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Abstract
The disaccharide trehalose (TRE) represents a natural energy supply for distinct non-mammalian species. Evidence has shown 
that TRE impacts on various properties including the stabilization of protein structure and cell membranes, which are impor-
tant neuroprotective features against neurodegeneration. In this study, we tested the specific effect of TRE on cell proliferation 
and mobilization using an established experimental paradigm of adult neural progenitor cells (NPCs) derived from murine 
hippocampus. NPC proliferation, both measured by growth curve analysis over 25 days and by bromodeoxyuridine (BrdU) 
incorporation, was not altered by adding TRE instead of GLC to the culture media. Using Boyden chamber experiments, the 
mobility in regular glucose-containing media did not differ from glucose-free TRE-supplemented media. Our observation 
suggests that TRE has the capacity to replace glucose (GLC) as energy source in neural cells in our experimental paradigm.
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Introduction

Trehalose (TRE) is an uncommon, but somehow well-
described biological compound. This non-reducing disac-
charide contains two d-glucose residues, α-1,1-linked (Vena-
bles et al. 2008). TRE serves as energy supply in fungus, 
bacteria and invertebrate animals (Jain and Roy 2008) and 
was found to allow for cellular survival for longer periods 
without water (Iturriaga et al. 2009). Trehalose gained par-
ticular interest from the general public because of the water 
bear tardigrade, a micro non-mammalian animal, which can 
reach a body length of 1.5 mm maximum. Found from the 
deep sea to volcanos, the tardigrades use trehalose to survive 
under extreme temperatures (Jonsson 2007), stressing their 

role in stabilizing membranes and other particular molecular 
assemblies under exceptional environmental conditions. As 
a result of this, the food industry takes advantage of their 
protective qualities against dryness, freezing and osmotic 
pressure stresses, after TRE has been manufactured artifi-
cially from starch.

In humans and most mammalian species, after absorption 
in the small intestine TRE is processed by trehalase into two 
glucose molecules; as such only minimal amounts of TRE 
reach the general blood circulation (Elbein 1974). Recent 
evidence has shown that TRE can be cleaved by trehalase 
in the mammalian brain including the hippocampus (Halbe 
and Rami 2019), where the NPCs used in our study were 
derived from. Besides, at least for cell culture experiments, 
it has been reported that TRE entered cells by endocytosis 
(Wolkers et al. 2001). Regarding TRE’s potential to replace 
GLC as energy supply, it should be mentioned that TRE does 
not induce rapid increases in blood glucose and consecutive 
insulin levels (Yoshizane et al. 2017). These non-glycemic 
properties render TRE an interesting candidate as glucose 
surrogate taking into account the numerous deleterious 
effects of GLC on brain atherosclerosis as a result of hyper-
glycemia for instance (Riederer et al. 2017).

As a first step, we wanted to analyze the impact of TRE 
on neural progenitor cells derived from the hippocam-
pus of adult mice using our established in vitro paradigm 
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(Benninghoff et al. 2010). The subgranular zone of the hip-
pocampus is one of two known germinal zones, which con-
tinue to generate new neurons after birth—the other region 
is the subventricular zone (SVZ) lining the lateral ventricles 
(Snyder 2019). These regions contain stem or progenitor 
cells that can be isolated and grown in vitro as neurospheres, 
maintaining self-renewal capacity and multipotency over 
time (Ferrari et al. 2010). Therefore, adult neural stem or 
progenitor cells can be used as a reliable paradigm to study 
the impact of a given compound on neural proliferation and 
mobilization, providing empirical support for their poten-
tial to fight against neuropsychiatric disorders (Kempermann 
and Kronenberg 2003).

Given the reports on various beneficial molecular effects 
of TRE such as the induction of autophagy (DeBosch et al. 
2016) in a general sense and—a more specific example—
the suppression of osteoporosis (Arai et al. 2001), it is also 
noteworthy to reckon the mitigating effects of TRE on neu-
ropsychiatric diseases such as Huntington’s (Tanaka et al. 
2004), Alzheimer’s and even in an animal model of depres-
sion (Kara et al. 2013). Especially in the case of Alzheimer’s 
disease, our group has been looking into alternative therapy 
strategies on a molecular level. As a result, we focused on 
methylene blue (MB) using our stem cell paradigm (van 
der Ven et al. 2017), taking into account possible molec-
ular explanations how MB might impact as a therapeutic 
agent especially in mitochondria, repairing impaired energy 
metabolism and respiratory stress (Beal 2005). Furthermore, 
parallel mechanisms seem to hold true for TRE in alleviating 
pathologic beta-amyloid load (Butterfield 2002).

Here, we present the first preliminary experiments on the 
impact of TRE on stem cell proliferation and mobilization. 
We evaluated the growth rates of NPCs over the period of 
25 days and analyzed the actual proliferation using BrdU 
incorporation. We further in vitro analyzed the ability of 
TRE to induce cell mobility, simulating the in vivo setting 
of newly generated cells migrating a distinct path form their 
neurogenic niches to other areas of the brain.

Materials and methods

Establishment of primary NPC cultures

According to NIH (National Institutes of Health Guide for 
the Care and Use of Laboratory Animals)-equivalent animal 
care rules, adult wild-type mice (Charles River, 14 weeks 
old) were anesthetized by intraperitoneal injection of pento-
barbital (120 mg/kg) and killed by cervical dislocation. The 
prepared brains were placed in chilled PBS (phosphate-
buffered saline). The dentate gyrus of the hippocampus was 
carefully removed and put in a digestion solution [EBSS 
(Earle’s balanced salt solution) containing 0.94  mg/ml 

papain (Worthington Biochemicals), 0.2 mg/ml cysteine and 
EDTA (ethylenediaminetetraacetic acid)—both from Sigma-
Aldrich)] for 50 min at 37 °C under gentle rocking. After 
digestion, tissues were washed twice in DMEM (Dulbecco’s 
modified Eagle medium from Gibco Life), mechanically 
dissociated using a fire-polished Pasteur pipette and finally 
placed in serum-free DMEM/F12 (1:1 v/v; Gibco Life) 
growth media containing 20 ng/ml EGF (epidermal growth 
factor) and 10 ng/ml FGF-2 (fibroblast growth factor—both 
human recombinant from Peprotech), 2 mM l-glutamine, 
3.3 mM glucose, 9.6 µg/ml putrescine, 6.3 µg/ml progester-
one, 5.2 ng/ml sodium selenite, 0.025 mg/ml insulin, 0.1 mg/
ml transferrin and 0.2 µg/ml heparin (all Sigma) at a den-
sity of 20,000 cells/ml onto sterile, non-coated Petri dishes 
(Corning).

Cell culturing and propagation

Hippocampal stem or progenitor cells from the dentate gyrus 
were serially subcultured by mechanical dissociation every 
4–7 days. Cells were collected as neurospheres and the total 
number of viable cells was assessed each passage by trypan 
blue exclusion (Sigma). Primary neurospheres consistently 
gave rise to continuously expanding cultures, which were 
used for long-term proliferation assessment, i.e., 25 days 
in total. Following evaluation of NPC counts, cells were 
always replated at the density of 200,000 cells. By taking 
into account the previous cell number and the amount of 
plated cells over a period of 25 days, we were subsequently 
able to establish growth curves and compare the prolifera-
tion rates of NPCs in different culture media following the 
formula: actual cell number N = (actual cell count × cell 
count of the previous passage) ÷ number of plated cells. 
The control with 3.3 mM glucose was compared to a group 
where glucose was replaced by 1.6 mM TRE For growth 
curves, each experiment was performed at least three times 
per passage. The cell lines tested were randomly assigned to 
the TRE or control (GLC) group. Data obtained from each 
experiment represent triplicates. For further experiments 
regarding migration and short-term proliferation, NPCs were 
collected 5 days after the last subculturing passage.

Cell culture treatments with trehalose

NPCs were treated with trehalose dihydrate (α-d-
glucopyranosyl-α-d-glucopyranoside,  C12H22O11·2H2O, 
CAS 6138-23-4). In preliminary experiments, the appropri-
ate concentration of TRE was determined by toxicity assays 
using Alamar blue (Invitrogen) to exclude the cytotoxic 
effects, which could be mistaken as the result of survival or 
proliferation. For assessing the impact of TRE at the cellular 
level, 1.6 mM trehalose dihydrate was used (Sigma). TRE 
was soluble in culture media and was freshly prepared for 
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each experiment. There are no reports about the toxic effects 
of TRE (Richards et al. 2002).

BrdU incorporation/short‑term proliferation assay

In short-term proliferation experiments, 35,000 undifferen-
tiated NPCs in growth medium containing 1.6 mM TRE 
or regular growth medium (control) 3.3 mM GLC were 
plated onto Matrigel-coated glass coverslips (Menzel Deck-
gläser). Cells were incubated at 37 °C, 5%  CO2 for 24 h. 
After incubation, the cell suspension was largely removed 
and replaced with fresh prewarmed media containing 0.1% 
labeling reagent (bromodeoxyuridine, BrdU- and 5-flouro-
2′deoxyuridine, Amersham Cell Proliferation Biotrak ELISA 
System). After 60 min of incubation at 37 °C in 5%  CO2, 
the media were entirely removed and glass coverslips were 
washed with phosphate-buffered saline (PBS, Gibco). The 
remaining cells were fixed (4% paraformaldehyde in PBS, 
pH 7.4, for 20 min). Then freeze-dried nuclease (Amersham 
Cell Proliferation Biotrak ELISA System) and Anti-BrdU 
were added. DNA digestion and binding of anti-BrdU were 
allowed within the following 60 min. After washing with 
PBS, Cy3-labeled anti-BrdU-antibody (Cy3-goat-anti-
mouse, whole IgG H + L, Dianova) was added (1:1000, 
30 min at room temperature) for selective visualization of 
proliferating cells. To assess the total number of cells inde-
pendently of their proliferation status, all cell nuclei were 
counterstained with DAPI (4,6-diamidino-2-phenylindole, 
1:1000 dilution of stock solution, 10 min at room tempera-
ture). Samples were examined (and photographed) at 200-
fold magnification using a fluorescence microscope. Immu-
noreactive cells were counted in at least five non-overlapping 
fields in each of five samples and expressed as a percentage 
of the total number of nuclei.

Mobility assay

For mobility experiments, Boyden chambers were used. 
PVP (polyvinylpyrrolidone)-free polycarbonate filters with 
8 μm pores (Micron) were coated with Matrigel (BD Bio-
sciences). DMEM media with either GLC or TRE but with-
out any growth factors was tested. As an internal standard 
culture, media containing EGF and FGF2 were used. Growth 
factor-free culture media were placed in the lower cham-
bers. Undifferentiated NPCs with a regular cell diameter of 
~ 16 μm were used for the assays 24 h following the last sub-
culturing passage. 50,000 cells were resuspended in 200 μl 
DMEM, placed in the upper chambers and incubated for 6 h 
at 37 °C in 5%  CO2. NPCs remaining on the upper surface of 
the filters were mechanically removed, while those that had 
migrated to the lower surface were fixed with 99.8% ethanol 
(Carl-Roth), Giemsa (Sigma-Aldrich) stained and counted at 
400-fold magnification in five random fields per filter.

Statistical analysis

Experimental data are reported as mean ± standard devia-
tion (SD) given the Gaussian distribution of the data if not 
declared otherwise. Differences between means of TRE and 
control groups were generally determined by unpaired Stu-
dent’s t test, with p < 0.05 being considered significant.

Results

We examined the effect of replacing glucose by TRE in pro-
liferation and mobilization of adult neural progenitor cells 
derived from mouse hippocampus. In our in vitro model, 
cells proliferated as indicated by BrdU incorporation and 
survived long term for 25 days, indicating that TRE suf-
ficiently replaced glucose in cell culture. Further, TRE as 
chemoattractant in mobility assays did not enhance NPC 
mobility compared to glucose.

Proliferation

For long-term proliferation, fresh NPCs were inoculated 
with either 3.3 mM GLC as control or 1.6 mM TRE. There 
was no reduction of cellular proliferation in the TRE-incu-
bated compared to the glucose-incubated cells over 25 days. 
The growth rate of glucose- (y = 0.1432e0.571x) and the TRE-
treated cells (y = 0.1348e0.5504x) did not differ significantly 
(p = 0.093) (Fig. 1a).

BrdU incorporation

To exclude the clonal effects, which could potentially have 
caused the above seen parallel regression curves of the tested 
compounds, we analyzed data from short-term proliferation 
assays by BrdU incorporation. In short, only proliferating 
cells incorporate BrdU, a thymidine analog. Therefore, the 
BrdU incorporating cells account for the amount of prolif-
erating cells at a given time. Showing the same outcome as 
long-term proliferation, we concluded that in TRE-supple-
mented media undifferentiated NPCs had a similar prolifera-
tion as the glucose-treated NPCs without any statistically 
significant difference (p = 0.72) (Fig. 1b).

Mobility assay

Next, we look into the mobilization activity of NPCs. Com-
pared to the glucose control, incubation using TRE did not 
affect the number of migrated cells over 6 h (p = 0.06). As 
internal standard, we exposed NPCs to Completo media 
containing EGF/FGF-2 as an internal standard and positive 
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control (data not shown in the figure), since EGF and FGF-2 
are strong chemoattractants and NPC cells migrated two 
times more compared to glucose or TRE (Fig. 2).

Discussion

We investigated the substitution of glucose by TRE in 
NPC culture. Our data demonstrated that the growth rates 
of both compounds over a period of 25 days in vitro did 
not differ in a significant way. In long-term proliferation 

experiments, NPC survived and proliferated with TRE as 
the only sugary source in GLC-free culture media contain-
ing growth factors FGF-2 and EGF.

Further, TRE neither enhances nor depresses the mobi-
lization of NPC compared to glucose. Although other 
groups have been using higher concentrations of TRE up 
to 100 mM (Sarkar et al. 2007; Kruger et al. 2012), we 
believe that using TRE at a concentration close to that 
of glucose underlines the notion that TRE might replace 
glucose as a nutritive factor. Taking into account that the 
relative sweetness of TRE is 45% of the amount of GLC, 
TRE with its high thermostability and wide pH stability 
range represents a potential nutritional alternative to GLC. 
However, the wide range use of TRE as a nutritive factor 
may have some drawbacks, since dietary TRE has been 
shown to enhance the virulence of epidemic and hyper-
virulent strains of C. difficile (Collins et al. 2018).

Pathologic GLC utilization is linked to disturbed insu-
lin-adherent mechanisms. In the diabetic brain this can 
lead to insulin resistance, which constitutes a risk factor 
for Alzheimer’s (AD) and vascular dementia (Riederer 
et al. 2017). Therefore, therapeutic alternatives to GLC 
such as TRE may have an impact in the prevention of 
dementia. Although the precise mechanism has not been 
elucidated yet, there is good evidence for a connection 
between cognitive impairment and diabetes mellitus (DM) 
(Feinkohl et al. 2015). For instance, insulin resistance not 
only predicted mild cognitive impairment (MCI) conver-
sion to AD (Willette et al. 2015b), but also it projected the 
beta-amyloid deposition rate, one of the main biomarkers 
for AD, in late middle-aged adults (Willette et al. 2015a).

Fig. 1  a NPC proliferation kinetics: no effect on NPC prolifera-
tion during the replacement of 3.3 mM GLC by 1.6 mM TRE over 
25  days. The growth rate of glucose (y = 0.1432e0.571x) and the 
TRE-treated cells (y = 0.1348e0.5504x) did not differ significantly 

(p = 0.093). b The percentage of proliferating undifferentiated NPC 
demonstrated by BrdU incorporation showed no significant difference 
(t test p = 0.72) between glucose (mean 0.275, SD 0.088) and TRE 
(mean 0.28, SD 0.095)

Fig. 2  NPC migration toward either glucose or TRE per optical field 
(400 fold magnification): analysis of the mobility of single NPC 
(mean diameter 16  µm) in Boyden chambers from one surface side 
to the other surface by migration through micropores (diameter 8 µm) 
revealed no significant difference (p = 0.06) between glucose (mean 
number of migrated cells 28.99) and TRE (mean 23.61). Inside the 
box, all values min to max are included; lines inside represent median 
values (GLC 26, TRE 19)
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Furthermore, it is an intriguing finding that hypergly-
cemia caused decreased neurogenesis in a rodent insu-
lin-depletion model (Alvarez et al. 2009). Accordingly, 
another neuroplastic effect was impaired in hyperglycemia, 
i.e., synaptic integrity (Jacobson et al. 2007). In addition 
to this, our group has recently stressed the role of synapto-
physin as an indicator of protective effects after methylene 
blue treatment using the given NPC model (van der Ven 
et al. 2017). This is of particular interest when it comes 
to stem cell mobility and migratory capacity, because 
migrating into neurogenic niches is putatively followed 
by stem cell differentiation into neurons and synaptic 
sprouting in vivo. The maintenance and proliferation of 
adult neural progenitor cells has also been shown to be 
influenced by the monoamine serotonin (Benninghoff et al. 
2010). Serotonin (5-HT) also is a target for antidepressant 
effects, which makes sense taking into account the role 
of depleted neurogenesis in depression or rather animal 
models of depression (Samuels et al. 2016). Providing 
that neurogenesis plays a role in the complex interrelation 
of depression, it is also an intriguing finding that TRE 
induced antidepressant effects in a mouse model (Kara 
et al. 2013).

Therefore, future research should focus on the interplay 
of TRE and elements of the serotonergic machinery such as 
5-HT receptors and the effect of tryptophan hydroxylases 
(TPH), the rate limiting enzymes in the 5-HT biosynthesis. 
The aspect of TRE degradation by trehalase should also be 
considered, since trehalase, the TRE-degrading enzyme, 
was found in the hippocampus, after it has already been 
detected in the gastrointestinal tract and in the kidneys 
(Oesterreicher et al. 2001; Sacktor and Berger 1969). Tre-
halase induces autophagy by inhibiting the transportation of 
GLC by SLC2A (GLUT) transporters into the cell to create 
a starvation state (Mardones et al. 2016). This is interesting 
because autophagy may also play a role in the antidepressant 
effect of TRE (Kara et al. 2013): In a mouse model, TRE 
reduced immobility in the forced swim test, a standard tool 
for antidepressant-like effects.

Neurodegenerative diseases caused by prions, misfolded 
proteins or aggregation complexes might benefit from 
enhancing autophagy or stabilizing the protein structure by 
TRE (Sarkar et al. 2007; Beranger et al. 2008; Aguib et al. 
2009). In Huntington’s chorea, this mode of action, i.e., 
reduction of protein aggregation, was enhanced in a mouse 
model both in vitro and in vivo (Tanaka et al. 2004) and thus 
prolonging the murine life span by 20%. The mechanism 
was detected by Sarkar et al. (2007). He showed that TRE 
works as an m-tor-independent autophagocytosis activator. 

In addition, he showed that TRE protects against apoptosis. 
In the case of prion disease, Beranger et al. (2008) showed 
that TRE reduced the rate of prion protein and protected 
infected cells from oxidative stress, but in a different study 
TRE was not able to prolong the life span in a mouse model 
of prion disease (Aguib et al. 2009).

Intracerebral transplantation of neural stem cells in 
combination with TRE feeding palliated the pathology of 
Huntington’s disease in mouse. Not only was the life span 
extended, but also the motor function improved, indicating 
a positive effect of TRE and its availability after feeding 
(Yang and Yu 2009). Likewise, recent evidence has shown 
that TRE influences the morphology of neurons, because it 
augmens the dendritic arborization during the process of 
neural maturation (Martano et al. 2017), which might be one 
possible mechanism how a pathologic process is repaired. 
In parallel, this mode of action could also be useful in treat-
ing early stages of Alzheimer’s. In Alzheimer’s, the in vitro 
aggregation of beta-amyloid 1–40 was reduced by TRE, 
whereas the amount of the more toxic variant 1–42 was not 
(Liu et al. 2005). In general, it seems that TRE stabilizes 
protein structures, especially lipid bilayers (Pereira et al. 
2004). In a mouse model of tautopathy (Rodriguez-Navarro 
et al. 2010), the overexpressing of human mutated Tau pro-
tein led to a Parkinson-like behavior and after treatment with 
1% TRE in drinking water, the levels of phosphorylated tau 
and neuritic plaques decreased (Fig. 3).

All these findings have not been put into the perspective 
of neurogenesis and neural progenitor cells in particular. 
Neurogenesis seems to be important as a pivotal mecha-
nism to replace damaged or undergone neural cells. Adult 
neural stem cells (NPC) de novo generate all cells of the 
neural lineage such as neurons, astrocytes and oligoden-
drocytes (Galli et al. 2008). Although human neurogenesis 
is limited compared to rodents’, e.g., (Jessberger and Gage 
2014), the alteration in adult neurogenesis is now in the 
focus of explaining cognitive decline that takes place dur-
ing aging and as a potential contributor to neuropsychiatric 
illnesses (Ming and Song 2005; Lazarov and Marr 2010).

It may seem far fetched to draw conclusions from 
in vitro experiments with regard to the diabetic brain and 
cognition. Of course, we have not tested our approach 
in vivo. Still, there are data on glycemia and insulin pro-
duction in humans (Yoshizane et al. 2017). These data 
showed that TRE had a benefit in terms of insulin secretion 
compared to glucose. This might open the avenue to reduce 
the deleterious sequelae of high glucose consumption as a 
risk factor for neurological disorders in humans by taking 
TRE instead and still protect neurogenesis in vivo.
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