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Abstract

Adult rats were treated acutely with peripheral kainic acid (KA), and changes in brain-derived neurotrophic factor
(BDNF) mRNA and protein were tracked over time across multiple brain regions. Despite robust elevation in both
mMRNA and protein in multiple brain regions, plasma BDNF was unchanged and cerebrospinal fluid (CSF) BDNF levels
remained undetectable. Primary neurons were then treated with KA. BDNF was similarly elevated within neurons,
but was undetectable in neuronal media. Thus, while deficits in BDNF signaling have been implicated in a number
of diseases, these data suggest that extracellular concentrations of BDNF may not be a facile biomarker for changes

in neurons.
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Brain-derived neurotrophic factor (BDNF) is critical to
normal neuronal development and differentiation, and
continues to play important roles in synaptic.plasticity
and neuronal survival in the adult brain. The breadth of
critical functions regulated by BDNF highlight its poten-
tial as a therapeutic target and/or biomarker for a variety
of psychiatric and neurodegenerative diseases (Pezet &
Malcangio 2004, Woo & Lu 2006) as well as eating disor-
ders and obesity (Rosas-Vargas et al. 2011). Recombinant
BDNF has been evaluated in aclinical trial for amyo-
trophic lateral sclerosis with mixed results (Ochs et al.
2000). Other proposed therapeutic approaches to BDNF
modulation include stimulation of BDNF production
or release, and measurement of BDNF in cerebrospinal
fluid (CSF) and plasma could serve as useful biomarker
if changes in these compartments reflect changes in the
brain. Alterations in plasma or serum BDNF in mul-
tiple disease states, including schizophrenia (Pillai et al.
2010), bipolar disorder (Barbosa et al. 2010), Alzheimer’s

disease (Angelucci et al. 2010), and Parkinson’s disease
(Scalzo et al. 2010) have been described. Since BDNF
is expressed in multiple tissues throughout the body,
peripherally circulating BDNF may not reflect expression
levels in the brain. Several groups have reported mea-
surement of BDNF in human CSF, though reported con-
centrations range over two orders of magnitude between
studies (Laske et al. 2007; Capelle et al. 2009; Li et al. 2009;
Salehi & Mashayekhi 2009; Pillai et al. 2010; Leverenz
et al. 2011). Technical challenges have been reported in
the ability to reliably detect BDNF in CSE, (Laske et al.
2007), and with 100-10,000-fold greater BDNF levels in
plasma or serum (Salehi & Mashayekhi 2009; Pillai et al.
2010; Yoshimura et al. 2010), even the smallest amount
of blood contamination could contribute to a CSF BDNF
signal.

A primary goal of the present study was to produce a
robust induction of central BDNF in a rodent model to
examine the pharmacodynamic relationship of BDNF

Address for Correspondence: Thomas A. Lanz, Neuroscience Research, Pfizer MS# 8220-4243, Eastern Point Rd, Groton, CT 06340, USA.

Tel: 860-686-0546. E-mail: thomas.a.lanz@pfizer.com
(Received 13 April 2012; revised 09 May 2012; accepted 14 May 2012)

524

RIGHTS LI MN Kiy



Biomarkers Downloaded from informahealthcare.com by Changhua Christian Hospital on 11/14/12
For personal use only.

between brain, CSF and plasma. BDNF production and
release is subject to regulation by epigenetic mechanisms
and neuronal activity (Cowansage et al. 2010). Robust
elevations in BDNF mRNA and protein have been
observed in models inducing pronounced increases
in neural activity, such as seizure-inducing kainic acid
(KA) treatment, both in vivo (Dugich-Djordjevic et al.
1992; Rudge et al. 1998; Katoh-Semba et al. 1999; Dong
et al. 2006) and in primary neuronal cultures (Dong et al.
2006; Katoh-Semba et al. 1999). To fully characterize the
central BDNF response to KA, rats were treated with a
single dose of KA, monitored for seizure activity and then
multiple brain regions were harvested over a 24-h period
for assessment of BDNF mRNA and protein levels. CSF
and plasma were collected at each time point to provide
biomarker information to correlate with brain BDNF
changes. Further evaluation of BDNF protein production
and secretion was performed in primary cultures of rat
hippocampal neurons and human choroid plexus cells.

Experimental methods

Animals

All procedures used in this study were approved by, and
in accordance with, the guidelines of the Pfizer Animal
Care and Use Committee. Animal facilities are accredited
by the Association for Assessment and Accreditation of
Laboratory Animal Care, International. Rats were kept
in a 12:12 h light-dark cycle and housed in solid bottom
cages with corncob bedding. Rats were fed standard rat
chow with water available ad libitum. Adult male Sprague-
Dawley rats (Charles River, Wilmington, MA) weighing
175-200 g were allowed to acclimate in-house for 1 week
prior to the initiation of the study and were used at 225-265
g. On the day of the study the rats were administered a
single subcutaneous (sc) injection of either vehicle (saline)
or KA (12 mg/kg; Sigma). The injections were timed so that
the rats would all be sacrificed within a 2-h time frame,
thereby eliminating the need for a corresponding vehicle-
treated group at each time point and thus reducing the total
number of animals used for the study. Rats were divided
into 6 groups consisting of 7-9 rats per group as follows: 24,
12, 6, 3, and 1.5 h after KA injection and 3 h after vehicle
injection. Immediately following KA injection, rats were
observed for a period of 1.5-2 h for the following behaviors
indicative of onset of the KA-induced seizures: wet dog
shakes, facial clonus, rhythmic head nods, forelimb clonus,
loss of balance, rearing, and rearing and falling. Symptoms
were scored using the Racine scale (Racine 1972); seizure
score distribution is shown in Table 1. No spontaneous
deaths were observed during this experiment. Rats were
euthanized by CO, and blood was collected via cardiac
puncture into EDTA vacutainer tubes and stored on ice
for plasma collection. CSF was collected and snap-frozen
prior to removal of the brain for dissection of cerebellum,
hippocampus, striatum, amygdala, and frontal cortex.
Each brain region was collected into two tubes divided by
hemisphere, reserving one tube for protein and the other
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Table 1. Distribution of seizure severity scores (Racine scale) over
time.

Number of rats exhibiting given seizure severity

Time (h) 1 2 3 4 5 N
0 0 0 0 0 0 8
1.5 2 0 3 4 0 9
3 0 1 2 5 1 9
6 0 0 0 7 1 8
12 0 0 0 5 2 7
24 0 0 0 4 4 8

All rats exhibited some level of symptoms following subcutaneous
injection of 12 mg/kg kainic acid. Seizure scoring is based on the
Racine scale (Racine 1972): (1) facial clonus; (2) facial clonus plus
rhythmic head nodding; (3) facial and foreleg clonus, rhythmic
head nodding; (4) facial and foreleg clonus, rhythmic head
nodding, rearing; (5) falling in addition to previous symptoms.

for RNA. Pilot experiments showed no difference in BDNF
protein concentration between hemispheres in naive
rats. All samples were rapidly frozen on dry ice and stored
at -80°C until analysis.

RNA extraction and gRT-PCR

RNA was extracted using the RNeasy Lipid Tissue Mini
Kit (Qiagen, Valencia, CA) according to the kit protocol,
treated with DNase (RNase-Free DNase Set; Qiagen) to
remove any contaminating genomic DNA and quanti-
fied using a NanoDrop® ND-1000 spectrophotom-
eter (NanoDrop Technologies, Inc., Wilmington, DE).
A260/280 and A260/230 ratios were also determined
for each sample; average A260/280 ratio = 2.08 + 0.04
(mean for all samples + standard deviation) and average
A260/230 ratio = 2.13 + 0.13 indicating that the samples
were free from protein and salt contamination, respec-
tively. Two microgram of RNA was converted to cDNA
using Applied Biosystems High Capacity RNA-to-cDNA
Master Mix (Life Technologies, Carlsbad, CA) in a 40 pL
reaction volume. The cDNA was then diluted with water
to a working concentration of 5 ng/pL (based on RNA
input) to use in subsequent gPCR reactions.

A TagMan assay was custom-designed for rat BDNF
transcript IX (pan BDNF) and ordered from Applied
Biosystems as a 20x master mix containing forward and
reverse primers and probe CTGGATGCCGCAAACATGTC
(forward), = CTGCCGCTGTGACCCACTC  (reverse),
and TCACACACGCTCAGCTCCCCACGG  (probe).
PAGE-Ultramer synthetic DNA oligos (Integrated DNA
Technologies, Coralville, IA) were ordered to use for
generation of standard curves for qPCR. Validation of the
BDNF assays and their respective oligos was conducted
as follows. A 12-point standard curve was made with
the oligo using 1:5 dilutions starting with 25 pM as the
top point of the curve. The efficiency was calculated and
compared to a cDNA standard curve in order to validate
that the amplification efficiency was within 10% for both
the oligo and cDNA and that a good linear dynamic range
could be achieved.

Quantitative PCR was performed on an Applied
Biosystems 7900HT thermocycler (Life Technologies,
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Carlsbad, CA). Relative standard curve qPCR was
conducted using the validated oligo for the standard
curves. Ribophorin was used as the reference gene (assay
ID Rn00565052_m1; ordered from Applied Biosystems)
and has been previously validated in our lab to be stably
expressed in rat brain tissues under a variety of treatment
conditions. PCR reactions were conducted in a 10 pL
reaction volume containing 3 pL ¢cDNA (5 ng/pL), 5 pL
20x TagMan® Gene Expression Master Mix (Applied
Biosystems), 0.5 pL 20x TagMan assay and 1.5 pL water
under the following cycling conditions: 50°C hold for 2
min, 95°C hold for 10 min, 45 cycles of 3 s at 95°C and
30 s at 60°C.

Protein extraction and BDNF ELISA

Brain samples were prepared for BDNF protein analysis
using the following lysis buffer suggested by the ELISA
kit manufacturer (Promega, Madison, WI): 20 mM Tris-
HCI (pH 7), 137 mM NacCl, 1% NP40, 10% glycerol, 1 mM
PMSE 10 pg/mL aprotinin, 1 pg/mL leupeptin, and 0.5
mM sodium orthovanadate. Samples were weighed fro-
zen and homogenized in 10 mL/g lysis buffer using tung-
sten carbide beads in a TissueLyser (Qiagen, Valencia,
CA). Homogenates were centrifuged at 14,000g for 30
min at4°C. Supernatants were saved in 96-well deep-well
plates and stored at —80°C until assay.

BDNF levels were measured using a modified ver-
sion of the Promega BDNF E _ ® Immunoassay system
(G7611). Half-volume 96-well ELISA plates (Costar®;
Corning, Lowell, MA) were coated with 50 pL anti-
BDNF mAb at 1:1000 dilution in 0.025 M sodium bicar-
bonate and 0.025 M sodium carbonate, sealed, and
stored at 4°C overnight. Plates were washed 4x with PBS
containing 0.05% Tween20, then blocked for 2 h at room
temperature (RT) with 130 pL/well Promega blocking
buffer (G3311). Samples and standards were prepared
in blocking buffer (brain homogenates diluted 1:12; CSF
and plasma assayed neat), then loaded onto the plates
(50 pL) following a wash step. Plates were sealed and
stored overnight at 4°C. On the third day, plates were
washed and incubated with 50 pL/well anti-human
BDNF pAb at 1:500 dilution in blocking buffer for 2 h
at RT. Plates were washed again and incubated with 50
pL anti-IgY HRP conjugate at 1:200 dilution in block-
ing buffer for 1 h at RT. Following a final wash, 50 pL
TMB solution was added to each well. The reaction was
stopped after 10 min with 1 N HCI, and 450 nm opti-
cal densities were read on a Spectramax plate reader
(Molecular Devices). Samples were interpolated off of
a standard curve fit by a fourth order polynomial equa-
tion using Softmax Pro (R? = 1). Interpolated BDNF lev-
els were normalized to total protein (DC Protein Assay
Kit II, Bio-Rad, Hercules, CA).

Cell culture

Rat primary hippocampal neurons were isolated at
embryonic day 18 and cultured at a density of 120,000
cells/well in 24-well plates coated with poly-D-lysine

and laminin in serum-free neurobasal media supple-
mented with NS21 (Chen et al. 2008). Media was
changed after 10 days in vitro (10 DIV). On 14 DIV, 4-6
wells per condition were treated with vehicle (fresh
media), 2 uM bicuculline, or KA (25-100 pM). After 6
or 24 h, media was collected for measurement of LDH
(Roche kit #644793001). Neurons were harvested in
BDNF lysis buffer and stored at —80°C until assay in the
BDNF ELISA. Three replicate experiments were run for
each condition.

Frozen human choroid plexus cells were obtained from
ScienCell Research Laboratories (Carlsbad, CA). Cells
were seeded in a 24-well plate coated with poly-L-lysine
at 100,000 cells/well in Epithelial Cell Media (ScienCell).
Once cells reached 90% confluency, they were treated
with 25 pM KA or vehicle (media). Lysates and media were
prepared as described for primary neurons. Three replicate
experiments were run for each condition.

Statistical analysis

Differences between groups were compared in GraphPad
Prism v5 using a Kruskal-Wallis test followed by Dunn’s
multiple comparison test.

Results

Following administration of 12 mg/kg KA, all rats exhib-
ited symptoms of a full seizure within 3 h (Table 1). Blood,
CSF and brains (frontal cortex, striatum, hippocampus,
amygdala, and cerebellum) were harvested at 1.5, 3, 6,
12, and 24 h posttreatment.

Of the regions assessed, hippocampus had the high-
est levels of BDNF mRNA under both vehicle and stimu-
lated conditions. Hippocampus also showed the most
rapid induction of BDNF mRNA dye to KA treatment
(Figure 1A). BDNF mRNA was significantly elevated by
the first time point assessed (1.5 h, 1162% of vehicle).
mRNA expression peaked at 3 h (2785% of vehicle)
and then began to decline, but remained significantly
elevated 6 h later. Elevations in BDNF protein (Figure 1)
were delayed relative to mRNA, with significant eleva-
tions detected at 6, 12, and 24 h (270, 424, and 377% of
vehicle).

In frontal cortex (Figure 1B), BDNF mRNA was sig-
nificantly elevated from 1.5 to 12 h. The peak increase
(>1600% of vehicle) occurred from 3-6 h, with declin-
ing levels by 12 h postdose. As in hippocampus, protein
levels were not significantly elevated until 6 h, and
remained significantly elevated (>400% of vehicle)
through 24 h.

Amygdala showed a slower onset of BDNF mRNA and
protein increase relative to other regions (Figure 1C).
The peak increase in mRNA was observed at 6 h (2694%
of vehicle), and the peak increase in protein levels was
not until 24 h (877% of vehicle). In terms of % increase,
amygdala showed the highest induction of both mRNA
and protein levels of BDNF within the range of the time
points assessed.
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Figure 1. Expression of total BDNF mRNA vs. BDNF protein in the hippocampus (A), frontal cortex (B), amygdala (C), striatum (D), cerebellum
(E), or plasma (F) following systemic administration of kainic acid (mean + SEM). The x axis represents time (h) postdose. For brain samples,
total BDNF mRNA (left y axis) is represented by triangles connected by dashed lines; values are normalized to ribophorin. BDNF protein
(right y axis) is represented by circles connected by solid lines; values are normalized to total protein. *p < .05 vs. vehicle control (shown as
0 h on the x axis). No group was significantly different from vehicle in plasma (shown as 0 h).
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BDNF & LDH levels in lysates from
primary rat hippocampal neurons (14 DIV)
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Figure 2. BDNF and LDH measurements in primary cultures of rat
hippocampal neurons following administration of bicuculline or
kainic acid. BDNF was measured in cell lysates and normalized to
total protein. LDH was measured in media. All values are shown as
mean + SEM % of vehicle. *p < .05 vs vehicle.

In striatum (Figure 1D), BDNF mRNA was significantly
elevated by 3 h, peaked at 6 h (2054% of vehicle) and then
declined, but was still significantly increased at 12 h. The
absolute magnitude of mRNA induction was considerably
smaller in striatum as compared to hippocampus, frontal
cortex or amygdala. Protein levels of BDNF in striatum
showed a trend toward elevation at later time points
(12-24 h) but did not achieve statistical significance.

Cerebellum (Figure 1E) was the least responsive region
to KA treatment. BDNF mRNA was significantly elevated
only at the 3-h time point, and its peak effect was modest
relative to all other regions assessed (180% of vehicle).
BDNF protein exhibited a nonsignificant increase at the
12-h time point.

Despite robust and long-lasting elevations in BDNF
protein in multiple brain regions, BDNF was undetect-
able in CSF in any treatment group (not shown; assay
detection limit was 2-4 pg/mL). Plasma BDNF was mea-
surable, though did not significantly change with treat-
ment (Figure 1F). As a control, recombinant BDNF was
spiked into rat CSE stored at 37°C, and assayed at mul-
tiple time points up to 24 h. The BDNF signal was mea-
surable by ELISA at all time points, and exhibited only a
40% decline in signal by 24 h (data not shown).

To evaluate whether changes in neuronal BDNF might
translate into detectable changes in secreted BDNF in
vitro under conditions of enhanced neuronal activity,
primary rat hippocampal neurons were treated with the
GABA A receptor antagonist bicuculline (2 pM) or KA
to enhance neuronal activity (25-100 uM) (Evans 1986;
Barker et al. 1987). Bicuculline (2 pM) and KA (25 pM)
produced significant elevations in intracellular BDNF by
24 h in the absence of LDH induction (Figure 2). High
concentrations of KA (100 uM) were toxic, elevating LDH
but not BDNE. BDNF was not detected in the collected
media under any condition.

BDNF leves in human choroid plexus primary cell culture
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Figure 3. BDNF measurements in lysates and conditioned media
from primary cultures of human choroid plexus cells following
administration of 25 pM kainic acid. All values are shown as
mean + SEM % of vehicle. *p < .05 vs vehicle.

To assess whether choroid plexus cells, responsible
for the production of CSF, are capable of producing and
secreting BDNE, a primary culture of human choroid
plexus cells was treated with KA (25 uM) for 24 h. BDNF
was easily measurable in cell lysates before and after KA
treatment, though levels were not significantly altered by
treatment in this cell type (Figure 3). In contrast to the
primary neurons, BDNF levels could be robustly mea-
sured in the media regardless of treatment.

Discussion

The present study demonstrated increases in BDNF
mRNA and protein in response to KA in multiple brain
regions. For each region assessed, we have compared the
time course of mRNA induction on one hemisphere to
the time course of protein induction in the other hemi-
sphere. Hippocampus showed the most rapid and robust
increases in BDNF mRNA (1.5-3 h) and protein produc-
tion (6 h onward), followed by frontal cortex. In cerebel-
lum, there was a transient increase in BDNF mRNA (3 h)
without any significant elevations in protein. Striatum
and amygdala both had delayed elevations in BDNF
mRNA (3-6 h) and protein (24 h) relative to hippocam-
pus. The initiation of seizure activity in hippocampus
before spreading to other brain regions has previously
been shown by electrographic endpoints and 2-DG
uptake (Ben-Ari et al. 1981). Delayed effects in amygdala
including elevated 2-DG uptake and rhythmic spiking
have been reported to persist days after a single injection
of KA (Ben-Ari et al. 1981).

Despite robust increases in BDNF detectable at the
level of both mRNA and protein in multiple regions
across the brain, plasma BDNF remained unchanged,
and BDNF was not detected in CSF in any group of
animals. Published studies of BDNF measured in human
CSF (Laske et al. 2007; Capelle et al. 2009; Li et al. 2009;
Salehi & Mashayekhi 2009; Pillai et al. 2010; Leverenz
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et al. 2011), and two reports measuring BDNF in rat CSF
(Xia et al. 2000; Mannari et al. 2008) have utilized similar
ELISA based measures of BDNF as reported in the present
study. Pilot experiments with rat and human CSF using
alternative ELISA kits, protease inhibitors, acidification,
or solid-phase extraction failed to yield a reliable BDNF
signal in CSF (data not shown). The relatively few studies
that have characterized CSF BDNF levels do not provide
consistent estimates of the absolute quantity measured
and range from less than 2 pg/mL (Laske et al. 2007) to
greater than 200 pg/mL (Li et al. 2009; Leverenz et al.
2011). Technical challenges in detecting a signal could
be a contributing factor. One published report analyzing
BDNF in CSF and plasma acknowledged the difficulty
in getting a reliable BDNF signal in human CSE and
were only able to obtain a BDNF signal in 50% of their
control samples (Laske et al. 2007). Differences in
sample handling or integrity, slight differences in assay
sensitivity, or trace amounts of blood contamination
could have sizable impact on variability against a
backdrop of low baseline levels of CSF expression.

If BDNF released from neuronal cells is into intersti-
tial fluid and moved to the CSF via a bulk flow path, one
would expect the magnitude of BDNF elevation produced
by kainate treatment in brain tissue in the present study
should have generated a detectable change in CSF BDNE
Failure to detect a robust BDNF signal in CSF despite
widespread induction of mRNA and protein could be
due to strict control of BDNF secretion and re-uptake.
Given the plethora of critical roles known for BDNEF, such
control might be expected. To test this hypothesis, we
induced BDNF production in primary rat hippocampal
neurons. If activity-induced BDNF is secreted from stim-
ulated neurons without immediate re-uptake by other
neurons, then we expected to detect BDNF in the media
collected from the neurons. Similar to what is observed
in vivo, robust increases could be measured in neuronal
lysates, but a detectable signal from conditioned media
remained elusive. Since CSF is produced in the choroid
plexus, it is reasonable to expect that BDNF could be
secreted from these cells under the right conditions in
vivo. We tested this possibility and showed that choroid
plexus cells were not only able to produce BDNF intra-
cellularly, but a robust BDNF signal could be detected in
media collected from these cells, suggesting that BDNF
can be secreted from nonneuronal cells proximal to the
CSF compartment. Exogenously added BDNF has previ-
ously been shown to be endocytosed by primary rat hip-
pocampal neurons following binding to TrkB (Santi et al.
2006). Others have shown that BDNF levels in primary
neuronal media are at the limit of detection unless media
samples are concentrated (Chen et al. 2006) or BDNF-
specific antibodies are present in the wells to sequester
BDNF immediately upon secretion (Balkowiec & Katz
2000). Thus, neurons producing BDNF could be secreting
it locally, but the majority of the protein may be quickly
internalized, likely via the TrkB receptor. While neurons
express predominantly full-length TrkB, choroid plexus
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cells have been shown to express only a truncated form
of TrkB (T1), which lacks the catalytic domain (Klein
et al. 1990). Thus even if BDNF is being secreted from
choroid plexus cells in vivo, the rapid uptake by neurons
observed in vitro could be responsible for the absence of
a measurable signal in CSE

The ability to monitor levels of circulating BDNF in
the brain could provide the basis for viable biomarkers to
monitor a number of neurodegenerative and psychiatric
disorders in which alterations in BDNF expression and
signaling have been reported. Reduced levels of BDNF
mRNA and protein in pathologically affected brain regions
have been reported in Alzheimer’s disease (Connor et al.
1997; Hock et al. 2000), Parkinson’s disease (Parain et al.
1999), Huntington’s disease (Ferrer et al. 2000), depression
(Dwivedi et al. 2003), and schizophrenia (Weickert et al.
2005; Wong et al. 2010). The val66met polymorphism of
BDNE which results in reduced activity-dependent secre-
tion (Rybakowski 2008), is associated with increased risk
of schizophrenia (Alonso et al. 2008), reduced episodic
memory (Egan et al. 2003), reduced hippocampal volume
(Pezawas et al. 2004; Szeszko et al. 2005), and other struc-
tural and functional changes in the brain. BDNF-based
therapies have been successful in providing neuroprotec-
tion from disease-relevant insults in multiple animal mod-
els of neurodegeneration (Tsukahara et al. 1995; Ferrer
et al. 2001; Canals et al. 2004; Nagahara et al. 2009) and
depression (Schmidt & Duman 2010). Given the breadth
of diseases in which BDNF has been studied, however,
very few reports describe changes in CSF BDNF levels.

Collectively, the results herein suggest that CSF BDNF
does not reflect the status of BDNF expression in brain,
and may not be well suited as a biomarker or pharma-
cological endpoint. It remains possible that a reduc-
tion in the capacity of neurons to bind and endocytose
BDNF or altered CSF flow or volume in a disease state
might contribute to abnormally high levels of circulating
BDNE Under normal conditions, however, our data are
consistent with the hypothesis that neurons sequester
most circulating BDNF, even when intracellular concen-
trations are already significantly elevated, as induced by
KA. Development of therapeutic approaches that focus
on enhancing BDNF production or release in brain are
therefore not likely to be easily monitored in the clinic
by measuring CSF or plasma BDNF levels. Yet given the
number of diseases that have described deficient BDNF
signaling in the brain and preclinical therapeutic ben-
efits ascribed to increased BDNF function in the central
nervous system, the need for biomarkers to assess the
state of BDNF signaling in the brain would provide tre-
mendous value for clinical development of novel thera-
peutic approaches to neurodegenerative and psychiatric
disorders.
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