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1. Abstract

In a society that values high cognitive performance, a primary motivation for using psychoactive
substances is to alleviate the cognitive impairments caused by widespread sleep loss. Among the
most popular agents are caffeine and the prescription drug modafinil, both of which are used to
modulate alertness and wakefulness. This thesis examines the comparative and potentially
synergistic cognitive enhancement effects of caffeine and modafinil, focusing on their distinct
molecular mechanisms and differential impacts on hippocampal-dependent memory processes.
Through a systematic analysis of preclinical and clinical evidence, the research demonstrates that
these substances operate through fundamentally different neurochemical pathways: caffeine
primarily functions as an adenosine receptor antagonist with indirect dopaminergic effects, while
modafinil acts through dopamine transporter inhibition and orexinergic system modulation. These
mechanistic differences manifest in complementary behavioral outcomes, with caffeine
predominantly enhancing memory consolidation and retrieval processes, whereas modafinil more
consistently improves attention, working memory, and encoding functions. The investigation
reveals a potential "temporal complementarity” where combined administration might optimize
multiple phases of memory processing simultaneously. This research addresses significant
methodological considerations in cognitive enhancement studies, including caffeine withdrawal
reversal confounds and dose-dependent variability in modafinil and caffeine's effects. The findings
have substantial implications for developing targeted cognitive enhancement strategies in both
healthy populations and individuals with neurological or psychiatric disorders. Future research
directions include direct comparative studies, controlled combination trials, molecular interaction
investigations, and translational clinical research to establish the therapeutic potential of combined

caffeine-modafinil approaches for cognitive enhancement.
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2. Introduction

In our contemporary society, people frequently face information overload and cognitive
challenges, making optimizing cognitive performance an increasingly popular goal (Maher, 2008).
These challenges are intensified by demands in educational and workplace settings, which often
exist in tension with public health recommendations for adequate sleep. Indeed, chronic sleep
deprivation is a widespread issue that impairs cognitive function, driving many to seek methods

for enhancement (Chattu et al., 2018). This growing interest is reflected in academic and public

discussions about substances that influence learning and memory (Dresler et al., 2018; Farah et al.,
2004).

Caffeine is one the most consumed psychoactive substances in the world and functions as a socially
accepted cognitive enhancer, taken daily by about 80% of the global population. Caffeine is integral
to our everyday lives and work routines, from the morning coffee ritual that jumpstarts the day to
the afternoon tea providing a gentle lift. Despite its popularity and perceived effectiveness, caffeine
acts primarily as a neuromodulator, influencing attention, alertness, and memory functions
through adenosine receptor antagonism (Fredholm, 1995). However, there is a mixed and often
contradictory scientific consensus on its impact on complex cognitive functions, particularly
memory. This ambiguity raises questions about the actual extent of its cognitive-enhancing
properties and whether the benefits could be partly attributed to placebo effects amplified by
increased arousal. Furthermore, recent studies indicate that caffeine's effects may vary
significantly depending on dosage, timing of consumption relative to memory tasks, and individual
genetic differences, adding layers of complexity to its cognitive-enhancement profile (Nehlig, 2010;
Temple et al., 2017).

In sharp contrast to the widespread and socially accepted use of caffeine, modafinil is a more
regulated and targeted pharmacological approach to cognitive enhancement. To improve
wakefulness in patients with excessive daytime sleepiness, modafinil is an approved treatment for
several conditions, including narcolepsy, obstructive sleep apnea with residual sleepiness, and
shift-work sleep disorder (Kumar, 2008). Modafinil has gained attention in cognitive enhancement
research due to its distinct pharmacological profile, which has a lower abuse potential than
traditional psychostimulants like amphetamines and a more favorable side-effect profile, often
lacking the euphoria, anxiety, or crash associated with stimulants (Minzenberg & Carter, 2008). In

contrast to caffeine, modafinil's availability is restricted to prescriptions, yet this has not stopped
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its increasing illegal use by people looking for cognitive benefits (Sahakian et al., 2015; Teodorini et
al.,, 2020). Recent studies suggest that modafinil may greatly enhance cognitive capabilities in
activities demanding prolonged focus, memory consolidation, and executive control, contributing

to its rising popularity in demanding cognitive environments (Battleday & Brem, 2015).

Caffeine and modafinil influence cognition, but they operate through different and complex
molecular mechanisms, likely accounting for their different effects on memory (Minzenberg &
Carter, 2008; Nehlig, 2010). At typical dietary doses, caffeine primarily functions by inhibiting
adenosine receptors in the brain. While it is also a phosphodiesterase (PDE) inhibitor, this action
generally becomes significant only at higher concentrations than those usually consumed
(Fredholm et al, 1999). This antagonism promotes wakefulness and indirectly affects other
important neurotransmitter systems like dopamine, although not as strongly as traditional
stimulants. Caffeine can lead to a modest dopamine release in brain areas linked to reward and
attention by counteracting adenosine's inhibitory influence on dopaminergic neurons. In contrast,
modafinil engages in a more sophisticated mechanism of action; while researchers continue to
explore its precise pathways, it is primarily recognized for inhibiting the dopamine transporter
(DAT). This inhibition results in heightened extracellular dopamine levels, particularly in the
prefrontal cortex (PFC), a region essential for executive functions. Additionally, modafinil affects
orexin and histamine systems, both crucial for enhancing and sustaining wakefulness and
alertness, while also influencing noradrenergic and serotonergic pathways. These differences in
how caffeine and modafinil work likely contribute to their effects on the different stages of memory
processing and retrieval. For example, the alertness-promoting properties of caffeine can enhance
the acquisition stage by improving focus and concentration. On the other hand, modafinil's
influence on synaptic plasticity may have a more significant role in consolidation. Therefore, these
substances' complexity emphasizes the connection between their neurochemical actions and

cognitive functions.

A central brain region for understanding the differential impact of these substances on memory is
the hippocampus, which is essential for forming new declarative memories, spatial navigation, and
contextual learning. The hippocampus is well-known for its neuroplasticity, the physiological basis
of learning and memory. This is famously illustrated by long-term potentiation (LTP), a persistent
strengthening of synapses driven by recent activity patterns, and long-term depression (LTD),
which involves reduced synaptic strength. These processes allow the hippocampus to encode and
store engrams (Kandel et al, 2014). However, the plasticity that makes the hippocampus so

important for memory formation also makes it susceptible to factors impairing its function and
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integrity. Understanding these vulnerabilities is important, as they often present the cognitive
deficits that lead individuals to seek solutions for enhancement. For instance, chronic stress can
significantly alter hippocampal structure and function, leading to memory impairments (Kim et al.,
2015). Similarly, insufficient sleep critically disrupts hippocampal-dependent memory
consolidation processes (Havekes & Abel, 2017). Furthermore, the natural aging process is broadly
associated with declines in hippocampal volume and function, contributing to age-related memory
changes (Fjell et al., 2014).

Because caffeine and modafinil have distinct yet potentially complementary molecular actions
within the hippocampus, an intriguing question arises about the comparative efficacy and potential
synergistic effects of combining them. The practice of polypharmacy, which refers to the use of
multiple drugs simultaneously, raises concerns about safety and efficacy, highlighting a knowledge
gap. Could strategic combinations provide cognitive benefits at lower doses, reducing side effects,
or might they lead to redundant or negative interactions? Closing this gap is crucial for enhancing
cognitive performance and ensuring that practices are based on solid scientific evidence instead of
anecdotal trials (Sahakian et al.,, 2015). Understanding these dynamics is critical for developing
ethical guidelines and regulatory policies, especially considering the differential accessibility and
acceptance of substances like caffeine and modafinil. Moreover, investigating cognitive
enhancement carries significant implications for clinical practice, especially in managing cognitive
deficits linked to numerous neurological and psychiatric disorders. Conditions such as Alzheimer's
disease, Parkinson's disease, attention-deficit/hyperactivity disorder (ADHD), and chronic fatigue
syndrome highlight therapeutic areas where specific cognitive interventions may enhance patient
outcomes (Kumar, 2008). Therefore, studying these substances not only contributes to the broader

understanding of cognitive enhancement but also offers potential therapeutic benefits.

This thesis explores a critical research question with significant implications: how do the different
molecular mechanisms of caffeine and modafinil influence hippocampal-dependent memory,
and can their combination effectively improve cognitive performance? By systematically
analyzing molecular pathways and behavioral outcomes, this study aims to clarify these
substances' comparative efficacy and possible synergistic advantages. The following chapters
explore the molecular pathways of caffeine and modafinil, and their respective impacts on memory
performance in both animal models and human subjects. Ultimately, this thesis synthesizes these
insights to evaluate the feasibility and implications of a combined caffeine-modafinil cognitive
enhancement strategy, proposing a novel 'temporal complementarity' model to explain their

potential synergy.
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2. Caffeine

Caffeine, a widely consumed psychoactive substance, exerts a significant influence on
hippocampal-dependent memory processes. Its cognitive-enhancing effects are rooted in a series
of distinct molecular actions within the brain, primarily involving adenosine receptor antagonism
and indirect modulation of dopaminergic systems. This chapter will first detail these key molecular
mechanisms of caffeine, focusing on how they impact neuronal function and plasticity within the
hippocampus. Subsequently, it will explore the behavioral outcomes associated with these
mechanisms, examining caffeine's effects on various stages of memory performance. By integrating
the molecular and behavioral evidence, this chapter aims to provide a comprehensive

understanding of caffeine's impact on hippocampal memory.

3.1 Molecular Mechanisms of Caffeine

3.1.1 Adenosine Receptor Antagonism

Caffeine's principal mechanism involves the

competitive antagonism of adenosine A; and Aja
receptors. These receptors are not only differentially
distributed across hippocampal subregions but also
distinctly modulate synaptic plasticity relevant to
memory, creating a complex functional landscape. The
anatomical basis for this was established in an
autoradiographic study by Svenningsson et al. (1997),
which demonstrated that while A; receptors are

abundantly expressed throughout hippocampal areas,

including the CA1 region and the dentate gyrus (Fig. 1),

A,A receptors show a more restricted distribution. The  Figure 1: Distribution of Adenosine A, Receptors in
. c e . ey . . the Human Hippocampal Formation.
functional significance of this specific distribution was ) . ppocaimip o

Autoradiographic images showing [*H]DPCPX binding,
later highlighted by Lopes et al. (2019), whose where darker areas indicate higher adenosine A,

electrophysiological work in the murine hippocampus ~ reé¢eptor density. Panel F (top) and Panel H (bottom)

. . . . are horizontal sections from the human hippocampus,
identified a critical role for Az receptors 1n illustrating abundant A; receptor labeling. Adapted
modulating synaptic plasticity specifically within the from Svenningsson etal. (1997).

CA3-CA1 Schaffer collateral pathway. This anatomical
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and functional divergence is crucial for memory, as demonstrated by Kopf et al. (1999). In their
seminal study on memory consolidation, they found that post-training administration of an A,
receptor antagonist significantly improved memory retention in mice. In contrast, blocking the
more abundant A; receptors with the antagonist DPCPX produced no benefit, strongly suggesting
that despite the widespread presence of A; receptors, it is the targeted blockade of the less
numerous A,, receptors that is the primary mechanism for caffeine’s direct enhancement of

memory consolidation.

At the cellular level, caffeine’s effects converge on the crucial cyclic adenosine monophosphate
(cAMP)/protein kinase A (PKA) signaling pathway. This signaling pathway, initially identified as
essential for the induction and maintenance of long-term potentiation (LTP) by Frey et al. (1993),
plays an important role in various cellular processes. The typical inhibitory role of adenosine was
detailed by Arai & Lynch (1992), who showed that A, receptors, coupled to Gi/o proteins, suppress
neurotransmitter release and reduce intracellular cAMP levels. Providing more direct mechanistic
confirmation, Serpa et al. (2015) demonstrated that by antagonizing these A; receptors, caffeine
effectively counteracts this inhibitory influence. This action disinhibits the release of
neurotransmitters, increases cAMP levels, and heightens neuronal excitability, thereby lowering
the threshold for LTP induction. The physiological relevance of this pathway was highlighted in a
study by Alhaider et al. (2010), which found that chronic caffeine treatment could prevent sleep
deprivation-induced impairments in both LTP and cognitive function, in part by restoring the

activity of this same cAMP/PKA pathway.

Beyond its role in baseline memory consolidation, the antagonism of A,x receptors provides a
crucial neuroprotective function, particularly under adverse conditions like chronic stress. A key
study by Kaster et al. (2015) demonstrated that chronic stress leads to an upregulation of A
receptor density on hippocampal glutamatergic terminals, an effect that correlated directly with
impaired LTP and reduced levels of essential synaptic proteins. Crucially, they showed that these
molecular and cognitive deficits were entirely prevented by treatment with either caffeine or a
selective A,, antagonist. The causal role of A, receptor over-activation in memory impairment was
later confirmed with precision by Li et al. (2015). Using optogenetics, they showed that selectively
activating A,a receptors in the hippocampus with light was sufficient, on its own, to impair spatial
memory in mice. Together, these studies establish that a key cognitive benefit of caffeine stems
from its ability to buffer the brain's memory systems against the detrimental effects of stress,

primarily through its targeted action on A,a receptors.



university of faculty of science
groningen / and engineering

The interplay between A; and A.a receptor antagonism thus creates a complex and sophisticated
modulatory profile for caffeine. While A; antagonism primarily enhances general neuronal
excitability, A, modulation more directly fine-tunes synaptic plasticity mechanisms and provides
neuroprotection. During states like sleep deprivation or stress, when ambient adenosine levels rise,
these dual mechanisms are particularly important for maintaining cognitive function. By
counteracting both the generalized inhibitory effects of elevated adenosine on excitability (via A;
blockade) and the potentially detrimental plasticity changes (via A,s blockade), caffeine helps to

regulate hippocampal plasticity and protect memory processes from disruption.
3.1.2 Indirect Dopaminergic Modulation

While adenosine receptor antagonism

250 PFCx 250 -0-PFCx
. . . . . . -0-0.25 mg/kg i.v. -‘ —A—NAc Shell
constitutes caffeine's primary mechanism, its -0-0.5 mglkg i.v. -0-NAc Core
interactions with dopaminergic systems U 0
provide an important secondary pathway 3,50_ 1501
o
relevant to hippocampal memory function and g M
5 100+ 100
comparisons with modafinil. Dopamine =
modulates hippocampal synaptic plasticity, .
with D1-like receptors playing a critical role in TCaffeine | Caffeine 1.0 mglkg iv.
hippocampal CA1 late-phase LTP (L-LTP), as ° ﬁme(f:,,,_, = ’ ﬁ,,,e:,o,i,,,, ”
established by Huang and Kandel (1995) and 2501 -0-PFCx 250 -o-PFCx
-~ NAc Shell —#-NAc Shell
Swanson-Park et al. (1999). Caffeine's -0-NAc Core ~0~NAc Core
influence on dopamine pathways appears H
predominantly indirect and region-specific. <
Using in vivo microdialysis, Acquas et al. 2
(2002) provided key evidence demonstrating *
that acute intravenous caffeine administration T T
dose-dependently increased extracellular Caftee 28 makgtv. Caftene SO makaly.
0 60 120 0 60 120
dopamine concentrations in the rat medial fine (sin.) time (min.)

PFC. Critically, these studies found this effect Figure 2: Region-Specific Effects of Intravenous Caffeine on

Dopamine Outflow in the Rat Brain. From Acquas et al.
(2002).

was absent in the nucleus accumbens (shell
and core), a key reward center, even with
intraperitoneal administration of higher dosages (Fig. 2). This PFC-specific dopamine increase was
mimicked by administration of either the selective A; antagonist DPCPX or the selective A,A

antagonist SCH 58261, directly linking this effect to caffeine's primary action on adenosine

10
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receptors. Considering the significant projections from the PFC that modulate hippocampal
function, this caffeine-induced elevation of PFC dopamine provides a plausible indirect route for

influencing hippocampal memory pathways.

Beyond this indirect PFC-mediated route, caffeine's Aza receptor antagonism interacts with
dopamine signaling through Azsa-D, receptor interactions. These interactions, characterized
primarily in the striatum by Ferré et al. (2008), often involve antagonistic modulation within Aja-
D, heteromers located postsynaptically on indirect pathway neurons. In this context, A, receptor
activation typically dampens D, receptor signaling; thus, caffeine's A;» antagonism can disinhibit
D, pathways. Further complexity was revealed by Quiroz et al. (2009), who found that presynaptic
Aza receptors are preferentially located on corticostriatal glutamatergic terminals contacting direct
pathway (D1-expressing) neurons. Their work showed that activation of these presynaptic Aza
receptors facilitated glutamate release, an effect significantly reduced by an Ax antagonist. While
these interactions are less defined in the hippocampus than the striatum, they highlight that Aza
receptors can exert distinct modulatory roles depending on their pre- or postsynaptic localization
and the specific pathway involved, contributing to caffeine's systemic effects and contrasting with

modafinil's more direct dopaminergic actions.

These indirect dopaminergic effects may converge with other neuromodulatory inputs on common
intracellular signaling cascades like the cAMP/PKA pathway, which regulates synaptic plasticity
persistence. Gelinas & Nguyen (2005) demonstrated that activating p-adrenergic receptors (which,
like D1 receptors, couple positively to adenylyl cyclase) coordinated with subthreshold synaptic
stimulation facilitates the induction of a strong, long-lasting potentiation in CA1. This process was
shown to be dependent on local protein synthesis, as it was blocked by the translation inhibitors
anisomycin and emetine, but remained unaffected by the transcription inhibitor actinomycin D.
This study illustrates a powerful principle: neuromodulatory inputs that elevate cAMP can lower
the threshold for inducing persistent synaptic plasticity via translation-dependent mechanisms.
This highlights a potential convergence point where dopamine and caffeine might interact with the
core cellular machinery governing the consolidation of synaptic changes, providing a clear
distinction from the direct transporter blockade mechanism of modafinil. These molecular actions
form the basis for caffeine's complex and often context-dependent effects on memory performance,

which will now be explored.
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3.2 Caffeine's Influence on Memory Performance

The molecular mechanisms of caffeine, centered on adenosine receptor antagonism, give rise to a
complex and highly context-dependent behavioral profile. The scientific literature reflects a
persistent debate regarding caffeine's efficacy as a cognitive enhancer, with its impact varying
significantly based on the dose administered, the timing of consumption relative to a cognitive task,
the nature of the task itself, and the physiological state of the individual, such as their level of

fatigue or caffeine habituation (Cunha & Agostinho, 2010; Nehlig, 2010).

When examining effects on the initial stages of memory, acquisition and working memory (WM),
caffeine’s reputation as a reliable enhancer becomes weak, with studies often reporting ambiguous
or even negative results. For example, Angelucci et al. (1999) found that in preclinical models,
moderate-to-high doses of caffeine given before training impaired subsequent memory retention
in mice performing a simple inhibitory avoidance task, suggesting an interference with attentional
processes (Fig. 3A). However, the picture is not entirely consistent, as the same research group
(Angelucci et al., 2002) later reported that similar pre-training doses had no effect on the acquisition
of the more complex Morris Water Maze (MWM) task. This complexity resonates in human studies,
where the interpretation of results is further complicated by a significant methodological
challenge: the phenomenon of withdrawal reversal. As James (2014) has argued, the standard
methodology of testing participants after overnight abstinence is long enough to induce withdrawal
symptoms, meaning any observed performance improvements may not reflect true cognitive
enhancement but rather a simple restoration from a deficit state. This hypothesis was empirically
supported by Rogers and Dernoncourt (1998), who demonstrated that administering caffeine to
overnight-deprived users primarily restored their performance and mood to the level of non-users.
This confound helps to explain why results are so inconsistent; for instance, while some studies
suggest caffeine may impair WM performance at higher cognitive loads (Nehlig, 2010), others, like
a neuroimaging study by Klaassen et al. (2013), observed that acute caffeine administration
increased neural "effort" in brain networks related to WM, yet this was paradoxically accompanied

by a worsening of behavioral performance.
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Figure 3: Inhibitory avoidance retention scores (median latency to enter dark compartment) in
mice treated with saline or caffeine, administered (A) 30 min before training, (B) immediately
after training, (C) 30 min before the test session, or (D) 30 min before. Adapted from Angelucci et
al., (1999).

In sharp contrast to its ambiguous effects on acquisition, caffeine's positive effects on long-term
memory (LTM) consolidation and retrieval are much more consistent when administered in the
correct temporal window. Clear evidence for this was provided by Angelucci et al. (1999), who
showed in the same study that while pre-training caffeine impaired memory, identical doses given
immediately after training significantly improved memory retention, demonstrating a clear
enhancement of consolidation processes (Fig. 3B). This consolidation-enhancing effect, which
typically follows an inverted U-shaped dose-response curve, was later replicated by the same group
in the MWM (Angelucci et al., 2002). Human data strongly aligns with these preclinical findings; a
groundbreaking study by Borota et al. (2014) showed that caffeine consumed after a study session
enhanced memory consolidation, specifically for a difficult pattern separation task. Furthermore,
earlier research by Riedel et al. (1995) had already demonstrated that caffeine can successfully
attenuate memory retrieval deficits, such as those induced by the drug scopolamine, painting a

consistent picture of caffeine's primary utility in modulating the post-learning stages of memory.

The behavioral effects of long-term, chronic caffeine exposure introduce further complications
related to neuroadaptation, creating a context-dependent profile. At a structural level, a study by
Olopade et al. (2021) showed that chronic high-dose caffeine induced potentially beneficial changes,

such as increasing the length of apical dendrites on CA1 neurons in the mouse hippocampus,

13
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suggesting an enhancement of structural plasticity. However, the functional consequences are not
always positive. In a study of functional adaptation, Blaise et al. (2018) found that three weeks of
chronic caffeine paradoxically impaired the induction of LTP in the dentate gyrus of freely
behaving rats, a finding they suggest could be due to a homeostatic upregulation of A; receptors.
Yet, in the context of disease, these same adaptations can be beneficial. For example, Stazi et al.
(2021) reported that in mouse models of Alzheimer's disease, chronic caffeine treatment reduced
neuron loss and promoted hippocampal neurogenesis, which correlated with a rescue of
behavioral deficits. This highlights how the chronic effects of caffeine may differ significantly in

healthy versus diseased brains.

Ultimately, the collective evidence suggests that caffeine's influence on hippocampal memory is not
that of a simple, universal enhancer. Instead, its benefits emerge most clearly under suboptimal
conditions, lending support to the hypothesis that caffeine functions primarily as a "cognitive
normalizer" (Cunha & Agostinho, 2010; Nehlig, 2010). It appears to be most effective at
counteracting performance deficits induced by various stressors and pathologies, from sleep
deprivation and chronic stress to the neurodegeneration seen in Alzheimer's disease. The
mechanisms underlying these restorative effects likely extend beyond simple adenosine
antagonism to include the modulation of neurogenesis, synaptic function, and neuroinflammation,

making caffeine a uniquely multifaceted modulator of cognitive function.
3.3 Integrating Mechanisms with Behavioral Outcomes

The seemingly contradictory effects of caffeine on memory can be elegantly explained by
examining its underlying molecular mechanisms. The inconsistent, and sometimes even
detrimental, effects on memory acquisition and WM are a logical consequence of its broad impact
on neuronal excitability. By antagonizing the widely expressed A, receptors, caffeine lifts a general
inhibitory brake on the hippocampus, leading to an increase in glutamate release and overall
network excitability (Serpa et al, 2015). While this state of heightened arousal might seem
beneficial, during the delicate process of encoding new information, it may introduce "neural
noise." This can disrupt the precise, patterned activity required to form a clean memory engram,
leading to the attentional deficits and impaired performance observed in some pre-training

administration studies (Angelucci et al., 1999).
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Conversely, the robust and reliable enhancement of memory consolidation is perfectly explained
by caffeine's dual action on adenosinergic pathways, particularly when administered in the critical
post-learning window. This period is when the brain works to stabilize a newly formed and fragile
memory engram, through processes that are heavily reliant on LTP. Caffeine appears to be ideally
suitable to enhance this process. Its antagonism of A; receptors facilitates LTP induction via the
cAMP/PKA pathway (Frey et al, 1993), while its blockade of A:s receptors provides a crucial
neuroprotective effect, protecting synaptic function from the detrimental effects of stress and high
adenosine levels (Kaster et al., 2015). This dual mechanism provides a powerful, targeted boost to
the biological processes of memory storage. The timing is important: administering caffeine after
learning has occurred allows it to enhance these cellular consolidation mechanisms without
interfering with the initial encoding. The findings from both preclinical (Angelucci et al., 1999) and
human studies (Borota et al.,, 2014) are major examples of this principle. The behavioral data,
therefore, is not merely correlated with the molecular data; it is a direct functional consequence,
revealing that caffeine's primary utility as a memory modulator is not in the initial formation of

memories, but in strengthening them for the long term.

15
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4. Modafinil

Modafinil represents a distinct pharmacological approach to cognitive enhancement compared to
caffeine. While sharing certain cognitive-enhancing properties, modafinil operates through
markedly different molecular mechanisms. It primarily centers on dopaminergic modulation via

direct dopamine transporter inhibition, with secondary effects involving orexinergic systems.
4.1 Molecular Mechanisms of Modafinil

4.1.1 Dopaminergic Mechanisms

Among the potential molecular targets for modafinil, the DAT has emerged as a principal site of
action. Initial evidence from Mignot et al. (1994) demonstrated that modafinil interacts directly with
the dopamine uptake carrier, observing significant inhibition of radioligand binding to DAT in
striatal membranes, although with a relatively low affinity compared to potent blockers like
cocaine. Subsequent work by Zolkowska et al. (2009) not only confirmed this interaction but also
critically characterized modafinil as a DAT inhibitor rather than a substrate. Their functional
assays showed that while modafinil effectively blocked the uptake of dopamine in rat brain
synaptosomes, it failed to trigger the dopamine release that is characteristic of substrates like
amphetamine. This mechanistic distinction is fundamental to understanding its atypical profile.
The clinical relevance of this DAT blockade was later confirmed in humans by Volkow et al. (2009),
who used PET imaging to show that therapeutic doses of modafinil occupied a significant

percentage of DAT sites and produced corresponding increases in extracellular dopamine (Fig. 4).
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Figure 4: Modafinil effect on ['!C]Raclopride and [''C]Cocaine binding in the striatum and

cerebellum, as shown by PET imaging. Adapted from Volkow et al. (2009).

The direct relevance of DAT inhibition to hippocampal function, however, is not straightforward.
The hippocampus itself exhibits a considerably lower density of DAT compared to regions like the
striatum or the PFC, as detailed by Ciliax et al. (1999). This anatomical reality implies that
modafinil's influence on hippocampal dopamine must occur through indirect pathways.
Microdialysis studies support this, showing that systemic modafinil administration increases
extracellular dopamine primarily in the PFC of rats, with no corresponding change in the
hypothalamus (Hilaire et al., 2001; Fig. 5). Given the robust functional connections that link the PFC
with the hippocampus (Preston & Eichenbaum, 2013), this modafinil-induced increase of dopamine
in the PFC provides a strong candidate mechanism for indirectly modulating hippocampal activity
and the plasticity processes for memory. Foundational studies by Otmakhova and Lisman (1996),
for instance, demonstrated through electrophysiological recordings in hippocampal slices that the
application of a D1/D5 receptor agonist significantly increased the magnitude of early-phase LTP at
CA1 synapses. This work, along with research from Huang and Kandel (1995) showing that this
D1/D5 receptor activation is necessary for the later, protein synthesis-dependent phase of LTP,
firmly established a role for dopamine in strengthening synaptic connections. Furthermore,
moving from cellular to network-level function, Kentros et al. (1998) showed that dopamine
contributes to the long-term stability of hippocampal place fields, the neural correlates of spatial

memory. Thus, by boosting PFC dopamine, which in turn modulates hippocampal dopamine levels,
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modafinil may facilitate these fundamental cellular and network mechanisms of learning and

memory.

A B

% changes/basal levels

o 300 e s 120 | 1%0 180 210 240  time (min) 0 %0 P 90 120 150 180 210 240 time (min)
4 A
Modafinili.p. Modafinil i.p.

Figure 5: Effect of modafinil on extracellular levels of monoamines in the (A) prefrontal cortex and (B) medial
hypothalamus. Adapted from Hilaire et al. (2001)

The nature of modafinil's dopaminergic action also contrasts significantly with that of caffeine and
classical stimulants, which helps to explain its unique clinical profile. While modafinil raises
synaptic dopamine by directly blocking its reuptake transporter, its effects on the brain's reward
and motor systems are different from substances like amphetamine. A key distinction lies in the
nucleus accumbens, a critical brain region for reward and addiction. In this region, as observed by
Engber et al. (1998) and later confirmed by Zolkowska et al. (2009), modafinil leads to only minimal
increases in dopamine compared to the large surges induced by traditional stimulants. This
moderated response in the reward pathway likely explains modafinil's much lower potential for
abuse. Furthermore, the study by Engber et al. (1998) revealed that modafinil's effects on brain
metabolism are more restricted. Whereas amphetamine causes widespread metabolic activation,
including in motor circuits, modafinil's effects are more focused on cognitive and limbic regions
like the hippocampus, thalamus, and amygdala. This neuroanatomical specificity likely accounts
for its more selective cognitive effects with fewer of the motor side effects associated with classical
stimulants. Further evidence points to the importance of specific dopamine receptor subtypes in
mediating these effects. The arousal-promoting properties of modafinil in mice, for instance, were
shown by Qu et al. (2008) to be critically dependent on the presence of both D1 and D2 receptors.
Focusing more specifically on cognition, a study by Karabacak et al. (2015) found that the ability of
modafinil to enhance WM performance in rats correlated specifically with changes in hippocampal

D2 receptor complexes and phosphorylated DAT complexes. Together, these findings strongly
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suggest that D1-like and D2-like receptors are key downstream mediators of modafinil's impact on
both arousal and cognition, and that its influence on hippocampal function may proceed through

specific D2-mediated pathways that are distinct from the adenosine-mediated actions of caffeine.
4.1.2 Orexinergic Pathways

Beyond its well-characterized [,
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Figure 6: Effect of orexin-A on the spontaneous firing rate of

(2007), this finding strongly suggests that  hippocampal CA1 neurons. (A) Representative firing rate

modafinil engages the orexin system as histogram. (B) Pooled data showing increased firing rate following

. . . orexin-A application. Adapted from Chen et al. (2017)
part of its mechanism for promoting

wakefulness. Important for this thesis, these orexinergic neurons do not only regulate sleep-wake
cycles but also project widely throughout the brain, providing a potential route to influence higher
cognitive functions. Foundational anatomical work by Peyron et al. (1998), and later confirmed by

Marcus et al. (2001), established that these projections include substantial innervation of the

hippocampus. This anatomical link is critical, as it provides a direct substrate for orexinergic

modulation of hippocampal function and, by extension, memory processes.
A body of functional studies has confirmed that this anatomical link has significant consequences

for hippocampal plasticity and memory. Wayner et al. (2004), using in vivo electrophysiology in

rats, demonstrated that the direct application of orexin-A to the dentate gyrus enhances the
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induction of LTP at perforant path! synapses, and that this enhancement was blocked by an
antagonist for the orexin-1 receptor (OX1R), indicating a specific receptor-mediated mechanism.
Complementing these findings, Chen et al. (2017) used single-unit extracellular recordings to show
that orexin-A directly excites pyramidal neurons in the CA1 region, increasing their firing rate
through an OX1R-dependent pathway coupled to phospholipase C signaling (Fig. 6). These plasticity-
enhancing effects translate directly to behavior. For instance, Jaeger et al. (2002) found that post-
training intracerebroventricular administration of orexin-A enhanced memory retention in
avoidance tasks in mice. Furthermore, in a rat model of epilepsy, which is often associated with
cognitive deficits, Zhao et al. (2014) showed that orexin-A could reverse impairments in spatial
learning and memory. This behavioral rescue was associated with the promotion of adult

neurogenesis in the dentate gyrus, an effect mediated by the OX1R-ERK1/2 signaling pathway.

Taken together, these findings suggest that modafinil, by activating the orexin system, may enhance
hippocampal memory processes through a set of mechanisms that are entirely distinct from its
dopaminergic effects. These mechanisms include the direct excitation of hippocampal neurons,
facilitation of LTP, and the promotion of neurogenesis. This orexinergic component represents a
key mechanistic distinction from caffeine and is likely a major contributor to the unique cognitive-
enhancing profile of modafinil. The complex interplay between modafinil's primary actions on
dopamine transport and its secondary engagement of these orexinergic pathways establishes a
clear mechanistic divergence from caffeine's adenosine receptor antagonism. This provides the
foundation for understanding their distinct behavioral profiles and potential for synergy, which

will be explored in the next chapters.
4.2 Modafinil's Influence on Memory Performance

The distinct molecular profile of modafinil, centered on dopamine and orexin systems, gives rise to
a behavioral signature that is demonstrably different from that of caffeine. While both drugs are
desired for their cognitive-enhancing properties, the evidence suggests they target different aspects
of memory and cognition. A significant body of research has focused on modafinil's effects on WM
and executive functions, domains heavily reliant on the PFC, where modafinil's dopaminergic
effects are most pronounced. Preclinical work has often utilized tasks sensitive to both

hippocampal and prefrontal function. For instance, Ward et al. (2004) demonstrated that modafinil

! The perforant path provides input from the entorhinal cortex to the dentate gyrus, and it plays a role in hippocampal
information processing and memory formation (Angenstein, 2018).
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improved choice accuracy in rats performing a delayed nonmatching-to-position swim task, a
strong indicator of enhanced spatial WM. Similarly, Karabacak et al. (2015) found that rats treated
daily with modafinil showed significantly fewer WM errors in the radial arm maze, a classic test of
spatial learning and memory. This study went a step further, correlating the improved performance
with molecular changes in the hippocampus, specifically in D2 receptor complexes and
phosphorylated DAT, providing a direct link between the behavioral outcome and a dopaminergic
mechanism. However, the effect is not always consistent, as the study of Burgos et al. (2010)
reported no significant improvement in WM errors in rats treated chronically with higher doses of

modafinil, suggesting that its benefits may be both task- and dose-dependent.

In humans, the evidence for modafinil's enhancement of WM and executive functions is perhaps
more consistent than for any other cognitive domain. An early influential study by Turner et al.
(2003) in healthy volunteers observed significantly improved performance on tasks of digit span
and spatial planning, core components of WM and executive control. Interestingly, this
improvement in accuracy was followed by a slowing of response latency on some tasks, suggesting
a potential shift in cognitive strategy towards more careful, accurate processing over speed. A
similar trade-off was noted in a complex chess-playing task, where expert players given modafinil
increased their reflection time, possibly leading to better moves (Franke et al., 2017). A meta-
analysis by Roberts et al. (2020) that aggregated data from numerous studies confirmed a small but
significant overall positive effect of modafinil on cognition in healthy adults, an effect that was
driven specifically by improvements in the "updating” component of executive function and WM.
While a consequent meta-analysis by Repantis et al. (2021) did not find a significant effect after
correcting for multiple comparisons, the evidence suggests that modafinil's cognitive benefits in
healthy individuals, while perhaps subtle, are most reliably observed in complex tasks requiring

executive control rather than the simple maintenance of information in WM.

In contrast to its effects on WM, modafinil's influence on LTM presents a more complex and often
contradictory picture. Preclinical studies have yielded mixed results that highlight the nuance of its
action. For example, Tsanov et al. (2010) found that chronic modafinil treatment not only facilitated
the acquisition of the MWM task in rats but also produced a lasting increase in the magnitude of
LTP and theta rhythm power in the dentate gyrus, suggesting that the drug can induce durable
changes in the engrams. A study by Shuman et al. (2009) also reported improved acquisition in the
water maze with pre-training modafinil (Fig. 7). However, the same study revealed highly dose-
dependent effects in contextual fear conditioning, a different hippocampus-dependent task. A low

dose of modafinil enhanced fear memory when tested a week later, whereas a high dose disrupted
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it (Fig. 8). Neither dose affected hippocampus-independent cued fear conditioning, and

administering the drug after training was ineffective. This pattern strongly suggests that

modafinil's LTM effects are specific to encoding or early consolidation processes in the

hippocampus, but in a manner that is highly sensitive to dose. In the domain of object recognition,

Wadhwa et al. (2015) found that modafinil was able to ameliorate the deficits in novel object

recognition memory caused by 48 hours of sleep deprivation in rats. This behavioral rescue was

accompanied by a reversal of the sleep deprivation-induced downregulation of key hippocampal

synaptic proteins, including synaptophysin and PSD-95. Further, Burgos et al. (2010) found that

while chronic modafinil improved reference memory, it simultaneously impaired new learning in

a complex operant conditioning task and, at a cellular level, blocked the induction of LTP in the

PFC, pointing to potential negative cognitive impacts at higher doses or under certain conditions.
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Figure 7: Time spent in each quadrant during probe trials in the Morris water maze, comparing mice treated
with modafinil or saline. (A) Probe 1 (Day 5), (B) Probe 2 (Day 7), (C) Drug Reversal Probe (Day 8). Adapted
from Shuman et al. (2009).
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Figure 8: Effect of pre-training modafinil dose on (A) percent time spent freezing during the context test (off

drug) and (B) percent time spent freezing during the tone test (off drug), with baseline freezing subtracted.
Adapted from Shuman et al. (2009).
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Human studies on modafinil's effects on LTM in healthy, non-sleep-deprived individuals have
largely failed to find robust evidence of enhancement. For instance, Turner et al. (2003) reported
some improvement in visual memory but found no effect on a paired-associates verbal learning
task. More recent, large-scale meta-analyses by Roberts et al. (2020) and Repantis et al. (2021) found
no significant effect of modafinil on either immediate or delayed recall tasks. The most consistent
benefits on LTM appear to emerge under conditions of sleep deprivation, where modafinil can
ameliorate performance deficits, or in specific patient populations (Repantis et al., 2021; Turner et
al., 2003). This pattern of results suggests that, unlike caffeine's clear role in enhancing memory
consolidation when given post-study, modafinil may not be a direct enhancer of hippocampal LTM
storage processes in healthy, well-rested individuals. Instead, its primary contribution to memory
likely stems from its ability to optimize the "front-end" cognitive processes, such as attention and

executive function, which are essential for effective encoding.
4.3 Integrating Mechanisms with Behavioral Outcomes

The behavioral profile of modafinil is a direct reflection of its molecular actions. The consistent,
although subtle, improvement in WM and executive functions can be clearly attributed to its
primary mechanism: DAT inhibition. By increasing dopamine availability preferentially in the PFC,
a region critical for these top-down functions, modafinil appears to optimize the neural circuits
responsible for attention, planning, and information manipulation (Roberts et al., 2020; Turner et
al., 2003). This targeted dopaminergic enhancement provides a robust mechanistic basis for its
observed benefits in tasks requiring high-level cognitive control, establishing its reputation as a

reliable enhancer of "front-end" cognitive processing.

In contrast, the more enigmatic and variable effects of modafinil on LTM highlight the complexity
of its broader neurochemical impact. The dose-dependent effects observed in preclinical models,
where a low dose can enhance hippocampal memory while a high dose impairs it (Shuman et al,,
2009), suggest a classic "inverted U-shaped" response curve. It is plausible that while a moderate
increase in neuromodulatory tone can facilitate the encoding of new information, higher doses may
induce a state of "hyper-arousal” or "neural noise" that disrupts the delicate, patterned activity
required for effective hippocampal consolidation. The engagement of the orexin system, a powerful

regulator of both arousal and plasticity (Chemelli et al., 1999) likely contributes significantly to this

complex state, determining whether the net effect on a given memory task is beneficial or

disruptive. This entire picture creates a fascinating divergence from caffeine. While caffeine's
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primary memory benefit comes from directly enhancing the biological machinery of memory
storage (a "back-end" process) via adenosinergic pathways (Borota et al, 2014), modafinil's
influence seems largely restricted to optimizing the attentional and executive resources needed to

effectively learn new information in the first place, rather than directly strengthening the engram
itself.
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5. Discussion

The central research question of this thesis was to determine how the distinct molecular
mechanisms of caffeine and modafinil differentially influence hippocampal-dependent memory
and to evaluate the potential for their combined use as a cognitive enhancement strategy. The
comprehensive analysis of the existing preclinical and clinical literature reveals a clear and
compelling functional divergence between these two substances. The evidence strongly supports a
model where their cognitive-enhancing properties are not redundant, but complementary.
Caffeine, acting primarily as a global adenosine receptor antagonist, demonstrates its most reliable
and significant effects in modulating the 'back-end' processes of memory, specifically the
consolidation and stabilization of long-term memories (Angelucci et al., 1999; Borota et al., 2014).
In contrast, modafinil, through its more targeted inhibition of the dopamine transporter and
engagement of orexinergic systems, more consistently enhances the 'front-end' cognitive
machinery, such as executive function and WM, which are prerequisites for effective learning and
encoding (Roberts et al., 2020; Turner et al., 2003). This fundamental distinction forms the basis of
anovel “temporal complementarity” model, which proposes that a strategic and timed combination
of these drugs could yield unfeasible synergistic benefits when either substance is used alone. The
fundamental differences in the mechanisms of action for caffeine and modafinil, which form the

basis of the temporal complementarity model I propose here, are summarized in Table 1.

Adenosine A; & A,, receptor
antagonism
Indirect 1 via PFC & A,A-D,
interactions
Yes; A; antagonism disinhibits
adenylyl cyclase — t cAMP/PKA
Enhances LTP via glutamatergic
disinhibition, stress
normalization, 1 BDNF
DG (feed-forward inhibition),
CA1 (cAMP), CA3 (A,A), Schaffer

collaterals

DAT & NET inhibition; 1 histaminergic
and orexinergic tone
1 DA (modest DAT blockade +
orexin/NE-driven release)
Modulated downstream of D1/D2 and
orexin receptors
Enhances NMDA-dependent LTP via
orexin + catecholamines; may 1

hippocampal BDNF

DG (orexin), CA1 (DA), CA3 network;
PFC — hippocampus feedback
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Consolidation & retrieval (state- Encoding (1 attention/executive),

dependent) working memory, complex retrieval

Table 1: Comparative overview of the cellular and systems-level mechanisms by which caffeine and modafinil

modulate hippocampal synaptic plasticity and distinct phases of memory processing.
5.1 A Model of Temporal Complementarity and Synergistic Potential

The proposed model of temporal complementarity is built upon the specific and distinct windows
of efficacy for each substance. Caffeine's inconsistent, and at times detrimental, effects on memory
acquisition can be mechanistically linked to its broad antagonism of A, receptors. This action lifts
a general inhibitory brake on the hippocampus, increasing overall network excitability. While this
may enhance alertness, during the delicate process of encoding it can introduce "neural noise,"
potentially decreasing the signal-to-noise ratio of relevant synaptic patterns and disrupting the
formation of a precise memory trace. This hypothesis explains the findings where pre-training
caffeine administration failed to improve, or even impaired, performance (Angelucci et al., 1999).
However, when administered after learning has occurred, this same mechanism becomes
advantageous. The facilitation of the cAMP/PKA signaling pathway via A; receptor blockade lowers
the threshold for inducing LTP, the cellular correlate of memory storage (Frey et al., 1993; Serpa et
al., 2015). This is powerfully supplemented by the blockade of A,A receptors, which provides a
neuroprotective effect against stress-induced synaptic dysfunction (Kaster et al., 2015). This dual
action makes caffeine an ideal agent for enhancing memory consolidation, a conclusion strongly
supported by both animal and human studies showing robust benefits of post-study administration
(Angelucci et al., 1999; Borota et al., 2014).

Modafinil’s profile is almost the inverse. Its primary mechanism, the inhibition of DAT leads to
increased dopamine availability, particularly in the PFC. This neurochemical change directly
supports the executive functions, such as planning, attention, and information manipulation, which
are heavily reliant on the PFC and are essential for effective learning. The improvements in WM
tasks observed in human studies are direct evidence of this mechanism's efficacy (Roberts et al,,
2020; Turner et al.,, 2003). Its influence on the hippocampus is necessarily more indirect, given the
low density of DAT in this region (Ciliax et al., 1999), likely occurring via PFC-hippocampal
projections. This may explain why its effects on hippocampus-dependent long-term memory are

far more variable and highly dose-dependent (Shuman et al., 2009). Therefore, a strategic
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combination therapy could influence these distinct temporal profiles: modafinil could be
administered before a learning session to enhance focus and WM capacity, creating the optimal
conditions for encoding. Subsequently, caffeine could be administered post-session to specifically
facilitate the biological process of consolidating that newly encoded information into a stable, long-

term memory (Fig. 9).

Model of Temporal Complementarity

<

Learning Enhancing
Event Consolidation
(( C’ ) o \
Modafinil !) Caffeine
T Attention « Facilitates LTP
T Working Memory ) « Stabilizes Memory Trace
1 Executive Function 1 Enhances Consolidation
\_ Enhanced "front-end" processing )
L Synergistic Outcome: Optimized Memory Engram Formation

Figure 9: A Proposed Model of Temporal Complementarity. This model illustrates a strategic, timed
combination of modafinil and caffeine to enhance different phases of memory processing. Modafinil
administration targets the "front-end" encoding phase by inhibiting the dopamine transporter (DAT),
which enhances attention, working memory, and executive function. Subsequently, caffeine targets
the "back-end" consolidation phase by antagonizing A; and A,A adenosine receptors to facilitate long-
term potentiation (LTP), stabilize the memory trace, and enhance consolidation. The combination of
these distinct, time-sensitive interventions leads to a synergistic outcome: the formation of an
optimized memory engram. Made in Biorender.com.

The molecular foundations of a potential synergy extend beyond this behavioral complementarity.
A plausible interaction could occur directly within the dopaminergic system. The modest, indirect
increase in dopamine release caused by caffeine's adenosine antagonism (Acquas, 2002) could
potentiate the more direct and sustained increase in dopamine availability caused by modafinil's

blockade of DAT. Furthermore, their effects may converge on intracellular signaling cascades. Both
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D1-like dopamine receptor activation and B-adrenergic receptor activation are known to couple
positively to adenylyl cyclase, the enzyme that produces cAMP. As caffeine also increases cAMP
levels by disinhibiting this enzyme via A, receptor blockade, their co-administration could lead to
a supra-additive effect on the cAMP/PKA pathway, a core signaling cascade for establishing

persistent synaptic plasticity and long-lasting memories (Frey, 1993; Gelinas & Nguyen, 2005)
5.2 Methodological Considerations and Future Directions

While the potential for synergy is fascinating, our current understanding is limited by significant
methodological challenges that must be addressed in future research. In the field of caffeine
research, the "withdrawal reversal" phenomenon remains a critical confound that potentially

inflates the substance's perceived benefits (James, 2014). The standard practice of testing habitual

users after overnight abstinence means that observed improvements may not represent genuine
cognitive enhancement but rather a simple restoration of performance from a withdrawal-induced
deficit state (Rogers & Dernoncourt, 1998). Future studies should adopt more rigorous designs, such
as including caffeine-naive participants or implementing extended washout periods, to distinguish

between true enhancement and withdrawal alleviation.

Modafinil research, on the other hand, is susceptible to significant heterogeneity in experimental
protocols, particularly regarding dosage. The highly dose-dependent and sometimes contradictory
findings are a recurring theme. The work by Shuman et al. (2009), which demonstrated that a low
dose of modafinil enhanced contextual fear memory while a high dose impaired it, suggests a
narrow optimal window for enhancement. Furthermore, findings that chronic modafinil can
impair operant learning and block PFC LTP (Burgos et al., 2010) highlight the potential for negative
cognitive consequences at higher or sustained doses. These results require a more systematic
approach to dose-finding in future studies to identify the specific parameters that yield cognitive

benefits without adverse effects.

Most importantly, there is an absence of controlled, experimental studies investigating the
combined effects of caffeine and modafinil. The frequent co-consumption in real-world settings
stands in sharp contrast to the lack of scientific data. While one pharmacokinetic study suggested

a low risk of metabolic interactions (Rowland et al., 2018), this does not preclude the possibility of

significant pharmacodynamic interactions at the neural circuit level. Therefore, the most critical
future direction is the implementation of well-controlled, factorial (2x2) combination trials. Such

studies must systematically test the temporal complementarity hypothesis by examining staggered
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administration timing relative to specific memory tasks (e.g., modafinil pre-encoding, caffeine post-
encoding). Integrating neuroimaging methodologies like fMRI would be particularly powerful,
allowing researchers to observe how these substances jointly modulate functional connectivity
between prefrontal and hippocampal circuits during memory tasks. These mechanistic insights are
essential for moving beyond behavioral observation to a true understanding of their synergistic

potential.
5.3 Ethical and Societal Implications

The advancement of cognitive enhancement strategies, including a potential caffeine-modafinil
combination, necessitates a concurrent discussion of the profound ethical and societal implications.
A primary concern is the issue of fairness and access. Given that caffeine is an inexpensive and
globally accessible consumer good, while modafinil is a regulated prescription medication, a
proven synergistic combination could create a new tier of cognitive enhancement available only to
those with a prescription or the means to acquire it illegally. This could worsen existing societal
inequalities in academic and professional settings, creating pressure for "forced enhancement"”
where individuals feel induced to use these substances to remain competitive (Sahakian et al,,
2015).

Beyond access, the long-term safety of chronic co-administration remains a significant unknown.
The brain is a highly adaptive organ, and long-term pharmacological manipulation can lead to
unforeseen changes. Chronic caffeine use is known to induce homeostatic adaptations, such as the
upregulation of adenosine receptors, which can lead to tolerance and withdrawal (Blaise et al,,
2018). While modafinil's low affinity for DAT suggests a lower abuse potential than classical
stimulants (Engber et al., 1998), the consequences of its sustained elevation of dopamine and orexin
signaling on brain development, mood regulation, and sleep are not fully understood (Kumar,
2008). A thoughtful and ongoing societal dialogue is essential to establish evidence-based guidelines
that balance the potential for individual benefit with the risks of unintended long-term

consequences and societal pressures.
5.4 Conclusion

In conclusion, caffeine and modafinil are fundamentally different tools for cognitive enhancement.

They are not interchangeable, but rather complementary, targeting distinct temporal phases of
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hippocampal-dependent memory. Caffeine's well-defined role in enhancing 'back-end' memory
consolidation via adenosine receptor antagonism stands in contrast to modafinil's more reliable
enhancement of 'front-end' executive functions through dopaminergic and orexinergic
modulation. The evidence reviewed in this thesis strongly supports a model of temporal
complementarity, where the strategic and timed combination of these substances holds significant
synergistic potential. However, this potential is currently based on a theoretical framework derived
from their individual mechanisms. Its validation requires a new wave of rigorous scientific
investigation focused on controlled combination studies, addressing the methodological challenges
of past research. As society increasingly deals with the ethics and practice of cognitive
enhancement, such evidence-based research is important. Understanding the precise nature of the
interaction between the world's most popular psychoactive substance and one of its most popular
"smart drugs" is critical not only for advancing neuroscience but also for safely and fairly guiding

the future of human cognitive performance.
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