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Abstract

Caffeine is a widely consumed psychostimulant known to affect memory, yet its dual role in
impairing long-term potentiation (LTP) while enhancing cognitive performance remains unresolved.
This study aimed to clarify this paradox by investigating the differential effects of caffeine on distinct
forms of synaptic plasticity in the hippocampus. Using extracellular recordings in mouse
hippocampal slices, we assessed long-term (LTP and E-S potentiation), short-term plasticity, and
neuronal excitability under 30 pM caffeine exposure — a physiologically relevant concentration. Our
findings confirm that caffeine suppresses LTP but does not inhibit E-S potentiation; instead, it
enhances it. Furthermore, caffeine alters excitability in a form-dependent manner, reducing it
following LTP and increasing it following E-S potentiation. We also show that caffeine blocks short-
term synaptic plasticity regardless of prior LTP induction. These results suggest that E-S potentiation
may serve as a caffeine-resistant mechanism for memory formation, potentially mediated by selective
modulation of adenosine receptors. This study provides new insight into how caffeine influences
synaptic processes underlying learning and memory.

Keywords: caffeine; LTP; E-S-potentiation; adenosine receptors; synapse; hippocampal slices;
memory mechanisms

1. Introduction

Caffeine is one of the most commonly used psychostimulants in the world [1,2]. Despite that,
the scientific research into its effects is scarce as is the knowledge of the mechanisms of its influence
on cognitive processes such as memory.

It has been demonstrated that caffeine in physiological concentrations of 20-50 uM (for humans
after 2-3 cups of coffee per day, in blood plasma) or 25 pM (observed in the murine brain
parenchyma) inhibits long-term potentiation (LTP) [3,4]. At the same time it was shown that caffeine
improves memory in healthy people in the experiments using various research paradigms [1,5-9] as
well as in animals [10-12]. Therefore, if we think the LTP to be a primary mechanism of long-term
memory formation, a contradiction seems to occur: caffeine simultaneously suppresses the LTP and
improves memory at the same time. Nevertheless, if synaptic plasticity in general is to be recognised
as a neuronal memory formation and learning mechanism, a form of long-term plasticity other than
LTP should be considered.

Contemporary literature indicates that almost all effects of caffeine can be explained by its
antagonistic relations with two types of adenosine receptors, namely A: and Aa [3,4,13,14]. Both are
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common throughout the brain and in the hippocampus in particular [15]. While Aireceptors suppress
synaptic transmission [15-22], Az2a receptors disable AiR-dependent inhibition, control glutamate
release and modulate NMDAR activity [15,23-27]. Thereby we assumed the existence of a type of
plasticity which would be unaffected by caffeine-dependent inhibition and therefore provides a basis
for memory formation. It was reported that in case of synaptic plasticity induced by high-frequency
stimulation endogenous extracellular adenosine primarily activates A2aR as opposed to the case of
base-rate synaptic transmission in which it primarily activates A1iR [3]. This allows us to suggest that
shortening the period of tethanic stimulation during the LTP induction may be sufficient to suppress
A2aR activation, thus its antagonism will not weaken this form of plasticity.

2. Materials and Methods

2.1. Animals

C57BL/6xCBA strain male mice aged 6-10 weeks were obtained from the Transgenesis
Laboratory of the Institute of Functional Genomics, Lomonosov Moscow State University.
Immediately after transporting the animals to the vivarium they were put into a quarantine in the
separate room for 10 days to rule out possible stress reaction to the transportation. After the
quarantine animals were moved in the main room of the vivarium. The mice were kept at a controlled
temperature (23 £ 2°C) and a 12 hr day/night cycle as well as with free access to food and water.

2.2. Extracellular Electrophysiological Recordings

Following vertebral transposition and subsequent decapitation, the brain from C57bl\6j mice
was quickly removed and placed in ice-cold, oxygenated (95% O2, 5% CO2) artificial cerebrospinal
fluid (ACSF; in mM: 124.0 NaCl, 4.4 KCl, 1.0 Na2HPO4, 25.0 NaHCOS3, 2.0 CaCl2, 1.0 MgCl2, 10.0
glucose). After the slices for the experiment (usually 3-6 per one brain) were prepared they were
transferred via a clipped Pasteur pipette to an incubation chamber. The whole procedure from the
transposition to the hippocampal slices transfer took no more than 3 minutes. Slices were left to rest
in the incubation chamber for at least 1 hr before electrical activity recording started. In an incubation
chamber, slices were maintained in 100 ml ACSF at room temperature and continuously oxygenated
with carbogen.

After incubation, the slices were transferred to the experimental chamber. In the experimental
chamber, the slices were kept in oxygenated ACSF with a continuous current at a rate of 2-3 ml/min
and a temperature of approximately 30°C. One group of slices (the experimental group) was exposed
to the caffeine at 30 uM during the whole of the experiment while the control group was not exposed
to the caffeine at any time.

Stimulation electrode was placed in stratum radiatum at the boundary between CA1 and CA2
areas of hippocampus so that the electrode tip barely touched the slice surface for the electrical
activity induction. A bipolar metallic wolfram tephlone-coated electrode was used in the
experiments. For electrical activity recording two glass capillar electrodes filled with 1,5 M NaCl
solution with AgCl wires inside (1 mOhm) were used. The first recording electrode was put into the
CAl stratum radiatum for the f-EPSP recording while the second was put into the CA1l stratum
pyramidale for the spike recording. The tip of each electrode was aligned with the same imaginary
longitudinal axis.

Stimulation protocol manipulation and data recording were conducted with WinWCP package
(University of Strathclyde, United Kingdom). Electric activity was recorded using high and low pass
filters (1 Hz and 1 kHz thresholds respectively), a 1000-fold amplification and a sample rate of 20
kHz. Before the recording the slices were oriented horizontally and electrodes were gradually
submerged into stratum pyramidale and stratum radiatum while discharging at a current strength of
6 mA to register the peak visual response to a fixed stimulation strength.

After the recording we calculated amplitude of spike and slope of f-EPSP. According to
Wojtowicz and Mozrzymas [28], slope of f-EPSP shows the excitation of CA1 pyramidal neurons and
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is a precise measure of a strength of synaptic activation, while amplitude of spike indicates the
number of discharging, AP-producing pyramidal neurons. Quantitative analysis was then conducted
using these data in the Clampfit 10.7 (Axon Instruments, USA).

After electrode mounting the slices were left to rest for 15 min in the experimental chamber.
Slices exposed to caffeine were also able to change neuronal excitation and set a stable excitability
background value in this time period [4]. Stimulation intensity was set within 50% to 60% of the peak
spike amplitude which was determined visually based on the input-output curves or the maximum-
minimum strength test before recording background activity. Slices were stimulated with 0.1 ms
pulses once every 30 s.

For E-S-potentiation induction a TBS 3 protocol was used, where 3 pulse bursts with 4 pulses in
one burst with 100 Hz firing rate were separated from each other by 160 ms inter-burst interval. For
LTP induction a TBS 10 protocol was used, where 10 pulse bursts with 4 pulses in one burst with 100
Hz firing rate were separated from each other by 160 ms inter-burst interval. Post-tethanic
potentiation, in the form of either E-S-potentiation or LTP, was evaluated and averaged for statistical
analysis at 35-40 minutes after the induction.

For short-term plasticity a pair-pulse protocol was used, whereas an input-output protocol was
employed to study excitability. Pair-pulse stimulation is a paired stimulation with the following eight
interstimulus intervals (ISI) — 15, 30, 50, 80, 100, 150, 250 and 400 ms. Each ISI had three recordings
averaged for each brain slice for the subsequent statistical analysis. Paired stimulation was given in
0.1 ms stimuli once in 30 s and the PPR (paired-pulse ratio) was quantified as the ratio (P2/P1)
between the slopes of the fEPSP and spike amplitude elicited by the second (P2) and the first (P1)
stimuli. The effects of drugs on PPR were estimated by comparing P2/P1 ratio in the absence and
presence of the drug.

Input-output protocols were used to evaluate excitability. It helped to assess changes in the
evoked activity parameters depending on the stimulation strength ranging from threshold strength
(x) to tenfold threshold strength. Stimulation strength was iterated logarithmically, starting with x
and increasing in the following steps: 1,3x, 1,8x, 2,4x, 3,2x, 4,2x, 5,6x, 7,5x, 10x. Each stimulation
strength value had two corresponding recordings which were subsequently averaged for each brain
slice. Stimulation was conducted with two 0.1 ms pulses with an interval of 30 ms between them.

2.3. Chemicals

CaCl2 (#SLCD6507) was obtained from Sigma Aldrich, USA. NaCl (#194848) and KCl (#194844)
from MP Biomedicals, USA; MgCl2 (#63020) from Honeywell, USA. Na2HPO4 (#A906159) was
obtained from Merck, Germany. NaHCO3 (#6885.2) was obtained from Carl Roth GmbH+Co0.KG,
Germany. Caffeine (#2071) was obtained from Calbiochem, USA. D-glucose (#Am-0188-0.5) was
obtained from Helicon (Russia). All reagents were of ultra-pure grade.

2.4. Statistics

For statistical analysis and visual representation GraphPad Prism 9.0.0 (GraphPad Software,
USA) and Excel 2016 (Microsoft, USA) were used.

Data were compared using Kruskal-Wallace test with Benjamini, Krueger, and Yekutelli
correction for multiple comparisons. Results are presented as mean values with standard deviation.
For convenience, data on short-term plasticity and excitability were grouped depending on the
hypothesis being tested, although data from all experimental groups were analyzed collectively for
each interstimulus interval and each value of stimulation strength.

3. Results

In the present study we used two main experimental protocols - to study long-term forms of
plasticity and to study short-term plasticity and excitability, as well as another protocol to study the
effect of caffeine on synaptic plasticity with the sequential use of E-S potentiation and long-term
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potentiation protocols. In all cases, for the induction of long-term plasticity, the TBS (theta-burst
stimulation) protocol was used - 10 or 3 bursts of pulses consisting of 4 pulses with a frequency of
100 Hz and an inter-burst interval of 160 ms.

The experiments were divided into 3 groups:
A. Comparison of the effects of caffeine on LTP and E-S potentiation:

(1) the control group using the LTP induction protocol (hereinafter referred to as the TBS 10 control,
n=13, hereinafter n is the sample size);

(2) experimental group exposed to 30 uM caffeine using the LTP induction protocol (hereinafter
referred to as caffeine TBS 10, n=14);

(3) the control group using the E-S potentiation induction protocol (hereinafter referred to as the
TBS 3 control, n=16);

(4) experimental group exposed to 30 uM caffeine using the E-S potentiation induction protocol
(hereinafter referred to as caffeine TBS 3, n=17);

B. studving the effect of caffeine on excitability - using the input-output protocol:

(1) the control group with the basic efficiency of synaptic transmission (without induced long-term
forms of plasticity, hereinafter referred to as the control without tetanization, n=7);

(2) experimental group exposed to 30 uM caffeine at baseline efficiency of synaptic transmission
(without induced long-term forms of plasticity, hereinafter referred to as caffeine without

tetanization n=7);

(3) control TBS 10 (n=7);
(4) caffeine TBS 10 (n=7);
(5) control TBS 3 (n=7);
(6) caffeine TBS 3 (n=7);

C. studying the effect of caffeine on short-term plasticity - using the PPS protocol:

(1) control without TBS (n=7);
(2) caffeine without TBS (n=7);
(3) control TBS 10 (n=7);
(4) caffeine TBS 10 (n=7);
(5) control TBS 3 (n=7);

)

(6) caffeine TBS 3 (n=7).

3.1. Caffeine Attenuates Long-Term Potentiation and Enhances E-S-Potentiation

To study the effects of caffeine on various forms of long-term plasticity we employed the two
protocols differing in the induction tethanisation intensity: LTP and E-S -potentiation.

After LTP induction both {-EPSP slope (168 + 34, hereinafter indicated values are expressed as
% of the background value, averaged over 35-40 minutes, mean + standard deviation, n=13) and spike
amplitude (237 + 127, n=13) increased (Figure 1A, 1B), whereas after E-S-potentiation induction f-
EPSP slope did not rise (111 + 15, n=16 (Figure 1C)). Nevertheless, the pattern of a spike amplitude
increase was comparable between LTP and E-S-potentiation induction (in E-S-potentiation, 177 + 43,
n=16 (Figure 1D)). Indeed, a statistical comparison of these forms of plasticity showed significant
differences in the f-EPSP slope at 35-40 minutes after using different tetanization protocols (Figure
1E; q < 0.0001), but did not reveal statistically significant differences in the spike amplitude (Figure
1F).
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Figure 1. Caffeine attenuates long-term potentiation and enhances E-S-potentiation. A-D shows the temporal
dynamics of: A, C - the angle of inclination of the f-EPSP; B, D - spike amplitudes with exposure to caffeine and
without it after using the LTP induction protocol - TBS 10, as well as after the induction of E-S-potentiation - TBS
3, mean =+ error of the mean. The X-axis shows the time in minutes relative to tetanization. E-F: E - median +
interquartile range of f-EPSP slope values, averaged over 35-40 minutes after tetanization; F - median *
interquartile range of spike amplitude values, averaged over 35-40 minutes after tetanization. On the graphs for
each experimental group, dots (circles, squares and triangles) indicate the values for each individual slice, the
box indicates the differences between the experimental groups, n - sample sizes, . Nonparametric Kruskal-
Wallace test with Benjamini, Kruger and Yekutelli correction for multiple comparisons. E - Kruskal-Wallace
statistics value = 25.16, p <0.0001; F - Kruskal-Wallace statistics value = 12.57, p=0.0057. Designations in the graph

legends are annotated at the beginning of the Results section.

It is known from literature that caffeine in physiological concentrations suppresses long-term
potentiation [3,4]. Figures 1A, 1B, 1E, 1F show that the same result may be obtained using the TBS
protocol (prior to this, similar studies were carried out using the 100 Hz continuous high-frequency
stimulation protocol, Lopes et al., 2019) and with a concentration of caffeine of only 30 uM as is closer
to the in vivo physiological concentration (prior to this, similar studies were carried out using a
concentration of at least 50 uM) [3,4]. Statistical comparison revealed a significant, possibly caffeine-
influenced decrease in f-EPSP slope (115 + 24, n=14, Figure 1E, g=0.0001) and spike amplitude (125 *
35, n=14, Figure 1F, g=0.004) at 35-40 minutes after tetanization.

We hypothesized that caffeine would not have an inhibitory effect on E-S-potentiation since it
was induced using only 3 rather than 10 bursts of the TBS protocol. We found that, firstly, our
assumptions were proven correct and, secondly, caffeine at a concentration of 30 uM led to a
significant increase in the of f-EPSP slope (133 + 25, n=17) after induction of E-S-potentiation in
comparison with the control group (Figure 1E, q=0.0087), although this increase was not as substantial
as an increase after the induction of LTP in control slices (Figure 1E, q=0.0102). The increase in spike
amplitude in slices with (182 + 79, n=17) and without caffeine after induction of E-S-potentiation was
comparable to that observed after induction of LTP in control sections (Figure 1F).

As seen in Figure 1 caffeine affects LTP and E-S-potentiation induction differently. Indeed, a
statistical comparison of {-EPSP slope (Figure 1E, g=0.0329 for differences between caffeine TBS 10
and caffeine TBS 3) and spike amplitude (Figure 1F, g=0.0378 for differences between caffeine TBS 10
and caffeine TBS 3) in slices exposed to caffeine after induction of various forms of plasticity showed
that caffeine inhibits long-term potentiation, but does not have an inhibitory effect on E-S
potentiation.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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3.2. Caffeine Decreases Excitability in Spike Amplitude After Induction of LTP and Increases it After
Induction of E-S Potentiation Relative to Values Before Tetanization

To investigate effects of caffeine on excitability the input-output protocol was used.

We suggested that differences in the effects of caffeine on LTP and E-S-potentiation may be
explained by an increase in excitability after TBS 3 protocol application. Figure 2 shows that this
hypothesis may be correct for spike amplitude values, however f-EPSP slope does not show a similar
increase (Figure 2C). In addition, comparison of input-output curves showed that excitability after
induction of long-term potentiation was lower with exposure to caffeine only for spike amplitude,
but not for f-EPSP slope (Figure 2E, 2F). An increase in excitability can be also noted in Figure 2D
where it rises for the spike amplitude after the application of the TBS 3 protocol with caffeine
exposure (which is not observed after the application of the TBS 10 protocol).
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Figure 2. Caffeine reduces excitability in spike amplitude after induction of long-term potentiation, and increases
it after induction of E-S potentiation (relative to values before tetanization). Comparison of input-output curves
for A,C,E, G, I-f-EPSPslope and B, D, F, H,] - spike amplitude, mean + error of the mean. A,C - comparison
of input-output curves for control and B,D - for with exposure to caffeine after using the protocol of induction
of long-term potentiation - TBS 10, after induction of E-S-potentiation - TBS 3, as well as without tetanization. E,
F - comparison of input-output curves in control slices and slices exposed to caffeine after using the tetanization

protocol TBS 10; G,H - after using the tetanization protocol TBS 3; I, ] - without tetanization. A, B: * - q<0.05
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control without TBS vs control TBS 10; ** - g<0.01 control without TBS vs control TBS 10; # - q<0.05 control TBS
10 vs control TBS 3. C, D: * - q < 0.05, caffeine without TBS vs caffeine TBS 10; # - q < 0.05, caffeine without TBS
vs caffeine TBS 3; ## - q < 0.01, caffeine without TBS vs caffeine TBS 3; ### - q < 0.01, caffeine without TBS vs
caffeine TBS 3; $ - q < 0.05, caffeine TBS 10 vs caffeine TBS 3; * - q < 0.01, caffeine TBS 10 vs caffeine TBS 3. F: * -
q <0.05, ** - q <0.01. Nonparametric Kruskal-Wallace test with Benjamini, Kruger and Yekutelli correction for
multiple comparisons. The X-axis shows the threshold multiplier, where x is the threshold value, and the Y-axis
shows % of the background value. Designations in the graph legends and sample sizes are annotated at the

beginning of the Results section.

3.3. Caffeine Blocks Short-Term Forms of Plasticity After Long-Term Plasticity Induction

To investigate short-term plasticity the PPS protocol was used.

Significant differences are found again only in case of the spike amplitude (as seen before with
the change in excitability), with the most significant one occurring at interstimulus intervals
exceeding 150 milliseconds (Figure 3). It should also be noted that slices exposed to caffeine have a
PPR value close to 100%, which indicates that caffeine blocks short-term plasticity - both short-term
facilitation and short-term depression.
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Figure 3. Caffeine blocks short-term plasticity after the induction of long-term forms of plasticity. Comparison
of PPR values for A, C, E, G, I - {-EPSP slope and B, D, F, H, ] - spike amplitude, mean + error of the mean.
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A,C - comparison of PPR values for control and B,D - for with exposure to caffeine after using the protocol of
induction of long-term potentiation - TBS 10, after induction of E-S-potentiation - TBS 3, as well as without
tetanization. E, F - comparison of PPR values in control slices and slices exposed to caffeine after using the
tetanization protocol TBS 10; G,H - after using the tetanization protocol TBS 3; L, ] - without tetanization. B: * -
g<0.05 control without TBS vs control TBS 10; ** - q<0.01 control without TBS vs control TBS 10; # - g<0.05 control
TBS 10 vs control TBS 3. J: * - q <0.05, ** - q <0.01. Nonparametric Kruskal-Wallace test with Benjamini, Kruger
and Yekutelli correction for multiple comparisons. The X-axis shows the inter-pulse interval, the Y-axis shows
the PPR value. Designations in the graph legends and sample sizes are annotated at the beginning of the Results

section.

Our analysis showed that PPR values are the same when exposed to caffeine both in the absence
of long-term plasticity induction protocols and after various tetanization protocols (Figure 3C, 3D).
Therefore, the effects of caffeine on short-term plasticity do not change after the application of
tetanization protocols.

For both tetanization protocols, no significant difference was found for either the f-EPSP slope
angle or the spike amplitude (Figure 3E-3H). Considering these data and analysis of the comparison
of the effects of caffeine without the induction of long-term forms of plasticity and after the
application of tetanization protocols, it can be concluded that the changes that occurred after the
induction of long-term plasticity in caffeinated slices do not affect short-term changes in the efficiency
of synaptic transmission.

4. Discussion

4.1. Effects of Caffeine on Long-Term Forms of Plasticity and After-Induction Excitability Changes

Lopes and colleagues showed in their studies two-sided effects of caffeine in non-toxic
concentrations on synaptic transmission and synaptic plasticity, including differential antagonism of
inhibitory AiR and synaptic-facilitating A2AR [4]. At the same time a link between A2AR-only
antagonism and LTP inhibition was established. Moreover, in a review paper by Costenla and
colleagues authors supposed a predominantly A2AR-related activation by the endogenous adenosine
during high frequency-induced synaptic plasticity [3].

These studies’ findings allowed us to hypothesize an absence of caffeine’s inhibitory effect on
LTP if the potentiation is due to the high frequency stimulation with a duration lower than usual,
thus escaping the A2AR activation usually accompanying this process.

To test this hypothesis we chose to use the TBS 3 stimulation protocol, that is, a protocol with
only 3 bursts of pulse instead of 10 bursts common for the LTP induction, 4 pulses in a burst with a
frequency of 100 Hz and an interval between bursts of 160 ms. It is with this particular stimulation
protocol we were able to achieve a non-LTP type of long-term plasticity, namely E-S potentiation,
indicated by potentiation of spike but not f-EPSP. In LTP both of these parameters are subjects to
potentiation (Figure 1) [29].

Our results show a confirmation of our hypothesis: caffeine does not cause an inhibition in the
E-S-potentiation and, moreover, it seems to relatively increase the f-EPSP slope (Figure 1C, 1E).

We supposed that an increase in f-EPSP slope after the TBS 3 protocol application with exposure
to caffeine is caused by antagonism to the AiR receptors at the presynaptic sites due to the fact that
this very mechanism causes a caffeine-enabled increase in synaptic transmission efficiency at the base
rate [4]. In this case, we would observe a similar pattern of excitability increase for the f-EPSP slope
and for the spike amplitude after using the E-S-potentiation induction protocol. This should happen
because AiRs are associated with Gi/Go adenylate cyclase-inhibiting proteins [30,31]. In addition,
AiRs also regulate phospholipase C activity [32], inhibit N- and P/Q-type calcium channels [21], and
activate inward-rectifying potassium channels [33]. Due to the fact that caffeine is an AR antagonist
and this receptor is also localized at the presynaptic sites [34], its binding to this metabotropic
receptor leads to an increased formation of cyclic adenosine monophosphate (cAMP), activation of
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protein kinase A (PKA), a decrease in calcium channel inhibition and, therefore, to an increased
mediator release [30]. Despite that, our study of effects of caffeine on excitability using the input-
output protocol demonstrated an increase in the excitability for the f-EPSP slope under caffeine
exposure only for for average stimulation strength values (Figure 2C) while for spike amplitude an
increase in excitability occurs at all stimulation strength values (Figure 2D). Therefore, the increase
in the f-EPSP slope after induction of E-S-potentiation with caffeine cannot be explained only by
antagonism of presynaptically localized adenosine A: receptors.

It should also be noted that excitability for the f-EPSP changed in a nearly identical manner
under caffeine exposure and after LTP induction compared to the control (Figure 2C).

These results allow us to suppose that the effects of caffeine may be related to the processes that
occur during the induction of long-term forms of plasticity by the TBS protocol.

It was demonstrated earlier that a single pulse burst aimed at one part of the neuron can
“prepare” the neuronal circuit in such a way that the second pulse burst aimed at another part of that
neuron will lead to long-term plasticity appearing after 160-200 ms [35]. One feature of this plasticity
is that it only appears in synapses activated by the second pulse burst. This happens because the first
single pulse burst activates an inhibitory postsynaptic potential (IPSP) via a direct synaptic
connection, which suppresses EPSPs caused by the same or subsequent bursts during the following
100-150 ms. Theta frequency is optimal for LTP induction since the direct inhibition is suppressed
after the activation and does not recover for one second after [36,37]. Due to this activation the second
pulse burst happening in the time frame of 160-200 after the first causes peak postsynaptic
depolarisation in the pyramidal neuron. Larson and Munkacsy supposed that earlier pulse bursts
(occuring earlier than 160 ms after the first one) would cause decreased EPSP values suppressed by
the recovering IPSP [35]. Other authors have shown that suppression of inhibition is mediated by
metabotropic GABAs receptors and is caused by a decrease in GABA release [38—40].

Other set of factors influencing the dendritic depolarisation and synaptic NMDAR activation are
the substances enhancing the AMPAR activity by amplifying the glutamate release or by AMPAR
allosteric modulation, ampakines [35]. Ampakines increase the depolarisation while at the same time
not affecting the temporal pattern of burst response amplification. Consequently, ampakines enhance
LTP induced by suboptimal sets of stimulation packs (eg, a set of 5 packs), but do not change the
possible peak LTP [41].

From literature we know that f-EPSP slope mainly reflects the postsynaptic AMPAR activation
[42]. We also now know that after the LTP induction the amount of AMPAR on the postsynaptic
membrane increases, which apparently does not occur after the induction of E-S-potentiation in the
control (no increase in the f-EPSP slope is observed).

Arai and Lynch have demonstrated that a selective AiR antagonist significantly reduces the
number of pulses required to obtain the peak response after tetanization [41]. However, the selective
A1R antagonist did not increase the peak response (in our article the f-EPSP slope) observed after 10
bursts. Thus, blockade of AiR appeared to change potentiation after tetanization with the TBS
protocol, but did not affect the upper limit of response value. The researchers also found that a
selective A1R antagonist increased the response value during tetanization. Arai and Lynch supposed
that postsynaptic adenosine receptors can influence the entry or buffering of Ca?" in dendritic spines
and thereby affect the degree of activation of potentiation mechanisms. A similar effect, namely an
increase in response when using 5 rather than 10 packs during tetanization with the TBS protocol,
was obtained by researchers using aniracetam. Aniracetam is a drug that increases the efficiency of
synaptic transmission by increasing the average opening time of AMPAR channels.

Thus, the observed increase in f-EPSP slope and increase in average excitability after using the
TBS 3 protocol suggests that these changes are associated with the effect of caffeine on
postsynaptically localized A1 receptors, which, in turn, increases AMPAR activity (possibly by
increasing the opening time of their channels). AiRs have been shown to regulate AMPAR
phosphorylation which is consistent with this suggested mechanism [43]. The same seems to be the
case after using the TBS 10 protocol with caffeine, since for the average stimulation strength an
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increase in excitability for the f-EPSP slope is also observed. But despite this, LTP with 10 bursts of
TBS still requires activation of postsynaptically localized A2ARs that control NMDA receptors
[24,26,27]. When exposed to caffeine, A2ARs are blocked and despite an increase in the opening time
of AMPARs, which mediate fast (less than 10 ms) synaptic transmission, LTP cannot occur due to the
fact that NMDARSs are inactivated [31].

Let us turn to a discussion of the effects of caffeine on parameters such as spike amplitude. As
already mentioned, for slices exposed to caffeine, after application of the TBS 3 protocol the
excitability for spike amplitude is higher than after application of the TBS 10 protocol and than for
values without any tetanization whatsoever (Figure 2D). Indeed, compared to control values, the
excitability for this parameter when exposed to caffeine is similar to that after application of the TBS
3 protocol (Figure 2H) and lower after application of the TBS 10 protocol (Figure 2F).

The spike amplitude reflects the number of pyramidal neurons producing action potentials [28].
Therefore, after using the TBS 3 protocol with and without caffeine exposure, as well as after using
the TBS 10 protocol, the number of neurons generating action potentials increases in the control
sections. According to the mechanism described above, during the use of the TBS protocol, a
suppression of the inhibition of direct synaptic connection mediated by GABA receptors occurs. It
has been shown that the induction of E-S potentiation is blocked by a GABA receptor antagonist [44].
Thus, E-S potentiation and LTP induced by the TBS protocol require GABA release and GABA
receptor activity. We do not observe AiR involvement in this process, since after the use of the TBS 3
protocol, the spike amplitude increases with caffeine in the same way as in the control (Figure 2D,
2H).

We also observed a decrease in spike amplitude compared to control after using the TBS 10
protocol (Figure 2D, 2F). We know from the literature that the inhibition of LTP induction by caffeine
is associated with its A2A receptor antagonism [3,4]. We hypothesized that during the TBS 10
protocol, more GABA is required to suppress the direct synaptic connection inhibition than with the
TBS 3 protocol, since apparently this suppression occurs for each burst. Next, we reasoned that the
GABA receptor-mediated suppression of the direct synaptic connection inhibition using the TBS 10
protocol is modulated by A2AR. Data from literature supports a part of our hypothesis — some
experiments show a modulation of GABA release by A2A receptors [45], and an A2A receptor agonist
has been shown to increase GABA release [46]. Further studies on the amount of GABA release after
each TBS burst, as well as experiments with selective A2AR antagonists, are needed to adequately test
our hypothesis.

4.2. Effects of Caffeine on Short-Term Synaptic Plasticity

In investigating the effect of caffeine on short-term plasticity, we found that caffeine reduced
short-term facilitation compared to control at baseline synaptic transmission efficiency for spike
amplitude (without induced long-term plasticity, Figure 3D). Of course, the observed changes may
be due to the fact that the data for the f-EPSP slope are too scattered, since the shape of the curves of
changes in PPR values depending on the interstimulus interval for the f-EPSP slope visually repeats
the shape for the spike amplitude (Figure 3C, 3D). This hypothesis is supported by the fact that other
researchers have already studied the effect of caffeine on PPR values for the f-EPSP slope and found
that caffeine reduces short-term facilitation for it [4]. However, the study describing these changes
was conducted using a higher concentration of caffeine than in our study, namely 50 uM, and caffeine
has a concentration-dependent effect on base synaptic transmission with a maximum of this effect
recorded at 50 pM [4]. Taking into consideration both the fact that we still did not find statistically
significant differences for the angle of inclination of {-EPSP and the 30 uM caffeine concentration used
in our study, we will try to give another explanation for the change in PPR values.

I. V. Kudryashova [47] suggested that changes in the PPR parameter (both in our case and in
Lopes and co-authors [4], they manifest as the suppression of short-term facilitation) are better
detected when measuring the amplitude of spike, and not the f-EPSP slope, since there is no
significant effect of neuron hyperpolarization on the magnitude of the input synaptic current. In the
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same article, I. V. Kudryashova proved that the decrease in short-term facilitation for short
interstimulus intervals is associated with the activation of GABA receptors, since the blockade of
these receptors by bicuculin prevented this effect. However, the changes in the PPR parameter for
longer interstimulus intervals may probably depend on other factors that have yet to be investigated.

Since we observed suppression of short-term facilitation by caffeine without the use of
tetanization protocols, this suggests that this effect of caffeine may be associated either with its action
on GABA receptors, or on postsynaptic Ca?* concentration and Ca?*/calmodulin signaling
mechanisms, or a combination of these mechanisms and, possibly, some others not yet known. The
analysis of the effect of caffeine on excitability showed that AMPAR activity is regulated by AiR.
Additionally, it was mentioned in the literature that AiR inhibits N- and P/Q-type calcium channels,
which in turn regulates the concentration of Ca?. It seems therefore likely that we can suppose that
caffeine reduces short-term facilitation due to its effect on postsynaptic Ca* concentration and
increase in AMPAR activity via AiR antagonism. Since we did not observe changes in PPR values
under the influence of caffeine and after application of tetanization protocols (Figure 3), this may
mean that A2AR does not affect this process.

5. Conclusions

Our study demonstrates that caffeine at physiologically relevant concentrations (30 uM)
differentially modulates distinct forms of synaptic plasticity in the hippocampus. While it inhibits
classical long-term potentiation (LTP), caffeine does not suppress — and may even enhance — E-S
potentiation, a form of long-term plasticity characterized by increased neuronal excitability without
changes in synaptic strength. This selective action suggests that E-S potentiation may represent a
caffeine-resistant mechanism of memory formation. Moreover, we observed that caffeine alters
neuronal excitability in a plasticity-specific manner and consistently blocks short-term synaptic
plasticity regardless of prior tetanization. These findings support the hypothesis that caffeine’s
complex effects on memory and plasticity are mediated through its antagonism of adenosine Al and
A2A receptors, affecting both presynaptic and postsynaptic signaling pathways. Future studies
focusing on receptor-specific pharmacology and intracellular signaling dynamics are warranted to
further elucidate the mechanisms underlying caffeine’s selective modulation of synaptic plasticity.
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Abbreviations

The following abbreviations are used in this manuscript:

AIR Adenosine Al Receptor

A2AR Adenosine A2A Receptor

ACSF Artificial Cerebrospinal Fluid

AMPA a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
AMPAR AMPA receptor

AP Action Potential

cAMP Cyclic Adenosine Monophosphate

EPSP / f-EPSP  Excitatory Postsynaptic Potential (field EPSP)
E-S-potentiation EPSP-spike-potentiation

GABA Gamma-Aminobutyric Acid

GABAB GABA type B receptor

IPSp Inhibitory Postsynaptic Potential

ISI Interstimulus Interval

LTP Long-term potentation

NMDA N-methyl-D-aspartate

NMDAR NMDA receptor

PKA Protein Kinase A

PPR Paired-Pulse Ratio

PPS Paired-Pulse Stimulation

TBS Theta-Burst Stimulation
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