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Abstract
Epidemiological studies indicate that the consumption of caffeine, the most commonly ingested psychoactive substance 
found in coffee, tea or soft drinks, reduces the risk of developing Alzheimer’s disease (AD). Previous treatment studies 
with transgenic AD mouse models reported a reduced amyloid plaque load and an amelioration of behavioral deficits. It has 
been further shown that moderate doses of caffeine have the potential to attenuate the health burden in preclinical mouse 
models of a variety of brain disorders (reviewed in Cunha in J Neurochem 139:1019–1055, 2016). In the current study, we 
assessed whether long-term caffeine consumption affected hippocampal neuron loss and associated behavioral deficits in 
the Tg4-42 mouse model of AD. Treatment over a 4-month period reduced hippocampal neuron loss, rescued learning and 
memory deficits, and ameliorated impaired neurogenesis. Neuron-specific RNA sequencing analysis in the hippocampus 
revealed an altered expression profile distinguished by the up-regulation of genes linked to synaptic function and processes, 
and to neural progenitor proliferation. Treatment of 5xFAD mice, which develop prominent amyloid pathology, with the 
same paradigm also rescued behavioral deficits but did not affect extracellular amyloid-β (Aβ) levels or amyloid precursor 
protein (APP) processing. These findings challenge previous assumptions that caffeine is anti-amyloidogenic and indicate 
that the promotion of neurogenesis might play a role in its beneficial effects.
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Introduction

Epidemiological studies had suggested that coffee intake 
might be inversely linked with a variety of different diseases, 
such as type 2 diabetes [2], cardiovascular [3] or neurode-
generative diseases [4]. In particular, several human studies 
had indicated that a daily caffeine consumption equivalent 

to 3 or more cups of coffee reduced cognitive decline in 
woman and man without dementia [5–7]. In a case–control 
study, plasma caffeine levels were found to be significantly 
lower in mild cognitive impairment (MCI) subjects that later 
converted to dementia compared to stable MCI subjects [8]. 
Other studies had focused on possible beneficial effects 
of caffeine in patients suffering from Alzheimer’s disease 
(AD). It has been reported that plasma and cerebrospinal 
fluid (CSF) levels of the caffeine metabolite theobromine 
showed a significant positive correlation with CSF Aβ42 
levels, though no correlation between caffeine consumption 
and CSF Aβ42 levels was established [9]. A recent study 
from South Korea described that a lifetime intake of 2 or 
more cups of coffee per day is associated with lower brain 
Aβ positivity, as assessed by Pittsburgh compound B posi-
tron emission tomography (PET) [10]. In a 21-year follow-
up study, the consumption of 3–5 cups of coffee starting in 
midlife was associated with a reduced risk of AD in later 
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life [11]. In another study, AD patients were found to have 
consumed considerably less caffeine during the 20 years pre-
ceding their AD diagnosis when compared to age-matched 
non-AD patients [12]. Although these correlative findings 
suggest that long-term caffeine consumption may protect 
against cognitive decline, important caveats are that these 
retrospective studies are based only on the memorization of 
the patients, and that the effects of caffeine might be influ-
enced by confounders such as personal lifestyle choices (e.g. 
diet or physical activity). However, experimental studies in 
different preclinical rodent models of dementia have also 
provided evidence that oral caffeine intake might be able to 
mitigate cognitive impairment [13–16]. While it has been 
demonstrated that the effects of caffeine on synaptic trans-
mission and hippocampal plasticity are mainly mediated by 
a selective antagonism of adenosine receptors [1, 17, 18], 
there is also evidence that caffeine might act potentially 
through direct suppression of brain Aβ production [19–21]. 
However, it has to be noted that caffeine also prevents mem-
ory dysfunction in numerous conditions unrelated to amy-
loid production [1], such as attention-deficit hyperactivity 
disorder [22], diabetic encephalopathy [23], convulsions 
[24], chronic stress [18] or depression [25].

Here, we evaluated the effects of chronic oral caffeine 
intake in two transgenic AD mouse models, 5xFAD and 
Tg4-42, providing a wider spectrum of AD phenotypes 
including progressive neuronal loss. Tg4-42 mice overex-
press the Aβ4-42 peptide sequence, one of the most abundant 
Aβ variants in human AD brain [26], but without concomi-
tant overexpression of the human amyloid precursor protein 
(APP) and without any mutations linked to autosomal-dom-
inant forms of AD. These mice present with age-dependent 
CA1 neuronal loss, accompanied by memory and motor defi-
cits and impaired hippocampal neurogenesis [27–29]. The 
widely used and well-characterized 5xFAD mouse model 
overexpresses mutant forms of human APP and presenilin-1 
(PSEN1) under the control of the murine Thy1 promoter 
[30]. These animals develop typical AD hallmarks includ-
ing robust extracellular amyloid plaque deposition, work-
ing memory impairment, and neuroinflammation in an age-
dependent manner [30–32]. We report that long-term oral 
caffeine intake was able to completely rescue the observed 
learning and memory deficits in both of the AD mouse mod-
els. Moreover, caffeine supplementation reduced the CA1 
neuronal loss and ameliorated impaired neurogenesis in the 
Tg4-42 mouse model. Strikingly, the extracellular Aβ plaque 
load, brain Aβ1–42 levels, and the neuroinflammatory phe-
notype of 5xFAD mice were largely unaffected by caffeine 
treatment.

Materials and methods

Mice

Generation of the Tg4-42 mouse model has been described 
previously [33]. In brief, this mouse model uses the murine 
Thy1 promotor to overexpress a genetic construct com-
prising the human Aβ4-42  sequence fused to the murine 
thyrotropin-releasing hormone (TRH) signal peptide, pro-
moting Aβ4-42 secretion. Tg4-42 mice were generated and 
maintained in a homozygous manner on a C57Bl/6 J genetic 
background. 5xFAD mice (line Tg6799) mice [30] have been 
back-crossed for more than ten generations to C57BL/6 J 
wild type mice and were maintained on a C57BL/6 J genetic 
background as a heterozygous transgenic line. These mice 
overexpress human APP695 (carrying the Swedish, Flor-
ida and London mutations), as well as mutant human pre-
senilin-1 (PSEN-1), (with the M146L and L286V muta-
tions), both under the control of the murine Thy1 promoter. 
C57Bl/6 J mice (WT) served as controls (Jackson Labo-
ratories, Bar Harbor, ME, USA). In this study, both male 
and female animals were used. All animals were handled 
according to German guidelines for animal care and all 
experiments have been approved by the local animal care 
and use committee (Landesamt für Verbraucherschutz und 
Lebensmittelsicherheit (LAVES), Lower Saxony).

Treatments

Chronic oral caffeine treatment was initiated at 2 months 
of age (Fig. 1A). Caffeine (Sigma-Aldrich, #C0750) was 
administered orally via drinking water at a dose of 300 mg/l 
[20, 34] for a period of 4 months and was maintained until 
mice were sacrificed [24]. Water consumption was measured 
daily during the behavioural analysis to assess average daily 
caffeine intake in all treatment groups, and in the control 
groups (WT, Tg4-42hom and 5xFAD) receiving tap drinking 
water. Mice were kept in groups of 3–4 animals in standard 
cages equipped with cardboard roles and nesting material. 
Access to food and water was provided ad libitum.

Behavioural testing

To assess potential beneficial effects of long-term caffeine 
treatment with regard to learning and motor behaviour, 
Tg4-42 and 5xFAD mice were tested at the end of the treat-
ment period at 6 months of age in a set of anxiety, motor, as 
well as learning and memory tests [WT, WT caffeine, Tg4-
42, Tg4-42 caffeine, 5xFAD, 5xFAD caffeine (n = 13–14 
each)]. Animals were kept on a 12 h/12 h inverted light/dark 
cycle (light phase from 8 PM to 8 AM) and were sacrificed 
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immediately after the last day of testing. All behaviour 
experiments were carried out during the dark phase between 
9.00 AM and 3 PM. A scheme illustrating the behavioural 
testing timeline is shown in Supplementary Fig. 1.

Accelerating rotarod

Motor coordination and balance skills were analysed using 
the accelerating rotarod test [35] (RotaRod, TSE Systems 
GmbH, Bad Homburg, Germany). Over two consecutive 
days (4 session per day with 15 min inter-trial interval), each 
mouse was individually placed on the rod [acceleration from 
4 to 40 revolutions per minute (rpm)] over a maximum ses-
sion duration of 5 min. Sessions were finished when animals 
fell off, or the maximum time was reached, and latency to 
fall (s) was recorded as an indicator of motor abilities. The 
apparatus was cleaned between sessions with 70% ethanol 
solution to avoid odour cues.

Balance beam

The balance beam was used to evaluate fine motor coordina-
tion and balance of the mice as described previously [31]. A 
beam (50 cm × 1 cm) was attached between two platforms 
(9 cm × 15 cm), elevated 45 cm above a cushioned surface. 
Animals were placed at the centre of the beam, facing one 
of the two platforms and the latency to fall was recorded as 
the average of three 1 min trials. Mice were allowed to rest 
for at least 10 min between trials. If the mouse managed to 
reach a platform or remained on the beam throughout the 
trial, the maximum time (60 s) was recorded. Between the 
trials, the apparatus was cleaned with 70% ethanol solution 
to diminish odour cues.

Elevated plus maze

The elevated plus maze (EPM) was used to assess explora-
tory behavior and anxiety levels [31]. The EPM is raised 
75 cm above a padded surface and consists of four arms in 
a “ + ” configuration of 15-cm length and 5-cm width. Two 
oppositely positioned arms contained lateral walls (closed 
arms), whereas the other pair of arms were opened (open 
arms). Experiments were carried out under red light condi-
tions, and mice were placed in the central area of the appa-
ratus facing one of the open arms. Mice were allowed to 
explore the maze freely for 5 min. Travelled distance, arm 
entries, average speed and time percentage spent in each arm 
were recorded and calculated using the ANY-Maze track-
ing software (Stoelting Europe). Anxiety-like behavior was 
calculated using the time spent in the open arms, with longer 
times spent in the open arms corresponding to reduced anxi-
ety levels [36]. To eliminate odor cues, the EPM was cleaned 
after each mouse using 70% ethanol.

Open field, novel object recognition and novel 
object location

The open field (OF) test was used to analyze locomotor 
activity, exploratory behaviour and anxiety levels. During 
the OF test, mice were placed in the middle of a square 
box (50 × 50 cm), which they could freely explore for 5 min. 
The total time spent in the central part of the arena, as well 
as the total distance travelled, and the average speed were 
recorded using a video-tracking software (ANY-maze, 
Stoelting Europe).

Twenty-four hours after the OF, the novel object recogni-
tion (NOR) or the novel object location (NOL) tests were 
performed in the same box, now containing two identical 
objects (training phase). The NOR is a commonly used 

Fig. 1  Experimental design 
and housing conditions. A At 
2 months of age, WT, 5xFAD 
or Tg4-42 mice received either 
tap water or water supplemented 
with caffeine (300 mg/l) for 
4 months. At the end of the 
treatment period, behavio-
ral performance and various 
parameters of brain pathology 
were assessed. No differences 
in daily water consumption B 
or body weight C were detected 
among the different experimen-
tal groups during the behavioral 
testing (n = 14 per group). 
One-way ANOVA with Tukey’s 
multiple comparison tests. Data 
are given as means ± SD. BA 
behavioural analysis
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behavioural task to evaluate in particular recognition mem-
ory and novelty preference [37], and it has been previously 
used with Tg4-42 mice [28]. Mice were allowed to freely 
explore the objects for 5 min. Twenty-four hours later, one 
of the two objects was replaced with a novel one consistent 
in height and volume but different in shape and appearance 
(testing phase).

We did not observe deficits in 12-month-old 5xFAD mice 
with the NOR in a previous study [38], which is in line with 
data for 6-month-old 5xFAD mice published by others 
[39, 40], while the NOL task has been successfully used 
in 5xFAD mice at this time point [41]. The NOL memory 
task evaluates spatial memory and is based on the ability 
of mice to recognize when a familiar object has been relo-
cated. Twenty-four h after the OF, during the training phase, 
5xFAD mice could freely explore two duplicate objects  (O1 
and  O2), which were placed close to the far corners of the 
arena for 5 min. After a delay of 24 h, one object was placed 
in the diagonally opposite corner. Thus, in the testing phase, 
both objects were equally familiar but one was now in a new 
location [41, 42].

For both of the memory tests, object exploration was 
scored whenever the mouse sniffed the objects while look-
ing at them [43]. Data collection and video analysis were 
performed blind to the genotype and the experimental con-
ditions. The percentage of exploration time for the novel 
object/novel location and discrimination indices (DI) was 
calculated as follows:

In between trials, the arenas as well as the objects were 
cleaned with 70% ethanol to diminish odour cues.

Morris water maze

The Morris Water Maze test (MWM) [44] was used to assess 
spatial reference memory as previously described. In brief, 
mice were trained to learn to localize a submerged platform 
(ø 10 cm) in a circular pool (ø 110 cm) filled with water 
made opaque with non-toxic white paint. This test consisted 
of two learning phases and one final testing phase. First, a 
“cued training” was carried out on 3 consecutive days (4 
trials per day, each one for a maximum of 1 min), in which 
the submerged platform was marked with a triangular visible 
flag. Twenty-four h after the last trial of the cued training, 
mice performed 5 days of “acquisition training” (4 trials per 
day, each one for a maximum of 1 min) in which proximal 
cues were added around the pool and the flag was removed 
from the platform. Another 24 h later, a “probe trial” was 

% exploration time =
time at novel × 100

total exploration time
and

DI=
time at novel - time at familiar

total exploration time

used to assess spatial reference memory. During this one-
minute trial, proximal and distal cues remained in the same 
position, but the platform was removed. Since the platform 
location was kept constant during the acquisition training, 
mice with intact spatial reference memory exhibit a target 
quadrant preference. Between the trials, mice were dried 
and kept under infrared light to prevent hypothermia. All 
trials were recorded using a video-tracking software (ANY-
maze, Stoelting Europe) and parameters, such as escape 
latency, swimming speed, swimming path quadrant prefer-
ence, latency to first entry into the platform/target quadrant, 
time into the platform/target quadrant, and entries into the 
platform/target quadrant were recorded.

Tissue collection and preservation

Mice were sacrificed the day after finishing the behavioural 
experiments between 9.00 and 12.00 a.m. In brief, mice were 
deeply anesthetized and transcardially perfused using ice-
cold 0.01 M Phosphate-buffered saline (PBS), and brains 
were removed and carefully dissected. Tissues were col-
lected depending on the application as follows: for the Tg4-
42 female mice, the right hemisphere (RH) was post-fixed in 
4% formalin solution at 4 °C for at least 72 h, protected from 
the light, before embedding in paraffin. The left hemisphere 
(LH) of the Tg4-42 female mice was post-fixed in 4% para-
formaldehyde (PFA) in 0.01 M PBS for at least 24 h before 
being transferred to a 30% sucrose solution (in 0.01 PBS) for 
cryo-protection. Finally, brain tissue was deep-frozen on dry 
ice and stored at − 80 °C until further use. For the Tg4-42 
male mice, entire hippocampi and cortices from both hemi-
spheres were carefully dissected, deep-frozen on dry ice and 
stored at − 80 °C until further use. For the 5xFAD mice, the 
RH was collected as described for the Tg4-42 female mice, 
and the LH was dissected as described for the Tg4-42 male 
mice.

Quantification of CA1 neuron numbers

Neuronal quantification in the CA1 layer of the hippocam-
pus was performed with 4 μm sagittal paraffin brain sec-
tions (Bregma 1.08–1.32 according to [45]) cut on a rotation 
microtome (Microm, HM335E, Thermo Fisher Scientific, 
Germany). The slices were collected in a standardized fash-
ion and stained with haematoxylin [46]. Neuronal nuclei 
were determined by their size and distinctive characteristics 
clearly differentiating them from glial cells. Images of the 
CA1 area of the hippocampus were acquired at × 400 mag-
nification using an Olympus BX-51 microscope equipped 
with a Moticam pro 282 camera (Motic, Wetzlar, Germany). 
The number of CA1 neurons per section (n = 6 per group, 
3 sections per animal, at least 30 µm apart) was counted 
using the manual cell counting tool implemented in ImageJ 
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(version 1.52u, NIH) and calculated as relative results with 
the untreated WT group as a reference (100%). The experi-
menter was blinded with regard to genotype and treatment 
throughout the analysis.

Analysis of adult neurogenesis

Frozen cryo-protected brain hemispheres were cut into 
a series of 30 μm thick coronal sections using a cryostat 
(CM1850 UV, Leica, Germany). Every 10th coronal fro-
zen section was stained using a free-floating staining pro-
tocol to quantify the number of new-born neurons. First, 
brain sections series were rehydrated for 10 min with ice 
cold 0.01 M PBS and endogenous peroxidase activity was 
blocked for 30 min with 0.3%  H2O2 in 0.01 M PBS. Sections 
were washed in PBS-T (0.01% Triton X-100) for membrane 
permeabilization. Blocking of nonspecific bindings sites was 
performed for 1 h by incubation in 0.01 M PBS containing 
10% fetal calf serum (FCS) and 4% milk powder at room 
temperature (RT). The primary goat antibody against dou-
blecortin (DCX, sc-8066, 1:500, Santa Cruz Biotechnology, 
RRID:AB_2088494) was diluted in 0.01 M PBS contain-
ing 10% FCS and incubated overnight at RT. The quantifi-
cation of DCX-expressing cells has been demonstrated to 
allow for an accurate measurement of modulations in the 
rate of adult neurogenesis [47]. On the next day, sections 
were thoroughly washed with PBS-T and incubated with a 
secondary anti-goat biotinylated antibody (DAKO, Glostrup, 
Denmark). Staining was visualized using the ABC method 
using a Vectastain kit (Vector Laboratories, Burlingame, 
USA) and diaminobenzidine (DAB) as a chromogen. The 
total number of newborn neurons was counted in the dentate 
gyrus (DG) using the meander scan option of StereoInves-
tigator 7 (MicroBrightField, Williston, USA) to quantify all 
DCX-positive cells in a given section. The resulting neuron 
numbers were multiplied by 10 to calculate the total num-
ber of newborn neurons per hemisphere. The experimenter 
was blinded to genotype and treatment throughout the entire 
analysis. To avoid possible bias due to gender-dependent 
differences in brain size, only female mice were used for the 
quantification of CA1 neuron numbers and adult neurogen-
esis (n = 6 per group).

Immunohistochemistry on paraffin sections

For immunohistochemistry, 4 µm sections were deparaffi-
nized in xylene for 10 min and rehydrated by washes with 
decreasing ethanol concentrations (100%, 95% and 70% 
EtOH). After treatment with 0.3%  H2O2 in 0.01 M PBS for 
30 min to block endogenous peroxidases, antigen retrieval 
was performed by boiling sections in 0.01 M citrate buffer 
pH 6.0, followed by permeabilization in 0.01 M PBS incl. 
0.1% Triton X-100 and 3 min treatment with 88% formic 

acid. Non-specific-binding sites were blocked for one hour 
at RT by treatment with milk and fetal calf serum in PBS 
prior to the addition of the primary antibodies. The follow-
ing primary antibodies were used: Aβ1-x (mouse monoclo-
nal, clone 82E1, 1:1000, Cat. No. JP10323, IBL Interna-
tional, RRID:AB_10707424 [48]), 24311 (rabbit polyclonal, 
pan-Aβ, 1:500, [48, 49]), glial fibrillary acidic protein 
(GFAP) (rabbit polyclonal, 1:1000, Cat. No.173002, Syn-
aptic Systems, RRID:AB_887720) and Desmoplakin (rab-
bit polyclonal, 1:250, Cat. No. NBP2-48836, Novus Bio-
logicals). Primary antibodies were diluted in 10% fetal 
calf serum in 0.01 M PBS and incubated overnight at RT, 
followed by incubation with biotinylated anti-mouse and 
anti-rabbit secondary antibodies (Dianova, 1:200) for 1 h at 
37 °C. Staining was visualized via the ABC method using a 
Vectastain kit (Vector Laboratories, Burlingame, CA, USA) 
and DAB.

Quantification of Aβ plaque load and GFAP 
immunoreactivity

The extracellular Aβ plaque load was evaluated with anti-Aβ 
antibodies 24311 and 82E1 [48] in the cortex (Co), dentate 
gyrus (DG), subiculum (Subi), and thalamus (Thal) using 
an Olympus BX-51 microscope equipped with a Moticam 
Pro 282A camera (Motic) and the ImageJ software pack-
age (V1.41, NIH, USA) as described previously. Images 
of × 100 magnification were captured on 3 tissue sections 
per mouse, which were at least 30 μm apart from each other. 
Using ImageJ, pictures were binarized to 8-bit black and 
white images, and a fixed intensity threshold was applied 
defining the DAB signal. Measurements were performed 
for the percentage area covered by DAB [50]. Similarly, for 
GFAP staining quantification, images of × 200 magnifica-
tion were captured and the astrocyte-covered areas were ana-
lysed as described previously [49]. The relative Aβ plaque 
load or GFAP immunoreactivity is expressed normalized to 
untreated 5xFAD mice.

ELISA and western blotting

Frozen hippocampi and cortices of 6-month-old 5xFAD 
mice were homogenized in 700 μl of Tris-buffered saline 
(TBS) buffer (120 mM NaCl, 50 mM Tris, pH 8.0 with com-
plete protease inhibitor cocktail, Roche) per 100 mg tissue 
using a Dounce homogenizer (800 rpm). The resulting solu-
tion was centrifuged at 17,000×g for 20 min at 4 °C. The 
supernatant containing TBS-soluble proteins was stored 
at − 80 °C. The pellet was dissolved in 800 μl (cortex) or 
200 μl (hippocampus) of 2% SDS and sonicated followed 
by a centrifugation step at 17,000×g for 20 min at 4 °C. The 
supernatant with SDS-soluble proteins was transferred to 
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a new tube and incubated with 1 μl of benzonase at RT for 
10 min followed by storage at − 80 °C.

APP processing was analysed by Western blotting in 
TBS- and SDS-soluble hippocampal brain fractions of 
untreated and caffeine-treated 5xFAD mice. Total protein 
concentrations were determined with a BCA Protein Assay 
Kit (ThermoFisher Scientific), and equal amounts of pro-
tein were separated on 12% Bis–Tris SDS-PAGE gels and 
transferred onto PVDF membranes (Merck) by electroblot-
ting. The membranes were blocked with 5% milk powder 
in TBST (25 mM Tris, 137 mM NaCl, 2.7 mM KCl, 0.1% 
Tween 20, pH 7.4) for 1 h at RT, and then incubated over-
night at 4 °C with the primary antibody diluted in TBST. 
The following primary antibodies against APP were used: 
CT-15 (rabbit polyclonal raised against the C-terminal 15 
amino acids of human APP, 1:3500) [51]; 22C11 (mouse 
monoclonal raised against residues 66–81 of human APP, 
1:1000, kindly provided by Dr. Stefan Kins, University of 
Kaiserslautern, Germany) [51]; anti-APPs-α (mouse mono-
clonal, clone 2B3, recognizing the C-terminal neoepitope 
generated by α-secretase cleavage of APP, 1:50, IBL Cat. 
No. 11088); anti-Actin (rabbit polyclonal, 1:2000, Sigma-
Aldrich Cat. No. A2066); anti-Tubulin (mouse monoclonal, 
clone DM1A, 1:5000, Sigma-Aldrich Cat. No. T6199). Sub-
sequently, a secondary antibody labelled with a near-infrared 
fluorescent dye (IRDye 800CW goat anti-mouse IgG or goat 
anti-rabbit IgG, LI-COR Biosciences) diluted in TBST was 
added and incubated for 1 h at RT. Fluorescence signals 
were detected with the Odyssey CLx Imaging System and 
quantified using the Image Studio Software 2.1 (LI-COR 
Biosciences).

Aβ1-42 peptide levels were determined in the SDS-
fractions of cortex and hippocampal homogenates using a 
sandwich enzyme-linked immunosorbent assay (ELISA) 
as described with minor modifications [51]. To detect full-
length Aβ1–42 peptides, monoclonal antibody IC16 [52] 
was used as a capture antibody and combined with Aβ42 
C-terminus-specific detection antibody BAP15 [53]. A 
standard curve was generated with synthetic Aβ1-42 pep-
tides (JPT). 96-well high-binding microtiter plates (Greiner 
Bio-One) were incubated overnight at 4 °C with the cap-
ture antibody in PBS, pH 7.2. After excess capture anti-
body was removed, freshly diluted brain samples or Aβ1-42 
peptide standards (in PBS, 0.05% Tween 20, 0.5% BSA) 
were added. Then, the detection antibody labelled with 
horseradish peroxidase using the Pierce EZ-Link Plus Acti-
vated Peroxidase kit (ThermoFisher Scientific) and diluted 
in PBS, 0.05% Tween 20, 0.5% BSA was added to each well 
and incubated overnight at 4 °C. Plates were washed three 
times with PBS containing 0.05% Tween 20 and once with 
PBS. Subsequently, 50 μl of trimethylbenzidine ELISA per-
oxidase substrate (ThermoFisher Scientific) was added and 
incubated for 1–5 min at RT in the dark. The reaction was 

terminated by adding 50 μl of 2 M  H2SO4, and the absorb-
ance was recorded using a Paradigm microplate reader 
(Beckman Coulter) at 450 nm.

Neuron‑specific nuclear RNA sequencing

Nuclei isolation from frozen mouse hippocampal tissues 
(n = 3 per group) was performed according to a previously 
published protocol [54] with modifications. Isolated nuclei 
were stained with Anti-NeuN-Alexa488 conjugated antibody 
(Milipore, MAB377) for 1 h at 4 °C and neuronal nuclei 
were sorted using BD FACS Aria III sorter based on NeuN 
signal. Sorted nuclei were collected and RNA was isolated 
using Trizol LS reagent (Invitrogen) and Zymo RNA clean 
& concentrator-5 kit (Zymo R1014). RNAseq libraries 
were prepared using SMART-Seq v4 Ultra Low Input RNA 
Kit (Takara), followed by Nextera XT library preparation 
kit (Illumina) according to the manufacturers’ guidelines. 
Libraries were sequenced in Illumina Hiseq 2000 to get sin-
gle end 50-base-pair reads. Raw reads were mapped to the 
mouse genome (mm10) using STAR  aligner and gene-exon 
counts were obtained by subread-featurecounts. Differential 
expression analysis was performed using DESeq2. GO-term 
analysis was performed using Gene Ontology (http:// geneo 
ntolo gy. org/) and ShinyGO v0.60 [55]. Gene expression 
data have been deposited in the Gene Expression Omnibus 
(GEO) database under accession number GSE183323.

Statistical analysis

Differences between groups were tested with either one-way 
or two-way analysis of variance (ANOVA) followed by Tuk-
ey’s multiple comparison tests or unpaired t test as indicated. 
Significance levels were defined as follows: ***p < 0.001; 
**p < 0.01; *p < 0.05. All statistics were calculated using 
GraphPad Prism version 8.4 for Windows (GraphPad Soft-
ware, San Diego, CA, USA). Estimation statistics were done 
as described in [56]. In brief, for estimation based on confi-
dence intervals (CIs), raw data were directly introduced in 
https:// www. estim ation stats. com/ [57] and the results and 
graphs were downloaded.

Results

Caffeine does not affect water consumption or body 
weight of WT, Tg4‑42 and 5xFAD mice.

Starting at 2 months of age, WT, 5xFAD or Tg4-42 mice 
received either tap water or water supplemented with caf-
feine (300 mg/l) for a period of 4 months (Fig. 1A). Among 
the different experimental groups, no differences in water 
consumption were detected (Fig. 1B). In addition, body 

http://geneontology.org/
http://geneontology.org/
https://www.estimationstats.com/
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weight was recorded during the behavioural testing period 
and no significant differences were detected between the 
groups irrespective of the treatment (Fig. 1C).

Limited caffeine effects on motor performance 
and anxiety in Tg4‑42 and 5xFAD mice

Motor performance using the rotarod, balance beam and 
inverted grid tasks were analysed after 4 months of caffeine 
treatment. At this time point, no differences were noted 
between treated and untreated WT (Supplementary Fig. 2A), 
Tg4-42 (Supplementary Fig. 2B) and 5xFAD mice (Supple-
mentary Fig. 2C). However, Tg4-42 mice performed worse 
than WT control mice. This was also true for performance 
in the balance beam task (p < 0.001), but caffeine treatment 
partially rescued this phenotype resulting in a significantly 
improved performance of Tg4-42 mice (p < 0.01; Supple-
mentary Fig. 2D). Both Tg4-42 mice (p < 0.05) and 5xFAD 
mice (p < 0.001) showed less anxiety compared to WT mice, 
reflected by a higher percentage of time spent in the open 
arms of the elevated plus maze. Caffeine treatment did not 
impact this behavioural phenotype (Supplementary Fig. 3A), 
and no differences in the overall number of open arm entries 
were noted among all experimental groups (Supplementary 
Fig. 3B).

Caffeine rescues both recognition and spatial 
memory deficits in Tg4‑42 and 5xFAD mice

The open field test represents the habituation phase for the 
novel object recognition (NOR) and the novel object loca-
tion (NOL) tasks (Supplementary Fig. 4A), which were used 
to analyse object recognition memory and location prefer-
ence in untreated and caffeine-treated Tg4-42 and 5xFAD 
mice. While no obvious differences with regard to the time 
spent in the centre were observed among all experimental 
groups (Supplementary Fig. 4B), 5xFAD mice travelled a 
shorter distance in this task when compared to both WT and 
Tg4-42 mice (p < 0.05) (Supplementary Fig. 4C).

On the exploration day, the animals in all groups explored 
two identical objects equally (Fig. 2A). When tested for rec-
ognition memory 24 h later, untreated Tg4-42 mice did not 
show a preference for any of the two objects while caffeine-
treated Tg4-42 mice engaged significantly longer with the 
novel object, resulting in a performance similar to the level 
of WT animals (Fig. 2B, p < 0.001).

Spatial memory deficits in hippocampus-related tasks 
such as novel object location have been described in 
5xFAD mice [41]. In the NOL test, spatial long-term mem-
ory was evaluated. On the first day, mice were trained in 
the presence of two indistinguishable objects  (O1 and  O2), 

and no difference in the exploration time could be meas-
ured between any of the groups (Fig. 2D). When tested 
for spatial memory 24 h later, caffeine-treated 5xFAD 
mice exhibited a significantly increased preference for 
the displaced object (novel location, NL) compared to the 
untreated control group (Fig. 2E, p < 0.001). A calcula-
tion of the discrimination index (DI) showed significantly 
higher values for both the caffeine-treated Tg4-42 and 
5xFAD mice compared to the respective untreated control 
groups (Fig. 2C, F, both p < 0.001, respectively).

Caffeine rescues spatial reference memory 
in Tg‑4‑42 mice

At 6 months of age, Tg4-42 mice displayed a spatial ref-
erence memory deficit in the Morris water maze (MWM) 
task, as demonstrated previously [27]. Over 3 days of cued 
training, all groups showed decreased escape latencies, 
although Tg4-42 mice performed significantly different 
from WT mice (Supplementary Fig. 5A). This was also 
observed in the 5 days of acquisition training with WT 
mice showing shorter escape latencies compared to Tg4-42 
mice. Interestingly, caffeine-treated WT mice showed an 
even further reduced escape latency compared to untreated 
WT mice in the acquisition phase (Supplementary 
Fig. 5C). While initial swimming speed was somewhat 
slower for caffeine-treated and untreated Tg4-42 mice 
compared to their respective WT control groups (Supple-
mentary Fig. 5B; p < 0.05), all groups showed comparable 
swimming speeds during the acquisition training period 
(Supplementary Fig. 5D). In the probe trial, untreated 
Tg4-42 mice showed no clear preference for the target 
quadrant, while caffeine-treated Tg4-42 mice showed 
preserved spatial reference memory, performing at levels 
similar to WT mice (Fig. 3A; p < 0.001). Importantly, no 
differences in swimming speed were observed among all 
groups during the probe trial (Fig. 3B). Representative 
occupancy plots confirmed a more focused search strat-
egy in caffeine-treated Tg4-42 mice towards the initial 
platform position, while untreated mice displayed a more 
random pattern (Fig. 3C). Untreated Tg4-42 mice show 
a significantly reduced number of goal quadrant entries 
compared to WT (t test, mean difference − 1.86 ± 0.7 [95% 
CI − 3.297, − 0.417, p < 0.05), confirming their reduced 
performance in this task, while caffeine-treated Tg4-42 
mice showed significantly more target quadrant entries 
(Supplementary Fig. 5E; mean difference 1.79 [95% CI 
0.5, 2.93], p < 0.05) and reduced latencies of the initial 
target quadrant entry in the probe trial (Supplementary 
Fig. 5F; mean difference -5.46 [95% CI − 9.61, − 2.06], 
p < 0.05) in comparison to the untreated Tg4-42 group.
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Caffeine decreases hippocampal neuron loss 
and ameliorates impaired neurogenesis in Tg4‑42 
mice

To assess whether chronic oral caffeine consumption might 
impact CA1 neuron loss in Tg4-42 mice, the number of 
haematoxylin-stained neuronal nuclei was quantified in a 
defined area of the hippocampal CA1 region in 6-month-old 
untreated and caffeine-treated WT and Tg4-42 mice. In good 
agreement with a previous study [27], 6-month-old Tg4-42 
mice showed ~ 50% neuron loss compared to aged-matched 
WT animals (Fig. 4A, B; mean difference − 50.15 [95% CI 
− 36.36, − 63.94], p < 0.001). Compared to the untreated 
WT control group, caffeine-treated Tg4-42 mice displayed 
an ameliorated neuron loss of ~ 36% (mean difference 36.22 
[95% CI 22.43, 50.00], p < 0.001). Importantly, a direct com-
parison between treated and untreated Tg4-42 mice showed 
a ~ 28% higher CA1 pyramidal neuron number in caffeine-
treated Tg4-42 mice (Fig.  4B; mean difference 13.93 
[95% CI 0.147, 27.27], p < 0.05). Stereological analysis of 

Doublecortin (DCX)-positive cells in the dentate gyrus of 
the hippocampus revealed a strongly reduced neuron num-
ber in 6-month-old Tg4-42 compared to WT mice (Fig. 6C, 
D; mean difference − 4227 [95% CI − 5786, − 2667], 
p < 0.001). Long-term oral caffeine treatment increased the 
number of DCX-positive cells in both WT (mean difference 
2113 [95% CI 554, 3673], p < 0.01) and Tg4-42 mice (mean 
difference 2152 [95% CI 592, 3711], p < 0.01) in comparison 
to their untreated control groups (Fig. 4D).

Caffeine does not influence amyloid deposition, APP 
processing or astrocytosis in the brains of 5xFAD 
mice

5xFAD mice present with extracellular amyloid pathology 
starting at ~ 2 months of age in the hippocampus, cortex, and 
thalamus [30, 31]. To evaluate if chronic caffeine treatment 
would have an impact on amyloid deposition, the plaque 
pathology was quantified in the cortex, subiculum, den-
tate gyrus and thalamus of untreated and caffeine-treated 

Fig. 2  Long-term oral caffeine treatment ameliorated memory defi-
cits in 6-month-old Tg4-42 and 5xFAD mice. During the training 
phase on the first day (A, D), all experimental groups spent an equal 
amount of time exploring each of the similar objects  (O1,  O2). Dur-
ing the testing phase 24 h later, untreated Tg4-42 and 5xFAD mice 
did not show a preference for any of the two objects. In contrast, 
caffeine-treated Tg4-42 (B) and 5xFAD (E) mice spent significantly 

more time with the novel object (N) or with the object placed in the 
new location (NL). Calculation of the discrimination index (DI), 
showed significantly higher scores for both caffeine-treated Tg4-42 
(C) and 5xFAD mice (F) compared to the untreated groups (n = 14 
per group). Two-way ANOVA (A, B, D, E) or One-way ANOVA 
(C, F) followed by Tukey’s multiple comparisons tests. **p < 0.01, 
***p < 0.001. Data are presented as means ± SD
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5xFAD mice. Sagittal brain sections of 6-month-old mice 
were stained with Aβ antibodies detecting total Aβ (24311, 
pan-Aβ) or full-length Aβ species starting with the aspar-
tic acid at position 1 (82E1, Aβ1-x). No differences in the 
extent of the extracellular amyloid deposition were detected 
between caffeine-treated and untreated mice in all brain 
areas analysed (Fig. 5A, B).

To biochemically evaluate whether Aβ levels were altered 
in a treatment-dependent manner, Aβ1–42 levels were meas-
ured in the SDS-soluble protein fractions of brain cortices 
and hippocampi by ELISA. No differences were detected 
between the experimental groups (Fig. 5D). In the Tg4-42 
mouse model, Aβ4–42 accumulation is predominantly detect-
able in the CA1 layer of the hippocampus. In agreement with 
the data obtained in 5xFAD mice, immunohistochemical 
quantification of Aβ levels revealed no differences between 
caffeine-treated and untreated mice (Fig. 5E).

To determine whether chronic caffeine treatment modu-
lates APP processing in vivo, soluble and cell-associated 
metabolites of APP were measured in the hippocampi of 
caffeine-treated and untreated 5xFAD mice by Western 
blotting. Full-length APP levels were measured in the SDS-
soluble brain fractions (Fig. 6A), while total levels of the 
soluble APP ectodomain (sAPP) and levels of the soluble 
APP ectodomain generated by α-secretase cleavage of APP 
(sAPP-α) were determined in the TBS-soluble brain frac-
tions (Fig. 6B, C, respectively). Quantification of full-length 
APP, sAPP, and sAPP-α levels did not show differences 
between the experimental groups, indicating that caffeine 
treatment did not affect APP processing.

To evaluate whether caffeine consumption impacts dis-
ease-associated astrogliosis as one aspect of neuroinflamma-
tory pathology [58], reactive astrocytes with glial fibrillary 
acidic protein (GFAP) as a marker were quantified [59]. No 

Fig. 3  Spatial reference memory of Tg4-42 mice was improved by 
caffeine in the Morris water maze task. A While untreated Tg4-42 
mice did not show a preference for any of the quadrants in the probe 
trial, caffeine-treated Tg4-42 and WT mice presented with intact spa-
tial reference memory, spending significantly more time in the target 
quadrant (T) compared with all other quadrants (L, left; R, right; O, 

opposite). B No differences in the swimming speed were detected 
between the experimental groups during the probe trial. C Occu-
pancy plots are shown illustrating the averaged swimming traces of 
untreated and caffeine-treated animals during the probe trial (n = 14 
per group). A Two-way ANOVA with Tukey’s multiple comparison 
tests; **p < 0.01; ***p < 0.001. Data are presented as means ± SD



 M. Stazi et al.

1 3

55 Page 10 of 18

differences in GFAP signal intensities were detected in the 
cortex, dentate gyrus and thalamus between untreated and 
caffeine-treated 5xFAD mice at 6 months of age (Fig. 5C), 
which is in good agreement with unchanged Aβ pathology.

RNA sequencing of hippocampal neurons in Tg4‑42 
mice

To further investigate whether transcriptional changes might 
underlie the partial rescue of cognitive functions in Tg4-42 
mice treated with caffeine, we isolated neuronal nuclei from 
the hippocampi of Tg4-42 mice treated with caffeine or vehicle 
as well as from vehicle-treated WT mice, and performed RNA 
sequencing (Fig. 7A). When comparing vehicle-treated WT to 
corresponding Tg4-42 mice, we observed only minor changes 
in gene expression with only 22 genes that were differentially 
expressed (Fig. 7B; Supplemental Table 1). Of interest, the Ide 
gene coding for insulin-degrading enzyme was up-regulated 
in Tg4-42 mice, which has been linked to the clearance of Aβ 
peptides [60]. The up-regulation of the Trh and Thy1 genes was 
expected and can be explained by the organization of the pro-
moter construct used to drive Aβ4–42 expression [33]. These 
data suggest that neuronally produced intracellular Aβ4–42 

peptides only have a minor effect on transcriptional homeo-
stasis. In contrast, caffeine administration altered the expres-
sion of many genes (Fig. 7C, D; Supplemental Tables 2,3). 
GO analysis of the 622 genes differentially expressed between 
vehicle- and caffeine-treated Tg4-42 mice revealed that they 
almost exclusively represent key mechanisms linked to syn-
aptic function and processes, as well as to neural progenitor 
proliferation (Fig. 7E; Supplemental Table 4). These data sug-
gest that caffeine might induce a therapeutic gene expression 
response that contributes to the maintenance of cognitive func-
tions in Tg4-42 mice. Immunohistochemical staining of the 
cell–cell contact protein Desmoplakin (Dsp), encoded by the 
most strongly up-regulated gene in caffeine-treated animals, 
revealed abundant immunoreactivity mainly in the dentate 
gyrus, providing confirmation for the transcriptome analysis 
on the protein level (Fig. 7F).

Discussion

In this study, caffeine was administered in a dosage of 
0.3 mg/ml in the drinking water for a duration of 4 months. 
With an average consumption of ~ 5 ml of caffeinated water 

Fig. 4  Chronic caffeine treat-
ment ameliorated CA1 neuron 
loss and rescued neurogenesis in 
Tg4-42 mice. Quantification of 
haematoxylin-stained neurons 
revealed significantly reduced 
CA1 neuron counts in untreated 
Tg4-42 compared to WT mice, 
which was substantially ame-
liorated by caffeine treatment 
(A, B). In addition, significantly 
increased numbers of DCX-
positive cells in the dentate 
gyrus were detected in both WT 
and Tg4-42 mice after long-
term caffeine consumption (C, 
D) (n = 6 per group). One-way 
ANOVA with Tukey’s multiple 
comparison tests; *p < 0.05, 
**p < 0.01, ***p < 0.001. Data 
are presented as means ± SD. 
Scale bars: A = 200 µm; 
C = 50 µm
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per day, this results in a daily intake of 1.5 mg caffeine 
per mouse. Due to the higher metabolic rate in mice, this 
corresponds to approx. 500 mg in humans (an equivalent 

of ~ 5 cups per day) [20]. Consistent with previous studies 
reporting beneficial effects of caffeine on memory in rodent 
preclinical mouse models of dementia [14–16, 20, 34], we 

Fig. 5  Caffeine treatment did not affect amyloid pathology and astro-
gliosis. Quantification of the Aβ plaque load in the cortex (Co), sub-
iculum (Subi), dentate gyrus (DG) and thalamus (Th) of 6-month-old 
5xFAD mice using a pan-Aβ antibody A and a N-terminal specific 
antibody B showed that caffeine treatment did not alter Aβ plaque 
deposition in any of the brain regions. Staining with the astrocytic 
marker GFAP revealed comparable immunoreactivity in all four brain 
regions in untreated and caffeine-treated 5xFAD mice (n = 10–12 per 

group) (C). Conforming to the amyloid plaque load analysis, no dif-
ferences in SDS-soluble Aβ1–42 levels were detected in the cortex and 
hippocampus using ELISA (n = 11–12 per group) (D). Quantification 
of Aβ immunoreactivity in the CA1 region of 6-month-old Tg4-42 
mice showed no changes upon caffeine treatment (n = 6 per group). 
Two-way ANOVA (A-C) or unpaired t tests (D, E). Data are given as 
means ± SD. Scale bar = 100 μm
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observed a significantly improved performance in spatial ref-
erence memory tasks such as the MWM in caffeine-treated 
Tg4-42 mice. Analysis of object recognition memory also 
revealed a significant improvement in either the NOR (Tg4-
42) or the NOL task (5XFAD) upon long-term caffeine treat-
ment, resulting in a complete rescue of the deficits observed 
in both untreated transgenic lines.

A recent PIB-PET imaging study in non-demented older 
adults reported that a lifetime coffee intake of 2 or more 
cups per day was significantly associated with lower brain 
Aβ positivity, suggesting a direct relationship between cof-
fee consumption and APP metabolism [10] and levels of 
the caffeine metabolite theobromine showed a significant 
correlation with CSF Aβ42 levels in AD and MCI patients 
[9]. However, in contrast to several previous studies con-
ducted in other mouse models, we did not detect a sig-
nificant reduction in brain Aβ levels in either 5xFAD or 
Tg4-42 mice upon caffeine treatment with the chosen treat-
ment paradigm. Previously, significantly reduced levels 
of Aβ1–40 in the soluble and Aβ1–42 in the insoluble brain 

fraction were reported in the hippocampus of 9-month-
old APPsw mice treated for 5.5 months [20], as well as 
in 21-month-old APPsw mice treated for 4–5 weeks [19, 
21]. Mechanistically, a recent in vitro study with APP695-
transfected SH-SY5Y neuroblastoma cells reported that 
caffeine treatment decreased Aβ levels by shifting APP 
processing towards the non-amyloidogenic pathway with 
increased α- and decreased β-secretase activity [61].

In our study, neither the extracellular amyloid plaque 
load in different brain regions nor Aβ1–42 levels meas-
ured in cortical and hippocampal tissue lysates showed 
any evidence of a reduction upon caffeine treatment. We 
were also unable to detect any alterations in APP process-
ing upon caffeine treatment in the brains of 5xFAD mice, 
with unchanged levels of full-length APP, total sAPP and 
sAPP-α. This is in contrast with previous studies [19–21] 
and might be explained by the differences in the experi-
mental models, with earlier, more rapid and robust extra-
cellular Aβ deposition in the 5xFAD model used in the 
present study [30, 31, 62].

Fig. 6  Analysis of APP process-
ing in 6-month-old 5xFAD 
mice after chronic oral caffeine 
treatment. No changes were 
observed in the levels of full-
length APP in hippocampal, 
SDS-soluble brain fractions of 
untreated and caffeine-treated 
5XFAD mice A. Likewise, in 
TBS-soluble brain fractions, 
total levels of the soluble APP 
ectodomain (sAPP) B and levels 
of the soluble APP ectodo-
main generated by α-secretase 
cleavage of APP (sAPP-α) C 
were not affected by caffeine 
treatment. WT mice lack the 
human APP-transgene and 
express only endogenous levels 
of murine APP. Each Western 
blot was repeated three times 
and one representative blot is 
shown. For quantification, APP 
or sAPP signal intensities were 
measured, normalized to either 
tubulin or actin levels, and aver-
aged for the three technical rep-
licates. Means were calculated 
for each treatment group (n = 5 
per group), and the values of the 
untreated animals were set to 
100%. Unpaired t tests. All data 
are given as means ± SD
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Beyond a possible direct impact of caffeine on APP 
metabolism, there is evidence from transgenic and non-
transgenic AD mouse models that antagonism of adenosine 
receptors to control synaptic function and plasticity plays 
a major role in the beneficial effects of caffeine in AD. 
While this relationship has been extensively studied [15, 
16, 63–66], potential effects of caffeine on neurogenesis are 
less clear.

Intriguingly, long-term oral caffeine treatment of Tg4-42 
mice resulted in a substantially reduced neuron loss in the 
CA1 region of the hippocampus. In both WT and Tg4-42 
mice treated with caffeine, we further observed significantly 
increased numbers of DCX-positive neural progenitor cells 
in the DG in comparison to the vehicle-treated littermates. 

However, the data in the literature are somewhat contradic-
tory. In in vitro experiments, acute caffeine exposure com-
promised the proliferation of human hippocampal progenitor 
cells [67]. In addition, 4-week caffeine consumption reduced 
the number of hippocampal neural precursors and impaired 
learning and memory in rats [68], while it improved rec-
ognition memory without altering the number of newborn 
neurons in the DG in a bred-based model of depression 
[25]. A 7-day administration of moderate to high doses of 
caffeine depressed the proliferation of adult hippocampal 
precursor cells in adult mice [69]. However, the difference 
to our observation of increased neurogenesis rates in both 
caffeine-treated WT and Tg4-42 mice might be attributed to 
the chronic treatment paradigm applied in our study. More 

Fig. 7  Gene expression analysis in caffeine-treated Tg4-42 mice. 
A Scheme showing the experimental design of the RNA sequenc-
ing analysis with hippocampal neuronal nuclei. B Heat map show-
ing the 22 hippocampal genes that were differentially expressed 
between vehicle-treated WT and Tg4-42 mice (FDR < 0.05). C Bar 
chart showing the number of differentially expressed genes for the 
indicated comparisons. D Heat map showing the 622 genes differen-
tially expressed between vehicle- and caffeine-treated Tg4-42 mice. 
In addition, the 22 genes differentially expressed between vehicle-

treated WT and Tg4-42 mice are displayed across all 3 analyzed 
groups. E GO-term analysis of the 622 genes differentially expressed 
between vehicle- and caffeine-treated Tg4-42 mice. F Immunohisto-
chemical analysis of the cell–cell contact protein Desmoplakin (Dsp). 
The Dsp gene showed the strongest upregulation in caffeine-treated 
compared to vehicle-treated Tg4-42 mice. Abundant immunoreactiv-
ity was observed in the dentate gyrus granule cell layer of caffeine- 
but not vehicle-treated Tg4-42 mice. Scale bar: 50 µm
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in line with our data, intragastric administration of caffeine 
in mice has been demonstrated to revert a block in adult 
hippocampal neurogenesis caused by chronic water immer-
sion restraint stress [70], and caffeine treatment during 
sleep deprivation significantly increased early proliferative 
and post-mitotic stages of DCX-positive cells in the murine 
hippocampus [71]. Importantly, the neurogenic effects on 
DCX-positive neural progenitor cells in caffeine-treated 
Tg4-42 mice were also reflected in the results of the hip-
pocampal neuron transcriptome analysis. In this analysis, 
only a limited number of genes appeared to be differentially 
expressed between WT and untreated Tg4-42 mice. In APP-
overexpressing transgenic mice that model amyloid depo-
sition, much more substantial changes in gene expression 
have been observed [72]. This might be explained by the 
fact that the Aβ peptide is specifically overexpressed within 
neurons in the Tg4-42 model, thus representing mainly the 
effects of intracellular Aβ accumulation. Moreover, we spe-
cifically analyzed the neuronal transcriptome. A variety of 
genes upregulated upon caffeine treatment were associated 
with neural progenitor proliferation, including Desmoplakin 
(Dsp), prospero homeobox 1 (Prox1) and Bcl11B/Ctip2. 
Ctip2 and Prox1expression have previously been reported 
to be upregulated by caffeine treatment in sheep and rats 
[73]. Dsp, a cell–cell contact gene, is a direct transcriptional 
target of Bcl11B/Ctip2 [74] and was the gene most strongly 
upregulated upon caffeine treatment in our data set. Further-
more, Dsp was strongly down-regulated in Norbin-deficient 
mice, which present with significantly reduced hippocam-
pal neurogenesis [75]. The observed effects on neurogenesis 
also fit well with the observation that beneficial effects of 
caffeine treatment are associated with increased plasma lev-
els of granulocyte-colony stimulating factor (GCSF) [76], as 
this factor was reported to function as a neuronal ligand that 
drives neurogenesis [77]. The improvements in learning and 
memory-related parameters such as the discrimination index, 
together with increased neurogenesis rates supported ear-
lier findings of a quantitative relationship between the hip-
pocampal neurogenesis and the extent of memory dysfunc-
tion [78]. However, our study also has several limitations. 
In our RNA sequencing analysis, the entire hippocampus 
has been analysed without considering hippocampal dorso-
ventral functional heterogeneity. While the dorsal region is 
mainly involved in learning and memory processes related to 
spatial navigation and locomotion, the ventral part is primar-
ily associated with emotion or motivation [79–81]. Another 
point to consider is a potential influence of the circadian 
cycle. Though we tried to ensure that all animals were sac-
rificed in a rather narrow and constant time frame, we cannot 
rule out that that gene and protein expression display circa-
dian oscillations among the lines due to disease conditions, 
as it has been shown e.g. in experimental epilepsy [82, 83]. 
Finally, we specifically analyzed neuronal nuclei and thus 

may not be able to detect other relevant processes such as 
inflammatory responses in microglia.

In conclusion, prolonged oral caffeine treatment amelio-
rated neuron loss and learning and memory deficits, and 
promoted cellular and molecular markers of neurogenesis 
in the absence of detectable effects on the Aβ pathology in 
two transgenic AD mouse models.
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