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Background: Details of the extraction and purification procedure can have a profound

impact on the composition of plant-derived extracts, and thus on their efficacy and safety.

So far, studies with head-to-head comparison of the pharmacology of Ginkgo extracts

rendered by different procedures have been rare.

Objective: The objective of this study was to explore whether Ginkgo biloba L.

(Ginkgoaceae) leaf extract medications of various sources protect against amyloid beta

toxicity on primary mouse cortex neurons growing onmicroelectrode arrays, and whether

the effects differ between different Ginkgo extracts.

Design: Our brain-on-chip platform integrates microelectrode array data recorded

on neuronal tissue cultures from embryonic mouse cortex. Amyloid beta 42 (Aβ42)

and various Ginkgo extract preparations were added to the networks in vitro before

evaluation of electrophysiological parameters by multi-parametric analysis. A Multi-

variate data analysis, called Effect Score, was designed to compare effects between

different products.

Results: The results show that Ginkgo extracts protected against Aβ42-induced

electrophysiological alterations. Different Ginkgo extracts exhibited different effects. Of

note, the referenceGinkgo biloba L. (Ginkgoaceae) leaf medication Tebonin had the most

pronounced rescuing effect.

Conclusion: Here, we show for the first time a side-by-side analysis of a large number of

Ginkgomedications in a relevant in vitro systemmodeling early functional effects induced

by amyloid beta peptides on neuronal transmission and connectivity. Ginkgo biloba

L. (Ginkgoaceae) leaf extract from different manufactures exhibit differential functional

effects in this neural network model. This in-depth analysis of functional phenotypes of

neurons cultured on MEAs chips allows identifying optimal plant extract formulations

protecting against toxin-induced functional effects in vitro.

Keywords: Ginkgo biloba L. (Ginkgoaceae), microelectrode array, functional screening, Alzheimer’s disease,

in vitro model, amyloid beta 1-42
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INTRODUCTION

Drugs and supplements containing various preparations from
Ginkgo biloba L. (Ginkgoaceae) leaves are widely used in the
elderly population (Gafner, 2018). There is a stunning number of
various Ginkgo food supplements and medications, containing
various leaf preparations or extracts. It is well established that
it is not just the plant material that determines the nature,
composition and effects of a plant extract, but that it is also highly
dependent on the details of the extraction procedure (Itil et al.,
1996). Considering the high popularity of Ginkgo extracts, it is an
important question how different Ginkgo preparations compare
to one another regarding their pharmacological properties.While
for one specific extract, called EGb 761, the efficacy and safety
for treatment of cognitive impairment, dementia, tinnitus, and
vertigo has been demonstrated in multiple clinical studies (von
Boetticher, 2011; Gauthier and Schlaefke, 2014; Basta, 2017),
such scientific evidence is largely lacking for other Ginkgo
products. Therefore, EGb 761 has often been considered the
“gold standard” of Ginkgo extract, against which other Ginkgo
preparations should be tested (Wohlmuth et al., 2014). EGb 761
decreases blood viscosity, thereby increasing microcirculation
(Kellermann and Kloft, 2011); it affects neurotransmission
(Yoshitake et al., 2010) and neuroplasticity (Tchantchou et al.,
2007, 2009). It prevents oxidative stress (Brunetti et al., 2006;
Mohamed and Abd El-Moneim, 2017) and most prominently it
protects amyloid beta toxicity (Augustin et al., 2009; Shi et al.,
2009, 2010; Tian et al., 2012, 2013; Liu et al., 2015, 2016; Zhang
et al., 2015; Scheltens et al., 2016; Wan et al., 2016).

Protective effects against toxic amyloid protein species,
especially the Abeta1−42 form, are considered to suggest
beneficial effects for Alzheimer’s disease treatment (Selkoe and
Hardy, 2016). Here, we have therefore chosen a cellular model for
Amyloid beta toxicity to compare the neuroprotective potential
of different Ginkgo preparations.

Functional in vitro analysis tools can bridge the gap between

morphological and physiological in vivo readouts. The use of

microelectrode arrays (MEAs) enables the recording of extra-
cellular action potentials of a multitude of neurons cultured in

a dish and thus elucidatation of the activity characteristics of

neuronal networks. This technology has been used extensively
for neurotoxicity studies (Gross et al., 1997; Gramowski et al.,

2006b, 2011; Johnstone et al., 2010; Defranchi et al., 2011;
Hogberg et al., 2011; Novellino et al., 2011; Frega et al., 2012;
McConnell et al., 2012; Alloisio et al., 2015; Schultz et al., 2015)
but also for functional phenotypic screening of pharmaceutical

compounds to elucidate functional modes of action (Gramowski
et al., 2004, 2006a; Johnstone et al., 2010; Parenti et al., 2013;
Lantz et al., 2014; Hammer et al., 2015; Bader et al., 2017).
Also, MEAs analyses have been used for testing food quality
or for assessing functional effects of nutrients (Gramowski
et al., 2006a; Nicolas et al., 2014; Allio et al., 2015). In the
present study, we investigated the functional effects different
commercial Ginkgo medications to rescue acute Aβ42-induced
effects on primary cortical neuronal networks in vitro. To
that end, we used neuronal cultures grown on microelectrode
arrays. The compound’s rescue effect on amyloid beta42

(Aβ42) pre-treated networks was investigated and the functional
phenotypic effects assessed by multi-parametric analysis which
finally were summarized into a single parameter, the effect
score.

MATERIALS AND METHODS

Compounds
All test medications were purchased at local or internet-based
pharmacies. Stock solutions were generated by grinding the
tablets with pestel and mortar and dissolving tablet substance
corresponding to 40mg purified Ginkgo extract/ml in DMSO
and diluted 1:2,000 to a final concentration of 20 µg /ml in the
the cell culture medium. The stock solution for Tebonin was
generated by using “Tebonin 120mg bei Ohrgeräuschen,” which
contains EGb 761. EGb 761 R© is a dry extract fromG. biloba leaves
(35–67:1), extraction solvent: acetone 60% (w/w). The extract is
adjusted to 22.0–27.0% ginkgo flavonoids calculated as ginkgo
flavone glycosides and 5.0–7.0% terpene lactones consisting of
2.8–3.4% ginkgolides A, B, C, and 2.6–3.2% bilobalide, and
contains <5 ppm ginkgolic acids. Amyloid beta peptides treated
with Hexafluorisopropanol (HFIP) were purchased from r-
peptide (A-1163-1).

Ethics
All neural tissue from animal were prepared according to the
EU Directive 2010/63/EU on theprotection of animals used for
scientific purposes (certification file number 7221.3 ± 2). In
thisstudy no animal experiments were performed in accordance
with the German Animal Protection §7/2 (Tierschutzgesetz).
Time-pregnant animals were purchased and shipped by alicensed
animal supplier Charles River, Germany. Animals were stored
in a separate room for<24 h after arrival in their transport
boxes including food and water equivalent. Animal storage
is supervised by an animal welfare officer at NeuroProof
GmbH, Germany. Short-term storage of animals in transport
boxes is in agreement with Directive (EG) Nr. 1/2005 (Animal
safety during transport). The mice were sacrificed by cervical
dislocationaccording to the German Animal Protection Act §4.

Primary Cell Cultures
As previously published by our group (Gramowski et al., 2011;
Gramowski-Voß et al., 2015; Bader et al., 2017) embryonic
brain tissue was harvested from E15 NMRI mice (Charles River,
Sulzfeld, Germany). Frontal cortex was dissociated enzymatically
in DMEM10/10 (10% horse and 10% fetal calf serum) including
papain and DNase I, cells were resuspended in DMEM10/10
containing 10µg/ml laminin (Sigma) at a density of 7.5 × 106

cells/ml, and 150,000 cells were seeded onto each well of 48-well
MEA neurochips (Axion Biosystems Inc., Atlanta, GA, USA).
Each well contains an array of 16 embedded platinum electrodes
resulting in a total of 768 channels. Prior to plating, MEAs
were coated with freshly prepared 0.1% polyethyleneimine (PEI,
Sigma, 181,978) dissolved in Borate buffer (Fisher Scientific,
28341). Cultures were kept at 37◦C in a 10% CO2 atmosphere.
Half-medium changes were performed twice per week with
DMEM containing 10% horse serum. The developing co-cultures
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were treated on day 5 in vitro with 5-fluoro-2′-deoxyuridine
to prevent glial proliferation and overgrowth. After 4 weeks in
culture, the activity pattern stabilizes and is composed of one
coordinated main burst pattern with several coordinated sub-
patterns (Gramowski et al., 2004, 2006b). In this study cultures
between 28 and 30 div were used. Due to the serum used in
the culture medium glia survival is supported in these cultures,
and mainly because of proliferation of glia during the first 4
days after plating these neuron-glia co-cultures thus consist of
approximately 20% neurons and 80% astrocytes including 1%
microglia (Gramowski-Voß et al., 2015).

Multichannel Recordings
Multiwell MEA experiments were performed as described before
(Gramowski-Voß et al., 2015). Briefly, recordings were executed
with the Maestro recording system by Axion Biosystems Inc.
(Atlanta, GA, USA) providing 1,200× amplification, sampling
at 12.5 kHz, filtering, and spike detection, delivering whole
channel neuronal spike data. Unit separation was performed
using Spike Splitter (NeuroProof GmbH, Rostock, Germany)
based on different waveform shapes yielding up to 2 units
per electrode. For extracellular recordings, MEA cultures were
maintained at 37◦C and a pH of 7.4 through a continuous
filtered and humidified airflow with 10% CO2. Recordings were
performed in DMEM with 10% horse serum.

Compound Treatment
After recording the native activity at 28 days in vitro,
ultra pure recombinant amyloid beta peptides treated with
Hexafluorisopropanol (HFIP) (rPeptide) were added at 100 nM
and incubated for 4 h followed by addition of Ginkgo products
corresponding to a final concentration of 20 µg purified
extract/ml or 0.1% DMSO control which were incubated for 3 h
(Figure 1). During the course of the experiment, extracts were
prepared by a spearate person than conducting the experiments
and data analysis. The test samples were numbered with
consecutive numbers, and the experimenter was not aware which
sample represented which number.

Data Analysis
A unit represents the activity originating from one recorded
neuron. We analyzed the stable activity phase of the last 30min.
Action potentials (spikes) were recorded as spike trains, which
are clustered in so-called bursts. Bursts were quantified via direct
spike train analysis using the standard interspike interval (ISI)
method in NPWaveX (NeuroProof GmbH). Bursts were defined
by the following parameters: maximum ISI to start a burst:
40ms, minimum ISI to end a burst: 200ms, minimum interval
between bursts: 100ms, minimum duration of burst: 10ms,
and min number of spikes in a burst: 3. Data was normalized
against the 4 h Aβ42 treatment phase. Integration of multi-
parametric data in the Effect Score including selection of best
describing parameters based on their Z’-factor was performed as
described earlier (Kozak and Csucs, 2010; Kümmel et al., 2010).
For demonstrating Aβ42 effects, data from 75 experiments were
pooled in order to include the distribution of the Abeta effect sizes
of the complete study into the calculation of the “Effect Score”

FIGURE 1 | Multi-parametric analysis of cortical neuron network activity.

(A) Regime of culture preparation of primary mouse neurons. Smaller images:

recording setup and 48 well MEA neurochip (Axion Biosystems). (B) Time

scheme of recording and compound addition. (C) Spike raster plots of native

cortical activity (control) and cortical activity after acute treatment an excitatory

compound illustrating changes in activity patterns. (D) Scheme of two

simplified bursts outlining some of the parameters extracted from the

recordings in this study. SD = standard deviation. CVtime = coefficient of

variation over time.

which was built using 15 parameters with best Z’-factors. Blinded
test groups were un-blinded after data analysis thereby reducing
the bias.

Statistical Analysis
Time-response effects are shown as mean values ± SEM.
Statistical analysis for single-parametric data: unpaired t-test
with Bonferroni-Holm correction for time series: p ≤ 0.05 are
represented with ∗p ≤ 0.01 with ∗∗ and p ≤ 0.001 with ∗∗∗. For
Effect Score measure ANOVA was used followed by Dunnett’s
test. Number of data points DMSO 5-18, Tebonin 7, Ginkgo-B
7, Ginkgo-C 7, Ginkgo-D 12, Ginkgo-E 8, Ginkgo-F 8.
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RESULTS

Functional Acute Effects of Amyloid Beta
42 (Aβ42)
Aβ42 addition acutely affected the activity of frontal cortex
neurons which is seen in multiple parameters. After 4 h of
incubation with 100 nM synthethic HFIP-treated Aβ42, the
overall spiking activity was slightly but statistically significantly
reduced which was accompanied by reduction of “burstiness”
indicated by the spike contrast (Figure 2). Aβ42 also affected
the burst structure shown by reduced spike rate in burst (burst
spike rate) and the maximal spike rate in bursts (burst spike max
rate, Figure 3). The calculation of standard deviation (SD) and
coefficient of variation over time (CVtime) of general activity
or burst structure parameters reflect the regularity of periodic
events, while increased values reflect increased variation and
thus, lower regularity. Aβ42 increased burst structure variation
(burst area SD, burst spike number CVtime, burst duration
CVtime, Figure 4) indicating a subtle increase of irregularity
of the normally regular cortex activity pattern. The neuronal
phenotype affected by Aβ42 was used as the baseline to screen
compound-induced effects.

Rescue of Aβ42 Effects by Ginkgo biloba l.

(Ginkgoaceae) Exctract Tebonin
The reference compound Tebonin showed a rescue of Aβ42-
mediated effects indicated by the return to activity levels of
DMSO-treated networks within 3 h post-compound treatment.
Noteworthy, some parameters showed a time-dependent increase
of Aβ42 effects (e.g., burst duration CVtime). Tebonin stopped
these effects after 3 h and reverted the activity values toward
control condition. Some parameters (e.g., burst spike max rate)
were instantly rescued within 1 h. All parameters had in common
that Tebonin shifted the activity levels toward control condition,
therefore, representing a rescue effect.

This feature of rescuing acute functional Aβ42 effects was
also observed for other commercially available Ginkgo biloba L.
(Ginkgoaceae)medications (ginkgo-B, -C, -D, -E, F) tested in this
experimental regime. However, differences of rescue effects were
observed: e.g., Ginkgo-C showed no rescue effects on spike rate
(Figure 2); Ginkgo-D had no effects on burst spike max rate and
smaller effects on burst duration, CVtime and burst spike number
CVtime (Figures 3, 4); Ginkgo-E had no effects on burst area SD
(Figure 4).

This complex combination of different reactions complicates
the comparison of rescue effects between the different
compounds. Therefore, we used a linear combination of
multiple parameters to enable ranking of rescue effects with one
value.

Integration of Multi-Parametric Data and
Ranking of Rescue Effects
To compare the rescue effects of acute functional Aβ42 effects
between the test substances and positive control Tebonin, the 15
best-describing parameters from all 204 calculated were selected
based on their Z’-factor using the method described earlier
(Kozak and Csucs, 2010; Kümmel et al., 2010).

The result of this parameter integration of Aβ42 effects
compared to DMSO control was termed the Effect Score. As
described in the methods section, to calculate the Effect Score,
values after 4 h Aβ42 treatment were set to 1, and the DMSO
control was set to 0 (Figure 5). Using this calibration, the
Effect Score was also calculated for 1, 2 and 3 h post-Aβ42
addition which showed a continuous increase from 1 to 3 h.
The datasets of the Aβ42 + DMSO and Aβ42 + Ginkgo
test compound combinations were then integrated using the
Aβ42/DMSO calibration.

On the single parameter level, the Aβ42 + DMSO group
showed an increase of Aβ42-specific parameters, indicating a
time-dependent effect. In agreement, on the integrated parameter

FIGURE 2 | Influence of 100 nM Aβ42 and combination of Aβ42 + 20µg/ml Ginkgo medications solved in DMSO on general activity of cortex network activity

in vitro. Acute addition of 100 nM Aβ42 induces measurable activity changes of spike rate and spike contrast (reflecting burstiness). Effects increases over time.

DMSO control, Aβ42 + DMSO, Aβ42+Tebonin, Aβ42+Ginkgo B, Aβ42 + Ginkgo C, Aβ42 + Ginkgo D, Aβ42 + Ginkgo E, Aβ42 + Ginkgo F. Shown are mean values

± standard error, normalized to native activity. Student’s t-test with Bonferroni-Holm correction with *p ≤ 0.05.
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FIGURE 3 | Influence of 100 nM Aβ42 and combination of Aβ42 + 20µg/ml Ginkgo medications on burst structure of cortex network activity in vitro. Acute addition

of Aβ42 induces measurable activity changes of spike rate inburst and maximal spike rate in burst. DMSO control, Aβ42 + DMSO, Aβ42 + Tebonin, Aβ42 + Ginkgo

B, Aβ42 + Ginkgo C, Aβ42 + Ginkgo D, Aβ42 + Ginkgo E, Aβ42 + Ginkgo F. Shown are mean values ± standard error, normalized to native activity. Student’s t-test

with Bonferroni-Holm correction with *p ≤ 0.05.

FIGURE 4 | Influence of 100 nM Aβ42 and combination of Aβ42 + 20µg/ml Ginkgo medications on regularity of cortex network activity in vitro. Acute addition of

Aβ42 induces measurable activity changes of spike contrast SD, burst area SD and burst duration CVtime reflecting the variation over time as an indicator for

regularity. DMSO control, Aβ42 + DMSO, Aβ42 + Tebonin, Aβ42 + Ginkgo B, Aβ42 + Ginkgo C, Aβ42 + Ginkgo D, Aβ42 + Ginkgo E, Aβ42 + Ginkgo F. Shown are

mean values ± standard error, normalized to native activity. Student’s t-test with Bonferroni-Holm correction with *p ≤ 0.05.

levels the Effect Score also increased over time, but showed
a more than 3.5–fold increase of the Effect Score within 3 h
which is not as obvious when focusing on single parameters.
The DMSO Effect Score maintained stable over time (Figure 5).
Three hours after addition, Aβ42 showed the highest deviation
from DMSO effects. This time point was therefore used to
rank the test compounds for their rescue capacity. The rescue
capacity is defined by the difference to DMSO which can be

either below or above 0. Values below 0 represent compound
effects which change parameter levels beyond DMSO levels.
The effect score values of all tested compounds are listed in
Table 1. Tebonin showed the strongest rescue directly followed
by Ginkgo-B, which showed a negative Effect Score. Ginkgo-
D showed a transient rescue at 1 h but lost the rescue efficacy
thereafter, demonstrating the least rescuing effect at the 3 h time
point.
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FIGURE 5 | Multi-parametric Aβ42 effects are integrated and presented as “NP Effect Score”. Left: NP Effect Score for DMSO and Abeta normalized to “0” and “1”,

respectively. 15 best-describing parameters (partly including those showin in Figure 2) were integrated in the Effect Score. Right: NP Effect Score for all test

compounds. Starting point is the intrinsic Aβ42 effect (set to 1). DMSO control is stable over time. The 3 h time point represents the time of highest resolution and thus

the optimal time point for ranking compound efficacies to rescue Aβ42 effects toward DMSO control conditions. N-DMSO = 18, N-Aβ42 = 75. At 3 h time point:

ANOVA with p ≤ 0.033, Dunnett’s test with *p ≤ 0.05.

TABLE 1 | Rescue efficacy of different Ginkgo medications.

relative distance from DMSO control [%] rank

Tebonin 12 1

Ginkgo B 14* 2

Ginkgo F 15 3

Ginkgo E 38 4

Ginkgo C 64 5

Ginkgo D 87 6

The reference medication Tebonin showed with 12% the highest rescue indicated by

relative disctance from DMSO [%]. * Ginkgo B showed a negative Effect Score value

(compare Figure 5) highlighting the importance for using the distance from control as

the most relevant rescue efficacy measure.

DISCUSSION

Even when two extracts are derived from the same plant species,
their composition, efficacy and tolerability can vary considerably.
There is a large number of Ginkgo food supplements and
medications on the market; their individual composition and
effects are determined by the kind and quality of the plant
material and, importantly, also by the extraction procedure
(Itil et al., 1996). The most extensively examined extract, EGb
761, supports neurotransmission (Yoshitake et al., 2010) and
neuroplasticity (Tchantchou et al., 2007, 2009) and protects
against amyloid beta toxicity (Augustin et al., 2009; Shi et al.,
2009; Tian et al., 2013; Liu et al., 2015; Scheltens et al., 2016;
Wan et al., 2016) which includes prevention of oxidative stress
(Brunetti et al., 2004, 2006; Mohamed and Abd El-Moneim,
2017) and is involved in improving neuro degeneration-induced
downregulation of monoamine signaling (Chen et al., 2007;

Ferrante et al., 2017). Protection against toxic amyloid protein
species, especially the 1–42 forms, suggests potential beneficial
effects for Alzheimer’s disease (AD) treatment (Selkoe and
Hardy, 2016). Therefore, a functional in vitro test system
to analyze compound rescue efficacies against Aβ42-induced
effects is valuable for evaluating treatments for AD. Functional
electrophysiological readouts may be optimal for detecting early
pathophysiological events which trigger cytotoxicity later on.
Thus, a balance between detectable functional effects without
pronounced cytotoxic influence is desirable. To establish AD-
relevant in vitro models, primary neurons from adult diseased
animals are the superior choice but difficult to culture for
extended periods with goal to obtain a spontaneously active
neuronal network. These neuronal networks can be formed using
embryonic culture within days. Thus, brain slices and embryonic
cultures are used for in vitro functional electrophysiological
studies on the effects of Aβ which mostly are conducted using
the patch clamp method (Lambert et al., 1998; Jhamandas
et al., 2001; Gureviciene et al., 2003). However, in vitro
microelectrode array (MEA) cell culture systems with primary
embryonic rodent neuron cultures also provide a means to
detect acute and chronic functional effects of Aβ42 peptides at
sub-cytotoxic concentrations. Noteworthy, embryonic in vitro
cultures mature over time and stabilize after 21 days in vitro
(div) (Ito et al., 2013). We and others observed that bursting
activity patterns of cortical neurons reach a plateau phase
between 21 and 28 div and peak around 28 div (Chiappalone
et al., 2006; Wagenaar et al., 2006). Therefore, we used 28
div cultures for this study. MEA experiments with 100 nM
Aβ42–the concentration used in this study–showed specific
effects including a reduction of general spiking activity, bursting
strength and synaptic connectivity when applied to 28 div cortical
neurons (Kirazov et al., 2008). This concentration was shown
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to be not accompanied by dramatic cytotoxic effects (Varghese
et al., 2010). At concentrations above 5µM, however, Aβ42
effects were shown to induce a more significant inhibition
of network activity and connectivity which occurs within 4 h
post-treatment and exhibits a time-dependent effect within 24 h
(Kirazov et al., 2008; Charkhkar et al., 2015). These 5µM tests
were accompanied by significant cyto-toxic effects (Varghese
et al., 2010; Charkhkar et al., 2015), which we wanted to avoid
in the experiments described here. Therefore, we acutely treated
mouse frontal cortex neurons with 100 nM human recombinant
Aβ42 peptides and quantified the MEA readouts by multi-
variate analyses. Several brain regions including hippocampus,
hypothalamus and frontal cortex are affected in AD (Magalingam
et al., 2018), thus, we selected frontal cortex cultures after
28 div for this study, also because in our hands cortical
neurons showed a more assay-relevant reproducible phenotype
compared to e.g., hippocampus (not shown). We show that
100 nM Aβ42-induced acute inhibitory effects increase in a
time-dependent manner up to 7 h. We thereby extend previous
reports (Varghese et al., 2010; Charkhkar et al., 2015) in a higher
temporal resolution. Four h after Aβ42 was applied, different
Ginkgo medications were added to investigate and compare
their rescue efficacy. We show that the reference compound
Tebonin reverted Aβ42-induced parameter changes toward
control condition. Rescue was observed at different parameters
within 3 h after Tebonin addition. The other tested Ginkgo
products also showed rescue effects. Noteworthy, the parameter-
specific rescue effects differed between the Ginkgo products,
thereby complicating the comparison between the groups. For
that reason we used a linear parameter combination (Kozak and
Csucs, 2010; Kümmel et al., 2010) to integrate the Aβ42-affected

parameters. This parameter, the Effect Score, allowed comparing
the rescue effects between the Ginkgo products. One compound
(i.e., Ginkgo-B) showed an Effect score below 0, suggesting an
overshooting beyond the control profile. As the optimal Effect
score is defined by DMSO control of 0, we defined the efficacy
to rescue Aβ42-induced effects by the distance to the DMSO
control functional profile which can be either below or above 0. In
summary, the effect score values (Table 1) show that the reference
medication Tebonin induced the strongest rescue with 12%
distance to DMSO, directly followed by Ginkgo-B, which showed
a negative Effect Score of−14% andGinkgo-F with 15%. Ginkgo-
C, -D and -E showed a lower rescue effects. The negative Effect
Score value of Ginkgo B indicates that compounds can also affect
the parametric shift beyond control levels and over compensate.
The goal, however, was to find the Aβ42+compound mixture
which resulted in a functional phenotype as similar to DMSO as
possible which was the Aβ42+Tebonin combination.

Tebonin contains the Ginkgo extract EGb 761 was shown
to be effective for treatment of cognitive impairment and
dementia (von Boetticher, 2011; Gauthier and Schlaefke, 2014)
and for affecting neurotransmission (Yoshitake et al., 2010) and
neuroplasticity (Tchantchou et al., 2007, 2009). Here, for the first
time, we systematically compare different commercially available
Ginkgo products in one experimental in vitro approach and
show that the different Ginkgo products with different extraction
procedures (Itil et al., 1996) exhibit different functional effects.

AUTHOR CONTRIBUTIONS

BB and OS designed research; LS performed experiments, LS, BB,
and KJ analyzed data; BB made the figures, BB wrote the paper.

REFERENCES

Allio, A., Calorio, C., Franchino, C., Gavello, D., Carbone, E., and Marcantoni,

A. (2015). Bud extracts from Tilia tomentosa Moench inhibit hippocampal

neuronal firing through GABAA and benzodiazepine receptors activation. J.

Ethnopharmacol. 172, 288–296. doi: 10.1016/j.jep.2015.06.016

Alloisio, S., Nobile, M., and Novellino, A. (2015). Multiparametric characterisation

of neuronal network activity for in vitro agrochemical neurotoxicity

assessment. Neurotoxicology 48, 152–165. doi: 10.1016/j.neuro.2015.03.013

Augustin, S., Rimbach, G., Augustin, K., Schliebs, R., Wolffram, S., and Cermak,

R. (2009). Effect of a short- and long-term treatment with Ginkgo biloba

extract on amyloid precursor protein levels in a transgenic mouse model

relevant to Alzheimer’s disease. Arch. Biochem. Biophys. 481, 177–182.

doi: 10.1016/j.abb.2008.10.032

Bader, B. M., Steder, A., Klein, A. B., Frølund, B., Schroeder, O. H. U., and

Jensen, A. A. (2017). Functional characterization of GABAA receptor-

mediated modulation of cortical neuron network activity in microelectrode

array recordings. PLoS ONE 12:e0186147. doi: 10.1371/journal.pone.

0186147

Basta, D. (2017). Schwindel im alter und vaskulär bedingter schwindel

[presbyvertigo and vascular vertigo]., die medizinischeWelt 68, 46–52.

Brunetti, L., Michelotto, B., Orlando, G., Recinella, L., Di Nisio, C.,

Ciabattoni, G., et al. (2004) Aging increases amyloid β-peptide-induced

8-iso-prostaglandin F2α release from rat brain. Neurobiol. Aging 25, 125–129.

doi: 10.1016/S0197-4580(03)00038-1

Brunetti, L., Orlando, G., Menghini, L., Ferrante, C., Chiavaroli, A., and Vacca,

M. (2006). Ginkgo biloba leaf extract reverses amyloid beta-peptide-induced

isoprostane production in rat brain in vitro. Planta Med. 72, 1296–1299.

doi: 10.1055/s-2006-951688

Charkhkar, H., Meyyappan, S., Matveeva, E., Moll, J. R., McHail, D. G., Peixoto, N.,

et al. (2015). Amyloid beta modulation of neuronal network activity In Vitro.

Brain Res. 1629, 1–9. doi: 10.1016/j.brainres.2015.09.036

Chen, L.W.,Wang, Y. Q.,Wei, L. C., Shi, M., and Chan, Y. S. (2007). Chinese herbs

and herbal extracts for neuroprotection of dopaminergic neurons and potential

therapeutic treatment of Parkinson’s disease. CNS Neurol. Disord. Drug Targets

6, 273–281. doi: 10.2174/187152707781387288

Chiappalone, M., Bove, M., Vato, A., Tedesco, M., and Martinoia, S.

(2006). Dissociated cortical networks show spontaneously correlated

activity patterns during in vitro development. Brain Res. 1093, 41–53.

doi: 10.1016/j.brainres.2006.03.049

Defranchi, E., Novellino, A., Whelan, M., Vogel, S., Ramirez, T., van Ravenzwaay,

B., et al. (2011). Feasibility assessment of micro-electrode chip assay

as a method of detecting neurotoxicity in vitro. Front. Neuroeng. 4:6.

doi: 10.3389/fneng.2011.00006

Ferrante, C., Recinella, L., Locatelli, M., Guglielmi, P., Secci, D., Leporini,

L., et al. (2017). Protective effects induced by microwave-assisted aqueous

harpagophytum extract on rat cortex synaptosomes challenged with amyloid

β-peptide. Phytother Res. 31, 1257–1264. doi: 10.1002/ptr.5850

Frega, M., Pasquale, V., Tedesco, M., Marcoli, M., Contestabile, A., Nanni, M., et al.

(2012). Cortical cultures coupled to micro-electrode arrays: a novel approach

to perform in vitro excitotoxicity testing. Neurotoxicol. Teratol. 34, 116–127.

doi: 10.1016/j.ntt.2011.08.001

Gafner, S. (2018). “Adulteration of Ginkgo biloba leaf extract,” in

BotanicalAdulterantsBulletin, (American Botanical Council). Available

Frontiers in Pharmacology | www.frontiersin.org 7 August 2018 | Volume 9 | Article 848

https://doi.org/10.1016/j.jep.2015.06.016
https://doi.org/10.1016/j.neuro.2015.03.013
https://doi.org/10.1016/j.abb.2008.10.032
https://doi.org/10.1371/journal.pone.0186147
https://doi.org/10.1016/S0197-4580(03)00038-1
https://doi.org/10.1055/s-2006-951688
https://doi.org/10.1016/j.brainres.2015.09.036
https://doi.org/10.2174/187152707781387288
https://doi.org/10.1016/j.brainres.2006.03.049
https://doi.org/10.3389/fneng.2011.00006
https://doi.org/10.1002/ptr.5850
https://doi.org/10.1016/j.ntt.2011.08.001
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Bader et al. Ginkgo Extracts Rescue Beta-Amyloid Effects

Online at: http://cms.herbalgram.org/BAP/pdf/BAP-BABs-Ginkgo-CC-V2b.

pdf

Gauthier, S., and Schlaefke, S. (2014). Efficacy and tolerability of Ginkgo biloba

extract EGb 761(R) in dementia: a systematic review and meta-analysis

of randomized placebo-controlled trials. Clin. Interv. Aging 9, 2065–2077.

doi: 10.2147/CIA.S72728

Gramowski, A., Jügelt, K., Stüwe, S., Schulze, R., McGregor, G. P., Wartenberg-

Demand, A., et al. (2006a). Functional screening of traditional antidepressants

with primary cortical neuronal networks grown on multielectrode neurochips.

Eur. J. Neurosci. 24, 455–465. doi: 10.1111/j.1460-9568.2006.04892.x

Gramowski, A., Jügelt, K., Weiss, D. G., and Gross, G. W. (2004).

Substance identification by quantitative characterization of oscillatory

activity in murine spinal cord networks on microelectrode arrays. Eur. J.

Neurosci. 19, 2815–1825. doi: 10.1111/j.0953-816X.2004.03373.x

Gramowski, A., Jügelt, K., Schroder, O. H., Weiss, D. G., and Mitzner, S. (2011).

Acute functional neurotoxicity of lanthanum(III) in primary cortical networks.

Toxicol Sci. 120, 173–183. doi: 10.1093/toxsci/kfq385

Gramowski, A., Stüwe, S., Jügelt, K., Schiffmann, D., Loock, J., Schröder, O.,

et al. (2006b). Detecting neurotoxicity through electrical activity changes

of neuronal networks on multielectrode neurochips. ALTEX 23, 410–415.

doi: 10.1289/ehp.0901661

Gramowski-Voß, A., Schwertle, H. J., Pielka, A. M., Schultz, L., Steder, A.,

Jugelt, K., et al. (2015). Enhancement of cortical network activity in vitro and

promotion of gabaergic neurogenesis by stimulation with an electromagnetic

field with a 150 mhz carrier wave pulsed with an alternating 10 and 16 hz

modulation. Front. Neurol. 6:158. doi: 10.3389/fneur.2015.00158

Gross, G. W., Harsch, A., Rhoades, B. K., and Göpel, W. (1997). Odor, drug and

toxin analysis with neuronal networks in vitro: extracellular array recording of

network responses. Biosens. Bioelectron. 12, 373–393.

Gureviciene, I., Ikonen, S., Gurevicius, K., Sarkaki, A., van Groen, T., Pussinen,

R., et al. (2003). Normal induction but accelerated decay of LTP in APP + PS1

transgenic mice. Neurobiol. Dis. 15, 188–195. doi: 10.1016/j.nbd.2003.11.011

Hammer, H., Bader, B. M., Ehnert, C., Bundgaard, C., Bunch, L., Hoestgaard-

Jensen, K., et al. (2015). A multifaceted gabaa receptor modulator:

functional properties and mechanism of action of the sedative-hypnotic and

recreational drug methaqualone (quaalude). Mol. Pharmacol. 88, 401–420.

doi: 10.1124/mol.115.099291

Hogberg, H. T., Sobanski, T., Novellino, A., Whelan, M., Weiss, D. G., and

Bal-Price, A. K. (2011). Application of micro-electrode arrays (MEAs) as an

emerging technology for developmental neurotoxicity: evaluation of domoic

acid-induced effects in primary cultures of rat cortical neurons.Neurotoxicology

32, 158–168. doi: 10.1016/j.neuro.2010.10.007

Itil, T. M., Eralp, E., Tsambis, E., Itil, K. Z., and Stein, U. (1996). Central nervous

system effects of ginkgo biloba, a plant extract. Am. J. Ther. 3, 63–73.

Ito, D., Komatsu, T., and Gohara, K. (2013). Measurement of saturation

processes in glutamatergic and GABAergic synapse densities during long-

term development of cultured rat cortical networks. Brain Res. 1534, 22–32.

doi: 10.1016/j.brainres.2013.08.004

Jhamandas, J. H., Cho, C., Jassar, B., Harris, K., MacTavish, D., and Easaw,

J. (2001). Cellular mechanisms for amyloid beta-protein activation of

rat cholinergic basal forebrain neurons. J. Neurophysiol. 86, 1312–1320.

doi: 10.1152/jn.2001.86.3.1312

Johnstone, A. F., Gross, G. W., Weiss, D. G., Schroeder, O. H., Gramowski,

A., and Shafer, T. J. (2010). Microelectrode arrays: a physiologically based

neurotoxicity testing platform for the 21st century. Neurotoxicology 31,

331–350. doi: 10.1016/j.neuro.2010.04.001

Kozak, K., and Csucs, G. (2010). Kernelized Z’ factor in multiparametric screening

technology. RNA Biol. 7, 615–620. doi: 10.4161/rna.7.5.13239

Kellermann, A. J., and Kloft, C. (2011). Is there a risk of bleeding associated

with standardized Ginkgo biloba extract therapy? A systematic review and

meta-analysis. Pharmacotherapy 31, 490–502. doi: 10.1592/phco.31.5.490.

Kirazov, E., Kirazov, L., Schroeder, O., Gramowski, A., Vssileva, E., Naydenov, C.,

et al. (2008). Amyloid beta peptides exhibit functional neurotoxicity to cortical

network cultures. Comptes Rendus de l’Acade’mie Bulgare des Sci. 61, 905–910.

Available Online at: http://www.proceedings.bas.bg/

Kümmel, A., Gubler, H., Gehin, P., Beibel, M., Gabriel, D., and Parker, C. N. (2010).

Integration of multiple readouts into the z’ factor for assay quality assessment.

J. Biomol. Screen 15, 95–101. doi: 10.1177/1087057109351311

Lambert, M. P., Barlow, A. K., Chromy, B. A., Edwards, C., Freed, R., Liosatos,

M., et al. (1998). Diffusible, nonfibrillar ligands derived from Abeta1-42 are

potent central nervous system neurotoxins. Proc. Natl. Acad. Sci. U.S.A. 95,

6448–6453.

Lantz, S. R., Mack, C. M., Wallace, K., Key, E. F., Shafer, T. J., and

Casida, J. E. (2014). Glufosinate binds N-methyl-D-aspartate receptors and

increases neuronal network activity in vitro. Neurotoxicology 45, 38–47.

doi: 10.1016/j.neuro.2014.09.003

Liu, L., Zhang, C., Kalionis, B.,Wan,W.,Murthi, P., Chen, C., et al. (2016). EGb761

protects against Abeta1-42 oligomer-induced cell damage via endoplasmic

reticulum stress activation and Hsp70 protein expression increase in SH-SY5Y

cells. Exp Gerontol. 75, 56–63. doi: 10.1016/j.exger.2016.01.003

Liu, X., Hao, W., Qin, Y., Decker, Y., Wang, X., Burkart, M., et al. (2015). Long-

term treatment with Ginkgo biloba extract EGb 761 improves symptoms and

pathology in a transgenic mouse model of Alzheimer’s disease. Brain Behav

Immun. 46, 121–131. doi: 10.1016/j.bbi.2015.01.011

Magalingam, K. B., Radhakrishnan, A., Ping, N. S., and Haleagrahara, N. (2018).

Current concepts of neurodegenerative mechanisms in alzheimer’s disease.

Biomed. Res. Int. 2018:3740461. doi: 10.1155/2018/3740461

McConnell, E. R., McClain, M. A., Ross, J., Lefew, W. R., and Shafer, T.

J. (2012). Evaluation of multi-well microelectrode arrays for neurotoxicity

screening using a chemical training set. Neurotoxicology 33, 1048–1057.

doi: 10.1016/j.neuro.2012.05.001

Mohamed, N. E., and Abd El-Moneim, A. E. (2017). Ginkgo biloba extract

alleviates oxidative stress and some neurotransmitters changes induced by

aluminum chloride in rats. Nutrition 35, 93–99. doi: 10.1016/j.nut.2016.

10.012

Nicolas, J., Hendriksen, P. J., van Kleef, R. G., de Groot, A., Bovee, T. F.,

Rietjens, I. M., et al. (2014). Detection of marine neurotoxins in food safety

testing using a multielectrode array. Mol. Nutr. Food Res. 58, 2369–2378.

doi: 10.1002/mnfr.201400479

Novellino, A., Scelfo, B., Palosaari, T., Price, A., Sobanski, T., Shafer, T. J., et al.

(2011). Development of micro-electrode array based tests for neurotoxicity:

assessment of interlaboratory reproducibility with neuroactive chemicals.

Front. Neuroeng. 4:4. doi: 10.3389/fneng.2011.00004

Parenti, C., Turnaturi, R., Aricò, G., Gramowski-Voss, A., Schroeder, O. H.,

Marrazzo, A., et al. (2013). The multitarget opioid ligand LP1’s effects in

persistent pain and in primary cell neuronal cultures. Neuropharmacology 71,

70–82. doi: 10.1016/j.neuropharm.2013.03.008

Scheltens, P., Blennow, K., Breteler, M. M., de Strooper, B., Frisoni, G.

B., Salloway, S., et al. (2016). Alzheimer’s disease. Lancet. 388, 505–517.

doi: 10.1016/S0140-6736(15)01124-1

Schultz, L., Zurich, M. G., Culot, M., da Costa, A., Landry, C., Bellwon,

P., et al. (2015). Evaluation of drug-induced neurotoxicity based on

metabolomics, proteomics and electrical activity measurements in

complementary CNS in vitro models. Toxicol. In Vitro 30(1 Pt A), 138–165.

doi: 10.1016/j.tiv.2015.05.016.

Selkoe, D. J., and Hardy, J. (2016). The amyloid hypothesis of Alzheimer’s disease

at 25 years. EMBOMol. Med. 8, 595–608. doi: 10.15252/emmm.201606210

Shi, C., Wu, F., and Xu, J. (2010). H2O2 and PAF mediate Abeta1-42-induced

Ca2+ dyshomeostasis that is blocked by EGb761. Neurochem Int. 56, 893–905.

doi: 10.1016/j.neuint.2010.03.016

Shi, C., Zhao, L., Zhu, B., Li, Q., Yew, D. T., Yao, Z., et al. (2009). Protective effects

ofGinkgo biloba extract (EGb761) and its constituents quercetin and ginkgolide

B against beta-amyloid peptide-induced toxicity in SH-SY5Y cells. Chem Biol

Interact. 181, 115–123. doi: 10.1016/j.cbi.2009.05.010

Tchantchou, F., Lacor, P. N., Cao, Z., Lao, L., Hou, Y., Cui, C., et al. (2009).

Stimulation of neurogenesis and synaptogenesis by bilobalide and quercetin via

common final pathway in hippocampal neurons. J. Alzheimers Dis. 18, 787–798.

doi: 10.3233/JAD-2009-1189

Tchantchou, F., Xu, Y., Wu, Y., Christen, Y., and Luo, Y. (2007). EGb 761

enhances adult hippocampal neurogenesis and phosphorylation of CREB in

transgenic mouse model of Alzheimer’s disease. FASEB J. 21, 2400–2408.

doi: 10.1096/fj.06-7649com

Tian, X., Wang, J., Dai, J., Yang, L., Zhang, L., Shen, S., et al. (2012). Hyperbaric

oxygen and Ginkgo Biloba extract inhibit Abeta25-35-induced toxicity and

oxidative stress in vivo: a potential role in Alzheimer’s disease. Int. J. Neurosci.

122, 563–569. doi: 10.3109/00207454.2012.690797

Frontiers in Pharmacology | www.frontiersin.org 8 August 2018 | Volume 9 | Article 848

http://cms.herbalgram.org/BAP/pdf/BAP-BABs-Ginkgo-CC-V2b.pdf
http://cms.herbalgram.org/BAP/pdf/BAP-BABs-Ginkgo-CC-V2b.pdf
https://doi.org/10.2147/CIA.S72728
https://doi.org/10.1111/j.1460-9568.2006.04892.x
https://doi.org/10.1111/j.0953-816X.2004.03373.x
https://doi.org/10.1093/toxsci/kfq385
https://doi.org/10.1289/ehp.0901661
https://doi.org/10.3389/fneur.2015.00158
https://doi.org/10.1016/j.nbd.2003.11.011
https://doi.org/10.1124/mol.115.099291
https://doi.org/10.1016/j.neuro.2010.10.007
https://doi.org/10.1016/j.brainres.2013.08.004
https://doi.org/10.1152/jn.2001.86.3.1312
https://doi.org/10.1016/j.neuro.2010.04.001
https://doi.org/10.4161/rna.7.5.13239
https://doi.org/10.1592/phco.31.5.490.
http://www.proceedings.bas.bg/
https://doi.org/10.1177/1087057109351311
https://doi.org/10.1016/j.neuro.2014.09.003
https://doi.org/10.1016/j.exger.2016.01.003
https://doi.org/10.1016/j.bbi.2015.01.011
https://doi.org/10.1155/2018/3740461
https://doi.org/10.1016/j.neuro.2012.05.001
https://doi.org/10.1016/j.nut.2016.10.012
https://doi.org/10.1002/mnfr.201400479
https://doi.org/10.3389/fneng.2011.00004
https://doi.org/10.1016/j.neuropharm.2013.03.008
https://doi.org/10.1016/S0140-6736(15)01124-1
https://doi.org/10.1016/j.tiv.2015.05.016.
https://doi.org/10.15252/emmm.201606210
https://doi.org/10.1016/j.neuint.2010.03.016
https://doi.org/10.1016/j.cbi.2009.05.010
https://doi.org/10.3233/JAD-2009-1189
https://doi.org/10.1096/fj.06-7649com
https://doi.org/10.3109/00207454.2012.690797
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Bader et al. Ginkgo Extracts Rescue Beta-Amyloid Effects

Tian, X., Zhang, L., Wang, J., Dai, J., Shen, S., Yang, L., et al. (2013). The protective

effect of hyperbaric oxygen and Ginkgo biloba extract on Abeta25-35-induced

oxidative stress and neuronal apoptosis in rats. Behav Brain Res. 242, 1–8.

doi: 10.1016/j.bbr.2012.12.026

Varghese, K., Molnar, P., Das, M., Bhargava, N., Lambert, S., Kindy, M.

S., et al. (2010). A new target for amyloid beta toxicity validated

by standard and high-throughput electrophysiology. PLoS ONE 5:e8643.

doi: 10.1371/journal.pone.0008643

von Boetticher, A. (2011). Ginkgo biloba extract in the treatment of

tinnitus: a systematic review. Neuropsychiatr. Dis. Treat. 7, 441–447.

doi: 10.2147/NDT.S22793

Wagenaar, D. A., Pine, J., and Potter, S. M. (2006). An extremely rich repertoire of

bursting patterns during the development of cortical cultures. BMC Neurosci.

7:11. doi: 10.1186/1471-2202-7-11

Wan, W., Zhang, C., Danielsen, M., Li, Q., Chen, W., Chan, Y.,

et al. (2016). EGb761 improves cognitive function and regulates

inflammatory responses in the APP/PS1 mouse. Exp. Gerontol. 81, 92–100.

doi: 10.1016/j.exger.2016.05.007

Wohlmuth, H., Savage, K., Dowell, A., and Mouatt, P. (2014). Adulteration

of ginkgo biloba products and a simple method to improve its detection.

Phytomedicine 21, 912–918. doi: 10.1016/j.phymed.2014.01.010

Yoshitake, T., Yoshitake, S., and Kehr, J. (2010). The ginkgo biloba extract

EGb 761(R) and its main constituent flavonoids and ginkgolides increase

extracellular dopamine levels in the rat prefrontal cortex. Br. J. Pharmacol. 159,

659–668. doi: 10.1111/j.1476-5381.2009.00580.x

Zhang, L. D., Ma, L., Zhang, L., Dai, J. G., Chang, L. G., Huang, P. L., et al.

(2015). Hyperbaric oxygen and ginkgo biloba extract ameliorate cognitive and

memory impairment via nuclear factor kappa-b pathway in rat model of

alzheimer’s disease. Chin. Med. J. 128, 3088–3093. doi: 10.4103/0366-6999.

169105

Conflict of Interest Statement: This study was partly sponsored by Dr. Willmar

Schwabe GmbH & Co KG, Karlsruhe, Germany. OS, KJ, LS, and BB are emplyees

of NeuroProof. OS holds shares of NeuroProof.

Copyright © 2018 Bader, Jügelt, Schultz and Schroeder. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Pharmacology | www.frontiersin.org 9 August 2018 | Volume 9 | Article 848

https://doi.org/10.1016/j.bbr.2012.12.026
https://doi.org/10.1371/journal.pone.0008643
https://doi.org/10.2147/NDT.S22793
https://doi.org/10.1186/1471-2202-7-11
https://doi.org/10.1016/j.exger.2016.05.007
https://doi.org/10.1016/j.phymed.2014.01.010
https://doi.org/10.1111/j.1476-5381.2009.00580.x
https://doi.org/10.4103/0366-6999.169105
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Ginkgo biloba L. (Ginkgoaceae) Leaf Extract Medications From Different Providers Exhibit Differential Functional Effects on Mouse Frontal Cortex Neuronal Networks
	Introduction
	Materials and Methods
	Compounds
	Ethics
	Primary Cell Cultures
	Multichannel Recordings
	Compound Treatment
	Data Analysis
	Statistical Analysis

	Results
	Functional Acute Effects of Amyloid Beta 42 (Aβ42)
	Rescue of Aβ42 Effects by Ginkgo biloba l. (Ginkgoaceae) Exctract Tebonin
	Integration of Multi-Parametric Data and Ranking of Rescue Effects

	Discussion
	Author Contributions
	References


