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ABSTRACT 
 

Neurological shortages, often a process of natural aging, affect mental health, daily output, 

emotional response and social relations in a negative and harmful way, causing further 

socioeconomic worry and mental illness. Research in the field of neurophysiology and 

neuropharmacology have shown that decreasing levels of dopamine, and corresponding 

dopamine signaling caused by the aging process, is linked to neurological impairments. 

These scientific findings have led to idea of producing novel and selective dopamine 

transporter (DAT) inhibitor aimed to therapeutically counter the decreasing endogenous 

dopamine levels and enhance cognitive function. Following in house findings of Lubec 

Lab, two new compounds CE-196.2.1 & CE-196.2.2 were synthesized and 

pharmacologically examined as specific DAT inhibitor, which increases dopamine 

concentration in areas in the brain linked to cognition. We here performed classical ex vivo 

electrophysiological experiments on male Sprague Dawley rats in order to examine 

possible effects of CE-196.2.1 and CE-196.2.2 on basal synaptic transmission and synaptic 

plasticity. Through the data we obtained, it is possible to propose a significant 

enhancement on basal synaptic transmission and synaptic plasticity in hippocampal slices. 

These observations encourage further experimental research in order to explore, in vivo, 

the possible application of the compounds CE-196.2.1 and CE-196.2.2 in aging-related, 

hippocampus-dependent, memory dysfunctions. 

 

 

 

 

 

 
 



 

ABSTRACT DEUTSCH  
 
Neurologische Mängel, sind oft ein Produkt des natürlichen Alterungsprozesses und 

können die psychische Gesundheit, den Tagesumsatz, die emotionale Antwort des Körpers 

und soziale Verknüpfungen in negativer Weise beeinflussen, wodurch ausgedehntere 

sozioökonomische Sorgen auftreten, sowie zusätzliche psychische Erkrankungen in der 

Vordergrund treten.  

Durch wissenschaftliche Forschung im Bereich der Neurophysiologie & 

Neuropharmakologie konnte festgestellt werden, dass ein verringerte Konzentration von 

Dopamin und dem damit verbundenen Dopamin-Signaling eine Folge des 

Alterungsprozesses ist und direkt mit neurologischen Störungen in Verbindung steht. 

Durch die oben genannte wissenschaftlichen Erkenntnisse entstand die Idee der 

Entwicklung von selektiven Dopamin Transporter (DAT) Inhibitoren um dem fallenden 

endogenen Dopamin Konzentrationen entgegenzuwirken. Im Zuge der wissenschaftliche 

Arbeiten von Lubec Lab, wurden zwei Analoga von Modafinil CE-196.2.1 und CE-

196.2.2 synthetisiert und in einer pharmakologischen Sichtweise als spezifischer DAT-

Inhibitor untersucht, mit dem Ziel die Erhöhung von Dopamin in Hirnarealen wesentlich 

für Kognition zu erreichen. In dieser Arbeit wurden klassische ex vivo 

elektrophysiologische Experimente an männlichen Ratten der Gattung Sprague Dawley 

durchgeführt um die möglichen Effekte von CE-196.2.1 und CE-196.2.2 auf die basale 

synaptische Übertragung sowie synaptische Plastizität zu untersuchen. Aufgrund der 

erhaltenen experimentellen Daten ist es möglich einen statistisch signifikanten Effekt von 

CE-196 auf die basale synaptische Übertragung sowie synaptische Plastizität in 

Gewebsschnitten aus dem Hippocampus von Ratten zu postulieren. Diese Beobachtungen 

bestärken die Notwendigkeit von zusätzlichen in vivo Experimenten um eine mögliche 

Anwendung der Substanzen CE-196.2.1 und CE-196.2.2 in altersbedingten, 

Hippocampus-abhängigen Gedächtnisstörungen zu realisieren. 

 
 

 

 

 



 

 

ABBREVIATIONS 
 

 

Attention deficit hyperactivity disorder  

 

(ADHD) 

Accumbens nucleus (ACB) 

Artificial cerebrospinal fluid  (aCSF) 

Calmodulin-activated Kinase-II (CamK-II) 

Cornu Ammonis 

 

 

(CA) 

cAMP responsive element of binding protein (CREB) 

Dentate Gyrus  (DG) 

Dopamin Transporter (DAT) 

Field of Excitatory Postsynaptic Potential (fEPSP) 

High frequency stimulation (HFS) 

Long-Term Potentiation (LTP) 

Long-Term Depression (LTD) 

Paired-pulse-induced synaptic inhibition  (PPI) 

Post Tetanic Potentiation (PTP) 

Ventralis tegmentalis area 

 

(VTA) 

  

  

 

  



 

1. INTRODUCTION 
 

Human population is continuously aging, with an overall rising life expectancy projected 

to surpass the mark of 80 years for people born in 20161. A natural occurrence in the older 

group of the population is the development of the so called “Geriatric Syndromes”, which 

can be further characterized in several types of health conditions including general 

weakness, depression and dementia1. In addition to the average age-related memory 

retention problems that occur during cognitive deterioration, conditions such as impaired  

mental flexibility, poor decision-making ability and slowed processing pace, negatively 

affect overall life quality2. Consequently it is evident that even initially minor cognitive 

impairment might progress as to very detrimentally affect a person’s daily social 

interactions and universal independence, which are essential parts of the human well-

being, therefore signifying the importance of appropriate psychiatric care of the elderly 

population to secure quality of life3. 

 

The neurotransmitter dopamine (DA) plays central roles in the regulation of a variety of 

vital functions in humans and in many animal species, modulating, e.g., 

neurodevelopment; attention; mood and motivation; motoric functions; and learning and 

memory processes4,5,6,7,8,9,10. 

Neurotransmission, carried by dopamine signaling, is essential for important brain 

functions, involving learning-process, memory-retention, emotions, somatomotor activity 

and motivation11. 

Accordingly, alterations in dopamine signaling can be found in many neurodegenerative 

maladies including Alzheimer; Parkinson; Huntington, and Lewy body diseases12.13,14,15,16. 

Aging, which is generally characterized by the presence of significant deficiencies in DA 

signaling, is to the date the number one natural high-risk factor for the development of 

DA-related maladies and other neurological conditions, which apart of Parkinson and 

Alzheimer diseases might also include mood-related disorders, depression and 

dementia17,18,19,20,21,22,23,24,25. 

 

Indeed, foregoing studies of the human brain have revealed a progressive decay of 5-10% 

in dopaminergic signaling every decade, especially in connection to age-related cognitive 

decline18. 



 

 

The phenomenon of decreased dopamine type 1 and 2 receptor (DRD1/2) mRNA levels 

in the striatum of humans26,  along with the relevance of the DRD1/2-mediated 

dopaminergic signaling interaction with neuronal circuits of the frontal cortex, is also 

connected to the cognitive deterioration that occurs during the process of aging17. The 

fundamental neurochemical mechanism known as synaptic plasticity and the associated 

principles of memory and learning are also tightly regulated by the neurotransmitter 

dopamine and affected by aging27. 

 

Therefore, the reinstatement of dopamine neurotransmission is a desired goal in the search 

for therapeutic tools aiming to stopping cognitive decline in affected aging population28. 

Therapeutic strategies using DRD1/2 agonists have shown unwanted down-stream 

signaling incidents29, and also adverse functional effects have been described30. Therefore, 

newer pharmacological approaches are aiming to the development of highly specific 

compounds directed at the inhibition of dopamine transporter (DAT) as molecular target 

in order to reinstate dopaminergic signaling in central synapses31. Unfortunately, the large 

majority of the currently available pharmacological treatments against DA-related 

maladies have also several limitations due to issues such as poor bioavailability; 

substantial unwanted side effects, quickly developed tolerance, or the possibility to 

manifesting drug dependence and abuse32,33. The need for the development of novel 

pharmacological compounds circumventing all these adverse side effects is therefore of 

central importance in the fields of experimental and applied bio-medical research. 

 

The main purpose of this project, was to continue the research on selective DAT-inhibitors 

by conducting ex vivo electrophysiological experiments in order to examine the effect of 

the compounds CE-196.2.1 and CE-196.2.2 on basal synaptic transmission and synaptic 

potentiation in hippocampal slices from rats. 

 

Specifically, the neuronal mechanisms classically labeled as Long-Term Potentiation 

(LTP) and Long-Term Depression (LTD) were the center focus of this project, since here 

we used them as experimental tools to examine the effects of our newly developed 

compounds on synaptic plasticity in brain neuronal circuits critical for learning and 

memory functions. 



 

Both forms of synaptic plasticity, LTP and LTD, have been proposed as potential 

mechanisms regulating learning and memory in vivo, as memory have been essentially 

described as the process of storing information via changes in the morphological and 

functional properties of synapses, a hypothesis largely explored by Nobel Laureate Dr. 

Eric Kandel34 and widely studied in the field of neurophysiology. 

 

Consequently, we herein implemented specific protocols of electrical stimulation to 

memory-related synaptic circuits of rat hippocampal slices in order to experimentally 

induce synaptic potentiation and depression, following the experimental principles 

described in the pioneering works of Hebb, D. O.35 and Bliss, T V, and T Lomo36. 

 

Furthermore, it was our aim to explore the biological impact and functional significance 

of the chemical modifications introduced to Modafinil, a DAT reuptake inhibitor used for 

treatment of narcolepsy37, yielding compounds CE-196.2.1 and CE-196.2.2, as 

pharmacological screenings had been done prior to this project by other researchers from 

our group in the Prof. Gert Lubec’s laboratory. 

 

As stated previously, the compounds used in this study are derived from the molecule 

known as Modafinil, and were modified for improved affinity as well as potency regarding 

the DAT transporter in order to increase dopamine concentrations in specific brain regions, 

while diminishing possible side effects due to binding to off-targets. 

 

My work on Modafinil analogues and cognitive enhancers constitutes a part of a larger 

scale effort oriented to the identification of novel compounds capable of modulating the 

reuptake of dopamine with potential therapeutical applications. An example of this 

experimental endeavor is reflected the recent scientific publication in the journal 

Biomolecules, in which I was honored to contribute as a co-author (Biomolecules. 2022 

Jun 24;12(7):881.  Doi: 10.3390/biom12070881 (see also a PDF copy of the referred 

article in the section “Published Paper”). 

 
 

 

 



 

1.1 DOPAMINE TRANSPORTER 

The dopamine transporter also known as “DAT” or “SLC6A3” belongs to the family of 

solute carrier transporter proteins. It is inserted into the cell membrane and acts a 

symporter that moves liberated dopamine in the synapse out of the synaptic cleft back into 

the cytosol thus ending the signal of the neurotransmitter38. The function of the DAT is to 

regulate the signaling of DA in the extracellular space and, therefore, directly plays a role 

in the regulation of dopamine levels in the cytoplasmic compartment39. 

 

In terms of localization, the DAT transporter is found in the brain with dopaminergic 

circuits including the hippocampus, substantia nigra, VTA and ACB40. Therefore, it is 

established that the DAT-receptor is participating in mesolimbic, mesocortical and 

nigrostriatal pathways41. 

Studies have also shown that there are significant differences in DAT levels amongst the 

motor and limbic compartment of rodent forebrain42. 

 

 
 

Figure (1): Tertiary molecular structure representation of dopamine transporter 

(DAT): Rendering of the crystal structure of a dopamine transporter from drosophila 

melanogaster, taken from RCSB PDB,(doi: 10.2210/pdb4xp1/pdb) and published from 

Wang,K.H., et. Al (Nature, 2015) 



1.2 THE HIPPOCAMPUS 

 

1.2.1 FUNCTION 

From the perspective of brain anatomy, in humans and vertebrates, the hippocampus is a 

relatively large subcortical structure found in the medial temporal lobe, which has been 

associated to memory creation, strengthening and preservation, as it has been described in 

many studies over several decades43,44,45. The hippocampus obtains signals from cortical 

brain structures and has been precisely connected to link sensory inputs to the episodic 

memory system46, 47, beside spatial memory and memory48, 49.  

 

Figure (2): Generated representative overview of a rodent brain: Horizontal cut of a 

rat’s brain taken from Rat Brain Atlas. Marked red hippocampal areas CA1-CA3 and DG, 

were main areas of focus on in this study. With permission from Matt Gaidica: Altlas Source 

Paxinos; A tool by Matt Gaidica; Atlas Source: Paxinos, George, and Charles Watson, 

http://labs.gaidi.ca/rat-brain-atlas/; 

Additionally, there is a two-way connection between the hippocampus and the amygdala, 

a segment in the brain responsible for emotional responses, therefore implying a key role 

of the hippocampus in fear conditioning50, 51. 

 

http://labs/


The hippocampus is structurally and functionally organized in two key structural parts 

known as the dentate gyrus and the ram’s horn52. It’s worth mentioning that the dentate 

gyrus is capable of neurogenesis (the making of new neurons), which makes it one of two 

known regions in adult mammalian brain capable of such process52. The other region is 

the so called subventricular zone of the third ventricle 53,54. 

 

Given the relatively easy access to the hippocampal formation of many animals, including 

different rodents, several of the neuroelectrical pathways of the hippocampus have been 

comprehensively studied by neuroscientists in the last decades, enabling the identification 

of fundamental mechanisms of synaptic plasticity, including Long-Term Depression 

(LTD) and Long-Term Potentiation (LTP) 36,55. Indeed, many studies have, cumulatively, 

provided abundant experimental evidence supporting the hypothesis that both these 

electrically induced synaptic alterations (LTP and LTD) may be similar to the process 

responsible for the storing information at the synaptic level in vivo56. 

 

 

 

 

 

 

 

 

 

 

 

 

 



1.2.2 ANATOMY 

The hippocampus is a relatively large brain structure localized in the medial temporal lobe, 

anatomically and functionally incorporating major parts of the entorhinal, 

parahippocampal and perirhinal cortex57.  
 

 

Figure (3): A1-A4 represent histological sections of the rat hippocampus. Cuts are 

executed vertically to the long axis of the hippocampus followed by thionin-staining to help 

with orientation and electrode placement. The upper inset shows the relative localization of 

the CA3, CA1 and dentate gyrus regions. Images modified as taken from Puchades MA et. Al 

2019. 

 

From a macroscopic perspective, the hippocampus can be anatomically apportioned into 

three major structures, comprising, firstly the ram’s horn, which is known as Cornu 

Ammonis (CA); secondly, the dentate gyrus (DG); and thirdly, the subiculum (Figure 3)52. 

The hippocampus receives the key inputs from the entorhinal cortex and the macroscopic 

view reveals that the CA is again split up into four segments called CA1-CA452. 

The CA is arranged in a laminar manner and the main layer is characterized by cell bodies 

of pyramidal neuronal cells, consequently known as the pyramidal layer52. The axons are 

reaching into thin alveus while passing a layer comprised of regulatory interneurons, 

known as the stratum oriens52. 

In contrast to the axons, the dendrites of the pyramidal cells reach deep into areas called 

the stratum radiatum, stratum lacunosum and stratum moleculare, in which the perforant 

pathway synapse are located52. The dentate gyrus (DG) which was the focus of this study 

(as it is the region here examined electrophysiologically) is located caudally to CA and 



presents three individual layers: the molecular layer, the inner molecular layer and the 

granular layer. The neurons found in the granular layer are named granule cells and where 

the target of the electrophysiological experiments described in “Material & Methods”. 

1.2.3 PATHWAYS 

Hippocampal circuitry presents itself with a large range of neurological inputs and 

outputs58,59. At its core we can find the so-called trisynaptic pathway, which consist of the 

following pathways: Schaffer collateral pathway, Mossy fiber pathway and the Perforant 

fiber pathway60. 

Pyramidal cells and stellate cells project from the medial entorhinal cortex all the way to 

the dentate gyrus an make a connection with the granule cells. This projection is called the 

perforant pathway. Continuing through the mossy fibers the DG granule cells make a 

connection with pyramidal neurons of the CA3 segment. Through the Schaffer collateral 

fibers are linked to CA1 segment57. The CA1 segment makes a projection to the entorhinal 

cortex across the subiculum. Research provided through experiments an indication that 

this whole circuitry plays a factor in spatial and temporal processing 61,62,63. 

 

 

Figure (4) : Schematic drawing of central hippocampal pathways. The main input for 

the hippocampus occurs through the Entorhinal cortex (EC). A projection reaches the dentate 

gyrus (DG) through perforant fiber pathway and delivers an additional important input to 

CA3 through the mossy fiber pathway. Furthermore, a projection from CA3 to CA1 through 

the Schaffer collateral pathway is depicted. Another projection starting from EC goes directly 

to CA3, CA1 and subiculum (Sub). The hippocampus sends important output signals to the 

EC and Fornix. Arrows indicate in which way the impulses flow. (Courtesy of Xing-Mei and 

Jie; current neuropharmacology 2011) 



Whereas most entorhinal projections found in the hippocampus are of glutamatergic 

nature, many further key inputs for modulation are managed from cholinergic, 

dopaminergic, serotonergic and GABAergic neurons52. 

 

 

1.3 MODAFINIL 

 

The drug Modafinil was firstly developed by Professor Michel Jouvet, a neurophysiologist 

from France, in collaboration with Lafon Laboratories64. Modafinil was part of a group of 

compounds produced in the 1970s in a series of benzhydryl sulfinyl derivates64. Adrafinil, 

a close relative to Modafinil, was used as an experimental therapy against narcolepsy in 

France in 198664. Approval of Modafinil by the U.S. Food and Drug Administration (FDA) 

was granted in 199865 for the treatment of narcolepsy, and expanded in 2003 for conditions 

like work sleep disorder and obstructive sleep apnea66. 

Modafinil and its R-enantiomer (R-MOD) have been used off-label as a cognitive 

enhancer to attempt an alternative approach to treat patients with mental disorders, 

involving substance abuse and impaired cognitive function67. 

 

Potentially cognitive enhancing effects were subject of intensive investigational studies 

preclinically in rodents and clinically in humans68. Studies have experimentally concluded 

that Modafinil has no measurable affinity at monoamine receptors69,70,71, yet demonstrates 

direct inhibition of numerous neurotransmitter transporter systems, including the 

dopamine transporter (DAT)68.  

 

Modafinil provides thus an excellent structural backbone for the development of novel 

analogue compounds, which can be investigated in bio-medical research. Consequently, 

this had resulted in the development of novel selective dopamine transporter (DAT) 

inhibitors72,73,74,75,76, as is the case of the research group lead by Prof. Gert Lubec and his 

team of researchers77,78,79,80. Another reason for the ongoing search for novel analogue 

compounds is the fact that Modafinil requires higher doses to show cognitive enhancing 

effects in experimental animals compared to novel analogue compounds like CE-123 and 

CE-158 created in the Lubec´s Lab81,82. 

 



In comparison, R-modafinil (5mg and 10mg/kg intraperitoneal) produced increased 

dopamine levels in rodents, with a delayed and lingering effect, while the novel compound 

CE-123 (10mg/kg intraperitoneal) quickly stimulated dopamine transmission81. These 

findings are consistent with a different study showing via microdialysis that 128mg/kg 

Modafinil enhances dopamine levels in prefrontal cortex, resulting in the highest 

dopamine concentration within 2-3 hours after application83. 

 

 

 

 

 

1.4 CHEMICAL CHARACTERISTICS OF CE-196 

 
In the search for novel atypical dopamine reuptake inhibitors, the Lubec´s Lab has 

substantially modified Modafinil (1)- drug used for treatment of narcolepsy, shift work 

sleep disorder, and obstructive sleep apnea31,84,85,86,79,78. 

 

Kalaba et al.79 have firstly reported a series of compounds showcasing higher activities on 

the DAT and a higher selectivity toward DAT versus serotonin (SERT) and 

norepinephrine (NET) transporters as compared to modafinil. This was achieved by 

substituting the amide moiety with five- and six-membered aromatic heterocycles. Upon 

27 heterocyclic replacements and testing in subsequent reuptake inhibition assays the most 

active and specific compound was identified (2)79. 

 

This lead compound had a parent structure of modafinil, yet the carboxy-amide moiety 

was replaced with thiophene through ring position 2. As such, lead compound (2) 

possesses a chiral center and hence was synthesized as a mixture of two enantiomers. The 

influence of stereochemistry was not investigated in this work, yet Kalaba et al78. have 

subsequently demonstrated that further fine-tuning of activity and selectivity of modafinil 

derivatives towards DAT can be achieved through manipulation of stereochemistry, i.e., 

introduction of the second chiral center and subsequent separation of all four individual 

stereoisomers. These results served as further inspiration for design of compound S,S-CE-

158 (3)- a selective dopamine transporter (DAT) inhibitor to restore endogenous dopamine 



levels and improve cognitive function. This novel highly selective DAT inhibitor with 

superior properties compared to the parent scaffold (1) was able to halt age-related 

cognitive decline in rodents thereby showcasing strong potential for further translation- 

clinical trials and human use87. 

 

 

 

 
Figure (5): Chemical structures of Modafinil and its derivatives. (1) Modafinil, (2) lead 

compound, (3) S,S-CE-158, (4) CE-196 

 

By establishing detail structure-activity-relationship and taking into consideration high 

costs of production of (3), Lubec Lab was searching for alternative compound to (3). 

Hence, CE-196 (4) was designed and synthesized. This compound carries the basic 

scaffold of Modafinil, further modified through introduction of thiophene ring instead of 

carboxy-amide moiety (design applied in (2)) and a single bromine substitution at one of 

the biphenyl rings in meta-position (design applied in (3)). 

 

Structurally, this compound has two chiral centers and exists as mixture of four 

stereoisomers. Indeed, it was originally obtained in racemic form in the lab. Nevertheless, 

racemic CE-196 can be further separated into two individual pairs of enantiomers by 

means of MPLC system equipped with glass column filled packed with silica gel. Mixture 

of toluol/Ethyl-acetate = 80/20 is used the mobile phase and the separation is carried out 

with the flow rate of 5 ml/min. Individual pairs of enantiomers are further separated into 

individual enantiomers (CE-196.1.1, CE-196.1.2, CE-196.2.1, CE-196.2.2) by means of 

semipreparative chiral HPLC method. Semipreparative HPLC is equipped with 

CHIRALPAK IA column (10 mm Φ x 25 cm L) (Daicel Inc, Tokyo, Japan) and ethyl-

acetate is used as the mobile phase. 

 



Although synthesis, analytical characterization, in vitro pharmacology and some in vivo 

studies are not within the scope of this thesis (manuscript in preparation), it is important 

to mention that both CE-196.2.1 and CE-196.2.2 (enantiomers to each other) exert both 

higher potency and selectivity towards DAT as compared to parent scaffold when tested 

for binding affinity and monoamine transporter reuptake inhibition. 

 

1.5 KOLLIPHOR 

 
In adherence to previously conducted experiments in the CE-series by Lubec et al.,1 an 

adequate experimental vehicle as well as control was needed. The compound Kolliphor-

EL£ by Sigma-Aldrich was used as a vehicle solution for CE-196 and as an experimental 

control group. Kolliphor-EL£ contains “Macrogolglycerolricinoleat” which is a 

combination of polyethylenglycol, glycerol and castor oil, used to emulsify and solubilize 

water-insoluble compounds and belongs to the group on non-ionic detergents. It was 

administered in the same dosage in one experimental group of rats (See 

Material&Methods). 

 

 

 
1.6 LONG-TERM SYNAPTIC POTENTIATION (LTP) 

 
The phenomenon of Long-Term Potentiation (LTP) can be described as a form of 

experimentally induced synaptic plasticity, which in the long-term results in the functional 

strengthening of synapses, and which can be elicited, e.g., by the application of various 

high frequency electrical stimulation protocols36,88,89,90,91. 

Pioneering research from Bliss and Lomo36 focused on the hippocampus, indicated that 

the phenomenon LTP could also be found in vivo. This occurrence was described as the 

result of having delivered high frequency electrical discharges to hippocampal neuronal 

circuits in charge that are involved in the formation of memories and their maintenance36, 

88, 89,90. 

What happens at the molecular level during hippocampal LTP?  In CA3-CA1 synapses, 

due to the parallel activation of NMDA and AMPA receptors, several downstream 



mechanisms are subsequently induced, which lead to an increased stimulation of this 

particular neural circuit92,93. 

Molecular elements that participate in the action mediated by these receptors include 

calcium ions, whose influx via NMDA receptors induce a cascade of associated 

mechanisms such as the late transcription, translation, transport and insertion of new 

glutamatergic AMPA receptors via vesicles, as well as the initiation of enzymatic 

phosphorylation of several targets through the calmodulin-activated kinase II (CaMKII), 

all of which together results in an increased conductivity for sodium ions92,93,94. 

Another suggested way to strengthen long-term memory storage is the ongoing 

posttranscriptional “self-phosphorylation” of the kinases like CaMKII95. 

Follow up investigations focused on this molecular mechanism “self-phosphorylation” 

were able to observe this phenomenon with AMPA receptors but postulated this to be an 

insignificant effect. This claims are explained via the transitory nature of this occurrence 

and quick signal termination, which is achieved by dephosphorylation and receptor 

internalization, in nerve cells89,96. 

A different research group found evidence that an isoform of the known Protein Kinase C 

(PKC), identified as Protein Kinase M zeta (PKM-ζ) could play a role in upholding 

potentiated synapses. They postulate that this protein is continuously active and modulates 

the internalization of AMPA receptors in the postsynaptic, which increase the AMPA 

receptor amount97. 

In comparison to this recent findings, other mechanisms have been suggested for long-

lasting creation of potentiated synapses. The discovery of the transcription factor “cAMP 

responsive element of binding protein” (CREB) directed the thought into the possibility 

that specific upregulation of the transcription of genes and the subsequent emergence of 

protein products was a vital part of creating long lasting LTP98. In addition, recent findings 

have provided evidence that the initiation of LTP is a result of changes at the molecular 

level, which occur also with morphological alterations of the neuronal circuits involved. 

In agreement with this, the establishment of new dendritic spines in postsynaptic neurons 

has been documented99,100. A different study has also observed an increase in absolute 

spine size101. Hill TC and Zito Karen, have further described the increased expansion and 

strengthening of freshly formed dendritic spines as an effect of LTP induction102. 



 

The extensive use of high frequency stimulation protocols during LTP studies on different 

parts of mammalian brains have contributed to the formulation of a variety of complex 

underlying mechanisms that could potentially mediate in vivo of memory formation, 

consolidation and memory maintenance36,88,89,90,91.  

This experimental approach therefore has proven to provide a powerful tool to model some 

of the electrophysiological effects likely underlying the learning acquisition process.    

 

Figure (6): Illustration of a classical experiment involving LTP and LTD. (a) 

Recordings in the CA1 region in the hippocampus. Due to the application of high frequency 

tetanic stimulation (100Hz), LTP is induced (left graph), or low frequency stimulation (5Hz) 

which induced LTD (right graph), (courtesy of W Morishita). (b) Graphic representation of 

the rodent hippocampal slice with placement of the electrodes in the CA1 to CA3 region 

(SC=Schaffer collateral, MF=mossy fiber pathway). (c) Basic model of synaptic transmission. 

Throughout basal synaptic transmission (left side), the released glutamate interacts with 

NMDA and AMPA receptors. Firstly Na+ only flows through AMPA channel due to the 

Mg2+block of NMDA receptor. Depolarization of the postsynaptic synapse releases the 

Mg2+block and allows the flow of ions (Na+/Ca2+) through the NMDA channel. The increased 

Ca2+ levels are vital for subsequent mechanisms that facilitate synaptic plasticity (right 

side)103.(Image taken from Citri A and Malenka RC 2007) 

 



1.7 LONG - TERM SYNAPTIC DEPRESSION (LTD) 

 
In contrast to LTP, there is also an effect called Long-term synaptic depression (LTD) 

which can be also experimentally induced. The effect of this phenomenon is a progressive 

reduction of both the morphological and functional properties of synapses. Similar to LTP, 

a particular electrical stimulation protocol is applied to specific neurons, but in the case of 

LTD, the patterns are of a low frequency nature, which reduce the overall efficacy of 

synaptic transmission89,104,105,106,107,108,109,110. 

Predicted by the research of Dudek and Bear55, the effect of synaptic depression is 

proposed to play a role in certain forms of learning and memory and, consequently, the 

LTD process have been described as the experimental equivalent to “forgetting”111. 

Additional reports have further provided strong evidence in support of the existence of 

this phenomenon in vivo112,113,114. 

The occurrence of LTD has been attributed in part to the weak excitatory activity which 

is mediated by transitorily activated NMDA receptors and which results in no 

potentiation55. Similar to LTP stimulation protocols, it is possible to induce synaptic 

depression by applying specific low frequency electrical stimulation protocols which are 

largely in the 0.5 to 50Hz range55. Overall, LTD also exemplifies a key principle of 

neuronal plasticity that has additionally been experimentally detected in separate cortical 

structures in mammalian and human  brains55,115,116,117. 

 

 

 

 
 

 

 

 

 

 

 



2. STUDY OBJECTIVE 
 
This study was conducted as a continuation of an ongoing research line originally 

conceived and initiated by Prof. Gert Lubec, and continued in collaboration with Dr. Jana 

Lubec and several other researchers working in the field of cognitive enhancement and 

associated disciplines. Following up the experiments of Lubec J87 with the DAT-inhibitor 

compound CE-158, the focus of the work hereby described lies on the characterization of 

modified versions of the CE- Series named CE-196.2.1 and CE-196.2.2, which were 

synthetized in the Lubec laboratory (University of Vienna, Austria). 

 

Comprehensive description of chemical structures and modification in comparison to 

similar compounds of the CE-series as well the inspiration to the established drug 

Modafinil is found in the section “1.3 Chemical characteristics of CE-196”. 

 

Hence, the main purpose of this investigation, was to assess the effect of certain chemical 

modifications of modafinil-analogue compounds by the means of traditional 

electrophysiological experiments in rat hippocampal slices. Experiments were organized 

and carried out in a similar fashion to previously conducted trials by Lubec J87 to ensure 

comparability and good laboratory practice. 

 

We applied established stimulation protocols for LTP (see Material and Methods) in the 

dentate gyrus of hippocampal slices, and recorded and analyzed the physiological 

responses. 

 

 

 

 

 

 

 

 

 

 



3. HYPOTHESES AND EXPERIMENTAL METHODOLGY 
 

Medical therapies for cognitive diseases linked to neuropsychiatric disorders, for example 

attention deficit hyperactivity disorder (ADHD) or narcolepsy, focus on moderating 

extracellular dopamine levels in various regions of the brain81. The compounds CE-

196.2.1 & and CE-196.2.2 belong to the experimental series of cognitive enhancers like 

CE-123 and CE-158, which are novel modafinil analogues previously examined for their 

target specificity and efficacy for DAT-receptor inhibition87,81. Prior to the 

electrophysiological experiments, the Lubec´s Laboratory had conducted screening tests 

for DAT affinity with CE-196 compounds. We therefore hypothesize that both CE-196.2.1 

& and CE-196.2.2 have the capability of influence the properties of synaptic transmission 

and plasticity in hippocampal neuronal circuits known to be important for learning 

acquisition and memory storage. 

3.1 BASAL SYNAPTIC TRANSMISSION & SYNAPTIC PLASTICITY 

 

The assignment for us was to examine, via ex vivo electrophysiological experiments, the 

effects of CE-196.2.1 & CE 196.2.2 in relation to basal synaptic transmission and 

plasticity in hippocampal slices from young male rats (See Material & Methods). 

 

For the experiments, we created three test groups, each containing ten animals. The first 

group would receive the experimental control “Kolliphor”, which is the vehicle for the 

CE-196 compounds. The second and third groups received CE-196.2.1 or CE-196.2.2, 

respectively, (see also Material & Methods). 

 

 

 

 

 

 

 

 



4. MATERIAL & METHODS 

 
4.1 ANIMALS 

 

Ex vivo electrophysiological experiments were carried out using wild type male Sprague 

Dawley rats, which were 3 months of age. The animals were bred and stored at the Core 

Unit of Biomedical Research, Division of Laboratory Animal Science and Genetics, 

Medical University of Vienna. 

 

The rats were either single or double housed in normal Makrolon housing cages in a colony 

room which is temperature (22 ± 2) °C, humidity: 55 ± 5% and light (200 ± 20) lx 

controlled for suitable living conditions. The lighting in the housing room was controlled 

by an automatic time switch resulting in an 12h light/dark cycle which starts at 6am. 

Resources like food and water were checked daily and provided ad libitum118. 

 

This study was conducted following the directives of the “Bundesministerium für 

Wissenschaft und Forschung” of Austria (BMBWF-66.009/235/V/3b/2018). The 

organisation and care of the experimental animals were supervised by experienced 

veterinarians and in agreement with the ARRIVE guidelines and the U.K. Animals 

(Scientific Procedures Act, 1986 and associated guidelines, EU Directive 2010/63/EU for 

animal experiments). 

 

 

 

 

 

 

 

 

 

 

 

 



4.2 ELECTROPHYSIOLOGY 

4.2.1 HIPPOCAMPAL SLICE PREPARATION  

 

The freshly separated hippocampal slices were harvested following foregoing 

reports119,120,121. One hour preceding the brain extraction, the animals received a single 

dose, via intraperitoneal injection, of either vehicle, CE-196.2.1 or CE-196.2.2 (10mg/kg), 

respectively. 

 

In summary, the animals were anesthetized through isoflurane inhalation exposure and 

checked for corneal reflexes. The animals were subsequently sacrificed by decapitation 

using a special rodent sharp-blade Guillotine122 (DCAP-M, World Precision Instruments, 

Inc. Sarasota, FL USA). The brain was quickly extracted from the skull of the animal and 

instantly immersed in an ice-cold artificial Cerebrospinal Fluid (aCSF) solution containing 

following components (in mM): 125 NaCl, 2.5 KCl, 20 NaHCO3, 2.5 CaCl2, 1 MgCl2, 25 

D-glucose, 1 NaH2PO4 (pH 7.4). 

 

After a minute of resting in ice-cold aCSF, the hippocampi were carefully extracted paying 

special attention to the extraction time in order to guarantee reproducibility and the 

integrity of the tissue. Afterwards, transverse slices were made using a tissue chopper 

(McIlwain TC752, Campden Instruments LTD., Loughborough, England).  

The harvested slices were allowed to recover from the extraction for a minimum of 1h 

while being submerged in a customized recovery-chamber perfused with carbogenated 

aCSF at room temperature (22 ± 2 °C). 

 

 

 

 

 

 

 

 

 

 

 



4.2.2 EXTRACELLULAR RECORDINGS OF FIELD EXCITATORY 

POSTSYNAPTIC POTENTIALS 

 

The recordings from slices were performed in a small 2ml recording chamber which was 

continuously perfused with a rate of 3-4 mL/min of carbogenated aCSF solution at 30 ± 

2 °C. Electrically-elicited field excitatory postsynaptic potentials (fEPSPs) were acquired 

using a borosilicate glass pipette filled with aCSF, which was made in a horizontal puller 

(Sutter Instrument, Novato, CA). These recording pipettes have a resistance of 3(± 1) MΩ. 

Through applying electrical stimulus steps via a home-customized Teflon-coated tungsten 

wire bipolar electrode, which was isolated to the tip (~50 µm diameter tip), fEPSPs could 

be induced. 

 

The source for the electrical stimulation was an ISO-STIM 01D instrument (NPI 

Electronics, Tamm, Germany). Stimulation was delivered at the medial perforant pathway 

of the DG and the field recordings obtained from the middle granular layer region.123  

 

 
 

Figure (7): Representative photo taken through the eyepiece of the microscope. 

Hippocampal rat slice showing the experimental placement of the borosilicate recording 

pipette containing aCSF (left) and the Teflon-coated tungsten bipolar stimulating electrode. 

Both are placed in the granular layer in the perforant pathway of the DG without damaging 

the tissue. 

 



Basal synaptic transmission was inspected by administering square pulses of rising 

electrical stimulation (200 μs pulse length, 5s inter-pulse interval, 0-9 V, 1 V increments) 

and measuring the corresponding changes in fEPSP slopes (input/output (I/O) curves).  

 

 
Figure (8): Representative raw traces of field potentials taken in response to the 

delivery of 0-9 volts of spaced electrical stimulation as obtained using the Clampex 

recording software. Changes in the field amplitude or slopes were used to generate I/O 

curves from hippocampal slices treated with CE-196.2.2 or untreated. 

 

An AxoClamp-2B amplifier (Bridge mode) and a Digidata-1440 interface (Axon 

Instruments, Molecular Devices, Berkshire, UK) were used as acquisition instruments. 

Data was acquired and analyzed using the pClamp-10 (Clampex11.1 and ClampFit) 

program software (Molecular Devices, Berkshire, UK). 

 

Paired-pulse-induced synaptic inhibition (PPI) was elicited by delivering two consecutive 

pulses of electrical stimulation that provoked 40%–50% of the maximum obtainable field 

amplitude (resolved from input-output curves). Stimulation was delivered by given 

increasing inter-pulse intervals of 20, 40, 60, 80, 100, 120, 140 and 160ms. 

 

 

 



 
Figure (9): Diagram of illustrative sample raw traces as obtained from slices using 

the Axon recording software. Paired pulse protocols were used to assess the effects of our 

compounds on short-term synaptic plasticity. Two consecutive pulses were administered, with 

growing increments of inter-pulse intervals starting with 20ms, until 160ms. 

 

Hippocampal synaptic potentiation was induced by delivering 4 trains of 20 pulses at 100 

Hz (200μs/pulse) with a 500ms inter-train interval. This type of stimulation protocols has 

been previously described by other groups as capable of inducing Post-Tetanic 

Potentiation (PTP) and Long-Term Potentiation (LTP) in hippocampal CA3-CA1 

hippocampal synapses of rodents119,120,121,124,125. 

 

LTP was induced by administering stimulating pulses of voltage that elicited 40-50% of 

the maximum field amplitude, determined for every slice from the values gathered with 

I/O recording. The fEPSP slopes change in time (decaying phase) was measured after 

finishing the stimulation protocol and was used to evaluate synaptic plasticity. Synaptic 

responses were recorded at a frequency of 0.033 Hz. LTP-inducing stimulation protocols 

were delivered at baseline stimulation intensities. The averaged baseline values were used 

for the normalization of the slope values obtained after having given the high frequency 

stimulation (AFTER-Phase). Data on synaptic plasticity was averaged for all slices of one 

rat, normalized between groups and compared between the Cognitive Enhancer-treated 

groups and the vehicle-treated group used as experimental control. 

 



 
 

 

Figure (10): Cartoon with representative traces during LTP recordings from a rat 

hippocampal slice, before and after delivering the pulses of High frequency stimulation 

(HFS). Note how the amplitude of the field response obtained after HFS is markedly larger 

than the one obtained before HFS. 

 

 

 

4.3 STATISTICAL ASSESSMENT  

 

For the statistical assessment, a two-way RM-ANOVA with Sidak post hoc test was 

used to detect differences between the experimental groups (See also Kouhnavardi 

et.al.). Further information on statistics is described in the figure legends in the results 

section.  

 

 

 

 

 

 

 

 

 

 

 



 

5. RESULTS 
 

5.1  CE-196.2.2 ENHANCES BASAL SYNAPTIC TRANSMISSION 

 

Previous studies have shown the role of DAT-receptor inhibition in the modulation of 

synaptic plasticity126,127,128,129,130,131. In this experiment, we examined the effect of CE-

196.2.1 and CE-196.2.2 on basal synaptic transmission and synaptic plasticity at DG 

synapse in young rats. 

 

Firstly, we generated I/O curves as derived from the data obtained after applying gradual 

augmenting stimulus (0-9 V, 1 V increments, see Material and Methods) to the DG as 

depicted above (Figure 7 & Figure 8). 

 

As depicted in Figure (11), the mean I/O values of induced fEPSPs at DG synapses was 

significantly increased in CE-196.2.2 slices in comparison to vehicle slices F (1,16) = 8.359, 

P = 0.0106, n = 8-10 / group (RM-ANOVA). However, no significant differences were 

detected between CE-196.2.1-treated slices and vehicle-treated slices (F(1,16) = 0.7079, 

P = 0.412, n=8-10 / group (RM-ANOVA)118. 

 

 

 

 

 

 

 



 
Figure (11): Synaptic transmission and plasticity are boosted in rats which received 

CE-196.2.2. Diagram of hippocampal slices shows that CE-196.2.2 influences basal synaptic 

transmission in contrast to the less significant effect of CE-196.2.1 and control(Kolliphor). 

(A) I/O curve recorded at DG synapses showing the averaged amplitude values plotted 

against stimulation voltage. (B) Averaged field EPSP (fEPSP) values generated in I/O 

recordings plotted against stimulation voltage (3 months, n= 8-10/group, two-way RM-

ANOVA). Data are presented as mean ± SEM; *P<0.05. 

 



5.2  CE-196.2.1 AND CE-196.2.2 INFLUENCE PAIRED-PULSE-INDUCED 

SHORT-TERM SYNAPTIC PLASTICITY 

 

Secondly, in order to examine the impact of our compounds on the properties of 

presynaptic-dependent short-term forms of plasticity we examined the properties of 

paired-pulse-induced synaptic inhibition (PPI) by conducting electrophysiological 

measurements in the dentate gyrus of rat brain slices (See Material and Methods). The 

acquired recordings presented a statistically significant difference in PPI responses when 

the CE-196-treated and the control-treated groups were compared, as seen in (Figure 12). 

Two-way ANOVA with Dunnett´s multiple comparisons test (single pooled variance) 

reported values of F (2, 200) = 16.46 (P < 0.0001) for the effect of the treatment and post hoc 

analysis indicated that the effects of the tested compounds on short-term forms of synaptic 

plasticity varies depending on the frequency of repetitive activity. Specifically, both CE-

196.2.1 and CE-196.2.2 enhanced the field slopes of the second pulse when the interpulse 

interval was 20 ms, whereas only CE-196.2.1 was capable of enhancing the field slopes 

of the second pulse at 40, 60, and 80 ms inter-pulse intervals, thus indicating that CE-

196.2.1 has a greater capability to prevent activity-dependent short-term synaptic 

inhibition (Figure 12). 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Figure (12): Results from the paired-pulse plasticity examinations in slices from 

animals treated with Kolliphor, CE-196.2.1 and CE-196.2.2. The analysis of the field 

recordings from PPI measurements showed a statistically significant increase in the second 

field slopes in slices treated with both CE-196.2.1 and CE-196.2.2 as compared to the data 

obtained from the vehicle-control group (Kolliphor). CE-196.2.1 presented the highest effect 

as inhibitor of paired-pulse induced synaptic inhibition across the different inter-pulse 

intervals examined. 

 

 

 
5.3  CE-196.2.2 ENHANCES POST-TETANIC POTENTIATION 

 

Lastly, we examined the effect of CE-196.2.1 and CE-196.2.2 on synaptic potentiation in 

hippocampal neurons of acutely obtained slices via high-frequency stimulation protocol 

(See Material and Methods). Ordinary two-way ANOVA analysis (Alpha = 0.05; with 

Dunnett´s multiple comparisons test/single pooled variance) of the changes in the values 

of fEPSPs field slopes across time reported no interactions (F (106, 1350) = 0.5619; P = 

0.9999); a significant (****) effect of time (F (53, 1350) = 33.10; P < 0.0001); and a minor 

yet statistical significant effect (*) of treatment (F (2, 1350) = 3.454; P = 0.0319) that revealed 

an effect only for CE-196.2.2 as capable of enhancing the PTP response measured at min 

6.5 from the beginning of the experiment (Figure 13). 



 

 

Figure (13): Graphical representation of fEPSP slope changes in hippocampal rat slices 

induced through LTP stimulation protocols in the DG. CE-196.2.2 significantly (*) 

increased Post-Tetanic Potentiation (PTP) in hippocampal slices, as compared with the 

vehicle-treated control group (as indicated by the large gray-filled down-pointing arrow). 

This effect was not observed in slices derived from animals treated with CE-196.2.1. Overall, 

none of the treatments resulted in enhanced LTP (as indicated by the large gray-filled left-

pointing arrow). 

 

  



6. DISCUSSION 
 
6.1 NOVEL MODAFINIL ANALOGUES AND THEIR EFFECTS ON BRAIN 

SYNAPTIC FUNCTIONS  

 

The experimental work presented here focuses on the electrophysiological 

characterization of the functional effects of novel pharmacological agents capable of 

acting as inhibitors of the dopamine transporter (DAT). The biomedical pertinence of this 

type of research endeavours is timely and relevant. DAT is critical in the regulation of the 

re-uptake of dopamine into synaptic terminals, promoting its clearance from the inter-

neuronal synaptic cleft, and is thus important for the modulation of brain dopaminergic 

signalling. Consequently, pharmacologically-induced inhibition of DAT might ultimately 

result in a controlled enhancement in dopaminergic transmission with potential beneficial 

purposes, e.g., for pharmacotherapeutic interventions. In fact, brain dopaminergic 

signalling has been involved in large diversity of neuropsychiatric disorders, including 

Parkinson, Alzheimer diseases, schizophrenia and ADHD. Additionally, dopaminergic 

deficiencies have been also involved in several major aging-related motoric and 

mental/cognitive maladies, as well as in the mechanisms underlying drug addiction12-25. 

 

We here examined the acute effects of the modafinil analogues named CE-196.2.1 and 

CE-196.2.2, for their capability to influence the functional properties of synaptic circuits 

involved in memory-related functions in the rat hippocampus by conducting extracellular 

field potential electrophysiological recordings, ex vivo, in hippocampal slices. We 

analysed, in dentate gyrus synapses, the effects of these two compounds on the properties 

of basal synaptic transmission by constructing input/output curves; we then examined their 

effects on short-term synaptic strengthening by implementing paired-pulse-dependent 

plasticity protocols; and we finally examined the impact of CE-196.2.1 and CE-196.2.2 

on memory-related long-lasting synaptic plasticity by conducting previously published 

LTP protocols. 

 

 

 

 

 



Our results are innovative and enticing, as they encourage future research to explore in 

further detail the effects of, e.g., CE-196.2.2 on synaptic plasticity in working-memory 

deficiency behavioural paradigms using different concentrations and administration 

protocols, given the capability of CE-196.2.2 to promote both basal synaptic transmission 

and short-term post-tetanic potentiation, which could potentially influence the early stages 

of plasticity during working-memory. 

 

 

6.1.1 EFFECTS ON SHORT- AND LONG -TERM POTENTIATION 

 

The phenomena of short and long-term potentiation, widely associated to an activity-

induced form of synaptic plasticity, have been proposed as a plausible cellular mechanism 

mediating in learning and memory processes36,88,89,90,91. In this study, we tested novel 

modafinil analogues derived from the compound called CE-196 for their possible effects 

on short -and long -lasting plasticity-related functions in dentate gyrus synapses. We here 

describe that whereas both CE-196.2.1 and CE-196.2.2 can influence paired-pulse-

induced plasticity, both lack however the capability to enhance LTP, and only CE-196.2.2 

showed potency to augment PTP and basal synaptic transmission. These observations, as 

a probe of principle, strongly support the possibility that these compounds might exert 

plasticity-related modifications in brain areas profusely enriched in dopaminergic 

terminals and involved in cognition-related plasticity modifications in vivo, a hypothesis 

that requires additional experiments for its verification and independent validation in 

combined behavioural and in vitro models. In line with these observations, parallel 

experiments using old animals have been conducted by our collaborators also using CE-

196 but in CA1 synapses118, whose results corroborate the capability of CE-196-derived 

and other modafinil analogue compounds87, 130, 132 to promote hippocampal synaptic 

plasticity. Taken together, the different effects of our compounds at different hippocampal 

areas and animal ages strongly suggest an age- and region-specific effect for the capability 

of our compounds to influence memory-related synaptic plasticity, and therefore our data 

begs for the continuation of this line of experimental research. 

 

 



In comparison to the effects observed upon stimulation with previously described 

modafinil analogues characterized in the group of Dr. Lubec (as is the case of the molecule 

(S,S)-CE-158 reported by Jana et.al., in 2021) here the CE-196-derived compounds failed 

to elicit statistically significant elevations in LTP, naturally indicating that the structural 

modifications introduced in these molecules might be the direct responsible for its effects 

on synaptic functions. 

 

Future experiments using, e.g., specific blockers of dopamine receptors on hippocampal 

slice preparations in experiments testing CE-196.2.1 and CE-196.2.2 could also contribute 

to determine its specificity to influence the dopaminergic synaptic transmission that 

regulates plasticity. 

 

Nevertheless, one possible account for the observed effects of the hereby examined 

compounds could rely on the possibility that a predicted impact on synaptic strengthening 

(as hypothesized from the effect or their previously examined analogues) might have been 

partially obscured by the lack of the fully stabilization of the responses (in the case of 

LTP), which begs for the need to conducting additional replicates with an increased 

number of subjects under improved settings and also introducing further controls (e.g., by 

also examining the possible differential effects in case that slices from female animals are 

examined). Moreover, experiments conducted by our collaborators and other groups have 

also described that the hippocampus is not a functionally homogeneous structure, and that 

different hippocampal synaptic circuits can differentially respond to the stimulation with 

the very same pharmacological agent in a region-dependent manner (even when 

compounds are used at the same concentrations), thus demonstrating the capability of the 

different hippocampal networks to differentially process similar pharmacologically-

modulated signals in regions critical for emotion and learning and memory functions (see 

for example133). Additional dose-response experiments aiming to examining possible 

differential impact of different concentrations of the CE-196-derived compounds on the 

different forms of synaptic plasticity are also required before more conclusive statements 

can be formulated (e.g., examining plasticity in the amygdala). However, the study 

presented here showed that both the CE-196-derived compounds can indeed influence 

some specific properties of the synaptic responses in dentate gyrus synapses at a dose of 

10 mg/kg.  

 



 

6.1.2 EFFECTS ON BASAL SYNAPTIC TRANSMISSION 

 

Here we report that the acute treatment with CE-196.2.2 and not CE-196.2.1, as 

administrated via intraperitoneal injection, in our preliminary screenings, result in 

increased basal synaptic transmission in DG synapses of young rats. These observations 

are in agreement with the previously described observations for the effects of 

methamphetamine, as systemic use of methamphetamine can be followed with 

deficiencies in LTP134. 

 

These findings are also correlating with previous studies, which show numerous other 

DAT-receptor inhibitors, involving cocaine, GBR12935 and CE-158 to create similar 

hippocampal plasticity responses87,126,135. Interestingly, the results described here for some 

of the CE-196-derived compounds also resemble some of the observations published in 

experiments examining alterations of brain synaptic properties at the dorsal striatal slices 

(enhanced basal synaptic transmission and unaltered paired-pulse-induced short-term 

plasticity) as induced by alcohol consumption136, thus illustrating (in synapses highly 

enriched in dopaminergic signalling) that different synaptic circuits from other parts of the 

brain can indeed differentially respond to pharmacological neuromodulation distinctly 

affecting selective synaptic properties. 

 

Whether the CE-196-derived compounds can, as a general rule, evoke distinct effects on 

the different properties of synapses is however not possible to be fully/conclusively 

determined from the thus far obtained preliminary data presented here. 

 

Other examples of differential effects on the different properties of synapses, and resulting 

from molecules acting on brain synaptic circuits, are those derived from experiments 

examining the neuromodulation induced by brain neurotrophins, where, depending on the 

rate of stimulation, enhancements in the properties of long-term synaptic plasticity can be 

induced in absence of changes in basal synaptic transmission137. 

 

Taken together, all these observations support that the CE-196-derived compounds 

examined here could be further investigated for their capability to act as boosters of basal 



synaptic transmission and short-term forms of synaptic plasticity, rather than for their 

effects on long-term plasticity-related functions.  

 

These observations thus opens the possibility that they can be also studied for their 

potential neuroprotective power (in a manner analogue to the action of some steroid 

hormones138) in response to the exposure to environmental or pharmacological agents 

capable of inducing neuronal deteriorations of dopaminergic synaptic circuits that are 

crucial for motoric- and cognition-related functions. Additional independent research is 

therefore required to further verify our observations using animals from different ages, sex 

and on different brain regions (e.g., dorsal vs ventral hippocampus), and to identify 

possible additional molecular elements mediating in the specific effects of the hereby 

studied CE-196-derived compounds in synaptic functions of the hippocampus and other 

brain regions. 

 

  



 

6.2 LIMITATIONS 

 

All the experiments presented here are basic and exploratory in its nature, as this research 

comprise only an initial investigative contribution to a much larger scientific endeavour 

involving several different research groups experimentally addressing different effects of 

novel molecules with potential cognition-enhancing properties (see as an example related 

studies published recently by our group132). 

 

It’s therefore important to note that this is not an ended road, and that also we must 

acknowledge the fact that several factors impose limits to the empiric weight of this 

particular experimental paradigm as developed thus far. An example of this could be the 

fact that herein only male rats were used for the experimental groups. It is therefore not 

possible to suggest that the witnessed effects of the CE-196-derived compounds are 

generalizable to female rats. Another limitation is the statistical power that can be derived 

from experiments that don’t use a substantially large number of subjects and sample 

intrasubject replicates. 

 

Additionally, further experimental research could also be devoted to the development of 

novel forms of CE-196.2.2 that can be delivered orally (e.g., in tablet form) instead of the 

intraperitoneal injections, as is the case of modafinil administration. Furthermore, future 

independent replicates of the experiments presented here are encouraged using lower and 

higher dosages relative to previous studies with, e.g., studies of CE-15887, which would 

allow a better understanding of the effects of all these newly-developed compounds. 

Additional electrophysiological experiments addressing the effects of the here described 

compounds in other brain regions central for the cognitive function, such as amygdala and 

prefrontal cortex, are also highly encouraged. 

  



 

7. CONCLUSION 
 
Preceding studies have showed evidence that cognitive degeneration is the result of a 

number of physiological changes in the brain structure and function, with alterations in 

the levels of the neurotransmitter dopamine being a major cause in impairments19. 

 

The DAT, mediates in several critical downstream neurophysiological responses. 

Consequently, in recent years an interesting biomedical challenge has emerged involving 

the developing of novel compounds with the capability to efficiently and selectively 

inhibit the reuptake of dopamine by directly targeting the DAT. 

 

Given the great potential of using DAT as a molecular target in pharmacotherapeutic 

approaches, trying to stabilize dopamine neurotransmission while reducing to maximum 

the possible negative side effects has become one of the major scientific endeavors of 

many laboratories currently working in experimental and biomedical research. On another 

hand, high selectivity is also a critical parameter in the search for new compounds, as 

several existing DAT inhibitors are not exclusively targeting DAT, and therefore have 

potential for side effects after administration. A possible unwanted molecular target is, 

e.g., the norepinephrine transporter, which can become undesirably overstimulated thus 

having potential adverse effects on the cardiovascular system87. 

 

Taken together, all these observations points towards the need to continue promoting the 

search for novel and highly selective atypical DAT inhibitors with clear binding 

characteristics, and which can improve the cognitive function even at low doses thus 

minimizing the risk of unwanted side effects. Looking at the pharmaceutical side of this 

study, it’s also necessary to restate that the research presented here is purely basic in its 

nature, and therefore none of the herein described results can be used to assume any 

possible application in the medical context. 

 

 

 

 



That not all scientific research will always produce satisfactory results in all possible fronts 

is a fact that even neophytes in experimental neuroscience can soon experience. However, 

this fact should never be used as an excuse to discourage scientific explorations derived 

from experimentally-based preceding findings. Indeed, the importance of studies like the 

one presented here, with independence its output, relies on its extreme biomedical interest, 

given the imperative medical need to developing novel pharmacological compounds 

capable of promoting dopaminergic neurotransmission for therapeutic purposes, 

particularly relating to aging-related cognitive decline. 

 

Finally, the experiments using the CE-196-derived compounds presented here provide 

compelling evidence encouraging further investigations for its possible applications as 

selective DAT inhibitors potentially providing neuroprotective effects given their 

capability to promote basal synaptic transmission, short-term paired-pulse induced 

plasticity and PTP. Additionally, whereas several compounds capable of enhancing 

dopaminergic neurotransmission are currently available, including Modafinil as well as 

some well-known substances of abuse (e.g., cocaine, amphetamines), however, the clinical 

use of these compounds continue to be limited by factors such as oral bioavailability (e.g., 

different metabolic profile in comparison between oral and intravenous application139); 

tolerance, and adverse drug -dependence and abuse -related issues. For instance, the 

clinical use of cocaine is limited due to adverse effects against the cardiovascular system 

including excessive hypertension, cardiac arrhythmia and myocardial infarction140. The 

rather rare clinical use of amphetamine-based medication, for example d-amphetamine, is 

contributed to its adverse effects, which include anorexia, weight loss and 

insomnia141,142,143,144. Additionally further adverse effects, involving vomiting, nausea, 

hypertension and tachycardia are described in multiple investigative 

studies145,146,147,148,149,150. Compounds like those described in this study, or their newly-

synthetized analogues, might therefore eventually bring us to the identification of very 

potent agents with direct applications in human medicine, either for their possible 

applications as cognitive enhancers or as therapeutic agents in the management of 

dopamine-dependent motor dysfunctions. 

 

                   

 

 



 

 

8. APPENDIX 
8.1 INDEX OF FIGURES 

 

Figure (1): Dopamine Transporter: Crystal structure of dopamine transporter protein from 

RCSB PDB 4XP1.Wang, K. H. , et. al (Nature, 2015) 

https://doi.org/10.1038/nature14431 

 

Figure (2): Overview rat brain: Horizontal view of a rat’s brain. Rat Brain Atlas.A tool by 

Matt Gaidica; Atlas Source: Paxinos, George, and Charles Watson.  

http://labs.gaidi.ca/rat-brain-atlas/ 

 

Figure (3): Thionin-stained histological sections cut perpendicularly to the long axis of the 

hippocampus Puchades MA, Csucs G, Ledergerber D, Leergaard TB, Bjaalie JG (2019) 

Spatial registration of serial microscopic brain images to three- dimensional reference 

atlases with the QuickNII tool. PLoS ONE 14(5): e0216796.   

https://doi.org/ 10.1371/journal.pone.0216796 

 

Figure (4): Schematic drawing of central hippocampal pathways. Xing-Mei and Jie; 

Current Neuropharmacology, Volume 9, Number 2, 2011, pp. 388-398(11), Bentham 

Science Publishers. https://doi.org/10.2174/157015911795596540 

 

Figure (5): Chemical structures of Modafinil and its derivatives, including the lead com-

pound, S,S-CE-158 and CE-196. 

 

Figure (6): Illustration of a classical experiment involving LTP and LTD. 

Image taken from Citri A and Malenka RC 2007. Citri A and Malenka RC. Synaptic 

Plasticity: Multiple Forms, Functions, and Mechanisms. Neuropsychopharmacology 

2008; 33: 18-41. DOI: 10.1038/sj.npp.1301559. 

 

Figure (7): Representative photo taken through the eyepiece of the microscope: 

Hippocampal rat slice and placement of electrodes. Photo taken with permission of Prof. 

Monje-Quiroga at Monje-Lab. 

https://doi.org/10.1038/nature14431
http://labs.gaidi.ca/rat-brain-atlas/
https://www.ingentaconnect.com/content/ben/cn
https://doi.org/10.2174/157015911795596540


 

Figure (8):  Representative diagram of raw traces taken from recording software Clampfit, 

showing generated I/O curve from a rat hippocampal slice.  

 

Figure (9): Representative diagram of raw traces taken from recording software (Clampfit) 

showing, generated Paired pulse curves from rat hippocampal slice. 

 

Figure (10): Representative diagram of LTP induced curves of a rat hippocampal slice, 

showing before and after high frequency stimulation. 

 

Figure (11): Graphical presentation showing recorded amplitude and slope values during 

I/O recordings in DG synapses. 

 

Figure (12): Graphical presentation of recorded amplitude and slope values from DG of 

hippocampal slices with “paired pulse protocol” applied. 

 

Figure (13): Graphical representation of fEPSP slope changes in hippocampal rat slices 

induced through LTP stimulation protocols in the DG. 

 

 
 

 

 

 

 

 

8.2  IMAGE RIGHTS 

 

Figure (2): Overview rat brain: Horizontal view of a rat’s brain. With permission from 

Matt Gaidica: Altlas Source Paxinos; A tool by Matt Gaidica; Atlas Source: Paxinos, 

George, and Charles Watson, http://labs.gaidi.ca/rat-brain-atlas/;  

http://labs.gaidi.ca/rat-brain-atlas/


8.3  PUBLISHED PAPER  

 



 



 



 



 

 

 



 



 



 



 



 



 



 

 



 



 

 



 



 

 



 



 



 



 



 



 

 



 

 



 

 



 

 



 

 



 



 



 



 



 



 



  



 

9 REFERENCES 
 

 

1. Inouye SK, Studenski S, Tinetti ME, et al. Geriatric syndromes: clinical, research, and 

policy implications of a core geriatric concept. J Am Geriatr Soc 2007; 55: 780-791. 

2007/05/12. DOI: 10.1111/j.1532-5415.2007.01156.x. 

 

2. Chiu CJ and Cheng YY. Utility of Geriatric Syndrome Indicators for Predicting 

Subsequent Health Care Utilization in Older Adults in Taiwan. Int J Environ Res Public Health 

2019; 16 2019/02/06. DOI: 10.3390/ijerph16030456. 

 

3. Murman DL. The Impact of Age on Cognition. Semin Hear 2015; 36: 111-121. 

2016/08/16. DOI: 10.1055/s-0035-1555115. 

 

4. Salamone JD, Pardo M, Yohn SE, et al. Mesolimbic Dopamine and the Regulation of 

Motivated Behavior. Curr Top Behav Neurosci 2016; 27: 231-257. 2015/09/02. DOI: 

10.1007/7854_2015_383. 

 

5. Wise RA. Roles for nigrostriatal--not just mesocorticolimbic--dopamine in reward and 

addiction. Trends Neurosci 2009; 32: 517-524. 2009/09/18. DOI: 10.1016/j.tins.2009.06.004. 

 

6. Duan TT, Tan JW, Yuan Q, et al. Acute ketamine induces hippocampal synaptic 

depression and spatial memory impairment through dopamine D1/D5 receptors. 

Psychopharmacology (Berl) 2013; 228: 451-461. 2013/03/16. DOI: 10.1007/s00213-013-

3048-2. 

 

7. Navakkode S, Sajikumar S, Korte M, et al. Dopamine induces LTP differentially in 

apical and basal dendrites through BDNF and voltage-dependent calcium channels. Learn 

Mem 2012; 19: 294-299. 2012/06/23. DOI: 10.1101/lm.026203.112. 

 

8. Popolo M, McCarthy DM and Bhide PG. Influence of dopamine on precursor cell 

proliferation and differentiation in the embryonic mouse telencephalon. Dev Neurosci 2004; 

26: 229-244. 2005/02/16. DOI: 10.1159/000082140. 



9. Hoops D and Flores C. Making Dopamine Connections in Adolescence. Trends 

Neurosci 2017; 40: 709-719. 2017/10/17. DOI: 10.1016/j.tins.2017.09.004. 

 

10. Missale C, Nash SR, Robinson SW, et al. Dopamine receptors: from structure to 

function. Physiol Rev 1998; 78: 189-225. 1998/02/11. DOI: 10.1152/physrev.1998.78.1.189. 

 

11. Smythies J. Section III. The norepinephrine system. Int Rev Neurobiol 2005; 64: 173-

211. 2005/08/13. DOI: 10.1016/s0074-7742(05)64003-2. 

 

12. Sala A, Caminiti SP, Presotto L, et al. In vivo human molecular neuroimaging of 

dopaminergic vulnerability along the Alzheimer's disease phases. Alzheimers Res Ther 2021; 

13: 187. 2021/11/14. DOI: 10.1186/s13195-021-00925-1. 

 

13. Rinne JO, Säkö E, Paljärvi L, et al. Brain dopamine D-1 receptors in senile dementia. 

J Neurol Sci 1986; 73: 219-230. 1986/04/01. DOI: 10.1016/0022-510x(86)90132-2. 

 

14. Storga D, Vrecko K, Birkmayer JG, et al. Monoaminergic neurotransmitters, their 

precursors and metabolites in brains of Alzheimer patients. Neurosci Lett 1996; 203: 29-32. 

1996/01/12. DOI: 10.1016/0304-3940(95)12256-7. 

 

15. Rieckmann A, Gomperts SN, Johnson KA, et al. Putamen-midbrain functional 

connectivity is related to striatal dopamine transporter availability in patients with Lewy body 

diseases. Neuroimage Clin 2015; 8: 554-559. 2015/07/03. DOI: 10.1016/j.nicl.2015.06.001. 

 

16. Blagotinšek Cokan K, Mavri M, Rutland CS, et al. Critical Impact of Different 

Conserved Endoplasmic Retention Motifs and Dopamine Receptor Interacting Proteins 

(DRIPs) on Intracellular Localization and Trafficking of the D(2) Dopamine Receptor (D(2)-

R) Isoforms. Biomolecules 2020; 10 2020/09/27. DOI: 10.3390/biom10101355. 

 

17. Karrer TM, Josef AK, Mata R, et al. Reduced dopamine receptors and transporters but 

not synthesis capacity in normal aging adults: a meta-analysis. Neurobiol Aging 2017; 57: 36-

46. 2017/06/10. DOI: 10.1016/j.neurobiolaging.2017.05.006. 



18. Kaasinen V and Rinne JO. Functional imaging studies of dopamine system and 

cognition in normal aging and Parkinson's disease. Neuroscience and biobehavioral reviews 

2002; 26: 785-793. DOI: 10.1016/s0149-7634(02)00065-9. 

 

19. Bäckman L, Lindenberger U, Li SC, et al. Linking cognitive aging to alterations in 

dopamine neurotransmitter functioning: recent data and future avenues. Neurosci Biobehav 

Rev 2010; 34: 670-677. 2009/12/23. DOI: 10.1016/j.neubiorev.2009.12.008. 

 

20. Gupta HV, Beach TG, Mehta SH, et al. Clinicopathological Correlation: Dopamine and 

Amyloid PET Imaging with Neuropathology in Three Subjects Clinically Diagnosed with 

Alzheimer's Disease or Dementia with Lewy Bodies. J Alzheimers Dis 2021; 80: 1603-1612. 

2021/03/16. DOI: 10.3233/jad-200323. 

 

21. Siderowf A, Pontecorvo MJ, Shill HA, et al. PET imaging of amyloid with Florbetapir 

F 18 and PET imaging of dopamine degeneration with 18F-AV-133 (florbenazine) in patients 

with Alzheimer's disease and Lewy body disorders. BMC Neurol 2014; 14: 79. 2014/04/11. 

DOI: 10.1186/1471-2377-14-79. 

 

22. Villemagne VL, Okamura N, Pejoska S, et al. Differential diagnosis in Alzheimer's 

disease and dementia with Lewy bodies via VMAT2 and amyloid imaging. Neurodegener Dis 

2012; 10: 161-165. 2012/01/21. DOI: 10.1159/000334535. 

 

23. Bonaconsa M, Colavito V, Pifferi F, et al. Cell clocks and neuronal networks: neuron 

ticking and synchronization in aging and aging-related neurodegenerative disease. Curr 

Alzheimer Res 2013; 10: 597-608. 2013/05/01. DOI: 10.2174/15672050113109990004. 

 

24. Paulson HL and Igo I. Genetics of dementia. Semin Neurol 2011; 31: 449-460. 

2012/01/24. DOI: 10.1055/s-0031-1299784. 

 

25. Tye KM, Mirzabekov JJ, Warden MR, et al. Dopamine neurons modulate neural 

encoding and expression of depression-related behaviour. Nature 2013; 493: 537-541. 

2012/12/14. DOI: 10.1038/nature11740. 



26. Dillman AA, Majounie E, Ding J, et al. Transcriptomic profiling of the human brain 

reveals that altered synaptic gene expression is associated with chronological aging. Sci Rep 

2017; 7: 16890. 2017/12/06. DOI: 10.1038/s41598-017-17322-0. 

 

27. Hamilton TJ, Wheatley BM, Sinclair DB, et al. Dopamine modulates synaptic plasticity 

in dendrites of rat and human dentate granule cells. Proc Natl Acad Sci U S A 2010; 107: 

18185-18190. 2010/10/06. DOI: 10.1073/pnas.1011558107. 

 

28. Chowdhury R, Guitart-Masip M, Lambert C, et al. Dopamine restores reward 

prediction errors in old age. Nat Neurosci 2013; 16: 648-653. 2013/03/26. DOI: 

10.1038/nn.3364. 

 

29. Neve KA, Seamans JK and Trantham-Davidson H. Dopamine receptor signaling. J 

Recept Signal Transduct Res 2004; 24: 165-205. 2004/11/04. DOI: 10.1081/rrs-200029981. 

 

30. Eagle DM, Wong JC, Allan ME, et al. Contrasting roles for dopamine D1 and D2 

receptor subtypes in the dorsomedial striatum but not the nucleus accumbens core during 

behavioral inhibition in the stop-signal task in rats. J Neurosci 2011; 31: 7349-7356. 

2011/05/20. DOI: 10.1523/jneurosci.6182-10.2011. 

 

31. Nikiforuk A, Kalaba P, Ilic M, et al. A Novel Dopamine Transporter Inhibitor CE-123 

Improves Cognitive Flexibility and Maintains Impulsivity in Healthy Male Rats. Front Behav 

Neurosci 2017; 11: 222. 20171127. DOI: 10.3389/fnbeh.2017.00222. 

 

32. Krushkal J, Xiong M, Ferrell R, et al. Linkage and association of adrenergic and 

dopamine receptor genes in the distal portion of the long arm of chromosome 5 with systolic 

blood pressure variation. Hum Mol Genet 1998; 7: 1379-1383. 1998/08/13. DOI: 

10.1093/hmg/7.9.1379. 

 

33. Bisagno V, González B and Urbano FJ. Cognitive enhancers versus addictive 

psychostimulants: The good and bad side of dopamine on prefrontal cortical circuits. 

Pharmacol Res 2016; 109: 108-118. 2016/01/31. DOI: 10.1016/j.phrs.2016.01.013. 

 



34. Kandel ER. The molecular biology of memory storage: a dialogue between genes and 

synapses. Science 2001; 294: 1030-1038. 2001/11/03. DOI: 10.1126/science.1067020. 

 

35. Brown R. Donald O. Hebb and the Organization of Behavior: 17 years in the writing. 

Molecular Brain 2020; 13. DOI: 10.1186/s13041-020-00567-8. 

 

36. Bliss TV and Lomo T. Long-lasting potentiation of synaptic transmission in the dentate 

area of the anaesthetized rabbit following stimulation of the perforant path. J Physiol 1973; 

232: 331-356. 1973/07/01. DOI: 10.1113/jphysiol.1973.sp010273. 

 

37. Thorpy MJ. Recently Approved and Upcoming Treatments for Narcolepsy. CNS Drugs 

2020; 34: 9-27. 2020/01/19. DOI: 10.1007/s40263-019-00689-1. 

 

38. Schultz W. Predictive reward signal of dopamine neurons. J Neurophysiol 1998; 80: 1-

27. 1998/07/11. DOI: 10.1152/jn.1998.80.1.1. 

 

39. Mulvihill KG. Presynaptic regulation of dopamine release: Role of the DAT and 

VMAT2 transporters. Neurochem Int 2019; 122: 94-105. 2018/11/23. DOI: 

10.1016/j.neuint.2018.11.004. 

 

40. Liu Z, Yan SF, Walker JR, et al. Study of gene function based on spatial co-expression 

in a high-resolution mouse brain atlas. BMC Syst Biol 2007; 1: 19. 2007/04/18. DOI: 

10.1186/1752-0509-1-19. 

 

41. Ciliax BJ, Drash GW, Staley JK, et al. Immunocytochemical localization of the 

dopamine transporter in human brain. J Comp Neurol 1999; 409: 38-56. 1999/06/11. DOI: 

10.1002/(sici)1096-9861(19990621)409:1<38::aid-cne4>3.0.co;2-1. 

 

42. Nirenberg MJ, Chan J, Vaughan RA, et al. Immunogold localization of the dopamine 

transporter: an ultrastructural study of the rat ventral tegmental area. J Neurosci 1997; 17: 

5255-5262. 1997/07/15. DOI: 10.1523/jneurosci.17-14-05255.1997. 

 



43. Nadel L, O'Keefe J and Black A. Slam on the brakes: a critique of Altman, Brunner, 

and Bayer's response-inhibition model of hippocampal function. Behav Biol 1975; 14: 151-

162. 1975/06/01. DOI: 10.1016/s0091-6773(75)90148-0. 

 

44. Squire LR. Memory and the hippocampus: a synthesis from findings with rats, 

monkeys, and humans. Psychol Rev 1992; 99: 195-231. 1992/04/01. DOI: 10.1037/0033-

295x.99.2.195. 

 

45. Cohen NJ and Eichenbaum H. Memory, amnesia, and the hippocampal system. MIT 

press, 1993. 

 

46. Eichenbaum H, Fagan A, Mathews P, et al. Hippocampal system dysfunction and odor 

discrimination learning in rats: impairment or facilitation depending on representational 

demands. Behav Neurosci 1988; 102: 331-339. 1988/06/01. DOI: 10.1037//0735-

7044.102.3.331. 

 

47. Eichenbaum H, Otto T and Cohen NJ. The hippocampus--what does it do? Behav 

Neural Biol 1992; 57: 2-36. 1992/01/01. DOI: 10.1016/0163-1047(92)90724-i. 

 

48. Hafting T, Fyhn M, Molden S, et al. Microstructure of a spatial map in the entorhinal 

cortex. Nature 2005; 436: 801-806. 2005/06/21. DOI: 10.1038/nature03721. 

 

49. Moser EI and Moser MB. A metric for space. Hippocampus 2008; 18: 1142-1156. 

2008/11/21. DOI: 10.1002/hipo.20483. 

 

50. Saxe MD, Battaglia F, Wang JW, et al. Ablation of hippocampal neurogenesis impairs 

contextual fear conditioning and synaptic plasticity in the dentate gyrus. Proc Natl Acad Sci U 

S A 2006; 103: 17501-17506. 2006/11/08. DOI: 10.1073/pnas.0607207103. 

 

51. Raineki C, Holman PJ, Debiec J, et al. Functional emergence of the hippocampus in 

context fear learning in infant rats. Hippocampus 2010; 20: 1037-1046. 2009/09/10. DOI: 

10.1002/hipo.20702. 

 

52. The Hippocampus Book. New York: Oxford University Press, 2006, p.852. 



53. Rahimi O and Claiborne BJ. Morphological development and maturation of granule 

neuron dendrites in the rat dentate gyrus. Prog Brain Res 2007; 163: 167-181. 2007/09/04. 

DOI: 10.1016/s0079-6123(07)63010-6. 

 

54. Doetsch F, Caillé I, Lim DA, et al. Subventricular zone astrocytes are neural stem cells 

in the adult mammalian brain. Cell 1999; 97: 703-716. 1999/06/25. DOI: 10.1016/s0092-

8674(00)80783-7. 

 

55. Dudek SM and Bear MF. Homosynaptic long-term depression in area CA1 of 

hippocampus and effects of N-methyl-D-aspartate receptor blockade. Proc Natl Acad Sci U S 

A 1992; 89: 4363-4367. 1992/05/15. DOI: 10.1073/pnas.89.10.4363. 

 

56. Whitlock JR, Heynen AJ, Shuler MG, et al. Learning induces long-term potentiation in 

the hippocampus. Science 2006; 313: 1093-1097. 2006/08/26. DOI: 10.1126/science.1128134. 

 

57. Bear MFCBWPMA. Neuroscience : exploring the brain. Philadelphia: Wolters 

Kluwer, 2016. 

 

58. Kandel ER, Schwartz JH, Jessell TM, et al. Principles of neural science. McGraw-hill 

New York, 2000. 

 

59. Purves D, Augustine GJ, Fitzpatrick D, et al. Neuroscience, 5th edn. Sunderland, MA. 

Sinauer Associates, Inc, 2011. 

 

60. Andersen P. Organization of Hippocampal Neurons and Their Interconnections. In: 

Isaacson RL and Pribram KH (eds) The Hippocampus: Volume 1: Structure and Development. 

Boston, MA: Springer US, 1975, pp.155-175. 

 

61. Mankin EA, Sparks FT, Slayyeh B, et al. Neuronal code for extended time in the 

hippocampus. Proc Natl Acad Sci U S A 2012; 109: 19462-19467. 2012/11/08. DOI: 

10.1073/pnas.1214107109. 

 



62. Farovik A, Dupont LM and Eichenbaum H. Distinct roles for dorsal CA3 and CA1 in 

memory for sequential nonspatial events. Learn Mem 2010; 17: 12-17. 2009/12/24. DOI: 

10.1101/lm.1616209. 

 

63. Kesner RP, Hunsaker MR and Gilbert PE. The role of CA1 in the acquisition of an 

object-trace-odor paired associate task. Behav Neurosci 2005; 119: 781-786. 2005/07/07. DOI: 

10.1037/0735-7044.119.3.781. 

 

64. Denis F. Smart drugs et nootropiques. Sociologie de la promesse d’optimisation 

cognitive au quotidien. Socio-anthropologie 2021: 97-110. 

 

65. Healy M. Use of alertness drug modafinil takes off, spurred by untested uses. Los 

Angeles Times, 2013/5/2 2013. 

 

66. Kesselheim AS, Myers JA, Solomon DH, et al. The prevalence and cost of unapproved 

uses of top-selling orphan drugs. PLoS One 2012; 7: e31894. 2012/03/01. DOI: 

10.1371/journal.pone.0031894. 

 

67. Mereu M, Bonci A, Newman AH, et al. The neurobiology of modafinil as an enhancer 

of cognitive performance and a potential treatment for substance use disorders. 

Psychopharmacology (Berl) 2013; 229: 415-434. 2013/08/13. DOI: 10.1007/s00213-013-

3232-4. 

 

68. Minzenberg MJ and Carter CS. Modafinil: a review of neurochemical actions and 

effects on cognition. Neuropsychopharmacology 2008; 33: 1477-1502. 2007/08/23. DOI: 

10.1038/sj.npp.1301534. 

 

69. Duteil J, Rambert FA, Pessonnier J, et al. Central alpha 1-adrenergic stimulation in 

relation to the behaviour stimulating effect of modafinil; studies with experimental animals. 

Eur J Pharmacol 1990; 180: 49-58. 1990/05/03. DOI: 10.1016/0014-2999(90)90591-s. 

 

70. Korotkova TM, Klyuch BP, Ponomarenko AA, et al. Modafinil inhibits rat midbrain 

dopaminergic neurons through D2-like receptors. Neuropharmacology 2007; 52: 626-633. 

2006/10/31. DOI: 10.1016/j.neuropharm.2006.09.005. 



71. Zolkowska D, Jain R, Rothman RB, et al. Evidence for the involvement of dopamine 

transporters in behavioral stimulant effects of modafinil. J Pharmacol Exp Ther 2009; 329: 

738-746. 2009/02/07. DOI: 10.1124/jpet.108.146142. 

 

72. Tanda G, Hersey M, Hempel B, et al. Modafinil and its structural analogs as atypical 

dopamine uptake inhibitors and potential medications for psychostimulant use disorder. Curr 

Opin Pharmacol 2021; 56: 13-21. 2020/09/15. DOI: 10.1016/j.coph.2020.07.007. 

 

73. Keighron JD, Quarterman JC, Cao J, et al. Effects of ( R)-Modafinil and Modafinil 

Analogues on Dopamine Dynamics Assessed by Voltammetry and Microdialysis in the Mouse 

Nucleus Accumbens Shell. ACS Chem Neurosci 2019; 10: 2012-2021. 2019/01/16. DOI: 

10.1021/acschemneuro.8b00340. 

 

74. Cao J, Slack RD, Bakare OM, et al. Novel and High Affinity 2-

[(Diphenylmethyl)sulfinyl]acetamide (Modafinil) Analogues as Atypical Dopamine 

Transporter Inhibitors. J Med Chem 2016; 59: 10676-10691. 2016/12/10. DOI: 

10.1021/acs.jmedchem.6b01373. 

 

75. Okunola-Bakare OM, Cao J, Kopajtic T, et al. Elucidation of structural elements for 

selectivity across monoamine transporters: novel 2-[(diphenylmethyl)sulfinyl]acetamide 

(modafinil) analogues. J Med Chem 2014; 57: 1000-1013. 2014/02/06. DOI: 

10.1021/jm401754x. 

 

76. Zhang HY, Bi GH, Yang HJ, et al. The Novel Modafinil Analog, JJC8-016, as a 

Potential Cocaine Abuse Pharmacotherapeutic. Neuropsychopharmacology 2017; 42: 1871-

1883. 2017/03/08. DOI: 10.1038/npp.2017.41. 

 

77. Lubec J, Kalaba P, Hussein AM, et al. Reinstatement of synaptic plasticity in the aging 

brain through specific dopamine transporter inhibition. Molecular Psychiatry 2021; 26: 7076-

7090. DOI: 10.1038/s41380-021-01214-x. 

 

78. Kalaba P, Ilić M, Aher NY, et al. Structure-Activity Relationships of Novel Thiazole-

Based Modafinil Analogues Acting at Monoamine Transporters. J Med Chem 2020; 63: 391-

417. 2019/12/17. DOI: 10.1021/acs.jmedchem.9b01938. 



79. Kalaba P, Aher NY, Ilić M, et al. Heterocyclic Analogues of Modafinil as Novel, 

Atypical Dopamine Transporter Inhibitors. J Med Chem 2017; 60: 9330-9348. 2017/11/02. 

DOI: 10.1021/acs.jmedchem.7b01313. 

 

80. Gyertyán I, Lubec J, Ernyey AJ, et al. Cognitive profiling and proteomic analysis of 

the modafinil analogue S-CE-123 in experienced aged rats. Scientific Reports 2021; 11: 23962. 

DOI: 10.1038/s41598-021-03372-y. 

 

81. Sagheddu C, Pintori N, Kalaba P, et al. Neurophysiological and Neurochemical Effects 

of the Putative Cognitive Enhancer (S)-CE-123 on Mesocorticolimbic Dopamine System. 

Biomolecules 2020; 10 2020/05/24. DOI: 10.3390/biom10050779. 

 

82. Ebner K, Sartori SB, Murau R, et al. The Novel Analogue of Modafinil CE-158 Protects 

Social Memory against Interference and Triggers the Release of Dopamine in the Nucleus 

Accumbens of Mice. Biomolecules 2022; 12 2022/04/24. DOI: 10.3390/biom12040506. 

 

83. de Saint Hilaire Z, Orosco M, Rouch C, et al. Variations in extracellular monoamines 

in the prefrontal cortex and medial hypothalamus after modafinil administration: a 

microdialysis study in rats. Neuroreport 2001; 12: 3533-3537. 2001/12/26. DOI: 

10.1097/00001756-200111160-00032. 

 

84. Saroja SR, Aher YD, Kalaba P, et al. A novel heterocyclic compound targeting the 

dopamine transporter improves performance in the radial arm maze and modulates dopamine 

receptors D1-D3. Behav Brain Res 2016; 312: 127-137. 2016/06/12. DOI: 

10.1016/j.bbr.2016.06.011. 

 

85. Hussein AM, Aher YD, Kalaba P, et al. A novel heterocyclic compound improves 

working memory in the radial arm maze and modulates the dopamine receptor D1R in frontal 

cortex of the Sprague-Dawley rat. Behav Brain Res 2017; 332: 308-315. 2017/06/21. DOI: 

10.1016/j.bbr.2017.06.023. 

 

86. Kristofova M, Aher YD, Ilic M, et al. A daily single dose of a novel modafinil analogue 

CE-123 improves memory acquisition and memory retrieval. Behav Brain Res 2018; 343: 83-

94. 2018/02/08. DOI: 10.1016/j.bbr.2018.01.032. 



87. Lubec J, Kalaba P, Hussein AM, et al. Reinstatement of synaptic plasticity in the aging 

brain through specific dopamine transporter inhibition. Molecular psychiatry 2021. DOI: 

10.1038/s41380-021-01214-x. 

 

88. Bliss TV and Collingridge GL. A synaptic model of memory: long-term potentiation in 

the hippocampus. Nature 1993; 361: 31-39. 1993/01/07. DOI: 10.1038/361031a0. 

 

89. Malenka RC and Bear MF. LTP and LTD: an embarrassment of riches. Neuron 2004; 

44: 5-21. 2004/09/29. DOI: 10.1016/j.neuron.2004.09.012. 

 

90. Bliss TV, Collingridge GL and Morris RG. Introduction. Long-term potentiation and 

structure of the issue. Philos Trans R Soc Lond B Biol Sci 2003; 358: 607-611. 2003/05/13. 

DOI: 10.1098/rstb.2003.1282. 

 

91. Huang YY and Kandel ER. Theta frequency stimulation induces a local form of late 

phase LTP in the CA1 region of the hippocampus. Learn Mem 2005; 12: 587-593. 2005/11/17. 

DOI: 10.1101/lm.98905. 

 

92. Bredt DS and Nicoll RA. AMPA receptor trafficking at excitatory synapses. Neuron 

2003; 40: 361-379. 2003/10/15. DOI: 10.1016/s0896-6273(03)00640-8. 

 

93. Kessels HW and Malinow R. Synaptic AMPA receptor plasticity and behavior. Neuron 

2009; 61: 340-350. 2009/02/17. DOI: 10.1016/j.neuron.2009.01.015. 

 

94. Silva AJ, Stevens CF, Tonegawa S, et al. Deficient hippocampal long-term potentiation 

in alpha-calcium-calmodulin kinase II mutant mice. Science 1992; 257: 201-206. 1992/07/10. 

DOI: 10.1126/science.1378648. 

 

95. Mayford M, Wang J, Kandel ER, et al. CaMKII regulates the frequency-response 

function of hippocampal synapses for the production of both LTD and LTP. Cell 1995; 81: 

891-904. 1995/06/16. DOI: 10.1016/0092-8674(95)90009-8. 

 



96. Coomber CJ. Site-selective autophosphorylation of Ca2+/calmodulin-dependent 

protein kinase II as a synaptic encoding mechanism. Neural Comput 1998; 10: 1653-1678. 

1998/09/23. DOI: 10.1162/089976698300017070. 

 

97. Yao Y, Kelly MT, Sajikumar S, et al. PKM zeta maintains late long-term potentiation 

by N-ethylmaleimide-sensitive factor/GluR2-dependent trafficking of postsynaptic AMPA 

receptors. J Neurosci 2008; 28: 7820-7827. 2008/08/01. DOI: 10.1523/jneurosci.0223-

08.2008. 

 

98. Bourtchuladze R, Frenguelli B, Blendy J, et al. Deficient long-term memory in mice 

with a targeted mutation of the cAMP-responsive element-binding protein. Cell 1994; 79: 59-

68. 1994/10/07. DOI: 10.1016/0092-8674(94)90400-6. 

 

99. Engert F and Bonhoeffer T. Dendritic spine changes associated with hippocampal long-

term synaptic plasticity. Nature 1999; 399: 66-70. 1999/05/20. DOI: 10.1038/19978. 

 

100. Maletic-Savatic M, Malinow R and Svoboda K. Rapid dendritic morphogenesis in CA1 

hippocampal dendrites induced by synaptic activity. Science 1999; 283: 1923-1927. 

1999/03/19. DOI: 10.1126/science.283.5409.1923. 

 

101. Matsuzaki M, Honkura N, Ellis-Davies GC, et al. Structural basis of long-term 

potentiation in single dendritic spines. Nature 2004; 429: 761-766. 2004/06/11. DOI: 

10.1038/nature02617. 

 

102. Hill TC and Zito K. LTP-induced long-term stabilization of individual nascent dendritic 

spines. J Neurosci 2013; 33: 678-686. 2013/01/11. DOI: 10.1523/jneurosci.1404-12.2013. 

 

103. Citri A and Malenka RC. Synaptic Plasticity: Multiple Forms, Functions, and 

Mechanisms. Neuropsychopharmacology 2008; 33: 18-41. DOI: 10.1038/sj.npp.1301559. 

 

104. Diamond DM, Park CR, Campbell AM, et al. Competitive interactions between 

endogenous LTD and LTP in the hippocampus underlie the storage of emotional memories 

and stress-induced amnesia. Hippocampus 2005; 15: 1006-1025. 2005/08/09. DOI: 

10.1002/hipo.20107. 



105. Etkin A, Alarcón JM, Weisberg SP, et al. A role in learning for SRF: deletion in the 

adult forebrain disrupts LTD and the formation of an immediate memory of a novel context. 

Neuron 2006; 50: 127-143. 2006/04/08. DOI: 10.1016/j.neuron.2006.03.013. 

 

106. Jo J, Heon S, Kim MJ, et al. Metabotropic glutamate receptor-mediated LTD involves 

two interacting Ca(2+) sensors, NCS-1 and PICK1. Neuron 2008; 60: 1095-1111. 2008/12/27. 

DOI: 10.1016/j.neuron.2008.10.050. 

 

107. Malleret G, Alarcon JM, Martel G, et al. Bidirectional regulation of hippocampal long-

term synaptic plasticity and its influence on opposing forms of memory. J Neurosci 2010; 30: 

3813-3825. 2010/03/12. DOI: 10.1523/jneurosci.1330-09.2010. 

 

108. Mizui T, Ishikawa Y, Kumanogoh H, et al. BDNF pro-peptide actions facilitate 

hippocampal LTD and are altered by the common BDNF polymorphism Val66Met. Proc Natl 

Acad Sci U S A 2015; 112: E3067-3074. 2015/05/28. DOI: 10.1073/pnas.1422336112. 

 

109. Sajikumar S and Frey JU. Late-associativity, synaptic tagging, and the role of dopamine 

during LTP and LTD. Neurobiol Learn Mem 2004; 82: 12-25. 2004/06/09. DOI: 

10.1016/j.nlm.2004.03.003. 

 

110. Zucker RS and Regehr WG. Short-term synaptic plasticity. Annu Rev Physiol 2002; 64: 

355-405. 2002/02/05. DOI: 10.1146/annurev.physiol.64.092501.114547. 

 

111. Tsumoto T. Long-term depression in cerebral cortex: a possible substrate of 

"forgetting" that should not be forgotten. Neurosci Res 1993; 16: 263-270. 1993/05/01. DOI: 

10.1016/0168-0102(93)90036-p. 

 

112. Thiels E, Barrionuevo G and Berger TW. Excitatory stimulation during postsynaptic 

inhibition induces long-term depression in hippocampus in vivo. J Neurophysiol 1994; 72: 

3009-3016. 1994/12/01. DOI: 10.1152/jn.1994.72.6.3009. 

 

 

 



113. Thiels E, Kanterewicz BI, Norman ED, et al. Long-term depression in the adult 

hippocampus in vivo involves activation of extracellular signal-regulated kinase and 

phosphorylation of Elk-1. J Neurosci 2002; 22: 2054-2062. 2002/03/16. DOI: 

10.1523/jneurosci.22-06-02054.2002. 

 

114. Doyère V, Errington ML, Laroche S, et al. Low-frequency trains of paired stimuli 

induce long-term depression in area CA1 but not in dentate gyrus of the intact rat. 

Hippocampus 1996; 6: 52-57. 1996/01/01. DOI: 10.1002/(sici)1098-1063(1996)6:1<52::Aid-

hipo9>3.0.Co;2-9. 

 

115. Kirkwood A and Bear MF. Hebbian synapses in visual cortex. J Neurosci 1994; 14: 

1634-1645. 1994/03/01. DOI: 10.1523/jneurosci.14-03-01634.1994. 

 

116. Murayama Y, Fujita I and Kato M. Contrasting forms of synaptic plasticity in monkey 

inferotemporal and primary visual cortices. Neuroreport 1997; 8: 1503-1508. 1997/04/14. 

DOI: 10.1097/00001756-199704140-00036. 

 

117. Chen WR, Lee S, Kato K, et al. Long-term modifications of synaptic efficacy in the 

human inferior and middle temporal cortex. Proc Natl Acad Sci U S A 1996; 93: 8011-8015. 

1996/07/23. DOI: 10.1073/pnas.93.15.8011. 

 

118. Kouhnavardi S, Pillwein M and Monje FJ. CE-196 Manuscript. 2022. 

 

119. Cicvaric A, Yang J, Krieger S, et al. The brain-tumor related protein podoplanin 

regulates synaptic plasticity and hippocampus-dependent learning and memory. Ann Med 

2016; 48: 652-668. 2016/08/26. DOI: 10.1080/07853890.2016.1219455. 

 

120. Cicvaric A, Yang J, Bulat T, et al. Enhanced synaptic plasticity and spatial memory in 

female but not male FLRT2-haplodeficient mice. Sci Rep 2018; 8: 3703. 2018/03/01. DOI: 

10.1038/s41598-018-22030-4. 

 

121. Cicvaric A, Bulat T, Bormann D, et al. Sustained consumption of cocoa-based dark 

chocolate enhances seizure-like events in the mouse hippocampus. Food Funct 2018; 9: 1532-

1544. 2018/02/13. DOI: 10.1039/c7fo01668a. 



122. Weng W, Li D, Peng C, et al. Recording Synaptic Plasticity in Acute Hippocampal 

Slices Maintained in a Small-volume Recycling-, Perfusion-, and Submersion-type Chamber 

System. J Vis Exp 2018 2018/01/25. DOI: 10.3791/55936. 

 

123. Massa F, Koehl M, Wiesner T, et al. Conditional reduction of adult neurogenesis 

impairs bidirectional hippocampal synaptic plasticity. Proc Natl Acad Sci U S A 2011; 108: 

6644-6649. 2011/04/06. DOI: 10.1073/pnas.1016928108. 

 

124. Nguyen PV, Abel T and Kandel ER. Requirement of a critical period of transcription 

for induction of a late phase of LTP. Science 1994; 265: 1104-1107. 1994/08/19. DOI: 

10.1126/science.8066450. 

 

125. Nguyen PV and Kandel ER. Brief theta-burst stimulation induces a transcription-

dependent late phase of LTP requiring cAMP in area CA1 of the mouse hippocampus. Learn 

Mem 1997; 4: 230-243. 1997/07/01. DOI: 10.1101/lm.4.2.230. 

 

126. Swant J and Wagner JJ. Dopamine transporter blockade increases LTP in the CA1 

region of the rat hippocampus via activation of the D3 dopamine receptor. Learn Mem 2006; 

13: 161-167. 2006/04/06. DOI: 10.1101/lm.63806. 

 

127. Jones SR, Gainetdinov RR, Jaber M, et al. Profound neuronal plasticity in response to 

inactivation of the dopamine transporter. Proc Natl Acad Sci U S A 1998; 95: 4029-4034. 

1998/05/09. DOI: 10.1073/pnas.95.7.4029. 

 

128. Benoit-Marand M, Jaber M and Gonon F. Release and elimination of dopamine in vivo 

in mice lacking the dopamine transporter: functional consequences. Eur J Neurosci 2000; 12: 

2985-2992. 2000/09/06. DOI: 10.1046/j.1460-9568.2000.00155.x. 

 

129. Urbano FJ, Leznik E and Llinás RR. Modafinil enhances thalamocortical activity by 

increasing neuronal electrotonic coupling. Proc Natl Acad Sci U S A 2007; 104: 12554-12559. 

2007/07/21. DOI: 10.1073/pnas.0705087104. 

 



130. Karabacak Y, Sase S, Aher YD, et al. The effect of modafinil on the rat dopamine 

transporter and dopamine receptors D1-D3 paralleling cognitive enhancement in the radial arm 

maze. Front Behav Neurosci 2015; 9: 215. 2015/09/09. DOI: 10.3389/fnbeh.2015.00215. 

 

131. Yan YD, Chen YQ, Wang CY, et al. Chronic modafinil therapy ameliorates depressive-

like behavior, spatial memory and hippocampal plasticity impairments, and sleep-wake 

changes in a surgical mouse model of menopause. Transl Psychiatry 2021; 11: 116. 

2021/02/10. DOI: 10.1038/s41398-021-01229-6. 

 

132. Kouhnavardi S, Ecevitoglu A, Dragačević V, et al. A Novel and Selective Dopamine 

Transporter Inhibitor, (S)-MK-26, Promotes Hippocampal Synaptic Plasticity and Restores 

Effort-Related Motivational Dysfunctions. Biomolecules 2022; 12 2022/07/28. DOI: 

10.3390/biom12070881. 

 

133. Stojanovic T, Velarde Gamez D, Schuld GJ, et al. Age-Dependent and Pathway-

Specific Bimodal Action of Nicotine on Synaptic Plasticity in the Hippocampus of Mice 

Lacking the miR-132/212 Genes. Cells 2022; 11 2022/01/22. DOI: 10.3390/cells11020261. 

 

134. Swant J, Chirwa S, Stanwood G, et al. Methamphetamine reduces LTP and increases 

baseline synaptic transmission in the CA1 region of mouse hippocampus. PLoS One 2010; 5: 

e11382. 2010/07/09. DOI: 10.1371/journal.pone.0011382. 

 

135. Keralapurath MM, Briggs SB and Wagner JJ. Cocaine self-administration induces 

changes in synaptic transmission and plasticity in ventral hippocampus. Addict Biol 2017; 22: 

446-456. 2015/12/23. DOI: 10.1111/adb.12345. 

 

136. Avchalumov Y, Piña-Crespo JC, Woodward JJ, et al. Acute Ethanol Exposure 

Enhances Synaptic Plasticity in the Dorsal Striatum in Adult Male and Female Rats. Brain 

Plast 2020; 6: 113-122. 2021/03/09. DOI: 10.3233/bpl-190097. 

 

137. Ji Y, Lu Y, Yang F, et al. Acute and gradual increases in BDNF concentration elicit 

distinct signaling and functions in neurons. Nat Neurosci 2010; 13: 302-309. 2010/02/23. DOI: 

10.1038/nn.2505. 



138. Singh M. Progesterone-induced neuroprotection. Endocrine 2006; 29: 271-274. 

2006/06/21. DOI: 10.1385/endo:29:2:271. 

 

139. Coe MA, Jufer Phipps RA, Cone EJ, et al. Bioavailability and Pharmacokinetics of Oral 

Cocaine in Humans. J Anal Toxicol 2018; 42: 285-292. 2018/02/21. DOI: 10.1093/jat/bky007. 

 

140. Havakuk O, Rezkalla SH and Kloner RA. The Cardiovascular Effects of Cocaine. J Am 

Coll Cardiol 2017; 70: 101-113. 2017/07/01. DOI: 10.1016/j.jacc.2017.05.014. 

 

141. Heal DJ, Smith SL, Gosden J, et al. Amphetamine, past and present--a pharmacological 

and clinical perspective. J Psychopharmacol 2013; 27: 479-496. 2013/03/30. DOI: 

10.1177/0269881113482532. 

 

142. James RS, Sharp WS, Bastain TM, et al. Double-blind, placebo-controlled study of 

single-dose amphetamine formulations in ADHD. J Am Acad Child Adolesc Psychiatry 2001; 

40: 1268-1276. 2001/11/09. DOI: 10.1097/00004583-200111000-00006. 

 

143. Pelham WE, Jr., Greenslade KE, Vodde-Hamilton M, et al. Relative efficacy of long-

acting stimulants on children with attention deficit-hyperactivity disorder: a comparison of 

standard methylphenidate, sustained-release methylphenidate, sustained-release 

dextroamphetamine, and pemoline. Pediatrics 1990; 86: 226-237. 1990/08/01. 

 

144. Winsberg BG, Press M, Bialer I, et al. Dextroamphetamine and methylphenidate in the 

treatment of hyperactive-aggressive children. Pediatrics 1974; 53: 236-241. 1974/02/01. 

 

145. Adler LA, Goodman DW, Kollins SH, et al. Double-blind, placebo-controlled study of 

the efficacy and safety of lisdexamfetamine dimesylate in adults with attention-

deficit/hyperactivity disorder. J Clin Psychiatry 2008; 69: 1364-1373. 2008/11/18. DOI: 

10.4088/jcp.v69n0903. 

 

146. Biederman J, Boellner SW, Childress A, et al. Lisdexamfetamine dimesylate and mixed 

amphetamine salts extended-release in children with ADHD: a double-blind, placebo-

controlled, crossover analog classroom study. Biol Psychiatry 2007; 62: 970-976. 2007/07/17. 

DOI: 10.1016/j.biopsych.2007.04.015. 



147. Findling RL, Childress AC, Krishnan S, et al. Long-term effectiveness and safety of 

lisdexamfetamine dimesylate in school-aged children with attention-deficit/hyperactivity 

disorder. CNS Spectr 2008; 13: 614-620. 2008/07/16. DOI: 10.1017/s1092852900016898. 

 

148. Goodman DW, Ginsberg L, Weisler RH, et al. An interim analysis of the Quality of 

Life, Effectiveness, Safety, and Tolerability (QU.E.S.T.) evaluation of mixed amphetamine 

salts extended release in adults with ADHD. CNS Spectr 2005; 10: 26-34. 2005/12/14. DOI: 

10.1017/s1092852900002418. 

 

149. Weisler R, Young J, Mattingly G, et al. Long-term safety and effectiveness of 

lisdexamfetamine dimesylate in adults with attention-deficit/ hyperactivity disorder. CNS 

Spectr 2009; 14: 573-585. 2010/01/26. DOI: 10.1017/s1092852900024056. 

 

150. Wigal SB, McGough JJ, McCracken JT, et al. A laboratory school comparison of mixed 

amphetamine salts extended release (Adderall XR) and atomoxetine (Strattera) in school-aged 

children with attention deficit/hyperactivity disorder. J Atten Disord 2005; 9: 275-289. 

2005/12/24. DOI: 10.1177/1087054705281121. 

 

 

 

 

 

 

 

 

 

 

 
 


	ACKNOWLEDGEMENTS
	ABSTRACT
	ABSTRACT DEUTSCH
	ABBREVIATIONS
	1. INTRODUCTION
	1.1 DOPAMINE TRANSPORTER
	1.2 THE HIPPOCAMPUS
	1.2.1 FUNCTION
	1.2.2 ANATOMY
	1.2.3 PATHWAYS

	1.3 MODAFINIL
	1.4 CHEMICAL CHARACTERISTICS OF CE-196
	1.5 KOLLIPHOR
	1.6 LONG-TERM SYNAPTIC POTENTIATION (LTP)
	1.7 LONG - TERM SYNAPTIC DEPRESSION (LTD)

	2. STUDY OBJECTIVE
	3. HYPOTHESES AND EXPERIMENTAL METHODOLGY
	3.1 BASAL SYNAPTIC TRANSMISSION & SYNAPTIC PLASTICITY

	4. MATERIAL & METHODS
	4.1 ANIMALS
	4.2 ELECTROPHYSIOLOGY
	4.2.1 HIPPOCAMPAL SLICE PREPARATION
	4.2.2 EXTRACELLULAR RECORDINGS OF FIELD EXCITATORY POSTSYNAPTIC POTENTIALS

	4.3 STATISTICAL ASSESSMENT

	5. RESULTS
	5.1  CE-196.2.2 ENHANCES BASAL SYNAPTIC TRANSMISSION
	5.2  CE-196.2.1 AND CE-196.2.2 INFLUENCE PAIRED-PULSE-INDUCED SHORT-TERM SYNAPTIC PLASTICITY
	5.3  CE-196.2.2 ENHANCES POST-TETANIC POTENTIATION

	6. DISCUSSION
	6.1 NOVEL MODAFINIL ANALOGUES AND THEIR EFFECTS ON BRAIN SYNAPTIC FUNCTIONS
	6.1.1 EFFECTS ON SHORT- AND LONG -TERM POTENTIATION
	6.1.2 EFFECTS ON BASAL SYNAPTIC TRANSMISSION

	6.2 LIMITATIONS

	7. CONCLUSION
	8. APPENDIX
	8.1 INDEX OF FIGURES
	8.2  IMAGE RIGHTS
	8.3  PUBLISHED PAPER

	9 REFERENCES

