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Pathological cerebrospinal fluid (CSF) alterations like changes in amyloid-B;_4> and tau protein concen-
tration are typical in Alzheimer’s disease (AD). However, it remains unclear, if the composition of known
or unknown pathological factors in native CSF has a functional significance in AD. In this pilot study, we
used multielectrode array (MEA) neurochips to determine whether CSF of individuals with AD (AD-CSF)
may have distinct neurofunctional properties that may distinguish it from that of individuals with mild
cognitive impairment (MCI) - a differential diagnosis of high clinical importance. MEAs are neuronal cul-
tures coupled to a multisite electrical recording system with the ability to reflect pharmacological or tox-
icological alterations on the functional level of whole neuronal networks. Collective rhythmical electrical
activity was substantially enhanced after exposure to CSF of cognitively healthy subjects (controls) and of
MCI individuals (MCI-CSF) alike. However, this activity increment was significantly reduced when MEAs
were exposed to AD-CSF compared to MCI-CSF. Moreover, following AD-CSF exposure, networks showed
significantly enhanced burst durations and less synchronous bursting, respectively. Thus, AD-CSF and
MCI-CSF could be distinguished by characteristic changes of the network firing pattern on MEAs. When
data of MCI individuals and AD patients were pooled, the network suppression correlated significantly
with the degree of cognitive decline. The findings of this pilot study may set the stage for a unique
and straightforward diagnostic bioassay of AD with particular value in the differential diagnosis to MCI
and as a much needed biomarker for clinical trials.
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ioral functions, CSF concentration shifts of the proteins amyloid-
B1_42 (APq_42), total tau (t-tau), and phospho-tau 181 (p-tau),
respectively, are well documented and have become part of the

1. Introduction

Based on the continuity between the neuronal extracellular

environment and the cerebrospinal fluid (CSF), brain diseases fre-
quently induce distinct alterations of the CSF composition that
may directly reflect the pathological condition [1-3]. Such CSF
alterations may themselves influence neuronal function, e.g., on
the synaptic level, and thereby add to the pathophysiological pro-
cess [4,5]. Their detailed analysis could provide insight into patho-
genic mechanisms and foster the development of diagnostic and
disease stage biomarkers which would be of particular value for re-
search on neurodegenerative diseases and their treatment. In Alz-
heimer’s dementia (AD), a severe neurodegenerative disorder with
progressive and irreversible deterioration of cognitive and behav-
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new diagnostic research criteria [6,7]. Moreover, on a functional le-
vel, in a bioassay using organotypic brain slices, CSF of AD patients
(AD-CSF) has been demonstrated to exert neurotoxic properties
[8]. However, none of these features of AD-CSF has so far been re-
lated to disease severity in the sense of a disease tracking marker
[9].

In the present pilot study, we analyze the potential of multielec-
trode array (MEA) technology to possibly achieve that goal. Pri-
mary cortical neuronal networks grown on multielectrode
neurochips develop synchronous oscillatory electrical activity that
remains stable over weeks and even months and are sensitive to
pharmacological and toxicological manipulations [10]. We [11-
13] and others [14-17] have used MEA neurochip recordings as a
powerful tool to rapidly and efficiently detect the neuroactive po-
tency or neurotoxicity of various compounds. Network responses
particularly to complex mixtures of neuroactive substances can
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be easily quantified in a multi-parametric manner, thus yielding
‘fingerprints’ of neuroactivity of the compounds in question [10].
The aim of our study was thus (1) to assess the system’s response
to AD-CSF exposure in general, (2) to determine whether this pat-
tern of response may be characteristic and able to distinguish AD-
CSF from CSF of MCI subjects (MCI-CSF), and (3) to correlate it to
clinical disease severity.

2. Materials and methods
2.1. Subjects and procedures

We examined CSF samples from healthy controls and subjects
with cognitive complaints who underwent diagnostic work-up in
an academic outpatient memory clinic (Division of Geriatric Psy-
chiatry, Department of Psychiatry and Psychotherapy, Heinrich
Heine University, Diisseldorf). Diagnostic procedures included
thorough physical, neurological, and psychiatric examination, rou-
tine blood chemistry, determination of CSF AB;_4o, t-tau and p-tau
protein, respectively, as well as MRI brain scan and extensive neu-
ropsychological testing. The latter included the Consortium to
Establish a Registry of AD neuropsychological test (CERAD), the
AD Assessment Scale - cognitive subscale (ADAS-cog), the Mini-
Mental Status Examination (MMSE), and the Clock Drawing Test.
Clinical diagnosis of probable AD was achieved according to NIN-
CDS-ADRDA criteria and the new biomarker-based research crite-
ria [7]. Diagnosis of MCI was established after Petersen [18].

2.2. CSF collection and processing

CSF samples from all subjects were obtained by lumbar punc-
ture following informed consent and in accordance with a vote
from the local Ethics Committee of the University of Diisseldorf/
State of North Rhine-Westphalia, Germany. Sterile specimens were
immediately centrifuged for 5 min at 1.850g and the supernatant
was stored at —70 °C, avoiding repeated freeze/thaw cycles. Prior
to analysis on MEA neurochips, CSF was thawed and the pH was
adjusted to 7.4 with HEPES (4-[2-hydroxyethyl]-1-piperazinee-
thanesulfonic acid). In addition, standard CSF parameters were
measured and the neurodegenerative CSF markers AB;_4, t-tau,
and p-tau protein were determined by commercial ELISA Kits
(Table 1).

2.3. Cell culture and electrophysiology

Neuronal networks were grown on MEA neurochips as de-
scribed previously [19]. Briefly, suspensions of cryopreserved rat
cortical neurons and glial cells (embryonic day 18) were purchased
from CryoCell, QBM Cell Science, Ottawa, Canada, and stored in li-
quid nitrogen for up to 18 months. Before use, vials were thawed
and diluted with prewarmed neurobasal medium supplemented
with B27, glutamine, and penicillin-streptomycin (Invitrogen, Kar-
Isruhe, Germany). Cells were plated at a density of 1.25 x 105/cm?
on poly-p-lysine and laminin coated MEA dishes provided with a
square grid of 60 planar Ti/TiN-microelectrodes (diameter:
30 um, spacing: 200 um) with an input impedance of <50 kQ
(MultiChannelSystems, Reutlingen, Germany). Cultures were then
incubated in a humidified atmosphere (95% air, 5% CO,) at 37 °C
for 14-21 days. Spontaneous electrical activity was recorded as
extracellular potentials directly from MEA dishes at 37 °C (head
stage heating) for 2 min. Signals from individual electrodes were
simultaneously sampled at 25 kHz, A/D-converted with 12 bits,
visualized, and stored on hard disc. Offline spike and burst detec-
tion was performed by the custom-built software SpAnNer 1.0
(Tonisvorst, Germany).

Table 1

Sample characteristics.
Variable MCI (n=7) AD (n=7) P
Age [yrs] 63.4+2.6 69.5+3.5 0.1825
Sex ratio (male/female) 2/5 3/4 1.0”
Cognitive test scores
MMSE 259+1.8 18.8+3.1 0.0166
ADAS-cog 8.6+2.1 200+ 4.4 0.0419
BCRS 22+04 4103 0.0211
WMS - working memory subtest 17.7£3.7 6819 0.0571
TMT B/A 25+04 42+1.6 0.2061
CERAD subtests
Verbal fluency 20.7£1.7 14023 0.0431
Boston naming 13.8+£0.6 128+1.0 0.1619
Word list - immediate recall 17.8+2.6 10.0+0.7 0.0539
Word list - delayed recall 4.8+1.2 0503 0.0320
Constructional praxis 9.8+0.6 82+1.1 0.1112
Constructional praxis - recall 52+13 0.8+0.5 0.0160
CSF parameters
AB1-42 [pg/mL] 677.0+£91.8 413.3+70.7 0.0111
t-tau [pg/mL] 366.6+1102 7952+126.7 0.0144
Total protein [mg/dL] 43.1+3.6 30.6 £6.2 0.1508
Albumin [mg/dL] 26.1+£2.7 21323 0.2175
Q albumin [x1073] 6.1+0.6 45+0.6 0.0889
IgG [mg/dL] 27+03 21104 0.4206
QlIgG [x1073] 2.8+03 2.1+0.7 0.1817

Abbreviations: ADAS-cog; Alzheimer's disease assessment scale — cognitive subscale,
BCRS; brief cognitive rating scale, CERAD; consortium for the establishment of a
registry for Alzheimer’s disease, CSF; cerebrospinal fluid, Ig; immunoglobulin,
MMSE; mini-mental status examination, Q; quotient, TMT; trail making test, WMS;
wechsler memory scale.

" Mann-Whitney U test (if not otherwise indicated).

™ Fisher’s exact test.

2.4. Statistical analysis

Analyses were made in a multi-parametric manner and the fol-
lowing network parameters were extracted from raw spike train
data: spike rate, burst rate, interburst interval, interspike interval
within bursts, spike rate within bursts, and burst duration. To
quantify the variation of activity patterns - reflecting possible
changes in the spatiotemporal dynamics of the network activity
- the standard deviations (SDs) of the aforementioned parameters
were also determined. Statistical significance of clinical and exper-
imental data was determined using unpaired ¢t test or Mann-Whit-
ney U test, as appropriate. Beforehand, the method of Kolmogorov
and Smirnov was used to test for equal distribution of the data.
Student’s paired t-test was used to compare the spike rate before
and after exposure of neurochips to CSF of control subjects. Spear-
man’s nonparametric correlation test was used for correlation
analysis. Statistical significance was set at p < 0.05. GraphPad In-
stat, version 3.0, was used for statistical analyses. Data are depicted
as mean = SEM throughout this paper.

3. Results

3.1. Demographic and clinical sample characteristics of MCI and AD
subjects

Experimental data presented in this pilot report were obtained
from CSF of 19 individuals, divided into three groups: control sub-
jects (n=5), subjects diagnosed with MCI (n=7), and patients
diagnosed with AD (n = 7). Basic demographic and clinical charac-
teristics of both the MCI and AD sample, which were subjected to
further analysis in our study, are listed in Table 1. Subjects did not
differ significantly regarding mean age and sex distribution. Natu-
rally, AD patients performed significantly worse in standard cogni-
tive screening tests listed in Table 1. They also exhibited a typical
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psychometric AD deficit profile and thus scored significantly lower
in the verbal fluency and word list retrieval subtests of the CERAD
battery, respectively, as well as on the working memory task of the
Wechsler Memory Scale. The established CSF biomarkers AB;_43, t-
tau, and p-tau protein discriminated well between MCI and AD
subjects with AD patients exhibiting low CSF AB,_4, and high tau
protein levels, defining the diagnosis. Other CSF parameters did
not differ significantly and were within physiological limits.

3.2. Cortical cultures and spontaneous network activity

Neuritic outgrowth of cryopreserved dissociated embryonic rat
neurons was visible under light microscopy already hours after
plating. Within 1-2 weeks, a dense neuritic network was formed
on the electrode layer of the MEAs (Fig. 1). By this time, a robust,
stable, and synchronous spontaneous network activity was estab-
lished. Mean baseline spike rate was 2867 + 639/min. Cultures
used in this study aged from 14 to 28 days in vitro (DIV).

3.3. Differential firing pattern in response to MCI-CSF versus AD-CSF

Application of pure buffered human CSF was well tolerated by
rat primary cortical cells. Exposure to CSF of healthy control sub-
jects resulted in a 2.8-fold increase of spontaneous spiking activity
of the networks (Fig. 2). However, we found no statistically signif-
icant difference between spontaneous firing rate increments
regarding CSF of control versus MCI-CSF (data not shown). By com-
parison, following administration of CSF of diagnosed mild to mod-
erate AD patients (AD-CSF), the spike rate increase was
significantly less pronounced (Fig. 3A). We subsequently carried
out a multi-parametric analysis of the network dynamics in order
to characterize the changes in overall activity state and intra- as
well as interburst structure. The comparison between network re-
sponses to MCI- and AD-CSF regarding the most relevant network

Fig. 1. (A) Matured neuronal network grown on a multielectrode array (MEA) after
7 days in vitro (DIV 7). A detailed view on a set of six out of 64 electrodes is shown
with the dense cell layer attached to the MEA matrix (phase contrast microscopy).
(B) Typical trace of spontaneous electrical activity from cortical neurons captured
by a single electrode (above) and of an example burst consisting of 16 spikes
(below). Spikes represent action potentials of single neurons in the vicinity of the
electrode.
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Fig. 2. Enhancement of neuronal network activity by human cerebrospinal fluid
(CSF, healthy controls). (A) Spike raster plots show the spatiotemporal distribution
of synchronized spontaneous neuronal network activity over all channels recorded
within 1 min before (above) and after (below) exposure to CSF. (B) Overall network
spike rate is enhanced by the factor 2.8 (n=5).
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Fig. 3. Differential response of neuronal networks to cerebrospinal fluid (CSF) of
individuals with mild cognitive impairment (MCI-CSF; n=7) and Alzheimer’s
disease (AD-CSF; n = 7) as captured by salient network parameters (A-D).

parameters is depicted in Fig. 3. As illustrated, spontaneous spike
and burst rate both increased only approx. 1.5-fold in response
to AD-CSF compared to a 2.3- and 2.8-fold increase, respectively,
upon exposure to MCI-CSF (Fig. 3A and B). Conversely, whereas
MCI-CSF promoted a reduction of interspike intervals within
bursts, AD-CSF mediated a slight increase and the difference be-
tween the two groups was highly significant (Fig. 3C). The burst
duration showed a strong trend to increase with AD-CSF exposure
compared to MCI-CSF (Fig. 3D). The remaining parameter display-
ing statistical significance between the two groups was the burst
rate variance as assessed by the standard deviation of the number
of bursts per minute. In both groups, the burst rate variance de-
creased upon CSF exposure — suggesting more regular activity -
but less so with AD-CSF (0.5 versus 0.86, p = 0.048; not depicted).
Other network parameters, as listed in Section 2, did not change
significantly.
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Fig. 4. Correlation of cerebrospinal fluid (CSF)-mediated enhancement of network
activity (here: spike rate) and cognitive function in individuals with Alzheimer’s
disease (AD) and mild cognitive impairment (MCI) (pooled data). Reduced network
response is associated with low cognitive status (high ADAS-cog score). n = 12 (Test
data were not available for 2 subjects).

3.4. Neuronal network activity is correlated with cognition in MCI-CSF
and AD-CSF

Next, we sought to analyze the relationship between global
in vitro network activity after CSF exposure and cognitive function
in all patients with cognitive complaints (i.e., MCI and AD). As illus-
trated in Fig. 4, reduced spike rate was significantly associated with
the magnitude of cognitive decline as measured with the ADAS-cog
scale - the most frequently used rating scale in clinical AD trials -
and thus with disease severity. This led us to the conclusion that
analysis of patient CSF on MEA neurochips may have the potential
to serve as a surrogate biomarker.

4. Discussion

In earlier studies, we have investigated the influence of various
neuroactive compounds on spontaneous neuronal network activity
in vitro. In the present work, we confirmed the previous observa-
tion that exposure to human CSF on synchronously oscillating cul-
tured networks derived from rat cortical cells was well tolerated
and enhanced global activity parameters by a factor of 2-3 [4].
The cause of this network activity increase remains to be eluci-
dated. With regard to the complex composition of human CSF, a
variety of mechanisms are conceivable, including different electro-
lyte contents and the presence of CSF-specific components such as
lactate and excitatory amino acids (EAAs) which are contained in
the physiological CSF [20]. As an example, glutamate has been
shown to promote a lasting potentiation of synaptic transmission
in cultured hippocampal neurons [21]. We exclude an influence
of the pH value since in our study, pH values of all CSF specimens
were adjusted to 7.4 as in the original culture medium immedi-
ately before application.

In this pilot study, global network activity change upon CSF
application was not different between healthy controls and indi-
viduals with MCI. However, we found a significant difference
regarding the neuronal firing pattern when the network response
to MCI-CSF was compared to AD-CSF. The latter promoted an
attenuated net activity increase and longer bursts. Moreover, the
significantly higher interburst interval’s variability in AD-CSF indi-
cates a relative decline of network synchrony. Therefore, the cul-
tured network can be viewed as a biosensor to AD-CSF that
changes its spatiotemporal characteristics in a distinct manner. It
does so most likely in response to a specific single or combination
of inhibitory neuroactive components of the AD-CSF, probably via
interfering with one or more neuronal receptors or ion channels.
The inhibitory factor(s) may be directly secreted into the extracel-
lular fluid and CSF by neuronal or glial cells or stem from a periph-

eral source after crossing the blood brain barrier (BBB). As a matter
of fact, in AD, dysfunction of the BBB regularly occurs from very
early stages on and may be an integral part of the disease’s patho-
physiology [22]. As mentioned above, a previous report of neuro-
toxic properties of AD-CSF exists, but with no association to
disease severity [8]. At this point, the identity of the AD-CSF con-
stituent that disturbs network function in our system remains a
matter of speculation. The presence of AB;_4, oligomers — which
are increasingly recognized as a key factor in AD pathogenesis —
in AD-CSF may play a role since we have demonstrated a dose-
dependent network suppression of ABj_s» in a previous study
[11]. Moreover, corresponding to the correlation with network
suppression observed in the present study, recent observations
point to a similar correlation of AD-CSF AB;_4, oligomer counts
with cognitive decline [23,24]. Alternatively, excitotoxic sub-
stances that may trigger intracellular Ca®* influx could be sus-
pected or reactive oxygen species or high levels of inflammatory
mediators, as such factors are also believed to contribute substan-
tially to pathogenesis and course of the disease.

The data of our pilot study suggest that MEA neurochips may
detect distinct neurofunctional properties of AD-CSF compared to
MCI-CSF. Most importantly, the observed changes correlated with
the degree of cognitive decline and thus with dementia severity.
These findings may set the stage for a new and straightforward
diagnostic and, above all, disease tracking biomarker which has
not yet been developed but is much needed to monitor efficacy
in clinical trials. The small sample size of our study, which was de-
signed as a pilot project, is of course a limitation. A strength is,
however, the high diagnostic accuracy of AD and MCI because
the diagnosis was not only based on clinical, neuroimaging, and
neuropsychological grounds but also on established chemical bio-
marker status according to the latest biomarker-aided diagnostic
criteria of AD [6]. In follow-up studies with large numbers of AD,
MCI, and control subjects, respectively, we plan to further validate
the relationships reported here, particularly regarding the suitabil-
ity of this system as a surrogate biomarker in therapeutic trials.
Further research is also needed to identify the substance(s) and
pathway(s) that mediate the observed relative suppression of
in vitro network activity in AD-CSF.
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