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The nematode Caenorhabditis elegans, with tractable genetics and a well-defined nervous system,
provides a unique whole-animal model system to identify novel drug targets and therapies for
neurodegenerative diseases. Large-scale drug or target screens in models that recapitulate the
subtle age- and cell-specific aspects of neurodegenerative diseases are limited by a technological
requirement for high-throughput analysis of neuronal morphology. Recently, we developed a
single-copy model of amyloid precursor protein (SC_APP) induced neurodegeneration that
exhibits progressive degeneration of select cholinergic neurons. Our previous work with this
model suggests that small molecule ligands of the sigma 2 receptor (σ2R), which was recently
cloned and identified as transmembrane protein 97 (TMEM97), are neuroprotective. To determine
structure–activity relationships for unexplored chemical space in our σ2R/Tmem97 ligand
collection, we developed an in vivo high-content screening (HCS) assay to identify potential drug
leads. The HCS assay uses our recently developed large-scale microfluidic immobilization chip
and automated imaging platform. We discovered norbenzomorphans that reduced
neurodegeneration in our C. elegans model, including two compounds that demonstrated
significant neuroprotective activity at multiple doses. These findings provide further evidence that
σ2R/Tmem97-binding norbenzomorphans may represent a new drug class for treating
neurodegenerative diseases.
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Introduction
Continuous advancements in Caenorhabditis elegans neurodegenerative disease models1,2
are paving the way for high-throughput screening of collections of small molecules at the
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whole organism level. Early C. elegans models expressed disease-related genes ectopically
in muscle or at high levels in neurons causing large-scale neuromuscular dysfunction.3
Behavioral phenotypic screening in these models has yielded important discoveries.4,5
However, many human neurodegenerative disorders display a more subtle pattern of
degeneration for specific classes of neurons.6 Thus, next generation C. elegans models of
neurodegeneration typically express human disease-related genes in a neuronal pattern that
results in more subtle neurodegenerative phenotypes.7 Toward this end, we recently
developed a model of neurodegeneration in C. elegans by inserting a single-copy of the
wild-type human amyloid precursor protein APP gene (SC_APP) into the worm genome that
is expressed in all neurons.8 Starting in adulthood, SC_APP model worms show moderate,
progressive neurodegeneration of the VC4 and 5 cholinergic neurons.8 Using this next
generation model, we can screen for compounds that restrict the progress of degeneration.

Author Manuscript

The sigma 2 receptor (σ2R), which we recently cloned and identified as transmembrane
protein 97 (TMEM97),9 is distributed in the central nervous system (CNS) as well as
peripheral tissues,10 where it is involved in cell proliferation, regulation of cytosolic
calcium, and cholesterol trafficking and homeostasis.11,12 σ2R/TMEM97 has long been
associated with cancer,13,14 and it is increasingly being implicated in cellular processes
relevant to a variety of CNS disorders,10,15 including Alzheimer's disease (AD),8,16–18
schizophrenia,10 anxiety, pain,19 and Niemann-Pick disease.12

Author Manuscript

We recently discovered that several substituted norbenzomorphans that bind with high
affinity and selectivity to σ2R/Tmem97 exhibited significant neuroprotective activity in our
SC_APP C. elegans model.8 One of these compounds was subsequently shown to enhance
cognitive performance in a transgenic APP mouse model, highlighting the predictive nature
of this worm model.8 Notably, norbenzomorphans had previously been used in only a few in
vivo studies.20,21 The discovery that neurodegenerative conditions might be mitigated via
σ2R/Tmem97 modulation inspired us to create larger sets of drug-like norbenzomorphans as
novel ligands for σ2R/Tmem97.22,23 However, our ability to evaluate these compounds as
neuroprotective agents in the SC_APP model was limited by the laborious nature of
manually inspecting neuron health.

Author Manuscript

The lack of strong behavioral phenotypes and the restricted pattern of neurodegeneration in
the SC_APP model necessitates the analysis of subtle changes in cellular morphology in
order to screen for neuroprotection. The current high-throughput screening (HTS) platforms
for C. elegans, such as plate readers,24 lack the ability to provide the high-resolution and
sensitivity required to analyze such subtle phenotypes at high speeds. In recent years,
microfluidics has enabled higher resolution imaging,25–33 some of which can be coupled
with automation.32–38 However, these microfluidic chips also lack the ability to screen at
high-speeds because they can only image animals from a single population, and the
requirement of significant preparation time hinders throughput.39 Recently, we developed a
large-scale microfluidic chip with ∼4000 parallel immobilization channels for the analysis of
96 different populations of a poly glutamine C. elegans disease model.40 Using this
platform, we could evaluate the efficacy of 1000 United States Food and Drug
Administration (FDA)-approved drugs in reducing the protein aggregation across the entire
animal body by collecting and analyzing high-resolution data at high speeds. This platform
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now provides the ability to perform in vivo high-content screening (HCS) at the speed and
cost of in vitro cell based assays.

Author Manuscript

Herein, we present the high-content phenotypic screening of a set of norbenzomorphans that
bind to σ2R/Tmem97 with double and triple-digit nanomolar affinity. σ2R/Tmem97 ligands
had been shown to modulate neuronal degeneration at a single concentration in a C. elegans
model of age-related neurodegeneration,8 so we sought to identify compounds that exert
dose-dependent neuroprotection utilizing our microfluidic chip-based HCS platform. The
unique design of our large-scale microfluidic chip enables the immobilization of the animals
in their optically favorable orientation at predetermined locations, so the neuron health can
be easily assessed by evaluating fluorescently labeled cholinergic neurons at high speeds.
This study identified two substituted norbenzomorphans that significantly reduce
degeneration in the SC_APP animal model. These findings provide further evidence that this
drug class represents a new therapeutic approach for treating neurodegenerative diseases.

Results
Age-Dependent Degeneration of Cholinergic Neurons in C. elegans SC_APP Model

Author Manuscript

C. elegans is a proven platform for elucidating disease pathways, in part because of the ease
with which genetic modifications can induce the expression of human disease-causing
proteins. The C. elegans model of neurodegeneration that we recently developed expresses a
copy of wild-type human APP engineered into chromosome II, referred to herein as
SC_APP.8 APP has been extensively studied because one of its cleaved peptide products,
amyloid β, forms the hallmark plaques of AD. Mutations in the APP gene are associated
with altered risk of developing AD, and the copy number of wild-type APP appears to
associate with disease likelihood.41 In our SC_APP C. elegans model, pan-neuronal
expression of human APP induces age-dependent degeneration.8 Six VC-class cholinergic
neurons appear vulnerable to SC_APP-induced degeneration. Of all six VC neurons, VC4
and 5 in SC_APP animals are the most susceptible to degeneration, as indicated by the
shrinkage or elimination of the fluorescent cell body and the neuronal processes (Figure 1a).
These VC4 and 5 neurons show a substantial increase in neurodegeneration with age (Figure
1b), well correlated with the morphological changes in the phase-contrast images of the
neurons,8 indicating that the SC_APP strain is useful for screening compounds for
protection against age- and APP-related neurodegeneration. Both day 3 (D3) and day 5 (D5)
adult age animals display statistically higher degeneration percentages compared to WT (P <
0.001; Figure 1b).

Author Manuscript

Subtle Phenotypes Preclude a Behavioral Readout for Large-Scale Screens of Treatment
Efficacy
Behavioral assays are commonly used to find treatments that alter neurological outcomes in
C. elegans. The VC4 and 5 neurons, along with the HSN neurons, uv1 neuroendocrine cells,
and the vm1 and vm2 vulva muscles, comprise the egg laying neuromuscular circuitry.
Calcium transients in VC neurons, particularly VC4 and 5, are temporally associated with
egg laying events.42 Thus, we analyzed egg laying behavior to determine if behavioral
differences could be used to screen for neuroprotective treatments. Consistent with a recent
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report of silencing VC neuron activity that did not alter the number of unlaid eggs, 43 we
found no difference in the average number of unlaid eggs on D1 or D3 of adulthood for
SC_APP and WT worms (Figure 2a). We did find a broadening in the distribution of the
number of unlaid eggs (Figure 2b), which could relate to differences in VC4 and 5 functions
between SC_APP and WT animals.42,44 The percent of animals with 20 or more eggs was
significantly higher in SC_APP (28 ± 11%, corresponding to mean ±95% confidence
interval) versus WT (8 ± 5%) animals (Fisher's exact test: P < 0.01). However, this
phenotypic difference was too subtle to support a high-throughput screen based on behavior.

Author Manuscript

Next, we examined whether locomotor changes could serve as a readout for VC4 and 5
neurodegeneration because previous work indicates VC neurons modulate locomotion.42 We
first tested whether VC neuron ablation by cell-specific expression of human Casp1 (ICE)
impaired swimming. As similar results were found for head bend rate and swim speed, only
swim speed is reported. Using an alternate WT background with the VC4 and 5 neurons
brightly labeled by Ptph-1:GFP expression, we found that VC-specific expression of ICE
starting at L4 led to very dim, small VC4 and 5 neurons on D1 of adulthood (10/10 worms).
Despite an overall age-related decline in swim speed (P < 0.001) consistent with previous
findings,45 additional deficits in swimming were seen on both D1 and D5 of adulthood when
the VC neurons were genetically ablated (P < 0.001, Figure 2c). The SC_APP and
corresponding WT background strains also showed an age-related decline in swim speed (P
< 0.001, Figure 2d). However, the swim speed, head bend rate and the kinematics of
swimming in older adults (D5) was similar between SC_APP and WT animals, likely
because VC neuron degeneration was not extensive enough to produce additional
measurable deficits. Interestingly, swim speed was significantly faster in SC_APP animals
than WT for D1 adults.

Author Manuscript

As a control to test if the subtle difference in D1 swimming could arise due to the trivial
reason that the SC_APP transgene interfered with the development of the VC neurons prior
to neurodegeneration, we ensured that VC4 and 5 fully differentiated into adult neurons in
the SC_APP strain prior to morphological signs of degeneration.8 To do so, we verified that
a transcriptional reporter for terminal cholinergic fate (Punc-4:mCherry) was expressed in
VC4 and 5 neurons in L4 and D1 adult SC_APP animals (Supplementary Figure 1).46,47

Author Manuscript

Together, these findings show that SC_APP animals largely maintain behavioral integrity in
egg laying and swimming relative to age-matched WT controls. The limited expression of
behavioral phenotypes in this SC_APP is consistent with a restricted pattern of
neurodegeneration. However, a lack of strong behavioral phenotypes at an early stage
necessitates the analysis of fluorescence-based subtle changes in VC4 and 5 cellular
morphology in order to screen for neuroprotective treatments. Since D3 animals are easier to
handle than the more fragile D5 animals, we used D3 SC_APP animals for screening the
health of VC4 and 5 neurons using our microfluidic screening chip.
Neuroprotective Properties of σ2R/Tmem97-Binding Norbenzomorphans in SC_APP Model
Accumulating evidence suggests σ2R/Tmem97 ligands may be useful for treating
neurodegenerative diseases. σ2R/Tmem97-targeted compounds exhibit neuroprotective
properties in vitro17 as well as neuroprotective and cognition enhancing properties in vivo.
ACS Chem Neurosci. Author manuscript; available in PMC 2018 May 17.
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We have recently shown that small molecules that bind to σ2R/Tmem97 can be
neuroprotective in our C. elegans SC_APP model, and one of these improves cognitive
function in a transgenic APP mouse model.8 Here, we begin to further assess the hypothesis
that σ2R/Tmem97 binding ligands might be promising leads to treat neurodegenerative
diseases. To explore the effects of σ2R/Tmem97 ligands comprising the norbenzomorphan
scaffold, we prepared a collection of novel, drug-like analogues. We used a modular
synthetic platform that enables facile access to a broad array of norbenzomorphan
analogues.18,48–50 These new compounds were screened at the Psychoactive Drug Screening
Program (PDSP), University of North Carolina, Chapel Hill,51 and binding affinities at
rodent σRs were scored (Table 1).22,23 Two of these compounds, SAS-0132 and JVW-1009,
were previously tested at a single dose in the SC_APP animals using a manual imaging
method.8 To identify additional compounds, compare the efficacy across methodologies,
further develop structure-activity relationships, and begin to probe target pathway
information, we selected seven more compounds having double and triple-digit nanomolar
binding affinities for σ2R/Tmem97. Siramesine was also selected because it is a known
σ2R/Tmem97 agonist.52 We then used our HCS microfluidic imaging platform as discussed
in the next section to assess the effects of multiple concentrations of these 10 compounds.

8,16

Author Manuscript
Author Manuscript

High-Resolution and High-Speed Microfluidic Imaging Platform for High-Content
Screening (HCS) of C. elegans

Author Manuscript

We recently developed a microfluidic immobilization chip that enabled a large-scale
screening of polyglutamine-induced aggregation model in C. elegans, requiring highresolution detection and analysis of 1–5 μm size aggregates distributed in three-dimensions
in a fully automated manner.40 However, detection of weak fluorescence signals from a
degenerating neuron present in our SC_APP model not only requires capturing highresolution images but also immobilization of the animals in their optically favorable lateral
orientations. Such weak signals together with the increasing body fluorescence in adults,
deteriorate the signal to background ratio significantly as the animal age, making the image
analysis a very difficult task if the images are not captured with good contrast. To enable
imaging conditions with a good signal to background ratio and high contrast, we designed a
unique tapered 3D channel with nearly a constant aspect ratio which facilitates maintaining
the lateral orientation of the animals as they are pushed into the channels by an on/off
pressure cycle. The channels' unique design thus allows placing the VC4 and 5 neurons
along the channel side walls with a greater optical accessibility for the high-resolution
imaging assays. This configuration was crucial in capturing the subtle changes in
fluorescence signal of the faded intensity of degenerating neurons.

Author Manuscript

The large-scale, polydimethylsiloxane (PDMS) microfluidic immobilization chip40 can
immobilize ∼4000 animals from 96 populations growing in liquid culture (LC) and treated
with different compounds (Figure 3a). Underneath each well, there are 40 parallel channels
that can immobilize the animals in predetermined locations (Figure 3b). An automated
image acquisition system collects fluorescence images of immobilized animals with 1 μm
resolution. The neuronal images located along the ventral cord are captured, with an
optimized stage control for precise focusing on the laterally oriented animals, from 12
different heights separated by 5 μm steps to resolve the neurons in the best focus plane and
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in 4 different fields of view (FOVs) per well to capture all 40 parallel trapping channels
(Figure 3c). A total of 4608 images (96 wells × 4 FOVs/well × 12 images/FOV) are acquired
from the whole 96-well chip in less than 12 min.

Author Manuscript

The imaging platform was accompanied by a new graphic user interference (GUI) for
semiautomated analysis of tens of thousands of images quickly since manual image analysis
of subtle phenotypical changes precludes large-scale screens (Figure 3d). The specialized
GUI simplified the data handling of the large number of images while substantially reducing
the time required for their analysis. The GUI automatically uploads the images, finds the
channels with a trapped animal, and displays the best focal plane for one animal at a time to
the user for neuronal phenotyping for VC4 and 5. The VC4 and 5 neurons are scored as 1)
“normal” (bright fluorescence intensity and an oval shaped cell morphology), 2)
“degenerated” (diminished or no intensity), or 3) “do not score” (the animal is not in the
orientation for the neuron to be visible). The program also contains additional scoring
options on several body features (Supplementary Figure 2). It saves all phenotypical scores
for each animal in a multidimensional array. Using this GUI, we can analyze all 4608
images collected from a single chip for the neuronal health of the trapped animals in
approximately 8 h. This semiautomated analysis successfully reduced the data processing
time by at least an order of magnitude compared to when all the automated steps of the GUI
performed manually.

Author Manuscript

All ∼4000 D3 adult animals from 96 different populations can be immobilized within ∼3
min with 95% of the trapping channels successfully filled with animals and with more than
90% of them optimally oriented in their lateral positions for scoring. Implementing and
integrating the semiautomated image analysis algorithm with the microfluidic
immobilization chip have enabled, for the first time, a large-scale and high-content study of
a neurodegeneration model in C. elegans with the subtle phenotypes.
Drug Screening Assay Validation Using the HCS Platform for C. elegans SC_APP Model
We first needed to determine the minimum number of animals to be analyzed in order to
provide a statistically meaningful screen for hit identification. The most commonly used
parameter to determine this number is the screening window coefficient, defined as
Z′ − factor, = 1 − 3

σ1 + σ2

μ1 − μ2

, which should be in the range of 0.5 ≤ Z′-factor < 1 to provide

Author Manuscript

the highest quality data.53 This parameter utilizes the average (μ) and standard deviation (σ)
to identify the dynamic range of the assay signal and the data variation associated with the
signal measurements to represent the noise band (μ ± 3σ). Hits are identified as those
compounds whose signals are shifted more than the separation band between the sample and
the control. To determine the Z′-factor in our screen, we measured the average degeneration
percentages (μ) and the standard deviations (σ) of both healthy (WT) and degenerating
(SC_APP) animals loaded in the 96-well chip using the pattern shown in Figure 4a. The
phenotypical scores registered in the GUI are exported as a heat-map and a scattered plot
(Figure 4b,c). The results showed that the assay could provide a satisfactory screening
window coefficient Z′-factor ≥ 0.5 when pooling together data from two or three wells
(Figure 4d,e).
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To validate the sensitivity of our assay and provide a dose—response, we tested three
chemical compounds relevant to human neurodegenerative diseases: bexarotene (BEX);
SB399885 (SB); and P7C3 at four different concentrations (Figure 5). Bexarotene is a
retinoid X receptor agonist that was reported to enhance the clearance of soluble Aβ protein
and improve behavioral deficits in mouse models.54 While bexarotene has also been shown
to reduce network hyper-excitability55 and reverse apoE4-induced cognitive and neuronal
impairments,56 its favorable effects on Aβ could not be replicated by others.57,58 Compound
SB399885 is a 5-HT6 receptor antagonist and has been shown to improve memory and
reduce anxiety in mice.59 P7C3 was initially selected for the ability to restrict death among
adult-born neurons in mice.60 Later, P7C3 and its derivatives were found to protect against
neurodegeneration61 and axonal degeneration in mouse and C. elegans models,62 likely by
activating the rate-limiting enzyme in the salvage of nicotinamide adenine dinucleotide.63
Our assay included both WT and SC_APP model animals treated with each of these
compounds at four different concentrations in LC (Figure 5a). We loaded each population of
animals into three separate wells of the 96-well chip to have a sufficient number of animals
for phenotyping, thereby increasing the confidence level for comparison, as determined
above, to provide Z′ > 0.5.

Author Manuscript

The results for all three compounds showed dose-dependent neuroprotection of the VC4 and
5 neurons from degeneration in the SC_APP model (Figure 5b,c). In control experiments,
neither the addition of 0.5% DMSO (vehicle) nor drug treatment of WT animals affected the
degeneration percentages statistically. Both bexarotene and SB399885 had strong dose
dependencies, with the highest efficacy in protecting against neurodegeneration at 20 μM in
the SC_APP model (Figure 5d,e). On the other hand, P7C3 shows neuroprotection at the 0.2
μM level with reduced levels at higher dosages.64 In addition to their higher efficacy, higher
dosages of bexarotene and SB399885 show low variability in terms of degeneration
percentages between three different wells when compared to the P7C3-treated animals
(Figure 5c). Other phenotypes, such as axonal degeneration and body autofluorescence,
could also be extracted from the images using the GUI to collect subcellular phenotypes and
evaluate animal health exposed to a specific compound, respectively (Supplementary Figure
3). These experiments validate both the ability of our SC_APP model as a tool to identify
the efficacy of known compounds, as well as the effectiveness of our new HCS platform to
screen these compounds against subtle age-related degeneration of specific cholinergic
neurons with unprecedented speed.
Screening Norbenzomorphans for Neuroprotective Activity in the SC_APP Model

Author Manuscript

To evaluate the dose-dependent neuroprotective properties of the selected set of nine
norbenzomorphans (Table 1), we utilized our HCS platform and the SC_APP model (Figure
6). As a control, we tested siramesine, which is a well-characterized and commercially
available σ2R/Tmem97 ligand (Ki = 0.12 nM).52 The results show that siramesine and the
σ2R/Tmem97 binding ligands 7, DKR-1005, and 9 increase neurodegeneration after a
dosing threshold is exceeded despite an initial decrease at lower dosages (U-shaped dose–
response).64 Conversely, the three norbenzomorphans SAS-0132, 2, and JVW-1009, which
are approximately equipotent in this assay, reduce neurodegeneration relative to the vehicle
treated SC_APP group. Notably, the σ2R/Tmem97 ligands SFM-1500 and SAS-1121
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exhibit pronounced neuroprotective effects, decreasing neurodegeneration in SC_APP
mutants to WT control levels. The ligand 3 also significantly reduces neurodegeneration
with ascending dosing through 2 μM, after which neuron loss begins to increase (U-shaped
dose–response).

Author Manuscript

Previously, we found that the degeneration of VC4 and 5 in the SC_APP model is dependent
on vem-1,8 the C. elegans ortholog of the progesterone receptor membrane component 1
(PGRMC1).65 Consistent with other work,16,17 we also found that SAS-0132 and JVW-1009
reduced neurodegeneration through a pathway dependent upon PGRMC1.8 To further
understand the mode of action of the compounds tested herein, we studied the effect of two
different dosages of all compounds on the degeneration rates in a SC_APP strain expressing
a vem-1/PGRMC1 null mutant allele (Supplementary Figure 4). In agreement with our
previous findings, genetically eliminating vem-1/PGRMC1 function in the SC_APP model
reduced neurodegeneration to near WT levels. None of the ligands further reduced basal
neurodegeneration in this strain, indicating that they confer neuroprotection via a PGRMC1mediated pathway. Collectively, our results clearly demonstrate that our microfluidics
screening platform can be exploited to evaluate the neuroprotective properties of small
molecules in a dose-dependent fashion, thereby identifying potential candidates for further
evaluation.

■ Discussion

Author Manuscript

Most large-scale drug screening efforts using C. elegans disease models have been limited to
gross behavioral or cellular phenotypes. Although these studies have yielded valuable
information, a better way to discover relevant therapeutic compounds entails observing
subtle cellular phenotypic changes in novel C. elegans disease models that better model
disease progression in humans. We recently developed a C. elegans model of APP-induced
neurodegeneration, which we used to find two novel neuroprotective compounds with high
affinity for σ2R/Tmem97. Here we further characterized our SC_APP model, finding a
limited expression of behavioral phenotypes consistent with a restricted pattern of
neurodegeneration. To enable a larger scale screen for neuroprotective treatments, we
developed a platform capable of the high-throughput analysis40 of the subtle changes in VC4
and 5 cellular morphology seen in the SC_APP model. Our new in vivo HCS platform for
imaging multiple C. elegans populations allowed us to screen unexplored chemical space of
our σ2R/Tmem97 ligand collection. Using this platform, we discovered norbenzomorphans
that demonstrate significant neuroprotective activity in our C. elegans model.

Author Manuscript

The technical challenge presented by our SC_APP model was the need for high-throughput
detection of a decay in the VC neuronal fluorescence and/or an alteration in cell geometries
in the presence of a sizable fluorescence background. To meet this need, we have developed
a microfluidic imaging platform that solves a number of the technological limitations in
terms of control of animal orientation, imaging speed and resolution, and compatibility with
commercial liquid handling systems.40 High speeds are possible because our large-scale
microfluidic chip includes 96-wells, each equipped with individual parallel traps, and can
quickly immobilize all 4000 animals in predetermined locations and in their optically
favorable orientation. The automated system can then acquire high-resolution images of all
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animals within 12 min (in addition to ∼3 min for immobilization). Our HCS microfluidics
platform using the SC_APP C. elegans assay provided a quality factor of Z′-factor ≥ 0.5
when data from two wells/populations were combined to reduce the standard deviation.
Importantly, the assay confirmed the efficacy of clinically relevant compounds such as
bexarotene and SB399885, both of which protected the cholinergic neurons of the SC_APP
model.

Author Manuscript

Recent studies indicate that dietary restriction, exercise and FUdR treatment increase
longevity and/or decrease the toxicity of aggregating proteins in C. elegans.66–69 As such,
modifications to growth conditions accommodating the HCS platform could impact the level
of neurodegeneration. Previously, we assayed neurodegeneration in SC_APP worms
cultured on bacteria-seeded plates.8 By comparison, worms grown in LC in the current study
may be expected to decrease dietary intake69–71 and increase “exercise” by swimming,66,72
potentially conferring neuroprotection. FUdR, used in both assays to eliminate the need for
daily picking or filtering, would be expected to reduce neurodegeneration.67,68,73–75
Consistent with these expectations, we found a slightly lower but statistically insignificant
(except for the D1 adult SC_APP animals) rate of neurodegeneration for SC_APP worms
grown in the liquid than on plates (Supplementary Table 1). The putative neuroprotective
effect of culturing worms in liquid medium appeared to benefit the adult SC_APP strain
more than it prevented basal degeneration in our WT control. This may indicate that the
effects of dietary restriction and swimming are especially beneficial when adult worms are
challenged with the expression of a potentially toxic protein like APP.
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Overexpression of wild-type APP appears to cause Alzheimer's disease in people with Down
syndrome and in rare individuals without Down syndrome who carry an extra copy of APP.
41,76 A well-studied cause of APP-related toxicity is its natural cleavage product, Aβ.
Recently, a genetic manipulation that restricted Aβ toxicity in yeast was found to restrict
neurodegeneration in a worm model expressing human Aβ as well primary rat cortical
neurons exposed to Aβ7. Because C. elegans lacks an obvious ortholog for β-secretase APP
is not likely to be processed into Aβ in our model. Instead, our SC_APP model might better
recapitulate aspects of neurodegeneration caused by portions of the APP other than Aβ.
Other cleavage products of APP likely found in the worm, such as the C99 intracellular
peptide, can also cause neuronal dysfunction in mouse models resembling human
Alzheimer's disease.77 We have found that neuroprotection in our C elegans SC_APP model
predicts cognitive improvements in a transgenic mouse model that overexpresses APP.8
These improvements in cognition occurred without a reduction in Aβ burden, perhaps
indicating a non-Aβ; related mechanism.
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To identify new σ2R/Tmem97 receptor ligands with high binding affinities and determine
their effects on neurodegeneration in our SC_APP C. elegans model, we selected nine
compounds and tested them using our HCS platform. All these compounds were tested for a
range of doses, a task that would have been prohibitively time-consuming if performed
manually. Notably, the two σ2R/Tmem97 ligands, SFM-1500 and SAS-1121, elicited a
significant reduction in neurodegeneration in the SC_APP model at low concentrations (0.2–
2.0 μM). This result is encouraging in light of a recent study reporting that drug uptake by C.
elegans is comparable to that of mice, especially when they are treated in a LC environment.
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Moreover, our recent study with SAS-0132 has demonstrated an improvement in
cognitive performance in transgenic AD mice.8 Finally, the dose-dependent variations
observed even within this small compound collection show that our microfluidic screening
technology is an excellent platform for assessing structure–activity-relationships.
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Our HCS platform also supports target validation studies. The σ2R was recently cloned and
identified as TMEM97 in mammals,9 but we have not yet verified the C. elegans TMEM97
ortholog. The most likely candidate is Y38H6C.16, which shows conservation of a key
asparagine residue for σ2R/TMEM97 ligand binding.79 Nonetheless, our previous findings
in the SC_APP model8 and work in other neurodegeneration models16,17 indicates that the
neuroprotective effects of σ2R/Tmem97 ligands can be eliminated in the absence of
PGRMC1. A potential requirement for PGRMC1 activity provided a way to probe target
validation using our HCS platform. We found that none of the σ2R/Tmem97 ligands tested
herein reduced basal neurodegeneration in a SC_APP strain expressing a null mutant allele
of the worm PGRMC1 ortholog.65 This finding suggests that these compounds act through a
conserved PGRMC1-mediated pathway. It will be interesting to determine in the future
whether PGRMC1 is part of a universal pathway generally required for σ2R/Tmem97
compound activity, or a requirement more specific to neuroprotective effects.
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In summary, our transgenic single-copy human APP C. elegans model was used to identify
norbenzomorphans with neuroprotective activity. Using our HCS platform, we have
successfully screened multiple drugs in different doses to identify hits using a C. elegans
disease model. Notably, SFM-1500 and SAS-1121 exhibit significant neuroprotection at all
four applied concentrations. Because the related norbenzomorphan, SAS-0132, is efficacious
both in C. elegans and a transgenic APP mouse model,8 this C. elegans neurodegeneration
model may have important predictive value for candidate identification. Thus, this screen not
only determined neuroprotective efficacy in C. elegans but also selected compounds for
further use in mammalian studies. Indeed, candidate compounds are being evaluated in
higher animals for their effects in a variety of neurodegenerative conditions. We surmise that
norbenzomorphans identified in this and future applications of this powerful HCS assay may
be promising leads as therapeutics for neurodegenerative conditions.22 More generally, we
expect this HCS microfluidic technology to be broadly applicable to test small molecules in
C. elegans models that capture the subtle cellular phenotypes characteristic of the human
disease. The ability to screen whole-animal models at unprecedented speeds and with high
resolution will facilitate the identification and translation of promising preclinical
candidates.
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■ Methods
Strains

C. elegans were grown and maintained on nematode growth medium (NGM) agar plates
with bacteria at 20 °C according to the standard method.80 We used the following C. elegans
strains for the neurodegeneration assays in this work: LX959 vsIs13 [lin-11∷pes-10∷GFP +
lin-15(+)] IV lin-15B(n765) X, JPS67 vxSi38 [Prab-3∷huAPP695∷unc-54UTR, Cb
unc-119(+)] II unc-119(ed3) III vsIs13 IV, JPS449 vxSi38 II; unc119(ed3) III; vsIs13 IV;
lin15b(n765), vem-1(gk220) X, and JPS607 vxSi38 II; unc-119(ed3) III; vxIs13 IV;
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lin15b(n765) vem-1(ok1058) X. LX959, JPS67, JPS449, and JPS607 expressed GFP in all
six VC neurons and were considered as WT and SC_APP models, vem-1/PGRMC1 null,
and vem-1/PGRMC1 null (allele 2), respectively. LX959 and JPS67 were used for the
behavioral assays along with JPS617 vxIs591[ptph-1∷GFP∷unc-54UTR], JPS768
vxEx768[VC-specific(lin-11∷pes-10)∷ICE∷unc-54UTR, pmyo-2∷mCher-ry∷unc-54UTR];
vxIs591[ptph-1∷GFP∷ unc-54UTR], and JPS769 vxEx769[VC-specific(lin-11∷pes-10)
∷ICE:unc-54UTR, pmyo-2∷mCherry∷ unc-54UTR]; vxIs591[ptph-1∷GFP∷unc-54UTR].
The VC neuron-specific promoter used to make JPS768 and JPS769 was kindly provided by
Michael Koelle, Yale University.
Transgenesis
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Transgenic animals with a single copy of pan-neuronal huAPP695 full length (kindly
provided by Chris Li, City College of New York) were generated through the MOSSCI
technique as previously described.81 Briefly, we used Gateway technology (Invitrogen) to
construct a vector with the huAPP695 (cDNA) gene driven by the pan-neuronal promoter
(Prab-3) and an unc-54 UTR adjacent to the Cb_unc-119(+) positive selection marker.
Transgenes were flanked by Mos1 transposon insertion sites complementary to a specific
region on the second (ttTi5605) chromosome. unc-119 mutant animals with specific Mos1
insertions sites were then injected with DNA. Selection of mobile, nonfluorescent progeny
led us to identify single-copy insertion animals. Full insertion of APP was confirmed by
PCR.
Chemicals
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All chemicals for C. elegans maintenance were bought from Fisher Scientific and SigmaAldrich. Drug compounds P7C3 (2 M Biotec), bexarotene (Sigma-Aldrich, lot no:
024M4723 V), and SB 399885 hydrochloride (Tocris, lot no: 2A/148640) were dissolved in
DMSO (Sigma-Aldrich, lot no: RNBD6062) at 100 mM and used at four different
concentrations in the worm culture as mentioned in the text. 5-Fluoro-2-deoxyuridine
(FUdR, Sigma-Aldrich, lot no: SLBL9184 V) was dissolved in water.

σ2R/Tmem97 Ligands and Their Binding Assays

Author Manuscript

A collection of compounds were generated using a modular synthetic platform to afford a
diverse array of substituted heterocycles (Supplementary Note 1) that was screened against
σ1R, σ2R, and other CNS targets.22,23 Briefly, the compounds were dissolved in 100%
DMSO prior to the receptor binding assays, which were performed by the Psychoactive
Drug Screening Program (PDSP) at Chapel Hill, North Carolina. The assay protocol book
can be accessed free of charge at: http://pdspdb.unc.edu/pdspWeb/content/PDSP
%20Protocols%20II%202013-03-28.pdf. Briefly, σ2R/Tmem97 was sourced from rat PC12
cells. σ2R/Tmem97 ligand binding affinity was determined through competition binding
assays using the radioligand [3H]-ditolylguanidine in the presence of (+)-pentazocine to
block σ1R binding sites. The radioactivity in the presence of the test compound is calculated
with the following equation and expressed as a percent inhibition: % inhibition = (sample
CPM – nonspecific CPM)/(total CPM – nonspecific CPM) × 100, where CPM stands for
counts per minute. To determine secondary binding data, CPM/well are pooled and fitted to
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a three-parameter logistic function for competition binding in Prism v 5.0 to determine IC50
values, which are converted to Ki according to the Cheng-Prusoff equation.
Unlaid Eggs
To count the number of unlaid eggs in the uterus, individual age-matched worms were
singled out in wells with 5% bleach. Eggs were counted after the worms split open.
Swim Speed
Age-matched worms were cleaned of bacteria, submerged in NGM liquid, and recorded
following a 2 min acclimation period at 2 frames/s with a FLEA digital camera (Point Gray,
Richmond, BC, Canada). The distance that the worms swam during 1 min was measured
using a semiautomated procedure in ImagePro Plus (Media Cybernetics, Rockville, MD) to
objectively calculate the overall speed of individual worms.
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Confocal Imaging
Worms were mounted on 2% agarose pads, immobilized with 30 mM sodium azide and
imaged with a Zeiss laser-scanning microscope (LSM710) using Zen (black edition)
acquisition software (Carl Zeiss, Germany). GFP fluorescence and phase contrast images
were collected using a 488 nm laser and mCherry fluorescence was collected using a 561 nm
laser. Using a 63× water immersion objective and a 0.9 mm pinhole, neurons were imaged in
three dimensions taking slices every 0.8 mm through the z-axis.
Large-Scale Liquid Culture of C. elegans
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To culture C. elegans populations in large quantities and facilitate efficient loading of the
microfluidic chip without clogging the narrow trapping channels, we used a new liquid
culturing (LC) protocol that we recently developed for C. elegans in S medium with HB101
bacteria.40 Animals were first synchronized as previously mentioned. Briefly, gravid animals
growing on NGM plates were bleached and eggs were allowed to hatch in the buffer at 20 °C
in a 360° rotor for 24 h. Age synchronized L1s were filtered and plated in 24 wells with
approximately 300 animals per well. The culture medium of 1 mL with HB101 bacteria was
added to all wells and shaken on a horizontal shaker at 80 rpm for 48 h and at 20 °C to
achieve homogeneous bacterial density. The fresh bacterial culture of 500 μL and 200 μM
sterility drug (FUdR) was added to every well. Appropriate drug compounds were added at
late L4 larval stages in designated wells to maintain the same concentration. The plates were
incubated for 72 h at 80 rpm. The wells were filtered and loaded into three different wells on
a primed chip for high-speed and high-resolution imaging.
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Large-Scale 96-Well Microfluidic Chip Fabrication
We fabricated the microfluidic chips using three-layer photolithography and single-layer
soft-lithography techniques as described earlier.40 Briefly, a three-layer mold was fabricated
on a 6 in. silicon wafer. The SU8 mold was treated with tridecafluoro-1,1,2,2tetrahydrooctyl-1-trichlorosilane vapor (United Chemical Technologies) to avoid unwanted
surface adhesion with the silicon surface. To mold a microfluidic chip, polydimethylsiloxane
(PDMS, Dow Corning) was mixed in the ratio 10:1 and poured on the silanized SU8 mold.
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A 96-well PCR plate placed on top of the SU8 features made the wells. The PDMS chip was
cured at 70 °C for 2 h, peeled from the SU8 mold, released from the PCR plate, punched for
exits (Syneo), and bonded to a 3/16-in. borosilicate glass substrate using 100 W oxygen
plasma. The whole chip was finally cured at 70 °C for 6 h for complete sealing.
Chip Operation
The chip operates using a gasket system, designed to match the standard well plate
dimensions. Gasket-2 has one buffer entry port and one air vent, and is held tight using
screws to avoid leakage. We pipet ∼80 adult worms per well. After installation of the chip
within the gasket system, we open both exits (Exit1 and Exit2) while initiating a computer
controlled on/off pressure cycle. The whole 96-well chip with 3840 traps can be filled with
animals in approximately 4 min after which we move the stage to initiate imaging A01 well.
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Automated Image Acquisition
We developed an automation LabVIEW software to control the CCD camera, the flat-top
translational stage, and the 500 μm traveling range (±2 nm) piezo stage (MS2000, Applied
Scientific Instrumentation) for automated imaging of all trapped animals. The imaging was
performed using an Olympus IX73 microscope, equipped with a large area 15 × 15 mm2, 4
megapixels, 7.4 × 7.4 μm2 pixel size, 15 frames per second maximum frame rate CCD
camera (MegaPlus ES4020, Princeton Instruments). The software controlled the exposure
time of the camera and its synchronization with the movement of a motorized stage
platform. The camera could capture 10 immobilization channels in the field of view (FOV)
and the all 40 channels within a well in 4 FOVs. Taking into account predetermined channel
offsets, automated imaging algorithm can acquire 12 z-stack images from all 96 wells in less
than 12 min generating ∼40 GB of images that are stored as 16-bit TIFF images.
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Automated Image Analysis Processes in the GUI
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The GUI rapidly loads the saved image stacks at specific locations of the chip from a given
screen. To identify each worm immobilized inside the microfluidic channels, the program
adds all the stacks into a single image to increase the contrast between the neurons and
surrounding areas, applies a Gaussian low-pass filter (σ = 1.0) to attenuate high-frequency
features, projects the summed image to the axis perpendicular to the length of the worm, and
searches for peaks (Figure 3d). To predict the plane of best focus for the VC4 and 5 neurons,
the program crops each channel with trapped animal, removes foreign particles such as eggs
and debris, by thresholding and size-filtering, and then finds the plane with the brightest
pixel within a region around the center of the animal, where the neurons are located. The
whole animal at the focal plane is finally displayed to the user for scoring along with a
pseudo movie including a set of ±5 z-stack images around the plane of best focus. Every
animal is scored for VC4 and 5 health and whole-body phenotypes (Supplementary Figure
2). The data of phenotypical scores are saved in the multidimensional array to be extracted
for statistical analysis.
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We analyzed the statistical significance of the scores using two-tailed Fisher's exact test.
Where measurement was repeated in multiple batches, mean values were calculated to
represent in the graph. The quality of the screen was quantified by calculating the Z′-factor.
53 In percent degeneration representation for the WT and SC_APP animals, we represented
the error bars as the 95% confidence interval (CI) assuming a normal distribution.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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σ2R

sigma 2 receptor

AD

Alzheimer's disease

Tmem97

transmembrane protein 97

PGRMC1

progesterone receptor membrane component 1

VC4 and 5 VC-class cholinergic neurons 4 and 5
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liquid culture

FUdR

5-Fluoro-2-deoxyuridine

DMSO

dimethyl sulfoxide

PDMS

polydimethylsiloxane

HCS

high-content screening

HTS

high-throughput screening

GUI

graphic user interface
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Age-dependent neurodegeneration in SC_APP C. elegans model. (a) Fluorescence images of
day 3 (D3) adult WT and SC_APP model animals. White arrows show all six VC neurons.
The insets present VC4 and 5 neurons that we specifically scored for degeneration. In the
bottom image, the VC4 and 5 neurons of a SC_APP animal show reduced fluorescence and
contracted somata indicating degeneration. Scale bars are 10 μm. (b) Percent degeneration of
VC4 and 5 neurons in WT and SC_APP model animals as a function of their age as
determined by manual imaging using anesthetics on agar pads. The data represented as mean
± 95% confidence intervals. Symbols above the brackets refer to group comparisons
between same-age SC_APP model and WT worms. Symbols directly above the orange bars
indicate group comparisons to day 1 (D1) SC_APP model worms. P < 0.001 (**); n > 100
neurons (n > 50 animals).
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Figure 2.
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Subtle behavioral phenotypes in C. elegans model with SC_APP-induced
neurodegeneration. (a) Mean number of unlaid eggs ± SEM on D1 and D3 of adulthood was
similar for SC_APP and WT worms (n = 61–70). (b) Distribution of the number of unlaid
eggs in the same set of D3 adults as in (a) shows a broader distribution for SC_APP than
WT worms (n = 63–71). The percent of worms with ≥ 20 eggs was significantly higher in
SC_APP than WT worms (Fisher's exact test, P < 0.01). (c) Mean swim speed ± SEM on D1
and D5 of adulthood for WT and VC∷ICE strains. There was an overall reduction in swim
speed with age (Holm-Sidack posthoc test, P < 0.001, n = 50–113). Genetic ablation of VC
neurons caused an additional reduction in swim speed at each age relative to WT (HolmSidack posthoc tests, P < 0.001, n = 50-113). (d) Mean swim speed ± SEM on D1 and D5 of
adulthood for WT and SC_APP strains. There was an overall reduction in swim speed with
age (Holm–Sidack posthoc test, P < 0.001, n = 46–105). SC_APP worms were faster than
WT on D1 (Holm–Sidack posthoc test, P < 0.001, n = 46–105), but no difference was seen
on D5.
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High-content screening (HCS) platform for high-resolution imaging and high-content
analysis of our APP model. (a) Overall illustration of the 96-well microfluidic chip for C.
elegans HCS platform. (b) Magnified illustration (left) and an image (right) of a single well
with 40 traps inside where multiple D3 adult C. elegans are immobilized. (c) Fluorescence
images of SC_APP model animals immobilized within 40 traps. (d) Schematic of the
graphic user interface (GUI) running several automated image-processing algorithms of the
images and then displaying the best-focused image of the region of interest for allowing the
user to perform a rapid phenotypic scoring. An example fluorescence image shows 10
channels with C. elegans and those which were automatically detected to have immobilized
animals. The blue line profiles on the right present the projections of the intensities of each
channel with peaks marked with red stars indicating that an immobilized animal is detected
inside specific channels. The GUI then crops the images of channels with trapped animals
and finds the animal body within these images by applying two algorithms; a thresholding
algorithm that keeps 15% of the brightest pixels in the binary image, and a particle filtering
algorithm based on the expected large size of the animal (see the second image with the red
arrow showing the particle-filtered image). Once the animal body is identified, the GUI finds
the best-focused image among the z-stacks and displays the magnified image of the centroid
of each detected animal for manual scoring of the VC4 and 5 neurons. The bottom image
shows the best focus at the animal's centroid where the subset of ventral cord (VC)
cholinergic motor neurons of interest (VC4 and 5) are present and can rapidly be scored.
White arrows mark VC4 and 5 neurons. Scale bars are 1 mm in (b), 200 μm in (c), and 100
and 20 μm in (d).
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Assay quality validation for the SC_APP animals imaged using the 96-well HCS chip and
scored using the semiautomated image analysis program. (a) Checkered pattern for loading
of the 96-well chip for characterization of the imaging platform performance using WT
(yellow) and SC_APP (blue) model animals treated with 200 μM FUdR. (b) Degeneration
rate map of individual wells. (c) Scatter plots of degeneration percentages of WT and
SC_APP model animals for each well. (d) Box-chart plot of the degeneration percentages of
WT (green) and SC_APP (orange) as calculated from 1, 2, and 3 consecutive wells. The line
represents the median, the box represents the 25th and 75th percentiles of the data, and the
stars denote the maximum and minimum values. (e) Z′-factor values plotted for all three
conditions with 1, 2, and 3 consecutive wells pooled together.

Author Manuscript
ACS Chem Neurosci. Author manuscript; available in PMC 2018 May 17.

Monda et al.

Page 25

Author Manuscript
Author Manuscript
Figure 5.

Author Manuscript
Author Manuscript

Drug screening assay validation in the HCS platform for C. elegans SC_APP model. (a)
Loading map of the chip with WT and SC_APP model animals with vehicle control (200
μM FUdR and 0.5% DMSO) and four doses (0.02, 0.2, 2, and 20 μM) of three drug
compounds (SB, P7C3, and BEX). (b) Color map of average neuronal degeneration
percentages for D3 animals. (c) Bar graph of degeneration percentages quantified from
animal treatment with different chemicals at various concentrations. Data represented as
mean + SD. (d) Dose dependence response of neuronal degeneration of animals. Control
WT and SC_APP animals only treated with the vehicle are also represented by dotted lines.
The stars indicate statistically significant degeneration rates of animals treated with chemical
compounds with respect to those treated with controls. Each data point represents an average
over three consecutive wells loaded with the same population of n = 210 neurons (n = 105
animals on average). The statistics were calculated using Fisher's exact test; P < 0.001 (**)
and 0.001 < P < 0.01 (*). (e) Degeneration percentages of WT (green) and SC_APP model
(orange) animals treated with 200 μM FUdR, vehicle, and drugs at concentrations that
showed the highest reductions in the degeneration rates. The statistics represent the
comparison of degeneration rates between the SC_APP and WT animals treated with same
chemical compounds.
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Drug screening of novel compounds using the 96-well microfluidic chip on C. elegans
SC_APP model. (a) Loading map of the chip with WT and SC_APP model animals with
vehicle control (200 μM FUdR and 0.5% DMSO) and four doses (0.02, 0.2, 2, and 20 μM)
for 10 different compounds. (b) Color map of average degeneration percentages of each
individual well loaded with drug-treated D3 animals. (c) Dose-dependent neuronal
degeneration percentages of treated animals. Green and orange lines represent the
degeneration percentage (mean ± SD) of WT and SC_APP animals treated with vehicle
only. The statistics were calculated using Fisher's exact test as compared to SC_APP animals
treated with vehicle only; P < 0.001 (**) and 0.001 < P < 0.05 (*); drug dose is indicated by
the different shades of blue in panel (a).
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σ2R/Tmem97 Affinity of Norbenzomorphan Analogues
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σ2R/Tmem97 Ki (nM)b,c

p-value

1 (SAS-0132)d

90 ± 19.8e

0.049

2

18 ± 3.5

0.054

3

19 ± 4.2

<0.001

4 (SFM-1500)

76 ± 28.8

<0.001

5 (SAS-1121)d

24 ± 10.3e

0.001

6 (JVW-1009)d

70 ± 8.5

0.031

7

48 ± 21.7

0.027

8 (DKR-1005)d

157 ± 84.9e

0.043

Compound

R1 a

R2 a
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σ2R/Tmem97 Ki (nM)b,c

p-value

9

31 ± 9.10

0.058

Siramesine

0.12f

0.079

Compound
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R1 a

R2 a

Basic structure for all compounds except siramesine is:

Author Manuscript

b

Ki values reported as an average of two or more independent experiments.

c

σ2R/Tmem97 sourced from rat PC12 cells.

d

Compound previously published.8,19,22

e
Differs from previously published values due to averaging of additional of Ki measurements.8,22
f
Reference for siramesine Ki is ref 52.
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