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SUMMARY

Background

Chronic and Long-term use of khat may cause neuro-cognitive changes, which have been
elucidated in behavioural studies. These may correlate with structural changes in the
cytoarchitecture and histomorphometry of neuronal cells. With current research showing the
centrality of astrocytes and other glial cells in neuronal signalling, there is possibility that these
cells are also affected by chronic khat use. There’s little literature on the structural changes in the
prefrontal cortex neuronal and astrocytic cytoarchitecture and morphometry in chronic khat

users.

Objective
To describe the changes in neuronal architecture and density, as well as astrocyte morphology in

rats after long-term use of khat (miraa).

Study design

Randomized experimental study design.

Materials and Methods
Young adult male Wistar rats, aged 2-3 months, weighing 200-300 grams were used in this
study. They were randomized into four groups of 11 each (control, K500, K1000 and K2000) to

1|Page
Karau, PhD Thesis, Uon, 2023



correspond with those used as controls, those that received 500mg/kg, 1000mg/kg and
2000mg/kg body weight khat extracts respectively. We purchased fresh khat leaves from
Mikinduri market in Meru and prepare crude extract using a validated method.

The control rats were fed on normal diet, while experimental groups were fed on normal diet
and khat extracts using oral gavage for 6 weeks. The animals were sacrificed and their brains
removed. They were processed with Haematoxylin and Eosin and Toluidine blue for general
histology. We performed immunohistochemical visualization of individual neurocellular
populations across the four animal groups as follows: Glial Acidic Fibrillary Protein for
astrocytes, 2’°, 3° cyclic nucleotide phosphodiesterase for oligodendrocytes and doublecortin for

immature neurons.

Data Analysis

Photomicrographs of the stained sections were transferred to Image J-Fiji software to study
normal and apoptotic pyramidal neuronal cell density, astrocyte density, oligodendrocyte density
and the density of immature neurons. Data was entered into SPPS, IBM version 28.0 for
analysis. We used Kruskal-Wallis H test to correlate the four animal groups in terms of neuronal

densities and astrocyte densities.

Results

The mean body weight, average brain weight and maximum cortical length of the rat brains
demonstrated a significant decrease with increasing khat doses compared to controls. We

observed a significant increase in the density of apoptotic pyramidal neurons in experimental
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groups compared to controls (p=0.027), while a decrease in normal pyramidal neurons was noted
with increasing doses of khat. Further, we observed a non-significant increase in immature

doublecortin staining neurons in khat-fed rats compared to controls.

There was observed a significant increase in immunoreactive astrocytes with high khat doses
(2000mg/kg), coupled with increase complexity of astrocytic processes and gliosis. No group
differences were noted in immunoreactive oligodendrocyte density with khat use although there

was discernible reduction in myelination with increasing doses of khat.

Conclusions

This study has demonstrated a reduction in gross cortical indices, an increase in pyramidal
neuronal apoptosis, a reduction in pyramidal neuronal density with increasing khat doses. This
underscores the potential neurotoxic effects of high khat doses. The increase in astrocyte
complexity, reduction in myelination and increase in immature neuroblasts in high khat doses
compared to controls adds insights into the potential mechanisms involved in khat-induced brain

changes, as well as the role of adult neurogenesis in substance use.

Recommendations

We recommend that a longitudinal study should be designed to identify the histological and
immunohistochemical changes in the prefrontal cortex along the continuum of khat use so as to
identify the time when changes start occurring. To eludicate the process of neuronal loss, ki-67

and caspase staining should be performed.
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CHAPTER 1: INTRODUCTION, LITERATURE REVIEW, CONCEPTUAL

FRAMEWORK AND RESEARCH OBJECTIVES
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1.1  INTRODUCTION

The use of Khat (Miraa) is prevalent in East Africa and the Arabian peninsula. The plant is
mainly used for its central nervous effects, especially euphoriant and stimulating effects
(Mwenda et al., 2003). Recently, concerns have been raised on the long-term effects of Khat on

cognitive function among the users.

While not many studies have been done on the exact mechanism of action of khat on the central
nervous system, the general analogy between the effects of cathinone and amphetamine as well
as the chemical similarity suggests that the two substances have a similar mechanism of action
(Kalix, 1996). The effects of amphetamine are chiefly produced by activating the release of
dopamine and catecholamines in the synaptic vesicles of neuronal cells in the brain. Cathinone
also releases dopamine from synaptic terminals in the central nervous system, and recent

evidence suggests that it also activates serotonergic synapses (Patel et al., 2000).

A great amount of research has been conducted on the behavioural changes associated with acute
and subacute administration of khat in experimental animals. Further, some researchers have
examined behavioural changes in khat users. While khat use results in a stimulating effect and a
burst of energy, it is also associated with deficits in concentration, excessive talking and
insomnia(Al Motareb et al., 2002). There is recorded evidence of hallucinations and even overt

psychosis among khat users.

These effects point to structural and functional alterations in the prefrontal cortex, the part of the
cerebral cortex responsible for controlling intelligent and self-regulating behaviours(Miller,
2000). In rodents, the medial prefrontal cortex is involved in attentional processing, modulation
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of working memory, goal-directed behaviour and behavioural flexibility. The ventral medial

prefrontal cortex corresponds with the limbic system in humans.

Initially, researchers thought that astrocytes played only physical supportive function to the
neurons. However, recent research has shown that astrocytes are at the core of neuronal
homeostatic, metabolic and protective functions (Ota et al., 2013). They play critical roles in
supporting brain metabolism (Panov et al., 2014), formation and maintenance of synapses,
synaptic transmission and information processing (Newman, 2003). This implies that any disease
processes or substances affecting neuronal function could also affect astrocyte structure and

function.

Despite the importance of Khat in the socio-economic construct of the people in East Africa, its
effect on the brain call for more research to better understand it’s effects. There is little or no
recorded literature elucidating the changes in neuronal and astrocyte morphology and density on
khat users. The aim of this study is to determine the changes in pyramidal neurons, astrocytes

and oligodendrocytes in the prefrontal cortex of the male rat after chronic khat use.
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1.2 LITERATURE REVIEW

1.2.1 Introduction to Khat and its use

Khat, commonly known as Miraa (Catha edulis) is a green plant that thrives in the highlands,
and is found in East Africa especially Kenya, Middle East, Ethiopia and Somalia. The plant
belongs to the sub-order Rosidae and family Celastraceae (Kalix, 1996). The main Khat-growing
areas of Kenya is Meru County, especially Tigania and Igembe regions, around Nyambene hills.
To a lesser extent, it is also grown in Mbooni, Makueni and some parts of Central Kenya. In
Koibatek area of Baringo, Rift Valley, some wild Khat trees do grow, though no formal farming

takes place(Mwenda et al., 2006).

To preserve its potency, khat is harvested in the morning and wrapped under moist conditions in
banana leaves. This helps prevent dessication and loss of cathinone. High moisture content
however makes it less potent, so that leaves harvested during the dry season have more active
components, thus more potent than those harvested during the wet months of the year(Abebe et

al., 2015; Samue Kindie, 2015).
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Figure 1: Khat (Catha Edulis)

The leaves and bark of Khat has been consumed for centuries to alleviate fatigue, reduce hunger,
enhance energy, stay alert and induce euphoria(Brenneisen et al., 1990; Carrier & Klantschnig,
2018). In Kenya, it also used culturally in payment of dowry, especially among the Meru ethnic
group. There is no reliable data on the global prevalence of khat use, but reports indicate that
approximately 5-20 million people worldwide chew miraa/khat on a daily basis (Corkery et al.,

2011; Thomas & Williams, 2013).

Chewing of Khat is a social and past-time activity especially among the male folk in which the
participants are engaged in heated discussions and other social activities. During khat chewing,
the bark is peeled off and stuffed in the side of the cheek over several hours(Mwenda et al.,
2006). The slow chewing allows intermittent release of the active cathinone, whereupon the
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residues are then discarded from the mouth. The half-life of khat is approximately 4 hours, but
this may vary depending on the amount of chewed barks(Feyissa & Kelly, 2008). Depletion of
the acute energy-giving effects gives way to feelings of loss of energy, insomnia, malaise,

depression and mental tiredness(Al-Motarreb et al., 2002; Wabe, 2011).

Figure 2: Bunches of freshly harvested khat. The barks are stripped and chewed for their
stimulant effect

Figure 3: The Khat chewing process. Khat is stuffed on the sides of cheeks, sometimes for
several minutes or hours.
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1.2.2 Chemical composition of Khat

The leaves of Khat contain many different chemical substances such as alkaloids, sterols,
terpenoids, glycosides, tannins, sterols, flavonoids, vitamins, amino acids and mineral
elements(Feyissa & Kelly, 2008; Wabe, 2011). The major alkaloids are phenylalkylamines and
cathedulins. Up to 62 types of cathedulins have been extracted and their chemical structures
elucidated. Khat has potent phenylalkylamines such as [S-(—)-cathinone], and its
diastereoisomers cathine [(+)-norpseudoephedrine] and norephedrine [ 1R, 2S-(—)-norephedrine].
The amount of cathinone in khat varies depending on variety and area its grown. On the
average, 100 g fresh khat may approximately give about 36 mg cathinone and 8 mg

norephedrine(Kalix, 1996).

The euphoriant and amphetamine-like effects of Khat are due to the phenylalkylamines
cathinone and cathine, with cathinone being more potent. Cathinone closely resembles
amphetamine in chemical structure and function, but in cathinone, there’s an oxygen atom on the
first carbon of the amphetamine side-chain instead of two hydrogen atoms(Al-Motarreb et al.,

2002; Wabe, 2011).

The main method of consumption of Khat is by chewing, and less often brewing as tea or
smoking. The bark is peeled off, as well as leaves removed from branches and chewed as a ball
in the mouth until a thick macerated residue remains and is later expelled from the mouth.
Chewers stuff their mouths with tender leaves, shoots and barks and wait as the active chemicals
are released intermittently from the Khat(Feyissa & Kelly, 2008), whereupon active cathinone
and cathine are dissolved in saliva. Among the methods of intake of khat, chewing khat has been
shown to be an efficient way of releasing cathinone and cathine(Omar et al., 2015).
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In a typical chewing session that takes two to ten hours, an average of 100-500 grammes are
chewed. The juice of the thoroughly chewed barks and leaves is swallowed, and the solid
residues expelled. The absorption of the soluble components of khat occurs in two phases, oral
phase through the mucosa of the buccal cavity and a second phase after swallowing of the khat,
at the gastric and small intestine level (Balint et al., 2009). The stimulant, energy-giving burst
occurs almost immediately the chewing begins, as the active compounds are absorbed rapidly
from the buccal mucosa. Cathinone’s stimulant and amphetamine-like effects are short-lived,

taking about 15-30 min(Thomas & Williams, 2013).

The main reason for chewing Khat is its effects on the central nervous system. Khat contains
various chemicals that affect various body systems. Cathine was the first chemical compound to
be isolated from Khat, and is a modest psychostimulant. Cathinone, a more potent compound,
was isolated in 1962, and is chemically known as 1(s)-(-) alpha aminopropiophenone. It
possesses amphetamine-like characteristics. Both compounds increase the release of dopamine,
serotonin and adrenaline from the brain, hence are known as ‘natural amphetamines.” Adrenaline
stimulates glycolysis, which leads to release of glucose, providing energy for the flight response.
A N-methyl analogue of cathinone, Methcathinone, has been isolated and is more potent than

cathinone(Cox & Rampes, 2003).

Cathinone has been found to produce quantitatively similar locomotor stimulation in mice
compared to amphetamine. Thus, the effects of cathine and cathinone on neurotransmitters is
homologous to amphetamine effects; both stimulate the central nervous system and suppress

hunger centres in the brain(Kalix, 1981).
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Figure 4: The chemical structure of amphetamine showing its close resemblance with cathine
and cathinone, the main alkaloids in khat.
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Cathinone is responsible for the main stimulant effects of khat. It is an unstable compound,

which is rapidly metabolized to cathine, a less potent compound(Ahmed et al., 2021). Fresh khat

leaves contain higher levels of cathinone compared to dried leaves, hence more psychoactive

effects. After oral administration, cathinone is rapidly absorbed through the oral mucosa and

intestines. Its effects occur more rapidly compared to amphetamine. It acts at the neuronal level

at the catecholaminergic synapse by delaying dopamine reuptake and enhance release. This

replenishes the stores of adrenaline, hence the initial burst of energy seen in khat consumers

(Milella & Nencini, 2010)

Table 1: Table showing chemical and functional similarity between cathinone and amphetamine

(Graziani et al., 2008).

Model

Result

Feeding behaviour

Inhibited

Motor activity

Increased locomotor activity

Self-administration

Maintained

Drug discrimination

Amphetamine-like

Nociception Analgesia
Cardiovascular Pressure and heart rate stimulation
Metabolic Lipolysis; increased oxygen consumption

Endocrine & Neurotransmission

NE and DA release; ACTH and

corticosterone release

Karau, PhD Thesis, Uon, 2023
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1.2.3 Chronic Khat use

Previous studies have compared rat years to human years. According to the National Institutes of
Health (NIH) guidelines, the conversion of rat years to human years varies from pre-pubertal,
pubertal, and adult stages ((Sengupta, 2013). During adolescence, it has been calculated that 10.3
rat days is equivalent to 1 human year (Quinn, 2005). In the current study, it is estimated that 6
weeks (42 days) of khat-feeding among young adult Wistar rats is equivalent to 4-5 years of
almost daily khat use (more than 4 days per week) among khat users. This is corroborated by

previous studies which have characterized habitual use of khat for more than 2 years as chronic

khat use (Al-Habori, 2005).
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1.2.3 Anatomy of the prefrontal cortex (PFC)

In primates, the prefrontal cortex (PFC) is defined as the most anterior cortical structure in the
frontal lobe separated by premotor and supplementary motor areas from the rest of the cerebral
cortex. It constitutes almost one third of the cortical surface, and is highly evolved in primates.
Evidence suggests that the PFC is involved in a dynamic neural network which controls
intelligent, self-regulating behaviours(Fuster, 2001; Miller & Wallis, 2009). The primate PFC is

made up of medial, orbital and lateral areas.

Coronal

Figure 5: Diagram showing the medial prefrontal cortex (red), orbitofrontal cortex (grey), and
anterior cingulated cortex (vellow), in sagitall and coronal sections of rat brain. OB, olfactory
bulb; Cb, cerebellum; Ifh, longitudinal fissure of hemisphere, cc, corpus callosum; ac, anterior
commissure, CPu, caudate putamen; LV, lateral ventricle; Th, thalamus, Hi, hippocampus.
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The rat PFC, like the primate one, is organized in medial, ventral/orbital and lateral areas. There
is significant functional correlation as well between primate and rat PFC, with the rat medial
PFC (mPFC) being involved in attentional processing, working memory, goal-directed behaviour
and behavioural flexibility(Fujisawa et al., 2008; Totah et al., 2013). Moreover, anatomical
comparison studies have found similar connectivity patterns of thalamo-cortical, PFC-basal
ganglia and cortico-cortical pathways between primates and rats. Strong projections originating
in the mediodorsal (MD) nucleus of the thalamus have been reported in the primate PFC and the

rat mPFC (Dalley et al., 2004; Goldman-Rakic, 1987).

The PFC has also been defined as the cortical area that connects reciprocally with the
mediodorsal thalamic nuclei (Uylings et al., 2003). The mPFC of the rat consists of three areas
cytoarchitectonically;: infralimbic, prelimbic and anterior cingulated cortex. These areas have
distinct and specific connections with cortical and subcortical structures of the brain, and serve
distinct functions based on the connections. The anterior cingulated cortex modulates motor
behaviour, while the Infralimbic and prelimbic areas serve emotional, cognitive and higher
executive functions(Heidbreder & Groenewegen, 2003). Past studies have linked the acd of the
rat to the primate supplementary motor and premotor areas in terms of structure and functional
homology (Condé¢ et al., 1995), while the ventral aspects of the PFC are homologous to the

limbic system.

The frontal cortex has also been found to have hemisphere-specific functions. It is well accepted
that cortical areas that serve motor and sensory functions are well lateralized, but less so for
other cortices and locations(Hutsler & Galuske, 2003). However, language and speech were

among the first to be found have a strong lateralization. Uylings et al., (2003)reported an
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asymmetrical relationship between volume and total neuronal number Broca’s area (BA) 44 in
both male and female human brains. Similar evidence of asymmetry in the pyramidal neurons of
left and right prefrontal cortex in the rat is inadequate. Higher brain functions such as emotional
processing, which are partly served by the prefrontal cortex of the rat have been found to be
asymmetrical in regulation. Davidson et al., (2000)reported that the right hemisphere takes a pre-
eminent role in processes related to emotional processing. For instance, left frontal lobe strokes
display a higher incidence of depression or catastrophic reactions compared to strokes affecting

the right frontal lobe which caused indifference and manic responses (Robinson et al., 1984).

The rat PFC is a heterogenous structure, and it is better delineated into different subdivisions
based upon their distinctive laminar features. Both the anterior cingulate cortex (ACd), and the
prelimbic (PrL) region have clear laminar hallmarks, and their cytoarchitecture is characterized
by a clear transition from layer 1, which is acellular, to a densely cellular layer 2. Layer 3 is
broad and lightly stained with cells. Layer 5 in the ACd region is significantly broader compared
to the PrL region. This sudden broadening of layer 5 is considered the transition point from the
PrL to the ACd region(Krettek & Price, 1977; Van Eden & Uylings, 1985). Unlike the primate

PFC, the rat PFC lacks a granular layer 4.

Neurons in the PFC are predominantly pyramidal, and have cholinergic, dopaminergic and
serotoninergic connections. There are inhibitory neurons that are predominantly gabaergic,

employing Gamma AminoButyric Acid (GABA) as their main neurotransmitter.

The PFC is at the centre of the Papez circuit, which is involved in memory and sorting and
processing of emotions. The Limbic system serves as the centre of the brain’s emotional

processing. Paul Broca was the first to coin and use the term “limbic lobe” referring to a part of
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the cerebral cortex that had a rim shape (Limbus = rim, in Latin) around the corpus callosum on
the medial aspect of the hemicortex. Scientists for a long time thought that the “limbic lobe” was
a primary cortical structure, but latter studies showed that many other major nuclei, not

necessarily cortical, were part of the limbic system.

Previous studies by Heinrich Kliiver and Paul Bucy (Kliiver & Bucy, 1937, 1938, 1939) began to
describe and expound on the complex motivational and emotional functions associated with the
limbic lobe. For instance, monkeys subjected to bilateral temporal lobectomy demonstrated
marked deviations in their emotional behaviour, with bursts of psychic loss of vision, blunted

anger response, fear, oral tendencies and sexual aggressiveness.

These studies provided evidence that the medial temporal lobe was indeed a critical cog in the
emotional circuit. (Papez, (1937) provided concrete evidence of the anatomical presumption of
the limbic system, and showed that some brain regions in the medial temporal lobe are dedicated
to emotional experience and expression. He argued that the hypothalamus has an effect on
emotional expression, and that these emotions become consciously expressed and can be affected
by higher inhibitory functions. According to Papez, there are reciprocal connections between the
cingulate cortex and hypothalamus, as well as relay in the anterior dorsal thalamus. The cingulate
gyrus sends projection fibres to the hippocampus which in turn connects to the hypothalamus
via a large fibre bundle called fornix. These circuitous connections, henceforth christened the
Papez circuit, provide a pathway for connecting brain regions involved in expression of

emotions.

Improvements on the model proposed by James Papez were undertaken by Paul D. MacLean. It

was found that other parts of the brain like the orbital and medial prefrontal cortex, ventral parts
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of basal ganglia, mediodorsal nucleus of thalamus and the amygdala, a large nucleus in the
temporal lobe anterior to hippocampus are also part of this complicated circuit. These brain parts,
together with the hippocampus, hypothalamus and cingulate gyrus, is generally referred to as the

“limbic system.” All these structures interconnect intensively and none of them is solely

responsible for any specific emotional state.
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Figure 6: Schematic diagram showing the main connections within the wider Papez circuit.
(Adapted from Handbook of Behavioral Neuroscience, 2018 (Nelson et al., 2018))
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1.2.5 Prefrontal cortex in disease and substance abuse
The medial prefrontal cortex takes part in processing of attention, memory of work, and
flexibility of behavioural aspects (Fuster, 2001). The dorsal Acd area of the medial prefrontal

cortex plays critical roles in emotional and cognitive processing. (T. G. Bush et al., 1999).

The anterior cingulate area has been shown to play specific roles in different scopes of emotion
such as handling stimuli related with emotions (Hadland et al., 2003; Morris et al., 1999; Rolls et
al., 2003) decision making taking into account emotions and emotional experience ( null Bush et

al., 2000; Damasio et al., 2000).

Human studies have demonstrated striking personality changes with lesionectomy of the anterior
cingulate cortex for management of affective disorders, and this may include emotional
lability(Phan et al., 2002). Studies of emotional processing in normal healthy humans shows
activation of anterior cingulate area, and this has also been evidenced in symptom provocation
studies in mood disorders such as anxiety, phobia, and obsessive-compulsive disorders(Phan et

al., 2002; Weissman et al., 2003).

Studies in rodents indicate that dendritic spines and dendrites in medial prefrontal cortex
especially the anterior cingulate cortex are shaped in a big way by various emotional experiences
such as brief and chronic maternal separation, social isolation and prenatal stress (Bock et al.,
2005; Minzenberg et al., 2008; Murmu et al., 2006). Similar observations have been reported in
other negative or neutral experiences such as stress or injection of corticosterone, which causes

major changes in neuronal structures in prefrontal cortex (
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Moreover, other types of negative or neutral experiences such as stress or injection of (Uher et
al., 2004)cortex (Arnsten et al., 2014; S. M. Brown et al., 2005; Radley et al., 2004; Wellman,

2001).

In rats, medial prefrontal cortex is known to serve executive and supervisory roles such as
attention to characteristics of stimuli and chore exigencies, behavioural flexibility and attention
set-shifting (Dalley et al., 2004). Hence lesions in this area produce disorders of poor attention to
stimulus. The medial prefrontal cortex is also useful in learning tasks which need increase
cognitive ability, such as those involving complex discriminations and working memory (Euston
et al., 2012). It also plays critical roles in extinction (Uher et al., 2004), and this may involve

reciprocal connections with the hippocampus.

The prelimbilic and infralimbic parts of the medial prefrontal cortex play distinct roles in
learning and impulse-oriented action. For instance, prelimbic area maintains representations of
goals and the relationships between goals and actions, while the infralimbic area influences

habitual responding by inhibiting goal-directed actions (Coutureau & Killcross, 2003).

Lesionectomy studies show that damage to infralimbic area results in impulsive action with
untimely responses, whereas prelimbic lesions causes compulsive action resulting in
perseverative responses (Chudasama et al., 2003). When both the infralimbic and prelimbic areas
of the medial prefrontal cortex are damaged, there’s resultant loss in goal-directed responses and

perseverative habitual responding (Ragozzino et al., 1999).
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There’s near overwhelming evidence that the medial prefrontal cortex plays crucial role in drug
abuse behaviours related to impulsivity, and this has been linked with the release of serotonin

and dopamine(Winstanley et al., 2006).

It is therefore apparent that the prefrontal cortex is implicated extensively in abuse of drugs

through self-administration and in impulsivity and compulsivity.
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1.2.6 Astrocytes and other glial cells

Astrocytes are at the centre of brain function at the cellular and holistic brain level, and there
exists as many astrocytes as neurons in the mammalian brain. They have been known to regulate
the homeostatic and ionic balance of neurotransmitters, provide metabolic nourishment to
neurons and monitor and regulate synaptic activity. They therefore moderate synaptic plasticity
and cause changes in behaviour, placing them at the centre of physiological tasks, progression

and outcome of neurological diseases.

Intermediate filament proteins, Glial Fibrillary Acidic Protein (GFAP) and vimentin which are
expressed in astrocytes are crucial in astrocytic control of neurogenesis, neuronal remodelling
and neuronal regeneration. Ablative experiments of GFAP and vimentin in mice (Colucci-Guyon
et al., 1999; Pekny et al., 1995; Pekny & Lane, 2007; Pekny & Pekna, 2004) creates more
permissive environment to transplantation of neural grafts or neural stem cells(Kinouchi et al.,
2003; Widestrand et al., 2007) and increases axonal and synaptic regeneration(Bao et al., 2012;

Menet et al., 2003; Wilhelmsson et al., 2004).

Astrocytes also regulate the blood-brain barrier operations and characteristics, and may modulate
the neurogenic niche indirectly by determining the accessibility of blood-derived
factors/molecules that modulate neurogenesis (Barres, 2008; Guérit et al., 2021). They are
thought to release signals that stimulate synaptogenesis, as well as signals that initiate removal

and pruning of redundant synapses (Négler et al., 2001).

They also help maintain contacts between synapses after neuronal injury. Hence, mice with
ablation of GFAP and vimentin have a more pronounced loss of synapses in the hippocampus in

the acute phase (4 days) after the entorhinal cortex lesion. Remarkably, synaptic recovery of
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these mice was also increased, reaching the levels on the uninjured side on day 14 after lesion

(Wilhelmsson et al., 2004).

In summary, astrocytes both directly and indirectly control the neurogenic niche and integration
and survival of newly formed neurons. They therefore form a good potential target for drug
modulation for generation and to promote survival of newly formed neurons in diseases such as

stroke and degenerative conditions.

Positioned at the crossroads between the neuro-vasculature and neurons, astrocytes can modulate
exchange of molecules between neurons and the extracellular space and the vascular
compartment. Due to their high numbers and dense packaging in the brain, peripheral astrocyte
processes may constitute half of the glial cell volume and about 80% of its surface(Liu et al.,
2018). The perisynaptic processes, which ensheath synapses, display lamellar structure; their
functions are multi-faceted, e.g. isolation of individual synapses from their environment, uptake
of neurotransmitters, and involvement in synaptic transmission and plasticity. Interaction of
neuronal, glial, and vascular elements results in the formation of specialized functional

territories, which may range in size from a few nanometers up to centimeters.

Astrocytes constitute a large percentage of the brain volume. Their microscopic and fine
architecture in the human brain is complicated and elaborate with a winding network of fine
processes (Oberheim et al., 2006). Because of this complicated and intricate strictire and
network, they are able to modulate and monitor a large number of synapses and participate
efficiently in homeostatic regulation of neurotransmitters within the brain. (T. G. Bush et al.,

1999; Newman, 2003a).
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Having been now known to release neurotransmitters such as glutamate in a calcium-dependent
mechanism, scientists now consider astrocytes indispensable in signaling processes in concert

with neurons (Parpura et al., 1994; Parpura & Zorec, 2010).

It is notable that instead of neurons, astrocytes do synthesize glutamate via a de novo pathway,
and also store glucose in the form of glycogen(Hertz & Zielke, 2004). There are many schools of
thoughts and hypotheses on the contribution of astrocytes to metabolic and communication roles
in the brain, but owing to their high oxidative metabolic activity, it is possible that they are
actually at the centre of this activity. Further, astrocytes have abundant mitochondria, found even

in their fine processes (Lovatt et al., 2007).
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Figure 7: An illustration of astrocyte function in the healthy brain (Adapted from (Nelson et al.,
2018).
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1.2.7 Role of oligodendrocytes in drug and substance use

Oligodendrocytes are involved in the formation and conservation of myelin, which basically
consists of packed layers of their cell membrane wrapped around the axons of neurons(Baumann
& Pham-Dinh, 2001; Butt & Dinsdale, 2005). This acts as insulation against dissipation of ionic
gradients, allowing fast conduction of action potentials between consecutive nodes of Ranvier,

ensuring efficient exchange of neural impulses between brain centers (Nave & Werner, 2014).

It appears that oligodendrocytes don’t only produce myelin; they also produce signals and
growth factors that support axons of the neurons and astrocytes in their vicinity(Du & Dreyfus,
2002; Nave & Trapp, 2008; Simons & Nave, 2016). A lot has yet to be unravelled on the

complete functions of oligodendrocytes.

Oligodendrocyte function has been found to be affected by substances such as alcohol. For
instance, prolonged and repeated alcohol intake causes damage and adaptations in the myelin
that ensheaths the gray and white matter. Discernible loss of myelin both in neuroimaging and
postmortem histochemical studies has been observed. This has also been explained in
neurological disturbances such as Wernicke-Korsakoff syndrome, hepatic encephalopathy,
alcohol cerebellar degeneration- all these demonstrate myelin loss in the cortex and subcortical

areas(Zahr & Pfefferbaum, 2017).

In alcohol use disorders associated with nutritional deficiencies, the main mechanism of brain
perturbations is disruption of myelination, hence hampering neuronal communication and other
functions. (Alexander-Kaufman et al., 2007; Baydyuk et al., 2020). The high prevalence of
cigarette smoking that goes hand in hand with ethanol abuse may form a destructive partnership

that destroys myelin proteins (Tong et al., 2015).
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Figure 8: An illustration of the role of oligodendrocytes in myelination and trophic support of
other brain cells (Adapted from (Nelson et al., 2018).

Oligodendrocytes precursors are oligodendrocyte progenitor cells (OPC). These cells have the
potential to multiply, migrate and differentiate into mature oligodendrocytes capable of

myelination. New OPCs are usually recruited in case of demyelination to differentiate into
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myelinating oligodendrocytes to restore myelin and hence ensure proper neuronal function and
structure. However, substances of abuse, and their attendant nutritional deficiencies and toxic

metabolites hamper this recapitulation process (Franklin & Goldman, 2015).

Precursor cells for oligodendrocytes form about 8% of the cellular population in the central
nervous system (Levine et al., 2001) and are found in high numbers and density in areas such as
the optic nerve(Shi et al., 1998), motor cortex, corpus callosum(Clarke et al., 2012), and
cerebellum(Zezula et al., 2001). Here, they ensure a steady cource of new oligodendrocytes,
sustaining remyelination as and when needed. Adult OPCs have limited potential for myelin
formation (Bradl & Lassmann, 2010), but can be quite efficient during development or

injury(Shi et al., 1998).

Oligodendrocytes are produced at a steady rate in the healthy adult brain. In human brain,
although the oligodendrocyte turnover is very stable, with an annual change of 0.3% (Yeung et
al., 2014), new studies reveal that myelination and remodelling of myelin is a life-long process,
not just during childhood and adolescence. Actually, it was shown that inhibiting the formation
of new oligodendrocytes during adulthood, without compromising preexisting oligodendrocytes
and myelin, prevented mice from learning new motor skills(McKenzie et al., 2014), suggesting
that the formation of new myelinating oligodendrocytes during adult life is an important

mechanism for neuroplasticity.

Given that astrocytes and oligodendrocytes originate from the same precursor cell, and their
extensive crosstalk and co-ordinated function, it is therefore plausible that use of substances such
as khat may structurally affect both cells, and may explain the neurocognitive changes that occur

in their use.
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1.2.8 Preference for male rats in khat studies

Chronic khat use among communities in Kenya and the Horn of Africa is mostly practiced by
men (Alele et al., 2013), and in most of these communities, it is considered reprehensible and
shameful for women to use khat ((Abdulwaheb et al., 2007). Further, it has been found that
estrogen and progesterone modulate the structure and function of neurons and neuroglial cells
(McEwen & Milner, 2017). Estrogen has particularly been found to protect neurons from

excitotoxicity and inflammation.

It is therefore plausible that use of mixed sex during this study would confound the effects of

khat due to influence of reproductive hormones.

Consequently, the choice of male rats in their young adult stage corresponds to the human group

that is most likely to abuse khat.
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1.3 STATEMENT OF THE PROBLEM

Use of Khat remains a prevalent, albeit controversial practice in several countries in the world.
Its effects on the brain have been demonstrated mostly through its close pharmacological
similarity with amphetamine (Kalix, 1981). Several behavioural studies point at changes in
cognition, behaviour and other executive functions, which are associated with the prefrontal
cortex (Corkery et al., 2011). Current research links astrocytes with various functional neural
pathways (Hertz & Zielke, 2004). It is therefore plausible that substances that affect neural

function may affect the structure of astrocytes.

Despite the studied link between long-term khat use and neurocognitive perturbations, there are
few studies describing the anatomic changes in the prefrontal cortex such as cortical volume,
pyramidal neuronal density, immature neuronal architecture and quantification of apoptotic
neurons. Additionally changes in the structure and distribution of astrocytes in the PFC have not
been studied among long term khat users, despite strong evidence that these cells are central in

neuronal homeostatic and communication function.
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14 CONCEPTUAL FRAMEWORK

Male rats (4 groups)

Structure of astrocytes,
and immature and mature
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What is
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Khat is known to have
behavioral and
neurocognitive effects.

These functions are
modulated in the PFC

The structural correlates
are unknown
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What will be done

* 4 groups of rats (Male)
randomized on
physiological saline and
various doses of khat

e Fed on this diet for 6
weeks (chronic use)

¢ Brains harvested, PFC
identified, light
microscopy and IHC
performed

Expected outcomes

¢ Differences in the
PFC neuronal and
astrocytic
morphology

visualized and
analysed

¢ Data disseminated
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HYPOTHESIS

Long term khat use does not result in changes in neuronal and astrocyte cell density, morphology

and distribution in the prefrontal cortex of rats.

1.5 OBJECTIVES OF THE STUDY

1.5.1 Broad Objective

To evaluate the changes in neuronal architecture and density, as well as neuroglial morphology

in rats after long-term use of khat (miraa).

1.5.2 Specific Objectives

a) To evaluate the gross morphometric indices of the rat brain following chronic khat use

b) To evaluate the changes in density and morphology of normal and apoptotic pyramidal

neurons following chronic khat use

c) To determine the presence and density of immature migrating neurons following chronic

khat use

d) To determine the changes in astrocyte and oligodendrocyte distribution, density and

morphology following chronic khat use
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CHAPTER 2: MATERIALS AND METHODS
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2.1  Study Design

This was a Randomized experimental study design using young adult male Wistar rats

2.2 Study Setting

Animal handling and khat experiments were performed at the animal house of the Department of
Veterinary Anatomy and Physiology, the University of Nairobi. Thereafter animals were
sacrificed at the histology laboratory of the Department of Human Anatomy, the University of
Nairobi where fixation and light microscopy were performed. Paraffin-embedded blocks were
shipped to the School of Anatomical Sciences, Section of Morphological Sciences, the
University of the Witwatersrand, Johannesburg, South Africa where immunohistochemistry was

carried out.

2.3  KHAT PROCESSING

2.3.1 Khat Extraction Procedure

Khat samples (consisting fresh shoots) were collected from a local farm in Mikinduri, Tigania
Central Subcounty, Meru County, Kenya and transported in a cooler box to the lab within 4
hours of harvesting. For standardization, khat was purchased from the same trader, who in turn
had harvested it from the same farm in all instances. This was done during the August dry
season. Khat was harvested between 6am and 8am every day. Identification of the khat species

and cultivar was done by a qualified botanist at the Kenya Bureau of Standards.

Upon arrival, each bunch of Khat was weighed and data recorded as shown in table 2 below.
After weighing, each bunch was chopped to homogenize the sample and blended with 125ml of

sterile distilled water.
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Figure 9: Illustration of the processes used in sample preparation of khat before extraction by
lyophilization

The blended mixture was then transferred to 40ml falcon tubes and centrifuged at 7000rpm for
6min.The supernatant was then transferred into 100ml bottles’ covered with aluminium foil to

minimize exposure to light and stored at refrigerated conditions of 2°C awaiting lyophilisation.
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Table 2: Weight of Khat bunches for extraction

Figure 10: Crude extract in 100ml bottle

Sample Code Weight (grams) | Sample Code | Weight (grams)
A 126.13 11A 153.47
B 145.66 N 183.39
C 155.39 (0] 141.66
D 112.47 P 159.16
E 158.16 Q 142.05
F 12991 R 138.31
G 142.1 S 134.85
H 146.55 T 140.21
I 160.4 U 142.1
J 122.81 W 147.38
L 144.1 X 170.13
M 216.13 Y 127.74

Z 169.34
1A 156.52 6A 143.73
2A 197.35 TA 179.54
3A 11491 8A 122.29
4A 153.04 9A 102.71
SA 132.2 10A 169.93

*FEach bunch of Khat was blended in 125ml of distilled water
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2.3.2 Lyophilisation Procedure
Supernatant from Khat extract was then dispensed in volumes of 3ml into vials for

lyophilisation. The vials were first frozen at -80°C for 2 hrs then freeze dried under vacuum at

0.103mBar for 24hrs.

Figure 11A4: Extracts frozen at -80°C before lyophilization, covered in aluminium foil to avoid
direct contact with light.
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Figure 11B: Lyophilization procedure taking place in a lyophilizer for 24 hours

Figure 11C: Khat extract sample (left) and the freeze-drying indicator (vight) after
lyophilization.

39| Page
Karau, PhD Thesis, Uon, 2023



2.4 ANIMALS: HANDLING OF RATS, EXPERIMENTS AND TISSUE

HARVESTING

2.4.1 Animal Procurement and Housing

Young adult male Wistar rats (Rattus Norvigecus) aged 2-3 months and weighing 200-300
grammes were used in the experiment (Figure 12). The animals were purchased from an
accredited breeding institution and housed within the department of Veterinary Anatomy and

Physiology of the University of Nairobi.

They were housed in cages, with adequate ventilation and provided with a normal light and dark
circadian cycle and given adequate and free access to food and water (ad libitum). Before any

experiment, they were allowed to acclimatize in their respective cages for at least 7 days.
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Figure 12: Photograph of a young adult male wistar rat, at 2-3 months, weighing 200-300g

2.4.2 Ethical considerations in animal handling

We carried out all animal handling and experiment procedures pursuant to provisions of the
Guide for Care and Use of Laboratory Animals (NIH publication No. 85-23, revised 1985). The
animals were kept in animal houses under standard conditions, adequate ventilation and correct

temperatures. They were fed on rat pellet feeds and provided with drinking water (ad libitum).

This study was carried out pursuant to the University of Nairobi’s animal handling guidelines.
The research protocol with animal experimentation was approved by the Biosafety, Animal use

and Ethics committee of the University of Nairobi (REF FVM BAUEC/2020/276).
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2.4.3 Animal experiments

The rats were placed into four trial clusters of 11 each. The first group served as the control and
were fed on a normal diet and 10ml/kg normal saline water as control. The experimental groups
were fed on normal rat diet ad libitum, in addition to a Khat extract once a day at three increasing
dosages: 500mg/kg (K500), 1000mg/kg (K1000) and 2000mg/kg (K2000) for a period of 6

weeks, by oral gavage.

The doses of Khat correspond to the approximate amount of Khat weight consumed by humans
(chronic users) and the yield value of the lyophilized Khat extract (estimated at 1-2%). These are

then converted to rat’s dose based on the method by Reagan-Shaw et al., 2008).

Animals were weighed every week to determine the dose of khat to be fed, and the weights

plotted in an Excel sheet.

2.4.4 Animal sedation and perfusion
The animals were sedated by inhalational chloroform by placing them in a jar with cotton wool
soaked in chloroform. They were then euthanized with intraperitoneal ketamine (100mg/kg) and

xylazine (10mg/kg).

The rats were then put in lithotomy position over an operating board and their limbs held out in a
crucifixion position. The chest cavity was opened by midline skin incision, with reflection and
retraction of ribs. An 18-gauge needle, which was attached to a clear plastic tube connected to

the syringe with perfusate, was inserted into the left ventricle and tied with artery forceps. An
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outflow needle was placed in the right atrium to drain blood and perfusate. Figure 13a and b

shows the perfusion procedure performed using the gravity method.
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Figure 13a: Photograph showing perfusion by the gravity method
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Figure 13b: A depiction of the gravity method of

perfusion, adapted from (Rana et al., 2022)

The right atrium was nicked open using a surgical blade to drain the blood and fixative
completely during perfusion. Using gravity, we expended perfusate equivalent of 15% of body
weight for 20 minutes to drain blood and ensure only clear fluid came out of the rat (Rana et al.,

2022).

The rat brains were fixed by cardiac perfusion with 0.9% saline followed by 200-300ml of 4%
paraformaldehyde in 0.1M phosphate buffer, pH 7.4. Figure 13shows the perfusion procedure for

the animals.

2.4.5 Dissection and brain harvesting

Using a scalpel blade, the head of the rat was severed at the atlanto-occipital junction and the
skin gently removed over the head. Scissors and bone chip were used to chip off the skull bones
until the brain was reached with an intact olfactory bulb extending towards the area of the nasal

bone.

44 |Page
Karau, PhD Thesis, Uon, 2023



We stripped away the pachymeninges with great care not to damage the brain, starting from the
frontal region to the occipital area, and dissected out the tentorium cerebelli. The falx cerebri
butting in between the olfactory bulbs was gently removed, and the cranial nerves at the base of

the brain cut off to free the brain.

We examined the gross structure of the brain visually with the help of a lens, scalpel and forceps.

Figure 14 shows an extracted whole brain of the rat with intact major structures.

The following gross parameters were measured

1. Body weight (g): Weight of the rat in grams

2. Absolute brain weight (g): Weight of the whole dissected brain without the meninges

3. Relative brain weight: Ratio of brain weight to the body weight

4. Maximum cerebral cortical width (mm): maximum length across the most lateral portion
of the parietal lobes of the cerebral cortex

5. Maximum cortex length (mm): maximum length from the tip of the frontal lobe to the

caudal most portion of the occipital lobe of the cerebral cortex
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Figure 14: An extracted rat brain showing a lissencephalic cortex and major structures. OB-
Olfactory bulb, CTX; Cortex, c, Cerebral longitudinal fissure, D; Caudal colliculus, G;

Flocculus, H; Paraflocculus, Me; Medulla oblongata.

Figure 15: Measurement of the antero-posterior diameter of the rat brain
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Figure 16: Measurement of the vertical diameter of the rat brain

2.5 Light Microscopic Techniques

2.5.1 Preparation of tissues for staining

The brains were then rapidly removed from the skulls, put in buffered formaldehyde and
embedded in paraffin blocks. Coronal blocks were obtained as per the method described by
Paxinos and Watson. The tissues were stained with haematoxylin and eosin for cellular detail.
Light microscopy was performed in the histology section of the Department of Human Anatomy,

the University of Nairobi.
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Figure 17: Sketch of the rat brain showing the area where histological sections Imm thick were
cut in the region between A and B, with the olfactory tract intact. (mPFC; Medial Prefrontal
cortex)

2.5.2 Haematoxylin and Eosin method

The harvested sections of the prefrontal cortex, randomly selected from both hemispheres for
khat-fed rats and control groups were fixed in formaldehyde by immersion method for 24 hours
afterwards with dehydration in rising concentrations of alcohol (70%, 95% and 100%) each for

30 minutes. Xylene was used to clear, followed by wax infiltration for 24 hours.

The tissues were then embedded in paraffin wax. The embedded tissues were serially cut into 5
micrometre thick sections with a microtome, starting from the outer gray matter to the deep

cortical tissues in order to have a view of all the layers. Every 5" section was sampled and
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picked on a glass slide. It was dried in an oven, dipped in xylene to remove paraffin wax, and

rehydrated in descending strengths of ethanol (100%, 95% and 70%).

After rehydration the sections were placed in a jar containing Haematoxylin for 10-15 minutes
then flushed in tap-water for 2 minutes to remove any excess stain. The sections were stained in
1% eosin solution for 3 minutes, followed by dehydration in ascending grades of ethanol from
70% to absolute alcohol. The sections were finally cleared in xylene before being covered with

cover slides. Slides are then examined under light microscope and photomicrographs taken.

2.5.3 Toluidine blue staining for Nissl substance

The tissue sections were dewaxed in two cycles of xylene, each taking 5 minutes, and then
rehydrated in descending grades of alcohol starting from xylol 50:50, each taking 3 minutes. Slides
were placed in running tap water for 15 minutes. They were then immersed in 1% aqueous
toluidine blue for 6 hours. Stained tissues were rinsed in distilled water and differentiated in 95%
ethyl alcohol. They were then dipped in absolute alcohol and xylol 50: 50 before being cleared in

xylene. Mounting was then done using a DPX mountant for light microscopic study.
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2.6

Immunohistochemistry

Paraffin-embedded blocks were transported to the University of the Witwatersrand,

Johannesburg, Republic of South Africa, where immunohistochemistry and photography was

performed at the School of Anatomical Sciences of the university.

2.6.1 Preparation of buffer solutions

a)

b)

10Mm Sodium Citrate Buffer PH 6
Anhydrous tri-sodium citrate 2.9 g was added to 1000mls of distilled water, and mixed in a
magnetic stirrer to dissolve and PH adjusted to 6 with 1M hydrochloric acid. When required,

we added 0.05@ Tween 20.

1M Phosphate buffer PH 7.4 (PBS)
Sodium chloride 16g, disodium hydrogen phosphate (anhydrous) 3.5g, potassium chloride
0.4g, potassium dihydrogen phosphate 0.4g were added to 2000mls distilled water, and

mixed in a magnetic stirrer. PH was adjusted to 7.4 using 1M hydrochloric acid.

Diamino-Benzoic (DAB) working solution

In a clear Bijou bottle, we measured out Img DAB (0.001g). To this, we added 2mls Tris
HCI and mixed well. This formed solution (a). In a separate tube, we added 29uL cold
distilled water, 1 pL hydrogen peroxide (100%). This formed solution (b). The final DAB
working solution was formed by adding 20 pL of solution (b) to DAB solution (a). The
combination of solution a and b was only done 30 minutes before the DAB solution was used

for IHC.
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2.6.2 Immunohistochemical methods for paraffin-embedded sections
Day 1
Sections were deparaffinized by immersing in xylene twice for ten minutes. They were then
rehydrated through graded alcohols, starting with absolute alcohol to 95% alcohol. This was
followed by washing the slides in running tap water for 5 minutes. Antigen retrieval was

performed by incubating the slides in citrate buffer at pH 6 overnight in a water-bath set at

60°C.
Day 2

On the second day, sections were removed from the heated water-bath citrate buffer and
allowed to cool for 20 minutes. They were then rinsed with PBS buffer once. We blocked
endogenous peroxidase with 1% hydrogen peroxide in methanol. This solution was made by
simply adding 2mls hydrogen peroxide to 198mls of 100% methanol. Slides were immersed
in this solution for 20 minutes. After this treatment, they were again washed in PBS buffer
three runs of 5 minutes each. This was followed by incubation in a moist chamber in 5%
normal goat serum for 30 minutes. We prepared 5% normal goat serum by adding 100 pL of
normal goat serum to 1900mls of PBS buffer. Since each slide required approximately 100
pL of 5% normal goat serum to completely cover the tissue, we prepared enough based on

the number of slides.

After incubation, the normal goat serum was tapped off slides, and then primary antibody

was used to incubate tissues overnight at 4°C.
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NB: Following manufacturer’s instructions and from literature review, we optimized primary

antibodies as follows:

o Doublecortin (DCX) using dilutions of 1:100, 1:200 and a negative control. After
viewing initial trial slides, a dilution of 1:100 was found to be optimally staining and
was selected.

o 2’,3’- Cyclic-3’-Nucleotide Phosphodiesterase (CNPase) using dilutions of 1:1000,
1:1600, 1:2000 and a negative control. A dilution of 1:1600 was finally selected.

o GFAP using dilutions of 1:200, 1:300 and a negative control. After optimization, a

dilution of 1:300 was selected.

Day 3

After overnight incubation in a cold chamber with the primary antibody, slides were washed
in PBS thrice, each wash lasting 5 minutes. They were then incubated in secondary antibody
(biotinylated goat anti-rabbit, Vector Labs, 1:1000), for 30 minutes.

The tissues were washed in PBS for three runs of 5 minutes each. They were incubated for 30
minutes with Avidin-Biotin Complex (ABC). ABC solution was prepared 30 minutes before
use by adding 25 pL Avidin + 25 pL Biotin to 1.25ml of PBS buffer. This was followed by
three washes of 5 minutes each in PBS buffer. The tissues were then incubated with DAB
working solution for 5 minutes, rinsed in running tap water. They were counterstained with

Haematoxylin for 1 minute, washed again in tap water for 5 minutes and hydrated in graded
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alcohols. Last clearing was done in xylene and slides were mounted with Entellen. Stained

tissues were then viewed and imaged as necessary.

2.7 Determination of Cell Densities

2.7.1 Pyramidal Cell densities

Cell counts were taken at different distances from the midline. Photomicrographs were loaded onto
Fiji image J software. Next, a network of grid squares was superimposed onto the images and the
neurons found in that region; neurons within the square as well as those crossed by the inclusion
line were counted. Both the normal healthy pyramidal neurons and the apoptotic neurons that fell
within the grid squares were counted. The counts were taken from 5 squares chosen at random.

Each square had an area of 400,000 um?.

Cell densities per field (n/um?) = Number of cells counted (n) / grid area (um?).

Figure 18: An illustration of the cell counting method.
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FIGURE LEGEND: The bold lines represent the exclusion zone while the lighter lines represent

the inclusion zone. All cells within the area bounded and touching the inclusion zone were counted.

Figure 19: Figure displaying the grids used to determine the pyramidal neuronal densities
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2.7.2 Immature Doublecortin staining neurons

Photomicrographs were loaded onto Fiji image J software. Next, a network of grid squares was
superimposed onto the images and the neurons found in that region; neurons within the square as
well as those crossed by the inclusion line were counted. Only the immature pyramidal neurons
that had taken up the DCX stain and that fell within the grid squares were counted. The counts
were taken from a random square grid after which every fifth grid was chosen. A total of 6 grids
per rat were assessed for the neuronal density and subsequently averaged. Each square grid had

an area of 1,000 um?.

In figure 20 below, the bold lines represent the exclusion zone while the lighter lines represent the

inclusion zone. All cells within the area bounded and touching the inclusion zone were counted.

Figure 20: Figure displaying the grids used to determine the immature neuronal densities
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2.7.3 GFAP immunoreactive astrocytes

The photomicrographs (X40 magnification) were analyzed using Fiji image J software. Grids lines
were centered on the photomicrographs making a total of 15 complete square boxes, each with an
area of 1000um? (Figure). Complete astrocytes (with cell body and processes) were counted in all

the fifteen boxes. The average number of astrocytes per group was entered onto Excel for purposes

of generating a bar graph.

Figure 21: Figure displaying the grids used to determine the immature neuronal densities
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2.7.4 Determination of oligodendrocyte densities
Photomicrographs were loaded onto Fiji image J software. The oligodendrocytes that had taken
up the CNPase stain in the entire field of view were counted. A total of 2 field of views per rat

were assessed for the oligodendrocyte and subsequently averaged. Each field of view had an area

of 18,000 um?.

Oligodendrocyte densities per field (n/um?) = Number of oligodendrocytes counted (n) / field of

view area (um?).
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2.8 Data Analysis and Presentation

Morphometric data collected were entered into the Statistical Package for Social Sciences (SPSS)
software (Version 22.0, Chicago, Illinois) for coding, tabulation and statistical analysis. The
independent variables were control/experimental groups while the dependent variable was the
pyramidal neuronal densities (cells/400,000um?), immature DCX positive neurons and GFAP
immunoreactive astrocytes. Descriptive statistics such as mean, standard deviation, median,
interquartile ranges, standard error of the mean were determined for each of the study groups. Due
to the inequality in the control and experimental groups, non-parametric tests were run. Further,
we were unable to control the normal distribution of all variables among the rats, and the

population was small, justifying the need for non-parametric tests instead of parametric tests.

The Kruskal Wallis H test was used for comparison across the four study groups (control,
experimental 1 (500 mg/kg), experimental 2 (1000 mg/kg) and experimental 3 (2000 mg/kg)).
Pairwise comparisons were used to check for statistically significant inter-group differences. A p-
value of <0.05 was considered significant at a confidence interval of 95%. Tables, graphs and

photomicrographs were then used to demonstrate histological findings.
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CHAPTER 3: RESULTS
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3.1  Gross Morphometric indices of rat brains

The adult brains displayed putative lissencephaly, with prominent olfactory bulbs, an oblong

cerebral cortex and prominent cerebellum and medulla as shown in Fig 22 below.

The mean body weight of the control rats was 414.36g, and there was a decrease in body weight
with increasing doses of khat. The mean body weights in group 2 (fed 1000mg/kg khat) and
group 3 (2000mg/kg khat) were significantly lower than controls (p< 0.002 and p< 0.0018)
respectively. Table 3 below and Figure 23 illustrates the body weights of the controls and

experimental groups.

Control rats had an average brain weight of 2.04g, and showed a decrease across the
experimental groups, with group 3 (2000mg/kg) having a significantly lower brain weight (mean
1.88g) (p<0.024). However, the relative brain weight was lowest in controls (0.5%) and highest

in group 2 rats (0.69g), and the difference was statistically significant (p<0.04).

The maximum cortical length was largest in controls (16.72mm) and smallest in group 3 rats fed
on 2000mg/kg khat (15.83mm) and the difference was statistically significant (p <0.03). The
cerebral cortical width, and supero-inferior thickness of brains of controls were significantly
higher than group 2 and 3. In all brain indices except the relative brain weight, there was a

gradual decrease across the groups.
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Figure 22: Extracted rat brain showing a lissencephalic brain and major structures like cerebral
cortex (CTX), olfactory bulb (OB), posterior colliculi (PC), medulla (M), spinal cord (SC) and

cerebellum (CB)

Table 3: Mean body weight and fixed brain weights of controls and experimental rat groups
after 6 weeks of khat feeding

Parameters Body weight (g) Brain weight Relative brain weight
+SEM (g) £SEM (%) £ SEM

Controls 414.36+16.32 2.04+0.05 0.5

Group 1 (500mg/kg) 314.64+£10.98 1.97+0.06 0.63

Group 2 (1000mg/kg) @ 305.55+21.18° 1.92+0.03 0.69¢

Group 3 (2000mg/kg) @ 290.64+19.39* 1.88+0.03° 0.68

2The average body weight of group 2 (1000mg/kg) and group 3 (2000mg/kg) were significantly

lower than controls, P the absolute brain weight of group 3 rats (2000mg/kg khat-fed) was

significantly lower than control rats, and € the relative (%) brain weight of group 2 (1000mg/kg

khat-fed) was significantly higher than control rats.
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Table 4: Mean cerebral cortical parameters of controls and experimental rat groups after 6

weeks of khat feeding

Parameters Maximum cortical ~ Maximum cortical Supero-inferior brain

length (mm) width (mm) thickness (mm)
Rat groups
Controls | 16.72 15.77 10.02

Group 1 (500mg/kg | 16.43 15.42 9.85
khat)

Group 2 (1000mg/kg | 16.03 15.38 9.66
khat)

Group 3 (2000mg/kg) | 15.82 15.23 9.53

Average weights of controls and experimental rat groups
dfter 6 weeks
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Figure 23: Average weights of controls and experimental rat groups after 6 weeks
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The weights in group 2 and 3 are significantly lower compared to control group at 6

weeks (p <0.002, p <0.0018 respectively).

450.0
400.0
350.0
300.0
250.0
200.0
150.0
100.0
50.0
0.0

Weekly mean body weight changes in controls and

khat-fed rats

—&—Control —#—Group | = Group 2 Group 3

WEEK 1 WEEK 2

WEEK 3 WEEK 4 WEEK 5 WEEK 6

Figure 24: Weekly mean body weight changes in controls and khat-fed rats

Absolute brain weights in grams
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Absolute brain weights of controls and experimental groups at
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Figure 25: Absolute brain weights of controls and experimental groups at 6 weeks
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* Absolute brain weight of group 3 rats significantly lower compared to controls

(p<0.0024)

Bar chart showing maximum cortical length of controls and

experimental groups
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Figure 26: Bar chart showing maximum cortical length of controls and experimental groups

*Maximum cortical length of the rats fed on 2000mg/kg Khat was significantly lower compared

to controls (p<0.03)
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Cerebral cortical width of controls and experimental rat
groups
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Figure 27: Cerebral cortical width of controls and experimental rat groups

*Cerebral cortex width of group 2 and group 3 rat groups was significantly less than rats that

were fed on normal diet (p<0.015 and 0.012 respectively).

Supero-inferior brain thickness of controls and rats fed on

khat
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Controls and khat-fed groups

Figure 28: Supero-inferior brain thickness of controls and rats fed on khat

*The supero-inferior thickness of control rats was significantly larger compared to rats fed on

1000mg/kg khat (p<0.0026) and those fed on 2000mg/kg khat (p<0.0018)
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3.2 Changes in normal and apoptotic pyramidal neuronal cell densities

Pyramidal neurons were identified by the presence of a visible cytoplasm around the empty
looking nucleus, with the nuclear envelope displaying folds and/or indentations. They were also
larger compared to the glial cells. There was also an abundance of astrocytes, with light/scanty

cytoplasm that was not often visualized and lacked nuclear folds. Oligodendrocytes were noted as

small, round dark staining cells.

Figure 29: Photomicrograph of a coronal section through the frontal lobe of the right cerebral
hemisphere. The prefrontal cortex (PFC) and its associated white matter (WM) is located
adjacent to the olfactory bulb (OC). (Toluidine blue staining, X40).
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Figure 30: Photomicrograph illustrating the different cell types found in the PFC. Neurons (red
arrows) are larger in size and have darker staining cytoplasm. Astrocytes (yellow arrows) are
the smaller light staining cells. Oligodendrocytes (green arrows) are the small, round dark
staining cells. (Toluidine blue staining, x400)

An increase in the apoptotic Pyramidal Neuronal Density (PND) was noted on administration of
the Khat extracts over the study period. PND increased progressively with the highest neuronal
density being observed in experimental group 3 that received 2000 mg/kg of Khat extract. These

intergroup differences in the apoptotic PND were statistically significant (p = 0.049). The
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photomicrographs revealed an increased number of apoptotic Pyramidal cells with an increase in

the Khat dosages (Figure 31).

The pyramidal cells of the control group appeared to be uniform in size and some had prominent
nucleoli, with most of them displaying limited signs of undergoing apoptosis. The experimental
groups had numerous apoptotic pyramidal neurons identified by the characteristic cytoplasmic

eosinophilia and pyknotic nuclei (Figure 31).

The general trend of increase in the apoptotic PND with an increase in dosage of Khat per body
weight can also be derived from the bar graph (Figure 32) and box plots (Figure 33). Pairwise
comparisons revealed that there were statistically significant differences noted between the groups.
The experimental groups that received the Khat extracts displayed significantly lower apoptotic

pyramidal neuronal densities (7able 5).

A decrease in the normal Pyramidal Neuronal Density (PND) was noted on the administration of
the Khat extracts over the study period. The normal PND decreased progressively with the lowest
neuronal density being observed in experimental group 3 that received 2000 mg/kg of Khat extract.
These intergroup differences in the apoptotic PND were statistically significant (p = 0.027). The
photomicrographs revealed a decreased number of normal Pyramidal cells with an increase in the
Khat dosages (Figure 31). The pyramidal cells of the control group appeared to be uniform in size
and some had prominent nucleoli, with most of them displaying limited signs of undergoing

apoptosis. The experimental groups had relatively fewer normal pyramidal neurons.

The general trend of the decrease in the normal PND with an increase in dosage of Khat per body

weight can also be derived from the bar graph (Figure 34) and box plots (Figure 35). There were
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no statistically significant differences noted between the groups upon running pairwise

comparisons and adjusting the significances for the multiple comparisons (7able 6).

Figure 31: Photomicrograph showing neuronal changes following Khat administration. Fig
31A: Photomicrograph of the prefrontal cortex of the control group. Note the abundance of
normal Pyramidal neuronal cells (black arrowheads) with uniformly staining and rounded
nuclei with prominent nucleoli. Note the relative scarcity of apoptotic neurons in this group. The
apoptotic neurons (red arrowheads) displayed characteristic cytoplasmic eosinophilia and
pyknotic nuclei. Note the relative increase in pyknotic and apoptotic pyramidal cells with
increasing doses of khat Figure 31B(500mg/kg), Fig 31C (1000mg/kg) and Fig 31D
(2000mg/kg) with decreasing density of normal pyramidal cells. (Toluidine blue stain).
Magnification = x400

69 |Page
Karau, PhD Thesis, Uon, 2023



16.00

14.00

12.00

10.00

8.00

6.00

4.00

2.00

Neuronal Density (Neurons/400000 pm?)

0.00

Apoptotic Neuronal Density across the groups

el

Controls

Experimental 1

(500mg/kg)

Experimental 2
(1000mg/kg)

Group

Experimental 3
(2000mg/kg)

Figure

32: Graph demonstrating the general trend of apoptotic neuronal densities in controls and

experimental groups.
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Figure 33: Box plots of

the apoptotic pyramidal neuronal densities in controls and experimental rat groups
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Figure 34: General trend of normal pyramidal neuronal densities in controls and experimental
rat groups
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Figure 35: Box plots of the normal pyramidal neuronal densities in control and khat-fed rats
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Table 5: Apoptotic pyramidal neuronal densities in control and khat-fed rat groups

Group Apoptotic Neuronal Density p value against:
(cells/400000 pm?)
Mean = SD Median + IQR Control

Control 0.50+0.71 0.17+1.17 -
Experimental 1 13.03 +2.47 13.00 + 3.38

0.034*
(500 mg/kg)
Experimental 2 10.10+2.19 11.00 £4.25

0.009*
(1000 mg/kg)
Experimental 3 10.84 +4.20 10.00 £7.67

0.016%
(2000 mg/kg)

Table 6: Normal pyramidal neuronal density in control and experimental rat groups after
consumption of khat

Group Normal Neuronal Density *p value

(cells/400000 pm?) against:

Mean + SD Median + IQR Control

Control 10.50 +£2.18 10.50 + 3.50 -
Experimental 1 5.47+3.29 6.17 £6.05 0.214
Experimental 2 5.37+2.80 4.67+5.62 0.347
Experimental 3 354+1.18 334+221 0.098
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3.3 Changes in immature Doublecortin immunoreactive neurons in the

prefrontal cortex

Across the four rat groups, Doublecortin (DCX)-immunoreactive neurons were visualized with a
preponderance of deeply staining cells in layers II and III of the prefrontal cortex. The DCX-

positive cells exhibit pyramidal-like shape and characteristics.

Some cells had sturdy neuronal processes, with occasionally double processes from opposite

ends. In some cases, the processes appeared to establish a relationship with distant cells.

An increase in the DCX stained immature pyramidal neuronal density was noted on administration
of the Khat extracts over the study period with the highest neuronal density being observed in
experimental group 1 that received 500 mg/kg of Khat extract after which a progressive decrease

in the DCX+ neuronal density was observed with an increase in dosage of Khat.

The experimental groups that received the Khat extracts displayed higher DCX+ immature
pyramidal neuronal densities. However, these intergroup differences were not statistically

significant (p = 0.053) (Table 7).

The photomicrographs revealed that the pyramidal cells of the control group appeared to be
uniform in size and most of them did not take up the DCX counterstain and only took up the
primary Nissl stain. Few DCX+ neurons were noted in the control group. The experimental groups
had numerous DCX+ pyramidal neurons identified by virtue of them taking up the characteristic

brown DCX stain (Figure 38).
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The general trend of the densities of the DCX+ neurons with an increase in the dosage of Khat per

body weight can also be derived from the bar graph (Figure 36) and box plots below (Figure 37).

Table 7: DCX+ Immature neuronal density in experimental and control rat groups

Group DCX+ Neuronal Density p value against:
(cells/1000 pm?)
Mean + SD Median Control
Control 4.00+1.41 4.00 -
Experimental 1 7.83 £1.61 8.50

(500 mg/kg)

Experimental 2 6.00 + 1.32 5.50
0.053
(1000 mg/kg)
Experimental 3 4.17 £ 1.04 4.50
(2000 mg/kg)
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Number of DCX+ Neurons (/1000 um?) across the 3 groups
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Figure 36: General Trend of DCX+ Neuronal Densities in each study group
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Figure 37: Box plots of the DCX+ Pyramidal Neuronal Densities in each study group
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Legends for figure 38A-D

Figure 384-D: DCX+ neuronal changes following Khat extract administration.

Figure 38A: Photomicrograph of the prefrontal cortex of the control group. Note the abundance
of Pyramidal neuronal cells (black arrowheads) that do not take up the DCX stain. Note the relative
scarcity of DCX+ neurons (red arrowheads) in this group when compared to the other groups (Nissl

stain with DCX counterstain). Magnification = x400.

Figure 38B: Photomicrograph of the prefrontal cortex of the experimental group 1 (500 mg/kg).
Note the increase in the DCX+ Pyramidal cells with brown staining of the cytoplasm within the
cell body (red arrowheads). The number of the DCX- Pyramidal neurons (black arrowheads) is
relatively lesser than what was seen in the control group. (Nissl stain with DCX counterstain).

Magnification = x400.

Figure 38C: Photomicrograph of the prefrontal cortex of the experimental group 3 (1000 mg/kg).
Note the reduction in number of the DCX- Pyramidal cells (black arrowheads) in comparison to
the control group. There is a relatively lower density of DCX+ pyramidal neuronal cells (red
arrowheads) when compared to experimental group 1 (Nissl stain with DCX counterstain).

Magnification = x400.

Figure 38D: Photomicrograph of the prefrontal cortex of the experimental group 3 (2000 mg/kg).
Note the reduced density of DCX+ cells (red arrowheads) as compared to the other experimental
groups. The processes of the neuron can also be noted on some neurons (blue arrows) (Nissl stain

with DCX counterstain). Magnification = x400.
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Figure 38: DCX+ neuronal changes following Khat extract administration.
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3.4 Histomorphometric changes in astrocytes in the prefrontal cortex

3.4.1 Astrocytes are arranged in layers
It was observed that GFAP reactive astrocytes have a cytoarchitectonic layer arrangement akin to
that of neurons, with abundance of astrocytes in the second and third layers of the cortex. Figure

39 shows the layer arrangement of astrocytes.

Figure 39: Photomicrograph showing arrangements of astrocytes in the layers of the prefrontal
cortex, with predominance of astrocytes in layers Il and 11l (Mag x 100, GFAP Stain).
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3.4.2 Astrocyte density increases with increasing doses of khat
There was a general increase in the average number of astrocytes across the groups (Figure 40).

The astrocyte density in groups 1,2, 3 and 4 was 7, 8, 9.7 and 10 per 15000um? respectively.

A similar trend for the astrocyte density is replicated in the respective box plots (Figure 41).
Kruskal Wallis test reveals a significant difference in astrocyte count in group 3 (2000mg/kg)

compared to control rat group (p<0.0025).

Figure 42 shows the increase in astrocyte numbers with increasing doses of Khat.
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Figure 40: Graph depicting the general trend of Astrocyte Densities in each study group
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Figure 41: Box plots of the Astrocyte Densities in each study group
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Figure 42: Representative photomicrograph of the prefrontal cortex showing an increase in
GFAP immunoreactive astrocytes with increasing doses of khat with relatively more cells and
more exuberant branching in group 2 (1000mg/kg) and group 3 (2000mg/kg). (Magnification
X400, GFAP Stain).
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Figure 43: Photo micrograph of the prefrontal cortex of the control group. Note the appearance
of a normal astrocyte having a relatively smaller nucleus (N) with indistinct nucleolus and fewer
and shorter processes (P). In group 1 (500mg/kg), the numerous astrocytes with stout ramifying
processes (P). Nucleolus (N) become noticeable and evidence of mild astrogliosis is seen in the
area delimited by a rectangle. While in group 2 (1000mg/kg) an area of moderate gliosis is
delimited by the rectangle. Note the densely staining cytoplasm of the astrocytes in the rectangle.
In the experimental group 3 (2000 mg/kg), there is a greatly increased number of astrocytes with
severe astrogliosis in the area delimited by the white rectangle. Magnification = x 400 (GFAP).
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3.4.3 Increased GFAP reactivity and gliosis in experimental rat groups
It was noted that astrocytes in the prefrontal cortex of the experimental group had densely staining
cytoplasm (Figure 43, C & D). Whereas the nucleolus in the control group was almost indistinct,

it was very prominent in the experimental group.

The features exhibited by astrocytes in the experimental group characterize the reactive response

of astrocytes to injury (gliosis).

Gliosis was noted in layer 1 and 2 of the medial prefrontal cortex. It was noted that gliosis was

mild in group 1, moderate in group 2 and severe in group 3 (Figures 43B, C and D respectively).

3.4.4 Complexity of astrocytic processes increases in experimental rats
In the control group, the astrocyte processes were noted to be fewer and shorter. On the other
hand, the astrocytes in the experimental group demonstrated numerous, stout and ramifying

process. This is depicted in Figure 44.
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Figure 44: Photomicrographs comparing the astrocytic processes in control group and group 3
(2000mg/kg). Note the increased complexity and thickness of astrocytic processes in the
experimental group. (Magnification X400, GFAP).
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3.5 CNPase+ Oligodendrocyte Densities
CNPase immunostaining was observed in all rat groups, with varying amounts of myelinating
oligodendrocytes demonstrated. The control group shows more abundant myelin fibres compared

to the experimental groups.

The immunostaining oligodendrocytes appear smaller than the pyramidal neurons, with the

CNPase immunostain appearing more distinct as a rim around the cell.

No change in the CNPase stained oligodendrocyte density was noted on administration of the Khat
extracts over the study period. The minor intergroup differences noted were not statistically
significant (p = 0.863) (Table 8). The photomicrographs revealed that the oligodendrocytes were

of uniform size and roughly of similar density irrespective of group (Figure 45).
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Figure 45A:

Figure 45B:

Figure 45C:

Figure 45D:

Photomicrograph of the prefrontal cortex of the control group. Note the abundance
of Pyramidal neuronal cells (black arrowheads) that do not take up the CNPase
stain. Note the CNPase+ oligodendrocytes (red arrowheads) and the abundantly

stained myelin (blue arrows) in this group. Magnification = x400.

Photomicrograph of the prefrontal cortex of the experimental group 1 (500 mg/kg).
Note that the density of CNPase+ oligodendrocytes (red arrowheads) is roughly
similar to what was seen in the control group. Note that there is a decreased staining

of myelin (blue arrows) as compared to the control group. Magnification = x400.

Photomicrograph of the prefrontal cortex of the experimental group 3 (1000
mg/kg). The CNPase+ oligodendrocyte density (red arrowheads) is similar to what
was seen in the control and the experimental group 1. Note that there is also a
decreased staining of myelin (blue arrows) as compared to the control group .

Magnification = x400.

Photomicrograph of the prefrontal cortex of the experimental group 3 (2000
mg/kg). Note the CNPase+ oligodendrocytes (red arrowheads) whose density is
similar to that of the preceding groups. There is relatively lesser myelin (blue
arrows) taking up the CNPase counterstain as compared to the control group (Nissl

stain with CNPase counterstain) Magnification = x400.
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Figure 454-D: CNPase+ oligodendrocyte changes following Khat extract administration.
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Furthermore, it was noted that the amount of stained myelin in the experimental group appeared
to be significantly lesser than that in the control group (Figure 45). The densities of the CNPase+
oligodendrocytes with an increase in the dosage of Khat per body weight are plotted in the bar

graph (Figure 46) and box plots below (Figure 47).

Table 8: CNPase+ Oligodendrocyte Density in each study group

Group DCX+ Neuronal Density p value against:
(cells/1000 pm?)
Mean + SD Median Control
Control 0.36 £0.19 0.25 )
Experimental 1 0.45+0.32 0.50
(500 mg/kg)
Experimental 2 0.43+0.14 0.44 0.863
(1000 mg/kg) '
Experimental 3 0.30 £ 0.22 0.28
(2000 mg/kg)
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Number of CNPase+ Oligodendrocytes (/1000 um?) across the 3 groups
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Figure 46: Number of CNPase+ Oligodendrocytes (/1000 um?) across the 3 groups
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47: Box plots of the CNPase+ Oligodendrocyte Densities in each study group
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CHAPTER 4: DISCUSSION AND CONCLUSIONS
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4.1 Overview of gross morphometric indices of the prefrontal cortex of the male

rat

Morphometric data is invaluable in providing a glimpse of structure-function relationship in
body organs as a result of exposure to drugs and substances(Ishikawa et al., 2003). Further, dose-
dependent changes in brain parameters add valuable information on correlation with micro-

anatomic as well as imaging studies.

We found a mean brain weight of 2.04g in control group, which is in keeping with what has been
reported in a previous study(Muche, 2004). The brain weights of corresponding experimental
groups decreased, and the rats fed on highest dose of khat had the lowest brain weight. Muche,
(2006)reported a statistically significant decrease in brain weight of 10.04% between khat-fed
rats and their corresponding controls. Similar changes in brain weight have been reported in past

studies(Hassan et al., 2002).

The present study has found a body/brain weight ratio of 0.005 in control rats, compared to
0.0069 in group 2 (1000mg/kg khat), and the difference was statistically significant. This may be
related to changes in both body sizes and neuronal and neuroglial changes with khat
consumption. Human studies have reported the ratio of brain to body weight of 0.02 in
man(Singh & Dyce, 2018). In rodents, the ratio has been found to be 0.01 for male greater cane
rat and 0.006 for females (Byanet et al., 2009). Other animals studied include mouse (0.03), rat

(0.007), rabbit (0.004)(Lande, 1979).

According to Russel (Lande, 1979), there exists a relationship between brain size and

intelligence. Our study has documented lower absolute brain weights with increasing doses of
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khat, with the difference between control rats and highest khat dose being statistically
significant. This may be extrapolated to mean that beyond a certain dose of khat, there are
deleterious effects of khat at the cellular level which may be reflected at the gross level, and may

have an impact on brain function.

The decrease in brain weight may be attributable to amphetamine-like effect of cathinone on the
release of norepinephrine in the brain, which activates the satiety centres(Patel, 2009). The result

is delayed gastric emptying, suppressed appetite, and hampered neuronal nutrition.

We found a decrease in gross cortical parameters in experimental rat groups compared to
controls, with the decrease most significant in higher doses of khat. This decrease observed in
the current study could be partially explained by neuronal effects as has been observed
before(Carvalho, 2003; Holford, 1987). Neuronal loss in the prefrontal cortex and cerebellum

and other brain areas are well reported.

Neuronal death through glutamate-induced excitotoxicity in the cerebral cortex, with release of
intracellular calcium and membrane damage is a potential mechanism in khat-induced

changes(Holford, 1987).
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4.2  Changes in Pyramidal neurons with chronic khat use

We set out to primarily determine and evaluate the changes in normal and apoptotic pyramidal

neuronal densities in the PFC of winstar rats with increasing doses of khat.

Pyramidal neurons, the most common neuron in the cerebral cortex, are at the centre of activity
of the brain, specifically the prefrontal cortex, and any structural change has a profound effect on
brain function. They function as the major source of excitatory cortical synapses, and their
dendritic spines are the main postsynaptic target of excitatory synapses. Due to this central
structure, they profoundly influence cerebral function at subcellular, cellular and system

levels(Passingham et al., 2002; Roth & Dicke, 2005; Treves, 2005).

The number and complexity of pyramidal neurons and their processes determines their
biophysical properties, thus influencing their functional capacity and potential for
plasticity(Elston et al., 2011; Koch, 1998; London & Héusser, 2005). These specializations may
subserve executive functions, which are domiciled in the prefrontal cortex (Courtney et al., 1998;
Duncan & Owen, 2000; Funahashi & Takeda, 2002; Fuster, 2001; Treves, 2005; X. J. Wang,

2001).

Our study has demonstrated a dose-dependent decrease in the density of normal pyramidal
neurons and an increase in apoptotic neurons with increased doses of khat. This dose-structure
relationship is buttressed by behavioural studies, which have documented impairment of working
memory of khat-fed winstar rats in a dose-dependent manner. A similar observation has been
made in other cognitive behavioural functions(Echoru et al., 2018). Lesions in the PFC of

humans and non-human primates have been shown to cause impairment of working
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memory(Gregoriou et al., 2014). Cathinone, the main psychostimulant alkaloid in khat, exerts
amphetamine-like effects on neuronal and glial cells, stimulates dopaminergic action, leading to

excitotoxicity and eventual neuronal loss.

Previous studies among khat-fed rats demonstrated major histopathological changes in the PFC,
with remarkable vacuolation, gliosis, focal necrosis and hemorrhage within the PFC(Echoru et
al., 2018). Damage or reduction in density of PFC pyramidal neurons may translate to impaired
cellular communication which in turn causes impaired movement of nutrients within and across
cells, further fueling neuronal apoptosis and necrosis (Fernandez-Espejo & Rodriguez-Espinosa,

2011).

These changes have been reported elsewhere in the brain. Muche (2006) reported reduction in

density and disruption of neuronal density in Purkinje cells of the cerebellum(Muche, 2006).

Another postulated mechanism of neuronal disruption and death is alterations in cerebral
perfusion, leading to cerebral ischemia and ischemic neuronal necrosis(Echoru et al., 2018).
Cerebral ischemia leads to increased intracellular calcium which triggers the cascade of

processes leading to neuronal apoptosis and cell death as evidenced in our study.

The molecular neural-biochemical interactions of khat, a CNS stimulant during chronic exposure
thus has profound neuronal injury effects and modulates decrease in neuronal cell populations in

some brain regions(Blaesing et al., 2001).
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4.3 Changes in GFAP-immunoreactive astrocytes

Our study has demonstrated an increase in the number, density, branching and gliotic changes in
GFAP immunoreactive astrocytes in khat-fed rats. An increase in the dose of khat extracts

beyond 1000mg/kg produced greater and more significant changes compared to control rats.

Initially, it was thought that astrocytes played only physical supportive function to the neurons.
However, recent research has shown that astrocytes are at the core of neuronal homeostatic,
metabolic and protective functions(Ota et al., 2013). They play critical roles in metabolic
processes of the brain(Panov et al., 2014), formation and maintenance of synapses, transduction

of synaptic messages and processing of data(Newman, 2003a).

Astrocytes have recently been identified as the glial cells which function in close relationship
with neurons, and this cross-talk is crucial for normal brain function(Kimelberg, 2007; D. D.
Wang & Bordey, 2008). This has been conceptualized as bidirectional communication between
neurons and astrocytes, a kind of tripartite synapse (Araque et al., 1999; Newman, 2003b; Perea
et al., 2009). It is therefore plausible that any changes in astrocyte number and function would
have huge impact on neuron-astrocyte network integrity and activity, and consequently, on

behaviour output.

The prefrontal cortex has anatomic and functional linkages with components of the limbic
system, justifying its key role in cognitive, mnesic and emotional processing (Heidbreder &

Groenewegen, 2003; Hoover & Vertes, 2007).

GFAP is a prototypical marker for immunohistochemical identification of astrocytes. It strongly

labels astrocytes that are responding to injuries in the central nervous system(Sofroniew &
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Vinters, 2010). GFAP is a cytoskeletal protein, and a malfunction of the proteins leads to
accumulation(Rajkowska et al., 2002) and its mRNA expression may be altered in states

associated with neuronal pathology(Moehle et al., 2012).

GFAP has been found to increase in many demyelinating and psychotic diseases(Feresten et al.,
2013), and may at first be inhibited in alcoholics until late in neuronal disease when extensive

neuronal damage occurs(Miguel-Hidalgo, 2009).

Activation of astrocytes, with increased expression of GFAP has been described with
administration of cocaine, amphetamines and most psychostimulants(Fattore et al., 2002; Itzhak
& Ali, 2006). This upregulation of GFAP may indicate brain injury, neurotoxicity or simply
adaptive changes that occur to protect neurons. Treatment with methamphetamine results in loss
of dopaminergic terminals without detectable neuronal loss (Hess et al., 1990), and induces
astrogliosis with increased GFAP in several areas of the brain such as striatum, hippocampus and

frontal cortex (Pubill et al., 2003).

It is now known that expression of GFAP is not essential for the normal appearance and function
of most astrocytes in the nervous system, but is an essential component of reactive astrogliosis

and glial scar formation(Herrmann et al., 2008; Pekny et al., 1995; Pekny & Pekna, 2004).

GFAP is an intermediate filament protein, and is known to critically affect the processes by
which astrocytes control neurogenesis, neural plasticity and regeneration. Many previous
researchers have reported an increase in axonal and synaptic regeneration (Bao et al., 2012;
Menet et al., 2003; Pekny & Pekna, 2004; Wilhelmsson et al., 2004), and a better environment
for transplantation of neural grafts or stem cells with ablation of GFAP in mice (Colucci-Guyon
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et al., 1999; Eliasson et al., 1999; Parpura et al., 2012; Pekny et al., 1995; Pekny & Lane, 2007;

Pekny & Pekna, 2004).

Whereas in the past it was thought that reactive astrogliosis was a uniformly negative and
maladaptive phenomenon that leads to neurotoxicity, current evidence shows that reactive
astrocytes are in fact protective to the central nervous system through various mechanisms such
as uptake of potentially excitotoxic glutamate(T. G. Bush et al., 1999; Rothstein et al., 1996;
Swanson et al., 2004), protection from oxidative stress via glutathione production(Chen et al.,
2009; Shih et al., 2003), release of adenosine(Rothstein et al., 1996), degradation of amyloid-

beta peptides (M et al., 2004) and repair of the blood-brain barrier(T. G. Bush et al., 1999).

The glial scar formed by astrocytes is composed of chondroitin, keratin and
mucopolysaccharides in response to states of brain injury. The chondroitin and keratin inhibit
axonal regeneration and prevent nerve processes from entering damaged areas, while

mucopolysaccharides cements the damaged area by producing a glial scar (Seifert et al., 2006).

The current study is among the first few examining GFAP immunoreactivity in the prefrontal
cortex in chronic use of khat. The prefrontal cortex is central in information processing, memory
and decision making(Yang & Raine, 2009). Understanding neuroglial morphometric dynamics
in this region is therefore a critical step in explaining the complex mechanisms that underly

neurocognitive perturbations in khat use.

The finding of dose-dependent changes in astrocyte morphometry and structure further

corroborates the findings reported in pyramidal neurons and other prefrontal cortical cells, where
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widespread gliosis, neurolysis and other apoptotic changes have been reported with increasing

doses of khat, signifying an intense neuronal injury state(Echoru et al., 2018).
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4.4 Doublecortin immunoreactive immature neurons

Doublecortin, first described in X-linked lissencephaly, is associated with the arrest of migrating
cerebral cortical neurons(des Portes et al., 1998; Gleeson et al., 1998), and is a microtubule-
associated protein expressed during development by migrating neuroblasts(J. P. Brown et al.,
2003). It plays a critical role in microtubule stabilization (Gleeson et al., 1999) and nuclear
translocation during neuronal migration (Cai et al., 2009). Initially thought to be only expressed
in the areas of active neurogenesis such as the subventricular zone and the hippocampus(J. P.
Brown et al., 2003), it is now known to express in in the cerebral cortex indicating that these

cells might be developing interneurons(Cai et al., 2009).

Cells expressing the marker of immature neurons (DCX) in the neocortex may be critical in glia-
to-neuron signalling mediating synaptic and metabolic plasticity(Verwer et al., 2007). During
brain injury such as ischemia or seizure induction, the neurogenic response is associated with the
transient increased expression of DCX in adult rodent brain (J. P. Brown et al., 2003; Couillard-
Despres et al., 2005). Dex-protein levels reflect high motility and/or structural plasticity of a

given cell or a given brain region.

The present study has demonstrated the presence of DCX-positive cells in the prefrontal cortex
of the young adult male rat. It was initially thought that DCX, as an immunomarker of migrating
immature neurons, was only expressed by cells in neurogenic sites such as the hippocampus and
subventricular zone. Further, we demonstrated an increased DCX expression in khat-fed rats

compared to controls. Those fed on low doses (500mg/kg) had higher expression of DCX-
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immunopositive cells compared to higher doses. An exuberant staining of neuronal processes

was also observed.

The current finding of DCX-immunoreactive neurons in a predominantly non-neurogenic site
may indicate that in addition to its neurodevelopmental role, DCX plays a role in adult neuronal
plasticity and migration. In higher mammalian species, an increase in DCX+ cells is thought to
be an evolutionary adaptation to increased brain size in order to retain or increase structural

plasticity and interconnectivity(Bloch et al., 2011).

In the Wistar rats we studied, the presence of DCX-immunoreactive neurons may suggest a
function in mature nervous system cells. DCX is known to co-precipitate with adapter proteins in
protein sorting and vesicular trafficking(Friocourt et al., 2003). It has been speculated that
increase in DCX-protein levels reflect high motility and structural plasticity of a given cell or

given brain region (Kremer et al., 2013).

A decline in DCX protein levels has been reported in mice with age, possibly reflecting a state of
reduced plasticity of interneuronal connections with age (Garcia-Cabezas et al., 2017,
Voloboueva & Giffard, 2011). It is not clear to what extent DCX-positive neurons can be
dynamically regulated, though our present finding seems to suggest that substances can lead to

different levels of expression of DCX in non-neurogenic sites of the brain.

The current findings shed light on DCX dynamics in the frontal cortex in neuronal stress.
Previous studies have shown reduction in DCX cells with increasing ethanol consumption(Crews
et al., 2006). Since DCX is thought to be expressed by immature migrating and proliferating
cells(J. P. Brown et al., 2003; Koizumi et al., 2006), it is possible that chronic khat use induces a
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certain amount of neuro-proliferation. This in itself may be a response to brain insult, as previous
research has shown that ischemic insults induce a transient increase in DCX

expression(Arvidsson et al., 2002).

It is already widely reported that increasing doses of khat induce astrogliosis(Herrmann et al.,
2008; Pekny et al., 1995; Pekny & Pekna, 2004). Some of the DCX-positive cells may be
destined to become astrocytes and not neurons (Lu et al., 2005). It is therefore possible that
increased DCX positivity in the prefrontal cortex may also correlate with attempts at repair and

increased astrogenesis.

101 |Page
Karau, PhD Thesis, Uon, 2023



4.5 CNPase Immunoreactive oligodendrocytes
The current study has found no significant changes in the density of CNPase-positive
oligodendrocytes with khat use. However, we noted a reduction in the quantity and complexity

of myelinating fibres, although this was not statistically quantified.

Our findings may be interpreted to mean that whereas khat use does not lead to loss or increase
in oligodendrocytes, it is possible that loss of myelin is a potential pathway by which brain

changes occur in chronic khat use.

Oligodendrocytes, cells responsible for formation and maintenance of myelin, are crucial in
ensuring efficient exchange of impulses between brain centres (Nave & Werner, 2014). They
not only produce myelin but also signals and growth factors that support axons of neurons and

astrocytes in their vicinity (Du & Dreyfus, 2002; Nave & Trapp, 2008; Simons & Nave, 2016).

Whereas substances such as alcohol are known to affect oligodendrocyte function, with myelin
damage (Zahr & Pfefferbaum, 2017), there’s little literature on the effects of chronic use of
amphetamines and amphetamine-like substances like khat on oligodendrocyte structure and

function.

Myelin loss orchestrated by alcohol use disorders may cause BBB disruption or nutritional
deficits, such as thiamine deficiency, alone or most likely in interaction with direct effects of
alcohol on oligodendrocytes considered main culprits for myelin disturbances in chronic

alcoholism (Alexander-Kaufman et al., 2007; Baydyuk et al., 2020).

Oligodendrocytes precursors are oligodendrocyte progenitor cells (OPC). These cells have the

potential to multiply, migrate and differentiate into mature oligodendrocytes capable of
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myelination. New OPCs are usually recruited in case of demyelination to differentiate into
myelinating oligodendrocytes to restore myelin and hence ensure proper neuronal function and
structure. However, substances of abuse, and their attendant nutritional deficiencies and toxic

metabolites hamper this recapitulation process (Franklin & Goldman, 2015).

Precursor cells for oligodendrocytes form about 8% of the cellular population in the central
nervous system (Levine et al., 2001) and are found in high numbers and density in areas such as
the optic nerve(Shi et al., 1998), motor cortex, corpus callosum(Clarke et al., 2012), and
cerebellum(Zezula et al., 2001). Here, they ensure a steady cource of new oligodendrocytes,
sustaining remyelination as and when needed. Adult OPCs have limited potential for myelin
formation (Bradl & Lassmann, 2010), but can be quite efficient during development or

injury(Shi et al., 1998).

Oligodendrocytes are produced at a steady rate in the healthy adult brain. In human brain,
although the oligodendrocyte turnover is very stable, with an annual change of 0.3% (Yeung et
al., 2014), new studies reveal that myelination and remodelling of myelin is a life-long process,
not just during childhood and adolescence. Actually, it was shown that inhibiting the formation
of new oligodendrocytes during adulthood, without compromising preexisting oligodendrocytes
and myelin, prevented mice from learning new motor skills(McKenzie et al., 2014), suggesting
that the formation of new myelinating oligodendrocytes during adult life is an important

mechanism for neuroplasticity.

The potential alterations in neuroplasticity orchestrated by drugs and substances therefore may
have their genesis from loss of oligodendrocytes, with attendant loss of myelin and their other

support functions on neurons and astrocytes.
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CONCLUSIONS

The present study on neuronal, astrocytic and oligodendroglial changes in the prefrontal cortex

of the male rat with chronic khat use has made the following conclusions:

1. Chronic use of khat results in a dose-dependent decrease in gross cortical morphometric
indices such as brain weight, cortical length and width, especially with doses beyond
1000mg/kg. This implies that neurocognitive changes associated with high dose chronic
khat use have gross anatomic correlates.

2. Chronic khat use demonstrated a decrease in pyramidal neuronal density, as well as an
increase in density of apoptotic pyramidal neurons with increasing doses. Being central to
brain signalling, decrease in pyramidal neurons signifies perturbed brain function.

3. There was increased GFAP immunoreactivity, associated astrogliosis and increased
astroglial complexity with increasing doses of khat. This may mean an increase in brain
injury with attempts at repair, or a state of disturbed brain homeostasis with formation of
scar tissue.

4. A strong DCX immunopositivity in the prefrontal cortex, with increase in DCX
immunoreactive cells with khat use. This provides insight into potential adult
neurogenesis in the prefrontal cortex in which may be a repair process after an initial loss
of neurons associated with khat use.

5. There is apparent myelin loss with increasing doses of khat, signifying reduced

oligodendrocyte function, with attendant slowed conduction of brain impulses.

104 |Page
Karau, PhD Thesis, Uon, 2023



LIMITATIONS AND RECOMMENDATIONS FOR FUTURE STUDIES

The current study has the following limitations

1. The time-effect relationship was not exhaustively captured: changes at time zero, and
along the feeding process would have given more insights on when changes start and how
they progress.

2. Markers of neuronal apoptosis such as ki-67 should have been included to identify and
quantify the apoptotic process

3. The exclusion of female rats in the study limited our chance to further elaborate the

neuronal and neuroglial changes in the female gender.

Recommendations

We recommend the following for follow-up or future studies on this subject

* A longitudinal study should be designed to identify histological and

immunohistochemical changes along the feeding process

* Ki-67 and caspase staining to elucidate the process of neuronal loss

* A comparative study between male and female rats may further unravel the mechanisms

of cellular injury and the innate protective mechanisms that exist.
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APPENDICES

APPENDIX 1: Data Collection Form
1.

Date:

2. Average weights

Week/ Rat
Group

Controls

Group 1

Group 2

Group 3

Week 1

Week 2

Week 3

Week 4

Week 5

Week 6

At sacrifice

3. G@ross brain indices

Gross brain measurements

Controls

Group 1 Group 2

Group 3

Body weight (g)

Absolute brain weight (g)

Relative brain weight (Ratio)

Maximum cerebral cortical
width (mm)

Maximum cortex length
(mm)

Supero-inferior brain lenghth

4. Normal and apoptotic pyramidal neuronal density

Controls

Group 1

Group 2

Group 3

Normal PND

Apoptotic pyramidal
neurons

Controls

Group 1

Group 2

Group 3

GFAP + Astrocytes

Controls

Group 1

Group 2

Group 3

DCX+ Neurons
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khat use.
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CHANGES IN NORMAL AND APOPTOTIC PYRAMIDAL
NEURONAL CELL DENSITIES IN PREFRONTAL CORTEX OF
THE MALE RAT FOLLOWING CHRONIC KHAT USE

Paul Bundi Karau'-2, Paul Odula2, Moses Obimbo?2
! Department of Human Anatomy, School of Medicine, Kenya Methodist University
2 Department of Human Anatomy, Faculty of Health Sciences, The University of Nairobi, Kenya

Correspondence to Dr Paul Bundi Karau, P.O. Box 2375-60200, Meru Kenya, Email pbkarau@gmail.com,
+254721484624

ABSTRACT

Long-term Khat consumption is associated with significant neuro-cognitive changes, which have been
elucidated in behavioral studies. However, correlation of these neurophysiological changes with
experimental structural changes in prefrontal neurons has not been described adequately. Young adult
male Winstar rats, aged 2-3 months, weighing 200-300 grams were randomized into four groups of 11
each to correspond with those used as controls, those that received 500mg/kg, 1000mg/kg and
2000mg/kg body weight khat extracts respectively. The control rats were fed on normal diet, while
experimental groups were fed on normal diet and khat extracts using oral gavage for 6 weeks. The
animals were sacrificed, and their brains removed. Toluidine blue staining was used to elucidate the
Nissl substance. Image-Fiji was used to analyse densities of normal and apoptotic pyramidal neuronal
densities across the 4 experimental groups. Normal pyramidal neurons were identifiable by their
characteristic uniform size and prominent nucleoli, while apoptotic cells displayed prominent
eosinophilia and pyknotic nuclei. There was a statistically significant increase in apoptotic pyramidal
neurons across the three khat-fed groups compared to controls, and a decrease in normal pyramidal
neuronal population from controls with increasing doses of khat. This decrease in normal pyramidal
neurons and increase in apoptosis could be a potential surrogate for neurocognitive perturbations
associated with chronic khat use.

Keywords: Pyramidal neurons; khat; chronic; densities.

DOLI: https://dx.doi.org/10.4314/aja.v11il1.5
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Original Research Article

Changes in double-cortin immunoreactive neurons in the prefrontal cortex of male
rat following chronic khat use

Paul Bundi Karau®*, Paul Odula', Moses Obimbo', Amadi Ogonda-Thunwo?® Nkomozepi
Pilani®, Muriira Karau*

lDept. of Human Anatomy & Physiology, The University of Nairobi, Nairobi, Kenya
2The University of the Witwatersrand, School of Anatomical Sciences, Johannesburg, South Afiica ’i)

2’Dept. of Anatomy, University of Johannesburg, Johannesburg, South Africa Check for
4Kenya Bureau of Standards, Directorate of Quality Assurance, Nairobi, Kenya it

ARTICLE INFO ABSTRACT

Article history: Objectives: Chronic use of khat has been associated with neurocognitive changes. Among the cells affected
Received 20-04-2022 and responsible for the changes in cognition are immature neurons. This study aims to outline the changes
Accepted 05-05-2022 in histomorphometry of immature neurons on chronic use of khat.

Available online 15-07-2022 Materials and Methods: Young adult wistar rats were randomized into controls, and three experimental

groups to receive 500mg/kg, 1000mg/kg and 2000mg/kg crude khat extracts respectively. After 6 weeks
the animals were sacrificed and their brains removed. We performed immunohistochemical visualization
Keywords: of immature neurons using double-cortin staining. Photomicrographs of the stained sections were
transferred to Image J-Fiji software to study the staining neurons. We used Kruskal-Wallis test to correlate

Doublecortin . . ..
the four animal groups in terms of astrocyte densities.

Immunoreactive neurons
Prefrontal cortex

!, Introduction zone and the hippocampus,’ it is now known to express in the cerebral cortex indicating that these
cells might be
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Original Article

Changes in Glial Fibrillary Acidic
ProteinBlmmunoreactive

Astrocytes in the Prefrontal Cortex of the Male Rat
following

Chronic Khat Use

Paul Bundi Karau?, Paul Odula?, Moses Obimbo?, Amadi Ogonda lhunwo3, Pilani Nkomozepi?*, Muriira Karaus

!Department of Human Anatomy, School of Medicine and Health Sciences, Kenya Methodist University, Meru, 2Department of Human Anatomy
and Physiology,
Faculty of Health Sciences, The University of Nairobi, SDepartment of Quality Assurance, Kenya Bureau of Standards, Nairobi, Kenya,
3Department of Morphological Sciences, School of Anatomical Sciences, Faculty of Health Sciences, University of the Witwatersrand,
4Department of Anatomy, Johannesburg University,

Background: Long-term khat consumption is associated with significant neurocognitive changes, which have been elucidated in
behavioral studies. With current research showing the centrality of astrocytes and other glial cells in neuronal signaling, there is
possibility that these cells are also affected by chronic khat use. There is little literature on the structural changes in the prefrontal
cortex neuronal and astrocytic cytoarchitecture and morphometry in chronic khat users. Objective: The objective of this study was
to describe the changes in astrocyte morphometry and structure in rats after long-term use of khat (miraa). Materials and Methods:
Adult male Wistar rats, aged 2-3 months, weighing 200-300 g were randomized into four groups of 10 each (control, Group 1,
Group 2, and Group 3) to correspond with those used as controls and those that received 500 mg/kg, 1000 mg/kg, and 2000 mg/kg
body weight khat extracts, respectively. Fresh khat leaves were purchased from Maua market in Meru, and crude extract was
prepared using lyophilization. The control rats were fed on normal diet, while the experimental groups were fed on normal diet and
khat extracts using oral gavage for 6 weeks. The animals were sacrificed and their brains were removed. We performed
immunohistochemical visualization of astrocytes using glial fibrillary acidic protein. Photomicrographs of the stained sections were
transferred to ImagelJ Fiji software to study the astrocyte density and astrocytic processes. We used Kruskal-Wallis test to correlate
the four animal groups in terms of astrocyte densities. Results: We observed an increase in the average number of astrocytes with
increasing doses of khat compared to controls, with those in Group 3 (2000 mg/kg) having an exuberant reactive astrocytosis.
Further, escalating khat doses resulted in increased glial fibrillary acidic protein immunoreactivity in the nuclei and astrocytic
processes, gliotic changes, and increased complexity of astrocytic processes. Conclusion: Chronic khat use, especially at high
doses, results in reactive astrocytosis and astrogliosis, which may be part of the mechanisms involved in the cognitive changes
associated with its use.

Keywords: Chronic consumption, glial fibrillary acidic protein, khat, reactive astrocytes
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