UK Home Office regulations in accordance
with the Animals (Scientific Procedures) Act, 1986. ICR mice were used in the
study, and the group size was 6 female and 4 male mice, 5 control and 5 treated
with fentanyl, and both groups were gender balanced. The 6 female mice were
used in the first study (JUV-FEN n= 3 vs JUV-SAL n=3). The first group developed
an artefact within the results and discarded; then a second group was added
later, which contained 4 male mice (JUV-FEN n=2 vs JUV-SAL n=2). Pups were
housed with their mother up to the age of P21, then they were placed in cages
(3-4 mice per cage) according to their gender and tagged with ear piercing to

identify each mouse. Food and water available ad-libitum.



184

6.4.2 Material and method

The mice involved in this study were reused from chapter 5, and the brain
samples were collected at the terminal stage of the study. The mice had
received fentanyl citrate (Janssen-Cilag, UK) (0.04 mg/kg i.p.) between P9-P13
for the JUV-FEN group (n=5). The control group (JUV-SAL) (n=5) were injected
with an equivalent volume of the normal physiological saline on the same days.
After that, the mice were housed in the animal house (VRF) in Garscube and
euthanised at the age of 12 weeks (phenobarbital 0.1 ml intraperitoneally)
(Sigma-Aldrich, UK). The brain was then dissected and immersed into isopentane
at -40°C for two minutes (Sigma-Aldrich, UK). See Figure 5-3 .Afterwards, the
brain samples were stored in a freezer at -80°C for cryostat sectioning. Before
the cryostat process, the brains were retrieved from the -80°C freezer, and each
sample was cut coronally at the midpoint between the brainstem and cortex.
Each part was fixed on a separate chuck and covered with Cryomatrix (Thermo
Fisher Scientific, Cheshire, UK), for segmenting later. Sections were cut at 20
um using a cryostat (Zeiss Microm 505E); sections were mounted on super
frosted slides (6-8 sections/slide) (Thermo Fisher Scientific, UK) and stored in

the -80°C freezer for the autoradiography process later. See Figure 6-1.
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Figure 6-1 Brain samples orientation on chucks for micro-sectioning
The brain was cut into two parts (cerebral cortex and brainstem) at the level of the dotted line. Each

piece was mounted on the chuck and cut individually. The cortex sectioning was done
craniocaudal, and the brainstem part was cut in the caudal-cranial direction.
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Forty-two slides were selected for each mouse to be involved in autoradiography
analysis. Thirty slides were taken from the brainstem part, and 12 slides were
selected from the brain (6 from the frontal lobe, 6 from the parietal lobe and 5
from the brainstem). The sections were taken in a continuous order caudally;
the frontal lobe coronal sections started from 1.78 mm from bregma, the
parietal lobe coronal sections started from -3 mm from bregma, and the
brainstem coronal sections started from -5.68 mm. The slides were laid on
cardboard and placed within the cassettes, facing the Kodak film (14 slides/
cassette + 1 standard slide + 1 non-specific slide). An additional time control
test cassettes were included in the study, to be opened before the sample’s
cassettes to ensure the exposure development on films at the 9, 12 and 15 post-
incubation. Once the film exposure was completed, the remaining films were
taken off the cassette and developed by 50% Kodak D-19 developer. See Figure
6-3.

An additional group (second group) of mice were added later to the study, a sum
of 4 (JUV-SAL, n=2 males and JUV-FEN, n=2 males). The group went through the
same protocol procedures, starting from the housing until the washing part that
occurred after the isotope [*H] (DAMGO) incubation. However, newer slides,
isotopes, films and cassettes were brought to avoid the artefact issue that
developed in the first study group. The coronal sections were taken at the
following areas (frontal lobe, parietal lobe and brainstem) with a determined
distance in reference to Bregma, based on (Paxinos and Franklin, 2019). In the

end, the slides had been exposed to films for 20 weeks (see Figure 6-2).

A pre-incubation step was taken by rinsing the slides into a 50 mM Tris-HCl
buffer, 3 times/5 minutes each. Afterwards, specific binding slides (SBS) were
incubated into 4 nM [3H] D-Ala-MePhe-Gly-ol enkephalin (DAMGO) (Perkin-Elmer
Life Sciences) for 60 minutes at room temperature. Once the incubation was
completed, another wash was conducted by a Tris buffer, 3 times / 5 minutes
each. Additionally, non-specific binding slides (NBS) had a 1 uM of naloxone
(Sigma-Aldrich, UK) added to the 4 nM [*H] (DAMGO) solution to prevent the

binding of isotopes to u-opioid receptors.
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Figure 6-2 Coronal section sampling through the brain regions

The figure provides an approximate illustration of the regions included in the autoradiography
study. Starting with the frontal lobe at the range of 1.18 mm to 1.78 mm from the bregma, the
parietal lobe is located between -3.4 mm to -3.88 mm from the bregma. The brainstem region is
identified in the following sections -5.68 mm to -8 mm from the bregma See Figure 6-3.
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(A) (B) ©)

(F) (E) (D)
Figure 6-3 Autoradiography methodology

The experiment started at the juvenile (A) age when the mice were injected with fentanyl 0.04 mg/kg i.p. once daily from P9 to P13. After that, the mice were housed
and left to thrive up to the age of 12 weeks, (B) when an injection of phenobarbital is given 0.1 ml i.p. once to euthanise the mouse. Once the mouse was euthanised,
the brain was dissected and stored in -60 °C isopentane then placed in a vial and stored in a -80 °C freezer. Next, (C) the brain samples were retrieved, and a micro-
section cut took place to execute 20 um samples on several brainstem and cortex levels. Then, the samples were mounted on frosted slides (D) washed in (50 mm
Tris-HCI 7.4 ph.) buffer, and (E) incubated into 4 nm [*H] DAMGO. Finally, (F) slides were lined on white cards and exposed to Kodak biomax films for 12-15 weeks.
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6.5 Data analysis

Films were processed by the IMC image analyser (Imaging Research, Canada),
which is a video-based computerised densitometry software. A standard curve
was established concerning the 3H-microscale (Amersham, UK) placed beside the
slides within the cassette and exposed to the film for the whole exposure period.
Calibration values (femtomole/milligram) were set regarding the 3H-microscale
and its density that was displayed by the MCID software. The average of the
sample’'s density was determined, referring to the standard curve based on the

3H-microscale calibrated values.

6.6 Statistical analysis

Graphs were drawn using GraphPad Prism 4. Since only two samples were
obtained per group, no statistical analysis was possible and preliminary data is

presented
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6.7 Results

6.7.1 First group

The first batch (3 control females and 3 fentanyl-exposed females) presented an
artefact that affected most of the films and produced a cross-contamination,
which overlapped the sections and made it difficult to analyse them. The
contamination was developed due to previous samples, rat brains, placed within
the same cassettes in previous studies conducted before the recent research. A
leakage sign of the isotope, which could be caused by the poor hydrophobic
marking of the samples, was observed in some slides. An overlap of the section
developed on some films, where older sections developed on the recent slides
used in the study. The films developed from this batch were excluded, and
newer films were exposed for another 15 weeks, but a similar artefact and cross-

contamination occurred. See Figure 6-4 and Figure 6-5.
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Figure 6-4 Autoradiographic artefact developed in the films

Some films were affected by an artefact that overlapped the results and made it difficult to interpret
the data. Both films showed signs of maldevelopment of the isotope and so they were excluded
from the study. The (a) picture shows a rat size brain sample in 1, and a leakage sign of the
isotope at 2, which could be caused by the poor hydrophobic marking of the samples. Also, an
arrow at 3 shows that the samples overlap with the standard, suggesting a development from
previous samples or cross-contamination. Picture (b) 1 points to a rat brain sample, which is larger
than the mice brain samples used in the study. Also, the samples overlap the standard at the 2
arrow, which suggests the cross-contamination of the film.
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Figure 6-5 Cross-contamination of rat's brain samples that developed on the films

Some films had developed different isotope exposure to the ones we used on our sample. As
shown in the pictures, the films' developed density had different arrangements from our slides. The
samples' size was more prominent than the mice brain, more likely to be rat's samples that were
stored in the same cassettes previously. These films were excluded from the study too.
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6.7.2 Second group

Although the first batch of animals showed cross-contaminated films, the second
group succeeded in developing results on the films and provided data for the
designated experimental groups (JUV-SAL n=2 and JUV-FEN n=2). Some
anatomical spots presented a higher density of pOR distribution through the
coronal sections taken across the brain samples. For example, neocortex (NC)
and nucleus accumbens (NaCC) presented a high pOR density in the sections
taken from the frontal lobe (see Figure 6 6). In addition, interpeduncular nucleus
(IP), amygdalopiriform transition area (ATA) and posteromedial cortical
amygdaloid nucleus (PCAN) showed a higher density of yOR in the coronal

sections taken from the parietal lobe (see Figure 6 7).

Brainstem samples presented an increase in HOR density at the area between -
5.68 mm from bregma until -8 mm, but no certain area or nucleus could be
distinguished to highlight the anatomical hotspot of pOR within the brainstem
(see Figure 6 8). Some slides presented artefacts on the films and were excluded
from the pOR quantitative analysis (see Figure 6 9). The numbers of slides
excluded are 1 from JUV-SAL brainstem and 5, JUV-FEN brainstem and 2 from

JUV-FEN cortical sections.
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Figure 6-6 Coronal sections of frontal lobe autoradiography brain samples

The upper row presents the coronal section samples taken from the frontal lobe in monochrome resolution. The lower row is the computer-enhanced images for the
same sample above. (a) shows a higher density of yOR located at the neocortex. The arrows in (b) are pointing to the nucleus accumbens (NaCC), representing a high
density of JOR. Neocortex and NaCC are pointed at again on (c). Yet, a clearer image of NaCC pOR density can be obtained on (d). The calibrating measure is 1 mm
each way.
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Figure 6-7 Coronal sections of parietal lobe autoradiography brain samples

The columns present coronal section samples from the parietal lobe in monochrome resolution (a) and (c), which is supplemented by the computer-enhanced images
for the same samples (b) and (d). Correspondingly, an increase of pOR density is noticed in (a), and the white arrow is pointing to the interpeduncular nucleus (IP), and
the black arrows point to the amygdalopiriform transition area (ATA) and posteromedial cortical amygdaloid nucleus (PCAN). Again, (ATA) and (PCAN) are highlighted
by black arrows in pictures (b) and (d) while (c) represents an additional section of yOR distributed at IP, which is clear in the enhanced image (d) of the same coronal
section. The calibrating measure is 1 mm in each way.



196

Figure 6-8 Coronal sections of brainstem autoradiography brain samples

The brainstem's coronal sections showed a density of pOR distribution through the regions of
interest seen in both pictures (monochrome above photo and computer-enhanced below pictures).
The coronal sections were highlighted in the pictures, and the average YOR distribution was taken

for each section.
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Figure 6-9 Excluded slides due to a developmental artefact during the exposure process
Some of the slides had an artefact at the time of exposure, and the sample’s sections were
affected. The artefact interferes with the yOR density on the films and exhibits false levels of
densities in the films.
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The quantitative distribution of pOR across the same coronal section of the
frontal lobe, parietal lobe and brainstem are provided in the following tables:
Table 6-2 Quantitative pOR distribution at the frontal lobe (1.78 to 1.18 mm
from the bregma)Table 6-3 Quantitative pOR distribution at the parietal lobe (-
3.4 mm to -3.88 mm from the bregma).Table 6-4 Quantitative pOR distribution
at the brainstem region (-5.68 mm to -8 mm from the bregma). An increase of
the YOR density is observed through the coronal section caudally to the level of
1.18 mm from the bregma in JUV-SAL (n=2). The parietal lobe showed an
increase of POR distribution obtained at the following levels -3.48- and -3.72-
mm. In the brainstem, some regions present higher densities of yOR, such as -
5.68 mm, -7.3 mm, and -7.88 mm. No pOR densities were obtained at -6.84 in
both groups, JUV-SAL and JUV-FEN. The treated group (JUV-FEN, n=2) showed no
difference in the pOR distribution across coronal sections taken from the frontal
and parietal lobes compared to the JUV-SAL group. The parietal lobe presents no
difference from JUV-SAL of pOR distribution at the following coronal sections -
3.48 and -3.72 mm. The pOR did not develop any isotope signs at the following
levels -6.49 to -6.96 mm, and from -7.19 to -7.42mm. See Table 6-4
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Distance Mice group
from bregma
(mm) JUV-SAL JUV-FEN
1.78 27.24 21.43 17.11 19.19
1.63 38.12 20.59 20.4 27.06
1.48 36.46 23.02 N/A 32.01
1.33 34.82 25.66 15.99 19.32
1.18 29.81 32.76 17.11 33.32

Table 6-2 Quantitative pOR distribution at the frontal lobe (1.78 to 1.18 mm from the bregma)

The table shows the yOR distribution across the coronal sections taken from the frontal lobe in

both experimental groups, JUV-SAL n=2 and JUV-FEN n=2. The data is presented in fmol/mg, and
the N/A refers to no development detected in the coronal section.



Distance Mice group
from bregma

(mm) JUV-SAL JUV-FEN

-3.4 29.29 22.94 20.47 27.08
-3.48 37.51 24.48 48.97 17.03
-3.56 30.74 16.45 23.49 21.35
-3.64 28.57 23.79 N/A 17.47
-3.72 38.39 22.62 38.12 20.54
-3.8 N/A 25.59 23.46 16.19
-3.88 N/A 22.88 N/A 20.26

200

Table 6-3 Quantitative pOR distribution at the parietal lobe (-3.4 mm to -3.88 mm from the

bregma).

The table shows the yOR distribution across the coronal sections collected from the parietal lobe in
both experimental groups, JUV-SAL n=2 and JUV-FEN n=2. The data is presented in fmol/mg, and
the N/A refers to no development detected in the coronal section.
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Distance from Mice group
bregma (mm) JUV-SAL JUV-FEN
-5.68 40.7 19.42 N/A 7.6315
-5.8 27.7 16.64 11.39 N/A
-5.91 39.6 22.55 33.09 28.63
-6.03 22.9 24.66 17.6 32.54
-6.14 19.2 27.61 24.89 19.1
-6.26 14 24.83 N/A 14.44
-6.38 17 24.31 N/A 18.77
-6.49 26.1 17.81 N/A N/A
-6.61 21.3 24.01 N/A N/A
-6.72 28 N/A N/A N/A
-6.84 N/A N/A N/A N/A
-6.96 N/A 15.84 N/A N/A
-7.07 30.6 21.94 26.04 17.54
-7.19 25.7 25.89 N/A N/A
-7.3 39.4 44 N/A N/A
-7.42 25.4 22.91 N/A N/A
-7.54 26.6 24.46 26.76 14.4
-7.65 28.9 N/A 9.43 11.64
-7.77 27.4 27.09 21.25 29.84
-7.88 35.2 N/A N/A 13.06
-8 27.4 10.7 9.84 12.5

Table 6-4 Quantitative pOR distribution at the brainstem region (-5.68 mm to -8 mm from the
bregma)

The table shows the yOR distribution across the coronal sections collected from the brainstem in
both experimental groups, JUV-SAL n=2 and JUV-FEN n=2. The brainstem region showed no pOR
distribution in the areas between -6.49 to -6.96 mm, and -7.19 to 7.42 mm.
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6.8 Discussion

6.8.1 Autoradiography artefact

In regard to the first group introduced in the autoradiography study, artefacts
were observed in the films right after development. The technical artefacts may
occur due to several errors, such as contaminated isotope, variable thickness of
histological sections, overpressure of the developing films laid upon the slides,
and so on. The radioisotope may present false data by applying an excessive
amount or concentration on the samples. This may trigger an unphysiologically
reaction that affects the film's tissue development (Leblond et al., 1950).
Moreover, histological processing may cause technical artefacts due to poor
fixation and uneven thickness of the sampling, which had been described by
(Fink, 1951, Winteringham et al., 1950). Also, the pressure effect should be
considered when the films are laid into cassettes for the period of exposure, and
it was addressed by (Doniach and Pelc, 1950, Yagoda and Yagoda, 1949). In
addition, film developing remains a sensitive step, affecting the data and
resulting in streaks and spotty effects on the film, if an error occurs through the
photographic processing phase (Sonka and Grunkin, 2002). Technical artefacts
may occur in any step of the autoradiography experiment, and good practice and
great care must be taken through all stages of the experiment, from the

beginning of section segmentation to photographic development.

Here are some recommendations by (Odeblad, 1953):

¢ Check the radioisotope solutions for any sort of contamination.

¢ Proper histological sectioning and fixation.

¢ Avoid touching the emulsion surface by hand.

¢ Avoid excessive pressure once laying the films on slides.

¢ Use a clear and filtered solution for film development and fixation.

¢ Maintain the tidiness of the dark (development room).
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The recommendations for autoradiography (AR), are similar to other tissue
processing and visualisation studies, such as immunohistochemistry (IHC), where
precision and hygiene are the key factors for conducting a successful
experiment. Nevertheless, additional steps should be considered for AR work, as
mentioned above. Accordingly, this study had a long preparation period, which
starts with pups being born, injected with fentanyl or saline, housed till they are
10 weeks old, euthanised, followed by brain micro-sectioning, incubation and 20
weeks of film exposure after that. Therefore, tracing artefacts’ origin could lead
to any technical mistake made from day 1 until the development and fixation
part 9 months later. Hence, in our first batch, we exposed the slides to other
films after the initial cross-contamination appeared. As mentioned in the results,
similar artefacts appeared again on the films, where some technical errors had
been excluded, such as excessive pressure on tissues and film development.
Still, contaminated radioisotope, improper histological sectioning and
contaminated cassettes were considered the triggers of the artefact that
affected the first group. Therefore, the second batch of mice was introduced to
the brain sectioning part. A newer radioisotope was used; different cassettes
were also brought for this group, which succeeded in developing and providing

the POR distribution data brain regions.
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6.8.2 HOR distribution in CNS

The additional group (JUV-SAL n=2 and JUV-FEN) successfully developed the pOR
isotopes on the films. The data are presented on the following tables: Table 6-2
Quantitative pOR distribution at the frontal lobe (1.78 to 1.18 mm from the
bregma)Table 6-3 Quantitative pOR distribution at the parietal lobe (-3.4 mm to
-3.88 mm from the bregma).Table 6-4 Quantitative pOR distribution at the

brainstem region (-5.68 mm to -8 mm from the bregma).

M opioid receptors are densely distributed within brain regions, such as the
nucleus accumbens, thalamus, hippocampus, amygdala, and inferior/superior
colliculi (see Table 6-1). In the present study, pOR density increased in JUV-SAL
and JUV-FEN in the same areas. In addition, the red nuclei and superior
colliculus had a denser distribution of pOR. In addition pOR could be detected in
all coronal sections taken from -3.4 to -3.88 mm from the bregma in both study
groups (JUV-SAL and JUV-FEN). This increase was observed similarly by (Kitchen
et al., 1997) at the area between -3.4 to -3.64 mm from the bregma. (See Table
6-3). In the brainstem area, which is identified between -5.68 to -8 mm from the
bregma, pOR was observed in all the coronal sections taken from JUV-SAL n=2,
apart from the -6.48 mm level, which showed no development of pOR. The JUV-
FEN group showed an absence of POR in several coronal sections and a reduction
of HOR across the brainstem. (See Table 6-4) The brainstem region is known to
have a high distribution of pOR, starting with the IP, which is followed by the
parabrachial nuclei, locus coeruleus, nucleus of the lateral lemniscus, caudal
subnucleus, paratrigeminal nucleus, nucleus of the solitary tract, ambiguous
nucleus and inferior olivary nuclei (Ding et al., 1996, Erbs et al., 2015). The data
collected from the samples remain underpowered due to the small sample size
of the study groups, and no further statistical analysis was performed. This group
was added to trace the artefact that produced the earlier cross-contamination
on the previous samples in section 6.7.1, and the potential source of cross-

contamination was discussed in section 6.8.1
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The change in the pOR distribution is assumed to be triggered by the early
exposure to opioids. A decrease in opioid tolerance and receptor response was
found in earlier studies that investigated the long-lasting alterations of chronic
opioids exposure (Matthes et al., 1996); (Zadina et al., 1995).To understand the
decrease of YOR density, quantitative models were introduced in several studies
to analyse POR desensitisation triggered by opioid agonist exposure in short- and
long-term treatment. Accordingly, a loss of 80-95% of pOR functional surface was
accountable for the shift of the morphine concentration-response curve (Chavkin
and Goldstein, 1984, Osborne and Williams, 1995, Bailey et al., 2009).
Therefore, YOR tolerance (desensitisation) was measured quantitively by the loss
of more than 80 % of the functional surface. Desensitisation recovery was
variable concerning the exposure duration. For example, one hour was the
estimated recovery duration of rapid desensitisation (Harris and Williams, 1991,
Dang and Williams, 2004, Virk and Williams, 2008) while chronic opioid exposure
required two phases to attain full recovery. The first phase was completed
within 2 hours after disconnecting morphine administration, and the second
phase persisted for several hours after that and was accompanied by tolerance
(Bailey et al., 2009, Christie et al., 1987).

Concerning POR functionality and distribution, some measures should be
considered within the study. For example, receptor redistribution between
cellular compartments, plasma membrane and intracellular compartments
(Williams et al., 2013). Henceforth, chronic exposure to morphine produces
alterations of the opioid receptors distribution across the brain region (Stafford
et al., 2001, Koch and Hollt, 2008). Yet, an assay analysis for GPCR in situ after
chronic heroin exposure had indicated a decrease of PYOR in several brain
regions, combined with an increase of total opioid receptors number (Sim-Selley
et al., 2000). A limited number of studies examined the pOR distribution at the
cellular level following chronic exposure to opioids. A remarkable redistribution
of HOR from the plasma membrane to intracellular compartments was observed
by (Drake et al., 2005) after chronic morphine treatment. Also, anatomical
reallocation stated by (Van Bockstaele and Commons, 2001) once chronic opioid
exposure leads to decreased opioid receptors within locus coeruleus, but
internalisation of NaCC neural dendrites is triggered by an acute administration

of morphine (Haberstock-Debic et al., 2003). Thus, different administration
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protocol, duration, antibodies and cellular levels of analysis may produce
variable results of pOR distribution; and the clear picture of the opioid exposure

effect on pOR remains uncertain.
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6.9 Summary

The study was designed to investigate the changes in pOR density within the
brain region. This counts as a continuation of the investigation of postnatal
opioid exposure. The autoradiographic JOR mapping was applied in this study,
and the initial group included was 3 control (JUV-SAL) and 3 treated (JUV-FEN).
The cross-contamination appeared on the films, and additional groups were
involved in the study with 2 control mice and 2 treated mice. The latter showed
a slight decrease of pOR density across the brain regions in the JUV-FEN group,
compared to JUV-SAL. Nevertheless, the presented data was underpowered

regarding the small sample size involved in this additional group.

6.10 Study limitations

Cross-contamination had affected the first study group n=6, and the slides were
discarded. In the second group, | solved the technical problem but still ran out
of time to include more mice and another group due to the license renewal
issue, which was followed by the COVID-19 outbreak.
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Chapter 7 The long-term effects of the early
opioid exposure on the neural expression of n
opioid receptor within the ICR mice brainstem
(Immunohistochemistry)
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7.1 Introduction

Regarding the results discussed in chapter 3, early repeated exposure to opioids
tends to cause a decrease of the resting respiratory rate and increase tidal
volume response to awake fentanyl challenge in the NN-FEN group. Indeed, the
chronic effect on breathing patterns could be triggered by the histological
changes in the pYOR neural expression within PreBotC, such as NK1R and pOR.
Accordingly, PreBotC and RTN/pFRG are principal respiratory neural clusters
(Smith et al., 1991, Onimaru and Homma, 2003, Varga et al., 2020); the
histological alterations will help to understand breathing function. In addition,
the systematic administration of fentanyl could trigger an indirect effect on
breathing function by influencing other physiological tasks, such as the
cardiovascular system (Pattinson, 2008). Repeated exposure to fentanyl was
proven to alter the pOR regulation through the brain regions by developing
tolerance and insensitivity to opioid exposure (Bhargava and Gulati, 1990,
Bernstein and Welch, 1998, Stafford et al., 2001). Since PreBotC neurons express
a high level of yOR (Montandon et al., 2011, Nagappa et al., 2017), the defect of
neural expression within PreBotC leads to breathing patterns abnormalities
(McKay, 2005). Therefore, repeated exposure to fentanyl could deliver the
breathing pattern changes through this respiratory-related brain area by

affecting the expression of pOR.
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7.1 Study aims

To analyse the changes of p opioid receptor expression within the ventrolateral
respiratory column following postnatal repeated exposure to fentanyl (P9-P13),

using the immunohistochemical technique.

7.2 Hypothesis

The repeated exposure to fentanyl (p opioid agonist) at P9-P13 will result in
long-lasting decrease of p opioid receptors’ neural expression within the

brainstem.
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7.3 COVID-19 impact

The pandemic situation affected this study. Starting with the national lockdown
started in March 2020, IHC processing the naive brain sample was carried out,
and only some samples were incubated and mounted on slides at the time. As it
lasted for 12 months, the non-processed samples were destroyed, and only the
mounted sections were ready for microscope visualisation. As the study was
carried out in March 2020, it was challenging to include the JUV-FEN group
(fentanyl exposed between P9-P13) into the experimental design, due to the
limited time frame and the renewal requirements for Home Office licence
application. In addition, a confocal visualisation and counting of the
immunopositive cells was planned. Access to the device was limited at the time
of the analysis and the priority was given to essential research works at the
campus. Therefore, an epifluorescence microscope was to collect images from

the samples’ sections.
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7.4 Methodology

7.4.1 Animals

The experimental procedures were conducted under the licence from the UK
Home Office in accordance with the Animals (Scientific Procedures) Act, 1986.
Experiments in this chapter were performed on male ICR mice. The mice were
bred at the Spinal Cord Group department (Sir James Black Building), and a total
of 4 (naive) adult mice were included. A 12-hour light/dark cycle was

maintained, with food and water available ad libitum.

7.4.2 Perfusion and micro-sectioning

The mice were euthanised at the age of 6 weeks using a lethal dose of
Phenobarbital 0.1 mli.p., once. The mice were perfused transcardially with
paraformaldehyde 4%, then the brain extracted and immersed into a 30% sucrose
vial. After that, brain samples were rinsed with 0.3M PBS buffer and sectioned
via Vibratome into 60-micrometer samples for the whole sample. Brain samples
were immersed in Glycerol and stored in a freezer at -20 °C. On the day of
incubation, samples were retrieved and rinsed with PBS before the IHC

antibodies processing.

7.4.3 Incubation and antibody combination

The immunohistochemistry process was carried out in collaboration with Dr
David Hughes’ lab (Spinal Cord Group) at the main campus of Glasgow
University. Samples were incubated in the primary antibody over the weekend;
then, a secondary antibody was added and kept for 24 hours. Once the
incubation is completed, samples were rinsed with PBS buffer, then mounted on
a microscope slide (Thermo Fisher Scientific, UK) that contained glycerol and

covered with a slipcover (Academy, UK). See Figure 7-1.
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Figure 7-1 Incubated brain samples mounted on slides

The above picture shows the final product of samples collection, incubation, rinsing and sections
mounting. The below picture presents the selected slides of the naive mice, which will be visualised
under the fluorescent microscope for neural expression analysis.
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7.4.4 The antibody combinations

The primary antibodies used in the IHC analysis were neurokinin 1 receptor
(NK1R), p opioid receptor (UOR) and neuronal nuclear protein (NeuN). The NK1R
was detected using NK1R guinea pig antibodies (1:500) (Millipore Limited, UK),
and a secondary anti guinea pig antibody (1:500) (Vector Laboratories, UK). The
HOR neural expression was detected utilising pOR rabbit antibodies 1:500
(Abcam, UK), and a secondary anti-rabbit antibody was added 1:500 (Vector
Laboratories, UK). Monkey NeuN antibodies were included 1:1000 (Abcam, UK),
and the secondary anti monkey antibodies 1:1000 (Vector Laboratories, UK) were
used to detect the primary NeuN antibodies. In addition, Tyramide signal
amplification was carried out (1:50) using the TSA amplification kit provided by

Akoya Biosciences, UK.

7.4.5 Immunofluorescent microscope imaging

NK1R, pOR and NeuN immunopositive cells were imaged and analysed throughout
the coronal sections collected from the naive mice brain samples, using an
epifluorescent microscope (Axioscop, Zeiss, UK). Coronal sections were
visualised under the microscope to identify the anatomical landmarks of the
ventral respiratory column (VRC). The caudal landmark was set at the rostral
border of the lateral reticular nucleus (LRN), and the rostral landmark was
identified by the rostral portion of the facial motor nucleus. The counting of
NK1R and pOR immunopositive cells was determined to be executed through this
rostrocaudal extent. In addition, to identify preBotC, nucleus ambiguous (NA)

was set to be the level reference of the same coronal section. see Figure 7-2
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7.5 Results

Coronal sections were collected from the 4 naive mice, 8-10 sections per mouse.
The antibodies and combined channels presented a successful IHC processing of
the brain samples that helped identify several anatomical landmarks within the
sections, such as preBotC and hypoglossal nucleus. (See Figure 7-2) Some
examples are provided in Figure 7-3 and Figure 7-4, which are collected from the
mice group regarding the clarity of the section. Each figure refer to an indiviual
coronal sectoin, which is collected from a single mouse. This study was limited

with the small sample size and statistical analysis was performed.
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Figure 7-2 Anatomical landmarks of the coronal brainstem section

The picture shows the coronal section at the level of -6.72 mm from Bregma, where most of the
anatomical structures were highlighted in the IHC study, such as hypoglossal nucleus (XII), nucleus
ambiguous (AMB) and inferior olivary nucleus (I0). The picture was modified from the online Allen
Mouse Brain Atlas 2012.
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Figure 7-3 yOR expression at the hypoglossal nucleus (XII)

A single coronal section is provided in the figure, as the upper row represents 20x magnification and the lower row is 40x magnification of the same area. The blue dye
highlights the MOR1 receptors; the green is for NK1R receptors, the red stands for Neun and the merged stands for all stains at the same view. The hypoglossal
nucleus was identified in the dorsomedial medulla, below the central canal, and presented a high expression of the yOR (blue).
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Figure 7-4 PreBotC identified at the site with a high expression of JOR and NK1R receptors

A single coronal section is provided in the figure, as the upper row represents 20x magnification and the lower row is 40x magnification of the same area. The blue dye
highlights the MOR1 receptors; the green is for NK1R receptors, the red stands for Neun and the merged stands for all stains at the same view. The section highlights
the ventral localisation of PreBo6tC toward NA at NK1R (green).
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7.6 Discussion

The study was designed to investigate the chronic effect of postnatal repeated
(fentanyl) exposure on the pOR neural expression across the brainstem, but a
pandemic lockdown was held at the time of the study, and the samples were
collected from four naive mice. The technique succeeded in working with the
samples collected from the naive mice (Figure 7-3 and Figure 7-4), which was
adapted from the previous work by (Kennedy, 2015). However, due to the covid
outbreak, the study was limited to the samples the 4 naive mice introduced. The
previous work, conducted by (Kennedy, 2015) on similar study groups, showed a
decrease of YOR density in the mice exposed to repeated opioid exposure early

in life. (See Figure 7-5 and Figure 7-6)

The p opioid receptors are highly expressed across preBotC and the BC in the
adult rat brainstem (Lonergan et al., 2003). Dense clusters of p opioid receptor-
expressing cells are located within the facial motor nucleus. However, the
density of p opioid receptors falls in the fentanyl-exposed mice throughout
preBotC and VRC (Kennedy, 2015). The mechanism of the long-term effect
remains elusive, and it may be referred to as a decrease of the neural expression
or downregulation of the receptors. Some studies had revealed that the
repeated exposure to p opioid receptor agonists in rodents induces a
downregulation process triggered by the internalisation of the receptors
(Bhargava and Gulati, 1990, Stafford et al., 2001), which reduces the functional
receptors and causes tolerance. Despite the fact that downregulation may cause
these long-term alterations triggered by the repeated fentanyl exposure, a
decrease of the cells’ number should be considered as a possible cause of the
low p opioid receptors density found in the fentanyl-exposed group. To
investigate the cell count in the study group, a neuronal nuclei (NeuN) primary
antibody should be used in the IHC processing. NeuN is a specified nuclear
protein used as a general cell marker (Sandison and Webb, 1994). Accordingly,
depletion of NeuN immunopositive cells will suggest neuronal cells loss, and
unchanged NeuN expression accompanied with a decrease of p opioid receptors

would suggest a downregulation.
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An epifluorescence microscope was used to observe the staining. It would be an
advantageous to use a confocal microscope in our analysis. The confocal
microscope has a higher resolution and contrast, due to the ability to reduce the
background fluorescence (Sandison and Webb, 1994). Also, it provides the ability
to produce serial optical sections that allow analysis of the samples with greater
depth. Indeed, counting immunopositive cells using the epifluorescence
microscope may underestimate the number of cells present within the section.
The confocal microscope was set to be the first choice for the analysis in the
current study. Still, due to the impact of Covid, access to the device was limited

at the time of the analysis of the samples.
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Figure 7-5 The number of py opioid receptor immunopositive cells across VRC in fentanyl-
exposed mice and control group

Fentanyl-exposed mice showed a significant decrease in y opioid receptor immunopositive cells
within the preB6tC compared to the control group. In addition, no immunopositive cells were
obtained at RTN/pFRG area in both control and fentanyl-exposed groups. Four control mice were
included in this study, and 5 fentanyl exposed. Significant difference was denoted (p<0.05)
between experimental groups, two-way ANOVA with Bonferroni’'s post-test. The graph was
reproduced from (Kennedy, 2015).
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Control

Figure 7-6 The hypoglossal nucleus (XIl) p opioid receptor immunopositive cells in neonatal
fentanyl-exposed mice and control group

Magnified images of XlI, captured by the epifluorescent microscope, show the p opioid receptor
clusters in control and fentanyl-exposed mice. Picture A is magnified in B; and D is referred to C. A
decrease of JOR immunopositive cells is remarkable in the fentanyl-exposed group. The scale in A
and C images is 100 ym and B and images is 20 uym. Pictures modified from (Kennedy, 2015).
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Chapter 8 General discussion

Respiration is a critical function that is influenced by various neurological,
physiological and biochemical factors. Understanding the mechanism of
breathing drive and respiratory rhythm generation has become a challenge for
researchers. The current research was designed to investigate the early
maturation steps taken by the breathing neural oscillators at the first week of
life. Accordingly, breathing is unstable and immature in the first week of life.
Also, the hypothesised key oscillator of breathing at this age RTN/pFRG is opioid
insensitive. To investigate the breathing maturation and neural oscillators, a -
opioid receptor agonist, fentanyl, was introduced as a pharmacological tool to
disturb the breathing maturation step taken postnatally. Fentanyl is a highly
selective agonist to p-opioid receptors located in several sites in the brain and is
highly expressed within preBotC. The first week of life was targeted concerning
its vulnerability and maturation period time window. It is hypothesised that the
main rhythm generator of the first week of life is RTN/pFRG, which is switched
to preBotC as the dominant oscillator till adulthood. Several signs of postnatal
exposure to opioids were obtained during my lab work, and this will be discussed

in the following sections.
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8.1 The chronic effect of fentanyl exposure, at
postnatal age, on breathing patterns

Experimental groups were designed to be exposed to fentanyl at postnatal age
(NN) P1-P5 and (JUV) P9-P13. The breathing pattern was assessed at the age of
8-10 weeks old to investigate the chronic effect acquired after the postnatal
exposure to fentanyl. The baseline of respiratory rate and minute volume were
reduced in the NN fentanyl-exposed group. A similar effect of the early-life
opioid exposure was observed on the respiratory rate (Kennedy, 2015); yet, the
long-lasting change mechanism remains undisclosed. Although PreBotC is an
opioid-sensitive respiratory oscillator, other respiratory neural centres have p-
opioid receptors such as Kolliker-Fuse nucleus (KF) (Lalley et al., 2014, Varga et
al., 2020); and the effect of the early opioid exposure may extend beyond the

PreBotC level, as the fentanyl was administrated systemically.

The awake fentanyl challenge was performed on the study groups to evaluate
the sensitivity to p-opioid agonist exposure at adolescence, after the postnatal
exposure to opioids. The NN-FEN group showed more reduction in the respiratory
rate, which is associated with a trend of tidal volume, compared to NN-SAL
group, thus suggesting the long-lasting effect of the fentanyl exposure, at the
age of P1-P5, on breathing pattern. Nevertheless, the alterations of tidal volume
resulting from repeated opioid exposure may enhance variable responses. For
example, an increase in tidal volume was observed by (Lewanowitsch et al.,
2006, Leino et al., 1999, Colman and Miller, 2001), while a decrease in tidal
volume was supported by (Lewanowitsch et al., 2006, Leino et al., 1999, Colman
and Miller, 2001). The conflict in results could be generated by several factors,
such as different opioid dose, time of exposure or underpowered studies, which

may include false positive/negative data.

The juvenile groups showed a similar response to the fentanyl awake challenge,
and no changes were observed in the breathing pattern. The changes in some
breathing parameters imply the chronic influence of postnatal fentanyl exposure
on breathing pattern. Yet, the changes may refer to several factors, such as
opioid sensitivity or neural breathing centre maldevelopment, such as the

ablation of PreBotC which results in sleeping disorders (McKay et al., 2005).
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8.2 The vulnerability to fentanyl under anaesthesia

The awake fentanyl challenge had presented long-lasting changes in respiratory
behaviour due to the repeated postnatal exposure to fentanyl. A state-
dependent exaggeration of the fentanyl effect on breathing function was noted
in some experimental groups exposed to fentanyl earlier in neonatal life P1-P5.
The observation was attributed to the vulnerability of these mice under
anaesthesia, which is state dependent. Although an anaesthetic state is known
to augment the respiratory depressive effect of fentanyl (Montandon and
Horner, 2019), the control groups had shown better survival rates of the same
challenge. The chronic changes of postnatal exposure to fentanyl may adopt
several hypotheses, such as the elimination and accumulation of unbound
morphine in brain sites, once the metabolisation of opioids is not fully developed
at the age of exposure P1-P5 (Bhat et al., 1990, Ainsworth, 2014). This triggers
the innate pattern receptor toll-like receptor 4 (TLR4) that prompts adverse side
effects of opioid addiction and sensitivity (Eidson and Murphy, 2013, Eidson et
al., 2017).

The TLR4 signalling increases proinflammatory cytokines release within the CNS
(Raghavendra et al, 2002; Shen et al, 2011a) including tumour necrosis factor
(TNF), which enhanced the production of other cytokines, such as interlukin-6.
The cytokines release disturbs the glutamate homeostasis and excitatory
signalling in the CNS (Stellwagen et al, 2005). Many studies had linked the
altered glutamate homeostasis to the chronic changes of opioids tolerance, as a
hyperpolarisation effect (Vaughan et al, 1997; Bachtell et al, 2015). The chronic
effect was observed after the postnatal exposure to fentanyl, which may get
aggravated by specific anaesthetic and sleeping states. However, the sample
size remains underpowered, and it is impossible to conduct a similar study
design on human infants. A general recommendation could be given regarding
the therapeutic use of opioids at neonatal age, which should be revised,
documented and limited to avoid the unexpected outcomes of the inherited

hypersensitivity to the opioids later in life.
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8.3 The effect of fentanyl on cerebral blood flow

The study was dedicated to investigating the effect of opioids on CBF in both
acute and chronic measures. Laser speckle technique was employed to deliver a
live dynamic record of the cortical perfusion of a mouse’s brain, under
anaesthesia. The acute influence of fentanyl exposure on anaesthetised mice is
summed up as an increase of CBF, which gradually returns to normal around 25
minutes post-exposure. The rise of CBF is a common act of opioids exposure
(Franceschini et al., 2010), but the mechanism is not fully recognised. Although
the respiratory rate was acquired in some samples through the study, both
respiratory rate and CBF changed simultaneously, which does not provide a
definite answer about the initial haemodynamic instability that follows the

fentanyl administration.

The chronic effect of opioid exposure in the early days of life was assessed by
introducing the postnatal fentanyl-exposed mice into the study. Some cortical
regions in JUV-FEN groujp produced a trend of CBF, but the mean average of all

CBF regions showed no significant changes between the experimental groups.

8.4 The impact of chronic opioid exposure on the
HPA axis and corticosterone hormone

An ELISA test was used to assess the stress level in rodents, by measuring the
corticosterone level in hair samples, as a chronic marker of stress level. The
targeted group was exposed to a repeated dose of fentanyl at the age of P9-P13
(JUV-FEN). An increase of corticosterone was obtained that suggested the
chronic effect of opioid exposure (Houshyar et al., 2001). The assessment
focused on the impact of opioid exposure on the endocrine system, especially
the HPA axis and stress hormone. The chronic exposure to opioid compounds,
endogenous and exogenous, enhances the secretion of ACTH and alters the
hypothalamic-pituitary-adrenal axis (HPA axis) to stressful stimuli (Jezova et al.,
1982, Buckingham and Cooper, 1984).
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8.5 The impact of chronic opioid exposure on
endogenous B-endorphin levels and weight

An ELISA test was used to assess the plasma B-endorphin levels in mice exposed
repeatedly to fentanyl at the age of P9-P13 (JUV-FEN), a trend toward an
elevation of the endogenous B-endorphin detected in the JUV-FEN group, which
accompanied with a large distribution of data. The ELISAThe B-endorphin data
had presented considerable variation of data, besides a low detection level in
many samples, which may refer to several factors, such as the small blood
sample volume. The JUV-FEN had shown more detectable levels of plasma -
endorphin, even when a small blood volume is extracted. This may suggest the
elevation of the B-endorphin level in this group compared to the JUV-SAL. Still, a
larger sample would help to have a better judgmental position in future work. In
regards to the literature, chronic exposure to opioids alters the hormonal levels
within the plasma, such as elevating the levels of B-endorphins in plasma (Vuong
et al., 2010, Victoria and Murphy, 2016). B-endorphins represent the endogenous
H-opioid agonist. Weight measures were taken from the same experimental
groups, and large distribution of weight results was observed in the JUV-FEN
mice beside a general trend toward an increase. Therefore, a sample of 40 mice
would match the appropriate power calculation of the mice weight study and

help to clarify the effect of early opioid exposure on weight gain.
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8.6 The alterations of y-opioid receptor distribution
within brain regions following repeated fentanyl
exposure early on in life

The long-term effect of early-life repeated fentanyl exposure on p-opioid
receptor expression throughout brain regions was analysed to understand the
potential mechanisms underlying the obtained long-term respiratory changes in
the same experimental group. An autoradiography study was introduced for this
investigation, and [*H] DAMGO was utilised to target p-opioid receptor-
expressing cells (UOR). The preliminary results showed a reduction in gOR across
the brain regions in JUV-FEN n=2 vs JUV-SAL n=2. No statistical analsysi
conducted due to the small group sample size. The reduction of pOR -expressing
cells could be linked to several theories, such as downregulation,
phosphorylation and redistribution (Ingram et al., 2008, Fyfe et al., 2010). Yet,
to understand the pOR distribution, additional measures should be investigated
within the study, such as receptors redistribution between cellular
compartment, plasma membrane and intracellular compartments (Williams et
al., 2013). pOR distribution study designed to understand the chronic
physiological changes observed on the respiratory function of neonatal fentanyl
exposed mice, which resulted in chronic changes of the respiratory. Additional
measures were included in this study and affected by fentanyl exposure at this
age, which are endogenous opioid and stress hormone levels. The latter may
broaden the investigating scope on these chronic changes and help design
detailed study in the future to have certain explanations of the long-lasting

changes.
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8.7 Study limitations and future direction

The study was affected by the Covid pandemic situation and the national
lockdown rules in place by March 2020. Another group of mice (NN that received
fentanyl injections between P1-P5) was planned to be included in the
autoradiography study. The immunohistochemistry (IHC) study was intended to
support the autoradiography investigation of pOR distribution, but it was not
completed due to the effect of the pandemic Covid situation. In regard to future
plans, the NN group were considered to be exposed to fentanyl early in life,
besides the JUV group. Also, an additional group older than JUV mice should be
involved in order to identify the early age window that exaggerates the fentanyl
effect on CNS and pOR. Concerning the laser speckles study, which investigated
the effect of fentanyl on CBF, detailed respiratory measures, such as the
diaphragm and genioglossus muscle activities (Montandon et al., 2011), would
enhance the analysis of the anaesthetised fentanyl challenge effect on
breathing. However, the study time plan was long, and the surgical procedure
was complex. Therefore, including an additional technique may raise the
chances of mice dying before completing the fentanyl challenge due to the
length and complexity of the procedure. In order to analyse the pOR
distribution, two methods were suggested in this study: autoradiography and
IHC. Yet, in future work, we may consider using the confocal microscope to
assess the distribution of pOR. Also, evaluating the distribution of other neural
expressions should be considered besides pOR. For example, investigating the
delta-opioid receptors will help understand the receptors’ redistribution after

chronic exposure to opioids.



229
8.1 Conclusion

The study was designed to investigate the long-lasting effects of early opioid
exposure on respiratory patterns. The long-term impact of repeated opioid
exposure was observed in baseline measures of breathing patterns taken at the
awake fentanyl challenge. The laser speckle (LS) experiment investigated the
dynamic changes in CBF following opioid injection. LS enabled the recording of
real-time, dynamic CBF changes in response to pharmacological agents. NN-FEN
showed a higher CBF reactivity to fentanyl administration than NN-SAL, the
control group. In addition, hypersensitivity to opioid exposure was obtained and
documented under generalised anaesthesia, affecting the opioid-exposed mice's

survival rate, limiting the data's analysis and conclusion.

An extended evaluation of the influence of early repeated opioid exposure on
the hormone levels in mice. A trend in the corticosterone level was observed in
the treated mice (JUV-FEN). The endogenous opioid levels showed a low
detection level of B-endorphin in JUV-SAL and more variable traceable levels in
JUV-FEN. The variability of the data would affect the statement about the f3-
endorphin level, and larger blood samples are recommended for future work to
produce more consistent results. Weight measures were analysed as some
studies backed the effect of B-endorphin on eating habits and weight gain, and
opioid-exposed mice showed an increase in weight. The weight study requires a
larger sample size in future (40 mice) to produce a statistically robust report

regarding the effect of opioid exposure on weight gain.

In order to understand the chronic changes that were triggered by the early
exposure to p opioid agonist agent, fentanyl, an assessment was carried out to
investigate the downregulation and distribution of py opioid receptor expression
across the brain. The preliminary results showed a reduction of py opioid receptor
density in JUV-FEN compared to JUV-SAL, which was limited by the sample size
and time frame. Yet, this thesis provides novel information regarding the long-
term effects of opioid-induced respiratory depression based on the experiments
described in this study. Also, the neonatal period appears to be susceptible to
the long-term adverse effects of repeated opiate exposure. The changes in the

respiratory response to fentanyl may be caused by the downregulation of the
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opioid receptor within the PreBotC. Therefore, a repeat of the autoradiography
and immunohistochemistry studies is recommended for future work to support
the data collected in the thesis and understand the extended neural effect of

early opioid exposure in neonatal mice.
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