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A B S T R A C T   

The usage (abuse) of Datura metel is becoming increasingly worrisome among the Nigerian populace especially 
among the youth considering its side effects such as hallucination. This work was designed to identify the 
phytochemicals in datura plant that potentially interact with NMDAR as it affects the electrical and memory 
activities of the brain. 

Ligand-protein interaction was assessed using autodock vina to identify phytochemicals that can interact with 
NMDAR. Datumetine was found to have the best interaction fit with NMDAR at both allosteric and orthosteric 
binding sites. Furthermore, using electrophysiological, behavioural and western blotting techniques, it was 
observed that the administration of datumetine positively modulates the NMDAR current by prolonging burst 
duration and interspike interval, induces seizures in C57BL/6 mice. Acute exposure leads to memory deficit on 
NOR and Y-maze test while immunoblotting results showed increased expression of GluN1 and CamKIIα while 
pCamKIIα-T286, CREB and BDNF were downregulated. The results showed that the memory deficit seen in 
datura intoxication is possibly the effects of datumetine on NMDAR.   

1. Introduction 

Drug or substance abuse is a global concern, posing serious mental, 
social and economic burden across all nations, with no exception to race, 
age or economic status. According to the United Nations Office of Drugs 
and Crime (UNODC), it is estimated that about 50 % of the global drug 
users reside in Africa [1], it was reported that this value might be more 
considering the difficulty in reaching some part of Africa and lack of 
proper documentation on drug usage within the continent [2]. Because 
of strict legislation on the usage of cannabis, heroin, and amphetamines, 
new psychoactive substances (NPS), especially from plants, are 
increasingly been used as alternatives by drug abusers. These new sub-
stances consumed are called ‘herbal high’ among its users [2,3]. The 
usage of these plants has become worrisome because no legislations are 
preventing their use [2,3]. 

Africa alone saw the emergence of 3 NPS, out of which 2 are plants 
that grown widely within the continent, one of the plants is Datura metel 
[3]. D. metel also refered to angel’s trumpet belongs to the Solonaceae 
family [4–6]. The plant usually grows to a height of 1.5 m with dark 
violet stem, the leaf is usually ovate and/or broadly ovate asymmetrical 
with erect flowers while the fruits are round with spiny bark [4]. The 
plant grows widely in the bush and mostly around dumpsites. The plant 

has been reported to be a good source of bio-fuels with rich phenolics, 
aromantic, nitrogenated and oxygenated compounds with high prom-
ising calorific value [7]. The plant has been showed to be a good po-
tential of biofuel [8]. 

Despite its potential usefulness, the plant has gained psychoactive 
use among the adolescent especially secondary school students in 
Nigeria [9,10]. In Nigeria, D. metel accounts for 0.08% of drug abuse 
[11]. The recreational use of datura is connected to its hallucinogenic 
property [12]. The plant has been reported to contain tropane alkaloid 
which acts by blocking acetylcholine through muscarinic receptors 
[13–15]. Due to its anticholinergic property, the plant is very toxic and 
high dose can result in death [16]. 

Widely reports indicated that abusers of the plant do not remember 
any event(s) during the intoxication phase, and as such characterized as 
mind-altering and date rape drug [10,17]. A report showed that thieves 
used this plant to dispossess their victims of their belongings as they do 
not remember anything during the intoxication [18]. Most research 
works have focused on the tropane alkaloids of the plant elucidating its 
hallucinogenic properties and anticholinergic properties and further 
attributed to atropine, scopolamine, and hyoscine [17,19,20]. However, 
there is a dearth of information on the biological activity of other 
components of the plant. 
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The acute and short amnesia experienced by the users of the plant 
suggests the probability of interactions between phytochemicals in the 
plant and NMDAR in the brain, especially in the hippocampus which 
usually results in the intoxication as experienced by the users. Hence, 
the present study was designed to identify the basic mechanisms leading 
to the short-term memory deficit following exposure. 

2. Materials and methods 

2.1. Ethical clearance 

Ethical approval was obtained from the University of Ilorin Ethical 
Review Committee (UERC) with approval number UERC/ASN/2018/ 
1277 and protocol identification code UERC/BMS/108, together with 
the approval of Louisiana State University IACUC. 

2.2. Ligand docking 

The structure of compounds that have been isolated from Datura 
plants [21] was simulated against NMDAR. The simulation was per-
formed using Autodock Vina version 4.2.6 (USA) [22]. The simulation 
was achieved using a flexible docking to get the compounds that bind to 
the binding sites of NMDAR. Structure of the NMDAR and compounds 
were retrieved from the protein data bank (PDB) and PubChem 
respectively. The compound with the lowest binding energy was then 
used for biological activity testing to evaluate its biological implication 
of binding with NMDAR. Different intermolecular forces that contribute 
to the free energy of some of the stable binding compounds were further 
evaluated using autodock4.2 [23], and the results are supplied as sup-
plementary materials. 

2.3. Purchase and preparation of datumetine 

Datumetine (CAS No.: 67078-20-0 and Catalog No.: CFN00214) was 
purchased from ChemFaces Biochemical Company China. The com-
pound was dissolved in dimethyl sulfoxide (DMSO) to achieve 1 mg/mL 
stock solution and stored at 4 ◦C. It was then serially diluted based on the 
dosage of animals required for working solution (kept at room temper-
ature) to administer to animals. 

2.4. Animal care 

Thirty (30) adult C57BL/6 mice procured from Jackson’s Laboratory 
(Bar Harbor, ME, US) were used for the experiment. They were housed 
under standard laboratory condition of 12 h alternating light and dark 
cycle. They were kept in standard cages of five animals/cage. Feed and 
water were given ad libitum. The handling of animals was approved by 
Louisiana State University- Institutional Animal Care and Use 
Committee. 

2.5. Drug treatment 

The animals were divided into three groups of 10 mice each. Animals 
were administered 0.25 mg/kg (0.25 Datumetine) and 1.0 mg/kg (1.0 
Datumetine) body weight of datumetine while the control mice received 
0.1 mL of DMSO (DMSO-control). All treatments were done intraperi-
toneally for 14 days. 

2.6. Electrophysiology 

The electrical activity of the brain was recorded on four anaesthetize 
(100 mg/kg of ketamine +10 mg/kg xylazine) mice to evaluate the 
datumetine effect on NMDAR linked Ca2+ current. When the animals 
were deeply sedated, they were tested for toe and tail pinch reflex. They 
were then fixed on a stereotaxic frame. A 7 mm by 7 mm craniotomy was 
done to expose the dura and drops of artificial cerebrospinal fluid (aCSF) 

was applied to the exposed area to prevent dryness. A 10 mm long and 
50 μm thick shank of the acute neural probe was used (Neuronexus, 
Michigan, USA). The probe shank with four electrodes arranged as a 
tetrode, with an inter-electrode distance of 25 μm was used. The elec-
trodes were connected to a pre-amplifier head stage (Intantech, Cali-
fornia, USA), tethered to a recording controller and amplifier system 
(Intantech, California, USA) (see Fig. 1). The electrode was gently 
lowered down into the brain tissue using an ultrafine (μm range) hy-
draulic micromanipulator (Narishige, Japan) to reach the CA1-DG field 
at stereotaxic coordinates (AP: 1.94 mm, ML: 1.0 mm, DV: 1.5 mm) 
relative to the Bregma. Stainless steel ground wires soldered onto the 
head stage-electrode adapter (Neuronexus; A4 to Omnetics CM32 
adapter) were tied to ground screw that was fixed on the occipital bone. 
The stereotaxic apparatus, micromanipulator, electrode and subject 
mouse were kept in a Faraday cage and connected to the amplifier 
ground. 

At the onset of each recording procedure, the tested impedance of the 
electrodes was at 1 kHz. For all recording sessions in this experiment, 
impedance measurement for the tetrodes ranged between 0.6–3.1 
megΩ. Single unit activity was recorded by setting the cut-off frequency 
at 250 Hz and 7.5 kHz for proper and lower limit respectively, sampled 
at 30 kHz/s. Neural activity was monitored for 20 min to ensure the 
stability of the animal’s vitals before the commencement of recordings. 
Baseline recording was done for 30 min for each animal, after which 
0.1 mL of 0.07 μM of datumetine was injected to the animals and another 
recording was taken for 30 min. 

The continuously recorded action potential spike trains were ana-
lysed in an Offline Spike Sorting Software (OFSS) Version 4 (Plexon Inc., 
Dallas, USA). Neural spikes were extracted from the continuous data 
through threshold crossing in the OFSS. The extracted spikes were sorted 
into clusters using a combination of Valley seeking and K-means clus-
tering methods. Spikes were assigned to single unit clusters through a 3- 
dimensional space principal component analysis (PCA) projection. 
Further analysis of the sorted spikes was done in Neuroexplorer Version 
5 (Nex Technologies USA). Sorted neural spike waveforms, clustered 
units, and upsampled continuous data were exported into the Neuro-
explorer software for analysis of spike properties. 

2.7. Behavioural studies 

Memory function of the animals was assessed using Y-maze and 
Novel object recognition (NOR) test. Animals were familiarised with the 
behavioural room and apparatus three days before the experimental 
days. The behavioural protocol was captured and analyzed using Etho-
Vision version 13 tracking software (Noldus Information Tech. the 
Netherlands). 

2.8. Y-maze 

This was done to ensure the hippocampal-dependent spatial working 
memory of the mice. The mice were placed facing the edge where two 
arms meet and left to make their own decisions of the arms to follow. 
The duration of the test was for 5 min. Visiting three arms consecutively 
was termed right decision (right) while visiting one arm twice in three 
alternations was termed a wrong decision (wrong). Percentage alter-
nation (index of memory) was calculated for the mice using the formula: 

% alternation =
No. of right decision

No. of total arm entry − 2
× 100  

2.9. Novel Object Recognition (NOR) Test 

This was to assess the cortical dependent non-spatial working 
memory. The mice were exposed in an open chamber to 2 identical 
objects to acclimatize with them for 5 min which is termed as trial 1 
(T1). The mice were taken back to their cage with food and water. One 
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hour later i.e. intertrial interval (ITI), the mice were put back in the 
chamber with one of the objects being replaced by a novel one for five 
minutes. The time used in rearing the old (old time) and a new object 
(new time) was recorded. Animals were considered rearing the object 
when the centre body of the animal was less than 2 cm from the object 
while sitting on the object was not considered. The memory index was 
calculated using the formula: 

Memory index (%) =
Time spent on new object

Total time spent on rearing both old and new object
× 100  

2.10. Animal sacrifice 

The animals were sacrificed 24 h after the last administration. The 
animals were deeply anaesthetized in an isoflurane gas chamber. They 
were then perfused transcardially with 10 mM phosphate-buffered so-
lution (1X PBS pH 7.4), brains excised, and the hippocampus dissected 
out on a cold flat surface, kept inside 1X PBS containing specimen bottle 
and stored at − 20 ◦C till further processing. 

2.11. Western blotting 

Samples for western blotting were homogenized in 10 times volume 
of radioimmunoprecipitation assay buffer (RIPA) buffer (Lot 2912060 
EMD Millipore Corp. Billerica USA) to the weight of the specimen, using 
hand-held homogenizer and kept on ice for 30 min and vortexed every 
10 min. They were then saponified (using PRO200 Bio-Gen series ho-
mogenizer Oxford USA) on ice for 5 min, centrifuged (using accuspin 
Micro 17R Fisher Scientific USA) at 12,000 rpm for 15 min at 4 ◦C. The 
supernatant was collected in another tube for further processing. 

Total protein concentration was assayed using Pierce BCA assay kit 
(Lot 23225 Thermo scientific Rockford USA) and the protein concen-
tration was evaluated based on the standards using microplate reader 
(Tecan Spark® Männedorf, Switzerland) at 562 nm wavelength. Pro-
portional dilution was made based on the estimated protein concen-
tration and 10 μg/μL solution was made and half volume of laemmli SDS 
buffer (Lot Y18C501) was added for loading on the gel well. 

Gel Electrophoresis was done using 8% gel (for protein >100 kDa) 
and 12% gel (for protein <100 kDa) (see supplementary materials for 
details of the gel composition). Samples were loaded in the well starting 
with the ladder (loading standard) and the samples (10 μL each well). 

Electrophoresis was done at 140 mA, 300 V for 80 min (current was 
constant) using PS300B 300 V supply (AA Hoefer Holliston, USA) [24]. 

At the end of electrophoresis, the protein was transferred to poly-
vinylidene difluoride (PVDF) membrane. The PVDF membrane was 
placed in methanol for 1 min for activation and later transferred to 
transfer buffer (Tris base, glycine, methanol, and distilled water) and 
rock for 10 min. The stacking gel was released from the electrophoresis 
machine and quickly transferred to the transfer buffer. The transfer 
sandwich was made by taking the cassettes and the black part facing 
down inside the transfer buffer. Foam, blotting-pad, gel, membrane, 
blotting-pad and foam were arranged in the cassette in the order 
mentioned. The cassettes were closed and clipped before placing in the 
transfer machine with all-black part facing back. The transfer machine 
was filled with transfer buffer and ran at 100 V, 400 mA (current con-
stant) for 70 min. 

When completed, the membrane was transferred to 10 mM Tris- 
buffered saline (1X TBS) and stored at 4 ◦C until staining. 

Staining of the membrane was done by washing twice in 1X TBS 
containing 2% triton-X (1X TBST) for 10 min each. Membranes were 
blocked in 3% bovine serum albumin (BSA) (Cat: BP671-10, Fisher 
Scientific USA) prepared in 1X TBST for 55 min at room temperature on 
a gentle rocker. Membranes were then incubated in primary antibodies 
diluted in 3 % BSA; anti-CREB (9197S 1:1000, 43 kDa), anti-Trk/BDNF 
(92991S 1:1000, 120− 140 kDa), anti-CamKII-α (3357S 1:1000, 50 kDa), 
anti-pCamKII-αT286 (12716S 1:1000, 60 kDa) and anti-NMDAR 
(GluN1) (5704S 1:1000, 120 kDa) all from Cell Signaling Tech. Dan-
vas MA, the USA at 4 ◦C overnight. 

The next day, the membranes were rinsed twice in 1X TBST followed 
by washing twice in 1X TBST for 10 min each. Membranes were then 
incubated in HRP conjugated Chicken anti-rabbit antibody (3:10,000 
A15987 Invitrogen Fisher Scientific USA) for 60 min at room tempera-
ture. Membranes were then washed in 1X TBST twice for 10 min and 
stored in 1X TBS for viewing. 

Stained membranes were viewed by developing the substrate using 
ECL WB substrate (TF 268244 Thermoscientific Rockford USA). 2 mL of 
solution A and B were mixed. Stained membranes were incubated in the 
solution for 70 s. They were then placed inside a plastic film and rolled 
to sleek. These were then viewed using the Bio-Rad Chemidoc Touch 
Imaging machine (V3 Bio-Rad USA) at 100 s exposure time. 

House-keeping protein (beta-actin) was later stained for by stripping 
off antibodies and staining molecules using 10 mL of stripping buffer 
(Restore plus WB stripping buffer 46430 Thermoscientific USA). They 

Fig. 1. Schematic diagram showing the placement and connection of electrode in the mice brain. The electrode was inserted into the CA1 region of the hippocampus.  
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were then rinsed 6 times in 1X PBST and washed twice in 1X PBST for 
10 min each. Later they were washed in 1X TBS and 1X TBST twice for 
10 min each. They were blocked in 3 % BSA for 55 min and incubated in 
horseradish peroxidase (HRP) conjugated ß-actin antibody (3:10000, 
12262S Cell Signaling Tech. Danvas MA, USA) for 60 min at room 
temperature. The steps after antibody incubation to imaging was 
repeated to capture the expression of ß-actin. 

Quantification of the blotting volume/density was done using Image 
Lab version 6.0.1 Standard edition Bio-Rad Laboratories Inc. The USA. 

2.12. Statistical analysis 

All statistical analysis was done using GraphPad Prism Version 7.0 
(San Diego, USA) Quantitative data were expressed as mean ± SEM in 
bar charts. Electrophysiology data were analysed using unpaired t-test 
with Welch’s correction if variance showed a significant difference. 
Other data were analysed using one- way analysis of variance (ANOVA) 
and Tukey post-hoc test was done when ANOVA showed significant with 
the p-value set at 0.05. 

3. Results 

3.1. Datumetine showed the best binding fits to NMDA receptor 

Simulation of structures of compounds found in Datura plants against 
NMDAR at its orthostatic and allosteric binding site revealed that 
datumetine (an alkaloid) possess the most negative ΔG value which 
indicates that it will form a stable binding complex with the receptor at 
both sites (see Fig. 2). The free energy was found to be -8.3 kcal/mol at 
the allosteric binding site and -8.6 kcal/mol at the orthostatic binding 
site (See supplementary file for the docking score). 

3.2. Datumetine induces epileptic episodes in mice 

Animals treated with datumetine showed signs of epilepsy immedi-
ately after the treatment (See video 1a–c). This persists for a while and 
reverses back later. Animals treated with 1 mg/kg showed longer seizure 
time than those treated with 0.25 mg/kg. This symptom later reduces 
with time as the treatment progresses and animals showed little to no 
sign of epilepsy towards the end of treatment. However, this persists in 
animals treated with 1 mg/kg of datumetine. 

Fig. 2. Representative diagram showing the orientation of datumetine binding to NMDAR generated from the simulation software. Datumetine interacts with 
NMDAR at Tyr144. 
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3.3. Datumetine prolonged firing activity of bursty hippocampal neurons 

We recorded multiple single units from the CA1 region of the hip-
pocampus in 4 mice. Infusion of datumetine to anaesthetized animals 
under-recording prolonged the firing activity of the hippocampal neu-
rons (see Fig. 3). Before the infusion of the drug, the burst activity 
occurred in a few milliseconds, but after the datumetine was infused to 
the animals the burst activities increased to a few seconds. Increase in a 
burst duration could indicate datumetine as a positive modulator of the 
NMDAR by increasing the time the pore of NMDAR is kept open for Ca2+

movement. The interspike interval histogram (ISIH) for single units was 
used to classify the burst firing into bursty, tonic and irregular based on 
the shape of their waveforms and firing properties (see supplementary 
materials). Burst firing is the characteristics of the hippocampal gluta-
mate neurons. These were then analysed to get the burst properties. 

3.4. Datumetine alters hippocampal action potentials 

Spontaneous evoked neural spikes in the CA1-DG field were analysed 
to determine the impact of datumetine on NMDAR electric current. The 
time interval between spikes (ISI) which represents neural refractoriness 
was significantly increased in animals infused with datumetine 
compared to control (Fig. 4a). The degree of distribution of spikes was 
measured using CV2 analysis. Values less than 1 showed increase regu-
larity in firing while values greater than 1 indicates irregular firing ac-
tivity. Bursts neurons from the experimental animals showed that the 
spikes were of Poisson process in the datumetine group as they have 
values greater than 1 while that of control is less than 1 (Fig. 4c). Sta-
tistical analysis showed that exposure to datumetine significantly 
increased the irregularity of spikes distribution compared to the control. 

Individual action potential activity in the representation of spikes 
was significantly reduced in datumetine infused animals (*p < 0.05) 
compared to control (Fig. 4d). The number of spikes in a second termed 
as the frequency of spikes was significantly reduced (**p < 0.01) 
compared to control (Fig. 4b) indicating spike adaptation. 

3.5. Datumetine increased burst activities of bursts neurons 

Burst is defined as repeated action potential with 0.5 ms interval. The 
number of bursts was found to increase in animals infused with datu-
metine than the control (Fig. 5a) during the recording session. This in-
crease was not statistically significant. The number of bursts activity per 
minute was significantly reduced (*p < 0.05) in animals infused with 
datumetine (Fig. 5b) than control. 

The average time interval between each burst termed as the mean 
inter-burst interval (IBI) was found to be significantly increased in 
datumetine infused animals (*p < 0.05) than the control (Fig. 5c). Burst 
duration was increased in datumetine infused animals than the control 

(Fig. 5d). No statistical significance was observed in the duration of the 
burst. 

3.6. Acute datumetine exposure induces memory deficit in mice 

The result from the Y-maze experiment showed that animals treated 
with 1 mg/kg showed a significant decline in memory index (% alter-
nation) compared to control (**p < 0.01). No significant difference was 
observed in % alternation in animals treated with 0.25mg/kg compared 
to control, and 1mg/kg treated mice (Fig. 6). 

Result of the novel object recognition test showed a significant 
decline in the memory index of animals exposed to datumetine 
compared to control (*p < 0.05, **p < 0.01) (Fig. 7). No significant 
difference was observed between the datumetine exposed groups. 

3.7. Datumetine increases the expression of NMDAR with downregulation 
of downstream signalling molecules 

Fig. 8a showed the representative immunoblots of NMDAR and 
downstream signalling molecules studied. Expression of NMDAR was 
assessed using GluN1, mice exposed to datumetine showed a steady rise 
in the relative expression of NMDAR with 1.0 Datumetine mice showing 
the highest significant (*p < 0.005) increase compared to the control 
(Fig. 8b). 

Cam KII-α which is NMDAR C-terminus associated molecule impor-
tant in information processing and storage was evaluated. Datumetine 
exposure significantly increased (***p < 0.0001) the relative expression 
of CamKII-α compared to the control. The level of increase was inversely 
correlated to the dose of datumetine exposure as animals exposed to 
1.0 mg/kg showed a reduction in the level of CamKII-α compared to 0.25 
Datumetine mice (Fig. 8c). CamKII-α is auto-phosphorylated at 
Threonine-286 upon NMDAR activation. The level of phosphorylated 
CamKIIα (pCam-T286) was reduced in mice exposed to datumetine, this 
reduced expression was significant in mice exposed to 1.0 mg/kg of 
datumetine compared with the control (Fig. 8d). 

Two downstream NMDAR signalling molecules expression were 
assessed. CREB a major signalling molecule of NMDA receptor activation 
was significantly reduced in 0.25 Datumetine mice when compared to 
the control with no significant difference between the 1.0 Datumetine 
mice and the control (Fig. 8e). BDNF, another NMDAR signalling 
molecule which also serves as neuroprotective protein was significantly 
reduced in mice exposed to datumetine when compared to control 
(Fig. 8f). 

4. Discussion 

Datura plant has been reported to possess other compounds aside the 
major alkaloid that has been previously identified [25–33]. Recent 

Fig. 3. Representative diagram showing the spike train of experimental animals during recording. Both groups of animals showed burst activity with different 
characteristics. 
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studies have reported other biological effects of the plant which has not 
been attributed to any specific compound in the plant [6,34]. Since 
recreative users of the plant experience amnesic-like behaviour during 
its intoxication process, the study hypothesizes that the plant may 
contain compounds that affect hippocampal functioning. 

4.1. Datumetine docks with NMDAR 

Docking has been a veritable tool in screening a large library of 
compounds against the protein of interest to show their interaction [35, 
36]. Our docking result revealed that datumetine forms a best binding fit 
to NMDAR when simulated. 

NMDAR has been identified as a major ionic receptor in hippocampal 
functioning [37–39]. Interesting our results for the first time showed 
that D. metel not only to have anticholinergic properties [13,14], yet 
there are other compounds present in the plant that can interact with 
various ionic receptors in the brain. Datumetine was simulated against 
other ionic receptors in the brain and it showed no binding fits with 
others indicating that it is specific for NMDA receptor. 

4.2. Datumetine alters electrical activities of hippocampal neurons 

Docking result only shows the possibility of binding/interaction 
between a ligand and a protein but the biological activity of this inter-
action cannot be evaluated. This led to the further investigation of the 
functional effects of NMDA receptor Ca2+ current in the hippocampus 
(CA-DG field) when datumetine was added. Based on the firing 

properties of the neurons, burst neurons activities were further charac-
terized. Datumetine prolongs the duration of the firing rate between 
spikes. This showed that the opening of NMDAR channels was extended 
indicating prolong refractory period. Synaptic NMDAR binds with 
glutamate in the presence of glycine allow Ca2+ influx into the neuron 
and K+ efflux leading to depolarization in few milliseconds [40]. We 
hypothesize that the prolong ISI occurs when datumetine binds to 
NMDAR to keep the channel opened for more duration of time allowing 
for more ion exchange until either the receptor is desensitized or datu-
metine is metabolized. The prolong refractory period of datumetine is 
further evident by the reduction in the number of spikes and frequency 
of spikes recorded in the burst firing neuron population. Sabatier et al. 
[41], reported that prolong ISI is due to Ca2+ rush leading to hyper-
polarising after potential (HAP) effect. Reduced mean spike frequency 
has been reported to be an adaptation changes of the membrane to 
overstimulation [42]. This change is reported to be due to either HAP 
[43], excitation and inhibitory interaction [44] or receptor fatigue [42]. 
The regularity of firing which was represented by the CV2 analysis 
showed that datumetine alters the regularity of firing of hippocampal 
neurons. Hippocampal neurons fire in synchrony correlating input with 
output [45,39], while datumetine altering this synchrony may increase 
error in the hippocampal behavioural task as reported in other literature 
[46–49]. 

Burst neuron showed an increase in the number of burst activities 
together with the duration of burst after datumetine treatment. This 
showed that datumetine act as a positive potentiator of the NMDAR by 
increasing the NMDAR’s activity. Datumetine prolongs the interval 

Fig. 4. Graphical representation of spike properties of hippocampal neurons from electrophysiology recordings. 
(a) represents the inter-spike interval which is significantly higher in datumetine infused animals. 
(b) represents the number of spikes in a second (mean spike frequency) which is significantly reduced in datumetine exposed animals. 
(c) represents the CV2 which showed regularity of spikes, datumetine induce irregularity of spikes. 
(d) represents the number of spikes which is significantly reduced in datumetine exposed animals (*p < 0.05, **p < 0.01). 
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between bursts and reduces the rate of burst occurrence. This is in line 
with the prolong refractory period induced by datumetine binding. 

4.3. Datumetine induces memory deficit 

Administration of datumetine induces a seizure in animals. This 
showed that datumetine has a positive modulatory effect on the 
NMDAR. Epilepsy usually arises as a result of hyperactivity of excitatory 
neurotransmission or reduced activity of inhibitory neurotransmission 
[50]. This showed that datumetine acts by enhancing NMDAR conduc-
tance since it will readily bind to it. The memory effect of 
datumetine-NMDAR interaction was later assessed by evaluating the 
animal’s behaviour on NOR and Y-maze after long term exposure. The 
hippocampal-dependent task of Y-maze was significantly impaired in 
animals exposed to a high dose of datumetine. This could have resulted 
because of the erroneous synchrony of hippocampal firing that was 

observed in the electrophysiology recordings. NOR result indicates 
memory decline in all animals exposed to datumetine. This indicates the 
memory effect of NMDAR electrical activity. Memory decline has been 
attributed to datura use [51], although some authors attributed this 
effect to the anticholinergic properties of the plant [52–56]. Our results 
have shown that tropane alkaloids are not only phytochemical in 
D. metel that induce memory deficit and that datumetine can also play a 
major role. 

4.4. Datumetine alters NMDAR signalling 

NMDAR activation allows for Ca2+ influx to mediate diverse intra-
cellular signalling [57]. Since datumetine is suspected to enhance 
NMDAR activity, signalling pathway of NMDAR is expected to be fav-
oured. Long term exposure to datumetine increased the expression of 
GluN1. This increment has been attributed to response in altered 

Fig. 5. Graphical representation of the burst 
properties of hippocampal neurons from elec-
trophysiology recording. 
(a) represents the number of bursts, no signifi-
cant difference is observed between groups. 
(b) represents the bursts per minute, datumetine 
significantly reduce the number of bursts in a 
minute. 
(c) represents the mean interburst interval 
which is significantly increased in datumetine 
exposed animals. 
(d) represents the mean burst duration which is 
prolonged in datumetine exposed animals but 
not statistically significant (*p < 0.05).   
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Fig. 6. Results of the Y-maze protocol. 
(a): graphical representation of memory index (% alternation) of experimental animals. 1.0 Datumetine is significantly lower than the control (**p < 0.01). 
(b): Representative heatmap visualization of animal activity during the Y-maze test. 1.0 Datumetine spends more time at the centre than other groups. 

Fig. 7. Results of NOR test. 
(a): graphical representation of memory index 
of experimental animals. All animals exposed to 
datumetine showed significant memory deficit 
compared to control (*p < 0.05, **p < 0.01). 
(b): representative heatmap visualization of 
animal activity during NOR test.   
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excitatory neurotransmission [58]. Increase GluN1 expression has been 
reported to be caused by an increase in NMDAR activity [58]. This 
observation is similar to what is seen in chronic alcohol exposure [59]. 
Although alcohol has been reported to enhance inhibitory transmission 
in the brain [60], chronic alcohol exposure has shown to enhance 
NMDAR activity [61,62]. Similarly, neuropsychiatry disorders such as 
stroke, ischaemia and mood disorders that are characterised with hy-
peractivity of NMDAR showed increased expression of NMDAR in post 
mortem brain samples [63–65]. Preclinical studies have reported that 
NMDAR antagonist alleviates the symptoms [66] alluding to the fact 
that hyperactivation of NMDAR is part of the aetiology of these disor-
ders. This result is different from the report of Cristino et al. [67], who 
showed that indirectly increasing NMDAR activity by knocking out gene 
coding for D-aspartate oxidase reduces GluN1 expression in the hippo-
campus with increased GluN1/AMPAR ratio. This difference may be due 
to the overall altered glutamate homeostasis observed in their study. 

CamKII-α is implicated in NMDAR signal and memory encoding [68]. 
It is a holoenzyme that is autophosphorylated by NMDAR activation 
[69], reported being responsible for the bidirectional effects of NMDAR 
signalling [70]. Datumetine significantly increased the expression of 
CamKII-α similar to the report that chronic activity of CamKII-α is 
neurotoxic [70]. Reports from psychosocial stress research caused by the 

hyperfunction of NMDAR [71] showed reduced basal CamKII and 
phosphorylated form [72] which can be attributed to the dysregulation 
of NMDAR activity and modification of downstream molecules [73]. 
Increased NMDAR activity is also implicated in opioid-induced hyper-
algesia (OIH) [74] which is also associated with increased Cam\KII ac-
tivity as reported by Qi et al. [75] that blocking CamKII activity reverses 
OIH in rodents. Increased CamKII expression due to enhanced NMDAR 
activity is also reported in chronic alcohol consumption [76] and is well 
correlated with alcohol-drinking behaviours [77]. 

Although CamKII-α is tightly regulated by autophosphorylation upon 
NMDAR activation through Ca2+ [78]. Level of pCamKII-α-T286 was 
reduced in animals exposed to datumetine. CamKII-α is associated with 
GluN2A subunit of NMDAR [79], upon NMDAR activation influx of Ca2+

ions lead to its phosphorylation at Thr286 [68,80,81]. This phosphor-
ylated state is independent of Ca2+ [81,82], and is associated more to 
GluN2B (another subunit of NMDAR) [83]. With increased activity of 
NMDAR, it is be expected that CamKIIα will be autophosphorylated at 
Threonine286 which will further affect NMDAR signalling independent 
of Ca2+ influx [84]. Our results showed reduced expression of 
pCamKIIα-T286 similar to what is reported in chronic stress state where 
dysregulation of NMDAR-CamKII signalling is implicated [85]. One 
possible mechanism for this scenario is the activation of calcineurin 

Fig. 8. Datumetine effects on NMDAR signalling. 
(a): representative immunoblots of GluN1, CamKIIα, pCamKIIα-T286, CREB, BDNF and actin expression in the cell lysates of the hippocampus of experimental 
animals; 
(b): quantification of relative GluN1 expression; 
(c): quantification of relative CamKIIα expression; 
(d): quantification of relative pCamKIIα-T286 expression; 
(e): quantification of relative CREB expression; and 
(f): quantification of relative BDNF expression. 
(n = 4 per group, *p < 0.05, **p < 0.01, ***p < 0.001 one-way ANOVA with Tukey post-hoc test). 

A.O. Ishola et al.                                                                                                                                                                                                                                



Toxicology Reports 8 (2021) 1131–1142

1140

another calcium buffer protein which is reported to have more affinity 
for Ca2+ than CamKIIα [86,87]. Activated calcineurin activates protein 
phosphatase-1 (PP1) to desensitise phosphorylated CamKIIα [88]. In a 
model of chronic pain reported by Qi et al. [75] remifentanil-induced 
postoperative hyperalgesia (RIPH) enhances NMDAR activity elevating 
the level of pCamKIIα-T286. Although the authors reported no changes 
in the level of basal CamKIIα the disparity in the observation may be due 
to the method of evaluating the level of expression as the authors 
normalise the level of pCamKIIα-T286 immunoblot with that of CamKIIα 
immunoblot, unlike our studies where all immunoblots were normalised 
with actin. Reduced expression of pCasmKIIα-T286 has been reported in 
compounds that indirectly modulate NMDAR activity through serotonin 
and opioid pathways [89]. The author suggested this is necessary to 
reduce the overactivation of NMDAR. Increased expression of 
pCamKIIα-T286 together with increased NMDAR is of short term and 
well correlated to LTP induction [70,90,91]. Our study involves pro-
longing datumetine exposure which overstimulates NMDAR for a long 
time. This overactivation may have stimulated the activity of calcineurin 
seen in chronic stress [72,85] thereby shutting off the NMDAR/CamKIIα 
signalling pathway. 

Activation of NMDAR downstream signalling pathway is the acti-
vation of CREB [92–94]. CREB is also activated by way of phosphory-
lation by pCamKIIα-T286 [95]. Consistent with the observation seen in 
the expression of pCamKIIα-T286, datumetine reduced the expression of 
CREB. Activation states of NMDAR have been reported to regulate CREB 
activity [96]. Moderate activation of NMDAR increased CREB activity 
while overactivation reduced it [97]. Different subunit of NMDAR has 
also been reported to differentially regulate the activity of CREB [96]. 
GluN2A activation enhances CREB activity [98–100] while GluN2B 
transiently phosphorylates CREB, prolong activation reduces CREB ac-
tivity [101]. Reduction in CREB expression observed is also related to 
what was reported in the state of both synaptic and extrasynaptic 
NMDAR activation [100]. Consistent with our earlier observations 
reduced CREB expression is also implicated in state of NMDAR over-
activation [100]. 

In normal NMDAR signalling, activation of CREB translocates to the 
nucleus to increase the expression of some genes responsible for synaptic 
plasticity and cell survival [102–105], out of which BDNF is an example 
of gene regulated by NMDAR signalling [100]. Consistent with the 
previous signalling pathway molecule, datumetine reduced BDNF 
expression in exposed animals compared to control. NMDAR subunit 
differentially regulates BDNF activity [96]. Chen et al. [106] reported 
that GluN2A upregulate BDNF activity in moderate and overactivation 
state while, GluN2B upregulate BDNF activity in moderate activation 
state and downregulate BDNF activity in overactivation state [100]. 
Most significant reduction of BDNF is seen in 1.0 Datumetine animals, 
this may be due to the overactivation of NMDAR caused by datumetine 
as reported by Zhou et al. [100] that activation of both synaptic and 
extrasynaptic NMDAR regulates BDNF expression differentially based 
on activation state. Impaired BDNF has been implicated as part of the 
pathophysiology of stress [73], in a study of acute restraint stress, mRNA 
of BDNF was reduced in the hippocampus [107] and chronic restraint 
stress reduced BDNF protein expression [108]. As earlier reported that 
chronic stress enhances NMDAR activity with altered signalling, our 
results mimic what is observed in the chronic state of stress as reported 
by Li et al. [109]. Although increased BDNF expression has also been 
reported in some chronic stress model when applied for 10 days [110] 
and mild stress at two weeks [111]. Gronli et al. [112] and Allaman et al. 
[113] reported no changes in their studies. Most reports that recorded 
low expression of BDNF in chronic stress estimate total hippocampal 
BDNF [73] such as the current study contrary to studies that estimate 
BDNF expression at different regions of the hippocampus reported 
different pattern of expression in each region [112,114]. 

BDNF has also been implicated in excitotoxicity observed in hypoxia 
[115]. Exogenous supplements of BDNF protects the neuron against 
hypoxia-induced death [116]. Similar to our results, exposure to 

hypoxia reduced BDNF expression and increase the expression of 
NMDAR [115]. The authors attributed the reduced expression of BDNF 
observed to increase in activity of GluN2B subunit of NMDAR as they 
have earlier reported increase activity of NMDAR in hypoxic condition 
[117,118]. Although the specific subunit of datumetine binding to 
NMDAR is not known, whether it requires the presence of glutamate at 
the synapse for its activity. One possible explanation for the effect of 
datumetine seen could be that datumetine is competing with glutamate 
for binding at the synapse leading to lateral diffusion of either glutamate 
or datumetine to activate extrasynaptic NMDAR. Extrasynaptic NMDAR 
activation has been associated with NMDAR-induced cell death [101]. 

5. Conclusion 

Datura is one of the most abused plants for intoxication purpose, thus 
its role in memory deficit and hallucination needs further investigation. 
Although most of the investigation had focussed on the tropane alka-
loids; datumetine, one of the primary phytochemicals needs to be 
further investigated. Since several studies have shown NMDAR to be 
responsible for LTP and synaptic plasticity for encoding memory, the 
present study shows the best binding of datumetine to NMDAR. Alto-
gether, the current work shows that datumetine positively potentiates 
NMDAR by prolonging its electrical activity with acute exposure altering 
NMDAR signalling leading to memory deficit. 
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