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Background: Recent evidence suggests that many individuals who chew khat recreationally 

also drink ethanol to offset the stimulating effect of khat. The objective of this study was to 

describe the separate and interactive effects of chronic ethanol and khat exposure on key projec-

tion neurons in the cortex and hippocampus of young adult male rats.

Methods: Young adult male Sprague Dawley rats were divided into six treatment groups: 

2 g/kg khat, 4 g/kg khat, 4 g/kg ethanol, combined khat and ethanol (4 g/kg each), a normal 

saline control, and an untreated group. Treatments were administered orally for 28 continuous 

days; brains were then harvested, sectioned, and routine hematoxylin–eosin staining was done. 

Following photomicrography, ImageJ® software captured data regarding neuron number and size.

Results: No differences occurred in counts of both granular and pyramidal projection neurons 

in the motor cortex and all four subfields of the hippocampal formation. Khat dose-dependently 

increased pyramidal neuron size in the motor cortex and the CA3 region, but had different effects 

on granular neuron size in the dentate gyrus and the motor cortex. Mean pyramidal neuron size 

for the ethanol-only treatment was larger than that for the 2 g/kg khat group, and the saline 

control group, in CA3 and in the motor cortex. Concomitant khat and ethanol increased granular 

neuron size in the motor cortex, compared to the 2 g/kg khat group, the 4 g/kg khat group, and 

the 4 g /kg ethanol group. In the CA3 region, the 4 g/kg ethanol group showed a larger mean 

pyramidal neuron size than the combined khat and ethanol group.

Conclusion: These results suggest that concomitant khat and ethanol exposure changes granu-

lar and pyramidal projection neuron sizes differentially in the motor cortex and hippocampus, 

compared to the effects of chronic exposure to these two drugs separately.

Keywords: cortex, ethanol, granular neurons, hippocampus, khat, pyramidal neurons, 

concomitant exposure

Introduction
Khat and alcohol are two widely consumed drugs in East Africa that contribute sig-

nificantly to the burden of drug abuse and dependence in this region. In some parts of 

East Africa, such as in Somalia and Ethiopia, it is estimated that up to 80%–90% of 

males use khat on a daily basis.1,2 While khat has traditionally been used alone, recent 

evidence suggests that many users now combine it with alcohol and other drugs such 

as marijuana.3,4 In Uganda, where alcohol is also widely consumed, the use of khat 

is legal and the current usage tendency, especially among urban users, is to combine 

khat with ethanol.3 Similarly, a recent study in Ethiopia reported that more than half 

of khat users also drank alcohol, and that a significant proportion of young khat users 

aged 15–24 routinely drank alcohol also.5,6
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Khat (Catha edulis Forsk) is a wildly growing tree whose 

young shoots and leaves are chewed for its psychostimulant 

properties.7 The psychostimulant properties include euphoria 

and increased alertness, which, over several hours, recede 

to a quieted and contemplative state.3 Cathinone has been 

identified as the main active ingredient in khat8,9 and it 

produces effects similar to that of amphetamine. Alcohol 

(ethanol), in contrast, is a psychodepressant. Khat chewers 

who also drink alcohol, usually after the chewing session, 

indicate that alcohol helps bring them down from the high 

of khat, especially at bedtime, so as to reduce insomnia and 

to avoid dysphoria.6

Our prior study in a rat model suggested that codependence 

on both khat and ethanol increases seizure susceptibility and 

the severity of seizure activity.10 Because there have been no 

controlled studies comparing the neuron morphology follow-

ing chronic exposure to both khat and ethanol, our goal was 

to evaluate the chronic effect of khat and ethanol on neuronal 

number and size in specific brain regions in adult male rats. 

We studied the motor cortex and the hippocampus because 

these brain regions are important components of the circuitry 

involved in the expression of behavioral manifestations of 

these drugs of abuse and of seizure activity.1 Importantly, the 

primary motor cortex (M1 - primary motor cortex; area 4) in 

the precentral gyrus is the origin of most of the corticospinal 

tract and a large number of cortical bulbar fibers, and influences 

the spread of excitation during seizure activity. The primary 

motor cortex also has projections to the thalamus and basal 

ganglion. The ventrolateral thalamic nucleus of the thalamus 

makes significant input to this nucleus, and the precentral gyrus 

also receives significant input from the sensory cortical areas 

as well as from the premotor portions of the cerebral cortex.

Conversely, the hippocampus is an integral part of the 

limbic system that is important for the expression of behav-

iors, such as seizure expression, during drug dependence 

and withdrawal. The hippocampus (sometimes designated 

the archicortex) consists of only three layers (unlike the 

cerebral cortex that is characterized by six distinct layers). 

Consequently, the dentate gyrus of the hippocampus is devoid 

of pyramidal neurons, while the cornu ammonis (CA) regions 

are devoid of granular neurons, but contain interneurons. 

In particular, we evaluated granular and pyramidal neuron 

number and size because these projection neurons are vital 

in the circuitry for the expression of behaviors such as sei-

zure expression. Pyramidal cells are the most common type 

of neuron in the cerebral cortex, are found in all layers of 

the cortex except layer I (molecular layer), and are the pre-

dominant neurons in layers II, III, and V. Pyramidal neurons 

also fundamentally represent the only output pathway for the 

cerebral cortex and are consistently associated with excitatory 

(glutamatergic) neurotransmission. Our objective in this 

study, therefore, was to describe the separate and interactive 

effects of chronic ethanol and khat exposure on key projec-

tion neurons in the cortex and hippocampus of young adult 

male rats, specifically by determining the neuron number 

and size in these brain regions. These data should provide 

some insight into the putative effect of these drugs following 

chronic administration.

Materials and methods
Experimental design and animals
Animal conditions and experimental design were comparable 

to those in our previous study.10 Briefly, young adult male 

Sprague Dawley rats that were approximately 8 weeks old at 

the start of the experiments were used. The sample size for 

all the experiments was ten animals per treatment condition, 

with multiple replications done to reach the desired sample 

size needed for appropriate statistical reliability. Treatments 

were randomized by computer-generated random numbers 

obtained prior to starting experiments. The experimental 

animals were divided into six groups as follows: 2 g/kg khat, 

4 g/kg khat, 4 g/kg ethanol, combined khat and ethanol (4 g/

kg each), a normal saline control, and an untreated group. We 

used these doses of khat based on earlier related studies that 

showed the activity of fresh aqueous khat extracts without 

disproportionate effects,11 and because the absorption of 

cathinone, the active principle in khat, may be limited by the 

bulk quantities of the khat leaves chewed.8 Ethanol at 20% 

was chosen because earlier studies have indicated that persons 

who chew khat and drink alcohol concurrently typically drink 

spirits and wines known to have a higher alcohol content 

than beers.6 Animals were group-housed in polypropylene 

cages (four animals per cage) in a temperature-controlled 

(23°C±1°C) research facility with a 12:12 hour light:dark 

cycle (lights on at 6 am). Rats were weighed twice a week 

to ensure appropriate dosing based on body weight changes, 

and were fed standard laboratory chow and given water ad 

libitum. All treatments were given between 8 and 10 am and 

repeated between 3 and 5 pm daily. Because khat chewing 

typically occurs in the daytime1,6 and the maximal plasma 

concentration of cathinone, a major active component of khat, 

appears to be reached with a delay of approximately 2 hours 

after oral administration,8 the dosing regimen was designed 

to mimic typical consumption in people who use both 

drugs concurrently. Before starting the study, we obtained 

ethical approval from the Faculty of Medicine Research and 
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Ethics Committee (approval number: DMS 20/4) and the 

Institutional Ethics Review Board of Mbarara University 

(approval number 01/05-12); procedures were performed in 

accordance with the Guide for the Care and Use of Labora-

tory Animals (USA).

Phytochemical screening
Khat extracts were prepared according to the method 

described for the phytochemical screening of medicinal 

plants.12,13 Briefly, khat extracts were obtained by macerating 

a known weight of the fresh plant parts (tender leaves and 

twigs) with redistilled methylated spirit in an electric blender. 

The extract was then suction-filtered and the process repeated 

until all soluble components had been extracted, judged by 

loss of color of the filtrate. The total extract was then evapo-

rated to dryness at 45°C and further dried to constant weight 

at the same temperature in a hot air oven. Phytochemical 

screening was done according to standard methods.12

Khat treatment
Known weights of freshly harvested khat leaves and twigs 

were macerated with distilled water using an electric blender. 

The juice obtained was then filtered repeatedly until all sol-

uble components had been extracted. This extract contained 

all undegraded active components. Previously, we tested the 

fresh aqueous, the dried aqueous, and the methanolic extracts 

of khat.10 While the fresh aqueous extract tested positive for 

the presence of all the phytochemicals tested except for alka-

loids, the dried aqueous extract tested negative for alkaloids, 

lactones, coumarins, steroids, and terpenoids; only the dried 

methanol extract tested positive for all the phytochemicals 

tested.10 This implied that the fresh extract is closest to the 

form chewed by habitual users of khat. The results from the 

previous study also suggested that the chewed form of khat, 

unlike the laboratory extracts obtained using polar organic 

solvents such as methanol, yields small quantities of the 

alkaloidal cathinone, perhaps explaining why khat chewers 

have to chew big quantities over several hours.8 So, for the 

khat treatment given to rats, we used an aqueous extract of 

fresh leaves to mimic human consumption of khat. Animals 

that received khat were given different concentrations of 

khat by gavage twice daily simultaneously with oral ethanol 

(below) and control. Khat treatment was given for 28 days.

Ethanol treatment
Animals that received ethanol were given 20% ethanol by 

gavage at a dose of 4 g/kg body weight. Ethanol treatment 

was given twice daily, ending at the beginning of the active 

period (starts at 6 pm), for a total of 28 days. This period of 

ethanol administration has been shown in earlier studies to 

establish dependence.

Control animals
Control animals received normal saline (4 mL/kg) only, also 

by gavage, for 28 days.

Untreated animals
This group provided an intrasystem negative control to ensure 

that measurements were valid, by providing a point of contrast 

with the normal saline-treated (control) group. This ensured 

that the experimental system, as outlined for the other treat-

ments, was not in itself pertubing the outcome.

Brain sectioning and processing
Rat brains for chronic neurotoxicity screening were obtained 

on day 29 (1 day after ending treatments). Ten animals from 

each of the six groups were injected intraperitonally with an 

overdose of phenobarbital. When deeply anesthetized, each 

animal was perfused transcardially with 0.9% normal saline 

for 1 minute followed by 10% buffered neutral formalin for 5 

minutes. Brains were removed after perfusion and postfixed for 

48 hours in fresh fixative. After postfixation, the brains were 

dehydrated and embedded in paraffin. Coronal sections from 

one hemisphere were cut serially at 6 μm. After every 20th 

section, four consecutive sections were mounted onto gelatin-

coated slides and stained with routine hematoxylin and eosin 

from a standard protocol. We sectioned the brain structures in 

a representative manner so that the cortical and hippocampal 

structures would have equal probabilities of being present in the 

sections. Furthermore, we used systematic random sampling 

to obtain our brain sections for analysis, choosing the sections 

after every 20 sections, within the area of interest (cortical or 

hippocampal). Photomicrographs were taken using a Axiostar® 

microscope (Carl Zeiss Meditec AG, Jena, Germany) loaded 

with a Canon PowerShot® A640 image capture digital camera 

(Canon U.S.A., Inc., Melville, NY, USA) and AxioVision® 

software (release 4.6, Carl Zeiss) at a magnification of ×100.

Protocol for ImageJ® analysis of neuron 
number and size
Neuron counting was done using the image analysis program, 

ImageJ, version 1.48 (National Institutes of Health, Baltimore, 

MD, USA., http://imagej.nih.gov/ij). Using the rat brain 

atlas,14 coronal sections from interaural 6.00 mm to bregma 

–3.00 were selected for analysis. ImageJ stereological analy-

sis does not take into account the volume of the structure in 
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which the numbers are estimated. This procedure of neuron 

number estimation, therefore, eliminated density measure-

ments, which are known to have limited value in experimental 

studies15; in this case, the density measure would be neuron 

number per volume of tissue. The number and size of granular 

and pyramidal neurons was quantified in the motor (pyramidal 

neurons) cortex and in four areas of the hippocampus: the den-

tate gyrus, CA1, CA2, and CA3 areas (all pyramidal neurons, 

except granular neurons for the dentate gyrus). For the CA 

regions, pyramidal neuron number and size was considered 

in the stratum pyramidale, a layer that also contains the cell 

bodies of many interneurons. The measurement scale was 

set by drawing a line (use straight line selection tool) over 

the scale bar and selecting Analyze → Set scale. In a new 

window, 200 was entered into the Known distance box and 

the Unit of measurement changed to µm. The menu Global 

was checked, and the measurement scale confirmed as correct. 

Each image was converted to grayscale by choosing the menu 

Image → Type → 8-bit. The image was then Thresholded 

using Process → Binary → Make binary. The scale bar was 

surrounded with the rectangular selection tool and the contents 

cleared by choosing Edit → Clear. Estimation of the size of 

the particles to be analyzed was done by measuring several 

of them using the Select tool on the Menu bar. A rectangular 

or other selection tool was then chosen to pick the area to 

analyze. The menu Analyze → analyze particles was then 

selected. In the new window, the range of particle sizes was 

then entered, for example, 10–20; the range of area in microns 

was determined from the initial size of particles to infinity. A 

minimum or maximum size that was perceived to be due to 

artifact(s) or because of image conversion to binary, and that 

was deviating from the estimated neuron sizes, was corrected 

in the final range of sizes. Circularity of 0.5–1.0 was chosen 

for round, regularly shaped, or ovoid particles and 0.0–0.5 

was chosen for shapes that approached that of the pyramidal 

neuron; lastly, the menu items Show outlines, Display results, 

Include holes, and Summarize were selected. After returning 

the response “OK”, the data window listed the area in µm2 

for each particle. This data was copied onto a new Word® file 

or to a new Excel® spreadsheet for export to the GraphPad® 

Prism analysis program (GraphPad Software, San Diego 

California, USA; www.graphpad.com). Neuron counts were 

done at a magnification of ×100, were made independently 

by two blinded observers, and the geometric mean taken of 

both counts. When the neuron counts differed by more than a 

factor of two, a third blinded observer was asked to check the 

neuron count. We ensured face validity by repeated checking 

of visual eyeball counts compared with the ImageJ counts for 

the parameters of interest. Parameters were adjusted to ensure 

that only the objects of interest were actually counted or sized.

Statistical analysis
Neuron counts and sizes for the respective treatment groups 

and brain areas were summarized as mean ± standard error of 

the mean. For parametric data, variances in the neuron counts 

were estimated using one-way analysis of variance with treat-

ment as the dependent variable. Significant main tests (P<0.05) 

were further analyzed using Tukey’s multiple comparison test 

as the post hoc test. Two-way, repeated measures analysis of 

variance was used to analyze the effect of treatment on animal 

body weight at 3-day intervals during the 28-day period. Many 

of the distributions were not normal, so nonparametric tests 

were run. For nonparametric data, differences in the means 

of the treatment groups were estimated using Kruskal–Wallis 

test, and Dunn’s multiple comparison test was used as the post 

hoc test for comparisons with a significant result (P<0.05).

Results
Phytochemical screening
Phytochemical screening of the aqueous extract showed the 

presence of tannins, lactones, coumarins, steroidal or trit-

erpenoidal saponins, steroids and terpenoids, oils and fats, 

reducing sugars, and flavonoids. Alkaloids were not detected 

in the aqueous extract.

Effect of treatment on body weights
Because of the chronic nature of the study, animal weights 

were monitored as a proxy to indicate health. All the experi-

mental animals gained body weight during the chronic admin-

istration of treatments (Figure 1). Groups administered both 2 

and 4 g/kg khat doses, however, had lower body weights than 

the untreated controls (P<0.05): beginning around the third 
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Figure 1 Body weights of the experimental animals.
Notes: Weights are shown as mean ± standard error of the mean. There was 
a general increase in body weights throughout the chronic treatments. Animals 
given both doses of khat, 20% EtOH only, and combined 20% EtOH and khat had 
significant reduction in their body weights at different times during the 28-day 
treatment period. n=10 rats per treatment group.
Abbreviations: EtOH, ethanol; NSal, normal saline.
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day, and continuing to the end of the 28-day treatment, the 

2 g/kg khat treatment group weighed less than the untreated 

controls (P<0.05). The reduction in body weight in the 4 g/kg 

khat treatment group, compared to the untreated group, started 

around day 10 and persisted through the end of the 28-day 

treatment (P<0.05). Similarly, the 20% ethanol treatment 

group had significant reduction in body weight compared to 

the untreated group (P<0.05), which began approximately on 

day 3 and lasted till the end of the 28-day treatment. Also, the 

combined 20% ethanol and khat treatment group had signifi-

cant reduction in body weight compared to the untreated group 

(P<0.05), an effect that started approximately on day 7 and 

persisted to the end of the treatment. Other treatment groups 

had comparable weights to the other groups, with mild fluctua-

tions that stabilized by the end of the treatments (Figure 1).

Histology results
Coronal sections through the hippocampal region and the 

cortex showed well-rounded granular neurons and pyramidal 

neurons (Figure 2). At higher magnification, a clear picture of 

the pyramidal neurons with the classical triangulated shape 

could be seen in this photomicrograph.

Granular and pyramidal projection 
neuron counts and sizes
Analysis of granular neuron counts in the dentate gyrus of 

the hippocampus showed no statistical difference in counts 

between the treatment groups (Figure 3). Comparison of the 

granular neuron sizes, however, showed remarkable differ-

ences: in the dentate gyrus, there was a significant difference 

in granular neuron sizes among the treatment groups (Krus-

kal–Wallis H = 86, critical χ2, 5 degrees of freedom [df], 

for α of 0.05 = 11.07; P<0.0001). Dunn’s post hoc multiple 

comparisons showed that granular neurons were smaller in 

the 2 g/kg khat group than in the 4 g/kg khat group (P<0.05), 

the combined khat–EtOH group (P<0.05), the normal saline 

group (NSal) control group (P<0.05), and the untreated 

group (P<0.05). Granular neurons were larger in the 4 g/kg 

khat group than in the 4 g/kg EtOH group (P<0.05); lastly, 

Figure 2 Photomicrograph showing pyramidal neurons (arrows) in the CA2 
hippocampal region.
Note: Magnification × 400.
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Figure 3 Granular neuron counts and sizes.
Notes: (A) Granular neuron counts in the dentate gyrus. Kruskal–Wallis testing showed no significant difference in the granular neuron counts in the dentate gyrus among 
the treatment groups. (B) Granular neuron size in the dentate gyrus. There was a significant difference in the granular neuron sizes among the treatment groups: +P<0.05, 
comparing 2 g/kg khat and 4 g/kg khat groups; *P<0.05, comparing 2 g/kg khat and khat–EtOH groups; **P<0.05, comparing 2 g/kg khat and NSal controls; ***P<0.05, comparing 
2 g/kg khat and untreated controls; dP<0.05, comparing 4 g/kg khat and 4 g/kg EtOH groups; δP<0.05, comparing 4 g/kg EtOH and khat–EtOH groups; #P<0.05, comparing 
4 g/kg EtOH and NSal controls; eP<0.05, comparing 4 g/kg EtOH and untreated controls. n=10 animals per treatment group.
Abbreviations: EtOH, ethanol; NSal, normal saline.
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in the dentate gyrus, granular neurons were smaller in the 

4 g/kg ethanol (EtOH) group than in the khat–EtOH group 

(P<0.05), the NSal control group (P<0.05), and the untreated 

group (P<0.05).

We then made similar analyses of pyramidal neuron 

counts and sizes in the CA1–CA3 pyramidal regions and in 

the motor cortex. For the pyramidal neurons in these brain 

regions, there was also no significant difference in the counts 

among the treatment groups (Figure 4).

There was, however, a remarkable difference in the 

pyramidal neuron sizes among the treatment groups in these 

brain regions (Figure 5). In the CA1 hippocampal region, 

there was a significant difference in the pyramidal neuron 

sizes among the treatments (Kruskal–Wallis H = 30, critical 

X2, 5 df, for α of 0.05 = 11.07; P<0.0001). Dunn’s post hoc 

multiple comparisons showed that pyramidal neurons in both 

the 2 g/kg khat and the 4 g/kg EtOH groups were smaller, 

compared to the combined khat–EtOH group (P<0.05).

The next hippocampal region, the CA2, showed a sig-

nificant difference in the pyramidal neuron sizes among 

the treatments (Kruskal–Wallis H = 22, critical X2, 5 df, 

for α of 0.05 = 11.07; P<0.0006). Dunn’s post hoc multiple 

comparisons showed that pyramidal neurons were signifi-

cantly smaller in the 4 g/kg khat group than in the combined 

khat–EtOH group (P<0.05) and smaller than in the untreated 

group (P<0.05).

Furthermore, in the CA3 hippocampal region, there was 

a significant difference in the pyramidal neuron size among 

the treatments (Kruskal–Wallis H = 50, critical X2, 5 df, for 

α of 0.05 = 11.07; P<0.0001). Dunn’s post hoc multiple 
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Figure 4 Pyramidal neuron counts.
Notes: Similar to the results for the granular neuron counts, Kruskal–Wallis test showed no significant difference in the pyramidal neuron counts among the treatment 
groups. (A) Pyramidal neuron counts in area CA1. (B) Pyramidal neuron counts in area CA2. (C) Pyramidal neuron counts in area CA3. (D) Pyramidal neuron counts in 
the motor cortex.
Abbreviations: EtOH, ethanol; NSal, normal saline.
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comparisons showed that pyramidal neurons were smaller in 

the 2 g/kg khat group, the 4 g/kg khat group, the combined 

khat–EtOH group, the NSal control, and the untreated group 

compared to the 4 g/kg EtOH group (P<0.05). Pyramidal 

neurons were also significantly smaller in the NSal control 

than in the combined khat–EtOH group (P<0.05).

Lastly, in the motor cortex, there was a significant dif-

ference in the pyramidal neuron sizes among the treatment 

groups (Kruskal–Wallis H = 180, critical X2, 5 df, for α of 

0.05 = 11.07; P<0.0001). Dunn’s post hoc multiple compari-

sons showed that pyramidal neurons were smaller in the 2 g/

kg khat group than those in the 4 g/kg khat group (P<0.05), 

the 4 g/kg EtOH group (P<0.05), the combined khat–EtOH 

group (P<0.05), and the untreated group (P<0.05). Pyrami-

dal neurons were smaller in the 4 g/kg khat group than in 

the combined khat–EtOH group (P<0.05) and the untreated 

group (P<0.05), but larger than in the NSal control group 

(P<0.05). Pyramidal neurons were smaller in the 4 g/kg EtOH 

group than in the combined khat–EtOH group (P<0.05), but 

larger than in the NSal control group (P<0.05). Pyramidal 

neurons were also larger in the combined khat–EtOH group 

compared to the NSal control group (P<0.05); and, finally, 

pyramidal neurons were smaller in the NSal control group 

than those in the untreated group (P<0.05), but this differ-

ence which occurred for the pyramidal neurons of the motor 

cortex only appears artifactual.
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Figure 5 Pyramidal neuron sizes. 
Notes: (A) Pyramidal neuron size in area CA1. (B) Pyramidal neuron size in area CA2. (C) Pyramidal neuron size in area CA3. (D) Pyramidal neuron size in the motor 
cortex. There was a significant difference in the neuron sizes among the treatment groups in (A) CA1, (B) CA2, (C) CA3, and (D) motor cortex: +P<0.05, comparing 2 g/
kg khat and 4 g/kg khat groups; µP<0.05, comparing 2 g/kg khat and 4 g/kg EtOH groups; *P<0.05, comparing 2 g/kg khat and khat–EtOH groups; ***P<0.05, comparing 2 g/kg 
khat and untreated controls; dP<0.05, comparing 4 g/kg khat and 4 g/kg EtOH groups; αP<0.05, comparing 4 g/kg khat and khat–EtOH groups; gP<0.05, comparing 4 g/kg khat 
and NSal controls; βP<0.05, comparing 4 g/kg khat and untreated controls; δP<0.05, comparing 4 g/kg EtOH and khat–EtOH groups; #P<0.05, comparing 4 g/kg EtOH and 
NSal controls; eP<0.05, comparing 4 g/kg EtOH and untreated controls; fP<0.05, comparing NSal control and untreated controls; hP<0.05, comparing khat–EtOH and NSal 
controls. n=10 animals per treatment group.
Abbreviations: EtOH, ethanol; NSal, normal saline.
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Discussion
The present study was designed to determine the effect of 

chronic exposure to combined khat and ethanol on the num-

ber and size of granular and pyramidal neurons in two brain 

regions known to be intimately involved in the generation of 

seizure behavior. Our previous study suggested that seizure 

susceptibility is increased in rats chronically administered 

combined khat and ethanol.11 Our goal, thus, was to delineate 

the separate and interactive effect of khat and ethanol on the 

granular and pyramidal neuron number and size in order to 

explore the possible effects of these drugs on these important 

projection neurons.

Indeed, the weight-lowering effect of chronic khat, and 

its use as an anorexiant and a weight-loss drug, has been 

widely reported.16 The effects of khat and ethanol on weight 

gain observed in this chronic rodent model are consistent 

with those seen in humans and also in animals as reported 

in several studies.17,18 Fresh aqueous khat extract showed the 

presence of major phytochemicals that are routinely found in 

the chewed khat leaves.10 In previous phytochemical analyses 

of three types of khat extract, fresh aqueous, dried aqueous, 

and methanolic extracts, higher amounts of alkaloids were 

found in the methanolic extract, but they were negative in 

both the fresh aqueous and dried aqueous extracts.10 This 

previous finding suggested that the chewed fresh form of 

khat, unlike the laboratory extracts obtained from using 

polar organic solvents such as methanol, yields small quanti-

ties of the alkaloidal cathinone, and may explain why khat 

chewers have to chew big quantities over several hours.8 

In spite of the weight gain shown by all the experimental 

animals chronically administered fresh aqueous khat extract 

at both low dose and high dose, as well as by the ethanol-

only group and by the combined khat and ethanol group, 

there was a lower mean body weight seen in all the groups 

compared to the untreated group. It is likely that this forced 

feeding paradigm with the stress of twice-daily intubations 

could have contributed to the reduction in body weights of 

the treatment groups compared to the untreated group. Our 

previous study showed a trend toward a reduction in body 

weight caused by daily administration of high dose of khat,11 

at the end of the chronic study period. It is also likely that for 

the ethanol-only and combined ethanol–khat groups, ethanol 

substituted for caloric intake and the twice-daily regimen 

may have contributed to reduced feeding behavior because 

of persistent intoxication.

Considerable evidence has shown the ability of the 

brain to undergo neuronal plasticity in response to several 

insults including exposure to ethanol and other drugs such 

as marijuana.19–22 In particular, brain plasticity in response to 

ethanol is well characterized; these plastic changes involve 

the postsynaptic specialization, receptors, signaling mol-

ecules, hormones, and other morphological features within 

neurons.19,23,24 Plastic changes in response to the effect of khat, 

a psychostimulant, are less well understood. Because of the 

increasing use of khat in several countries across Africa, as 

well as across Europe and America, especially among immi-

grant communities from Africa,25 our aim was to characterize 

the effect of khat and combined khat and ethanol on granular 

and pyramidal neuron number and size in the hippocampus 

and motor cortex, two brain regions that are very important 

in the expression of the actions of these drugs of abuse.

Previous studies have shown neuroplasticity during 

chronic ethanol exposure, involving reduced neuronal and 

glial densities in brain regions such as the hippocampus26 

in adolescent mice. Coadministration of nicotine (a stimu-

lant) and alcohol (a depressant), however, reduced neuronal 

degeneration and neuronal and glial densities, putatively 

reducing the adverse effects of either drug.26 In our study, 

chronic treatment with khat, ethanol, and combined khat and 

ethanol showed no effect on granular and pyramidal neuron 

counts in the hippocampal area and in the motor cortex, a 

finding consistent with several earlier studies involving the 

effect of chronic ethanol exposure on the cerebellum.27 Our 

findings of increased granular and pyramidal neuron sizes in 

rats chronically exposed to khat and ethanol suggest that these 

brain regions experienced neuroplastic changes because of 

the constant exposure to these substances. While it is unclear 

what these changes in neuronal size represent, previous data 

suggest that chronic marijuana use, for example, produces 

gross changes in brain tracts and gyri.20

Our previous study showed evidence that khat alone and 

combined khat and ethanol increased seizure susceptibility 

following chronic administration; furthermore, combined 

khat and ethanol produced seizure severity that was close 

to the maximum.11 In the present study, we wanted to begin 

to explore the mechanism by which chronic administration 

of khat and ethanol produces increased seizure susceptibil-

ity. The concurrent use of alcohol with khat is now well 

described among individuals who drink alcohol as a tran-

quilizer following the stimulating effect of khat.5,6 Several 

studies in humans have also described the neurological and 

neuropsychiatric effects of chronic khat chewing, including 

cognitive and behavioral effects such as insomnia, headaches, 

anxiety, irritability, aggression, schizophreniform psychotic 

illness, mania, depression, hallucinations, impaired motor 

coordination, and others.2,28
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At least one early study demonstrated that chronic etha-

nol exposure in rats resulted in a noticeable cell loss in the 

granular layer of the dentate gyrus and the CA1 and CA3 

regions of the hippocampus.29 Marked decrease in neural 

population is likely in ethanol-treated animals because 

chronic ethanol exposure during adult life leads to neuronal 

cell degeneration from the neurotoxicity of ethanol. Another 

study observed degenerating cells in the CA1 and CA3 areas 

of the hippocampus and in the ventral and dorsal blades of the 

dentate gyrus following chronic exposure.23 We report here 

a significant decrease in neuronal size of pyramidal neurons 

in the CA3 hippocampal area across the groups following 

chronic drug exposure, as compared with other regions 

such as CA1, CA2, and motor cortex. The hippocampus is 

considered highly vulnerable mainly to the psychological 

disorders associated with hippocampal neuronal loss, such 

as major depression and chronic stress,30 schizophrenia,31 and 

alcoholism and drug dependence.32 Cognitive impairments 

in khat users demonstrate impairments in the inhibition of 

overt manual responses that are assumed to rely on proper 

dopaminergic functioning.33 The CA3 hippocampal subfield 

is important in modulating the function of the entire hippo-

campus.34,35 An association between changes in neuronal size 

and seizure activity, however, awaits further corroboration.

Regional selectivity of neuronal injury could be relevant 

for the understanding of various mechanisms involved in 

neuroadaptations following chronic drug exposure or depen-

dence. However, loss of neurons is not the only mechanism 

by which neuronal function is impaired. Other factors such 

as a marked reduction in the dendritic branching or the loss 

of synapses following drug exposure, despite the surviving 

cell bodies, would suggest possible neuronal injury.29 Neural 

injury and death can be induced by excess activity of certain 

neurotransmitters, including glutamate, through excitotoxic-

ity, an effect that also contributes to alcohol-related damage 

to adult brain.36 In the present work, we observed a signifi-

cant increase or decrease in neuron size in both pyramidal 

and granular neurons in the cortical and hippocampal areas 

of the brain following combined chronic khat and ethanol 

administration, compared to the experimental groups and the 

control animals. Interestingly, production of hippocampal 

granular neurons continues throughout adulthood.37 Neu-

rons in the rat hippocampal and dentate gyrus are gener-

ated prenatally from the ventricular zone; in the neocortex, 

ethanol depresses the proliferation of cells in the ventricular 

zone and then enhances their proliferation in the secondary 

proliferative zone on chronic exposure.38 These differential 

changes are consistent with our findings in the present study; 

neuron size was increased or decreased in the different brain 

regions in response to the respective treatments. Cathinone, 

an alkaloid in khat which is similar to amphetamine, pro-

duces an amphetamine-like effect, mediated through the 

release of neurotransmitters at catecholaminergic synapses.9 

In one study, administration of stimulant drugs such as 

d-amphetamine or nicotine to adult rats produced changes 

in the patterns of synaptic connectivity in the frontal cortex 

and hippocampus, which revealed increases in the dendritic 

length or spine density that were found to persist even after 

drug cessation.39,40 Thus, molecular neural–biochemical 

interactions of khat, a central nervous system stimulant, and 

ethanol, a central nervous system depressant, during chronic 

exposure would induce attenuated neuronal injury and possi-

bly modulate an increase or decrease in neuronal populations 

in the various cortical and hippocampal regions of the brain.

Our study demonstrated that chronic exposure to ethanol 

and high dose of khat separately in young adult male rats 

markedly affects granular and pyramidal neurons, but in a 

different way. Concomitant chronic khat and ethanol exposure 

has a distinctive effect on the cortical and hippocampal pro-

jection neurons, although the significance of these changes is 

still unclear. Further studies, including behavioral studies, are 

warranted to examine the neural mechanistic and biochemical 

adaptations in the cortex and hippocampus that are involved 

during chronic coadministration of khat and ethanol.
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