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Abstract

Brugia malayiis a human filarial nematode parasite that causes lymphatic filariasis or
‘elephantiasis’ a disfiguring neglected tropical disease. This parasite is a more tractable nematode
parasite for the experimental study of anthelmintic drugs and has been studied with patch-clamp
and RNA.i techniques. Unlike in C. elegans however, calcium signaling in B. malayi or other
nematode parasites has not been achieved, limiting the studies of the mode of action of
anthelmintic drugs. We describe here the development of calcium imaging methods that allow us
to characterize changes in cellular calcium in the muscles of B. malayi. This is a powerful
technique that can help in elucidating the mode of action of selected anthelmintics. We developed
two approaches that allow the recording of calcium signals in the muscles of adult B. malayr. (a)
soaking the muscles with Fluo-3AM, promoting large-scale imaging of multiple cells
simultaneously and, (b) direct insertion of Fluo-3 using microinjection, providing the possibility of
performing dual calcium and electrophysiological recordings. Here, we describe the techniques
used to optimize dye entry into the muscle cells and demonstrate that detectable increases in
Fluo-3 fluorescence to elevated calcium concentrations can be achieved in B. malayi using both
techniques.
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Introduction

Neglected tropical diseases (NTDs) caused by parasitic nematode infections affect over a
billion people globally. Lymphatic filariasis, commonly known as elephantiasis, is an illness
caused by the clade 1 filarial nematodes Brugia malayi, Wuchereria bancroftiand Brugia
timori, which become lodged in the lymphatic vessels, impairing the drainage and producing
swelling of the tissues including the limbs. Although the symptoms are not life threatening,
heavy infections can lead to abnormal enlargement of body parts resulting in pain and severe
disability. Approximately over 850 million people are at risk of suffering from lymphatic
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filariasis. There are no vaccines available to help treat filarial parasitic infections and
prevention relies on the use anthelmintics as chemotherapeutic agents. To prevent the spread
of filarial parasites, the World Health Organization recommends Mass Drug Administration
(MDA), using albendazole in combination with both ivermectin and diethylcarbamazine
(DEC) to kill the microfilariae (King et al. 2018). However, MDA does not kill the adult
parasites and although treatment is effective at reducing transmission, there are concerns that
resistance to the drugs may occur. Therefore, the development of new or improved use of
existing anthelmintics is urgently required to ensure the effective killing of both the adult
parasites and microfilariae.

Studies observing effects of anthelmintics on different receptors have often been conducted
in the model organism C. efegans, due to the ease of maintenance and genetic manipulation.
However, this organism is free living and does not possess many of the features of parasitic
nematodes. Many of the ‘parasite genes’ are not present in the animal’s genome (Coghlan
2005; Gilleard 2004). Additionally, the composition of C. elegans receptors can be different
compared to various parasitic species of nematode, for example, the nicotinic acetylcholine
receptors (NAChRs) (Holden-Dye et al. 2013; Williamson et al. 2007). To overcome these
limitations, we focus on the human filarial nematode Brugia malayi. Previously, we have
studied the effect of anthelmintics on B. malayi muscles and their target receptors, including
levamisole, pyrantel, morantel, bephenium, tribendimidine and emodepside (Kashyap et al.
2019; Martin et al. 2015; Robertson et al. 2013; Verma et al. 2017). Our overall aim is to
dissect further, how anthelmintics manipulate or interfere with muscular signaling in B.
malayi and to identify mechanisms that promote increased sensitivity. A major signal that
can be measured to determine the effects of anthelmintics on muscular signaling is the
calcium signal. Calcium is a key secondary messenger that promotes multiple downstream
effects including contraction, transcription and opening of channels. Detectable increases of
calcium in the muscle by anthelmintic manipulation may be generated either through the
activation and opening of ion channels promoting extracellular calcium entry or by release
from intracellular stores.

Calcium imaging has been an important technique for recording the activity of neurons and
muscles in both invertebrates and vertebrates. For nematodes, C. efegans has been the most
tractable model organism as transgenic animals expressing different types of genetically
encoded calcium indicators (GECISs) in specific cells and tissues can be generated (Kerr
2006). Calcium imaging techniques have yet to be adapted for parasitic species including B.
malayi, due to difficulties generating transgenic lines expressing GECIs and propagating
viable isolates (Lok and Unnasch 2013). Therefore, we turned the older calcium indicators
such as the synthetic organic fluorescent dyes (Fluo-3, Fura-2). Although older, these single-
wavelength-activated dyes demonstrate fast binding and disassociation kinetics,
photostability and calcium specificity (Badura et al. 2014; Mank and Griesbeck 2008).

In this study, we focused on using the fluorescent calcium indicator dyes, particularly Fluo-3
and Fluo-3AM and adapted two approaches to perform calcium imaging in B. malayi
muscles. Fluo-3AM is a fluorescent dye, which has an acetoxymethyl group (AM) added to
prevent degradation and activation by light and allows the dye to pass across the cellular
membrane. Once inside the cell, non-specific endogenous esterases cleave the AM group
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trapping and activating the dye in the muscle (Tsien 1981). Using this approach, we loaded
and recorded calcium signals from multiple muscle cells simultaneously. The second
technique we adapted involved directly injecting Fluo-3 into a single muscle via a patch
pipette, with aim of recording calcium and electrophysiological signals simultaneously.
Using these adapted techniques, we can insert Fluo-3 into B. malayi muscles and
successfully record changes in Fluo-3 fluorescence by increasing the calcium concentration.

Materials and methods

Brugia malayi supply and maintenance

Only female Brugia malayiworms were used for the study due to their large size. Live adult
female B. malayiwere sourced from the NIH/NIAID Filariasis Research Reagent Resource
Centre (FR3; College of Veterinary Medicine, University of Georgia, Athens, GA, USA). B.
malayiwere maintained in non-phenol red Roswell Park Memorial Institute (RPMI) 1640
media (Life Technologies, USA) supplemented with 10% heat-inactivated fetal bovine
serum (FBS, Fisher-Scientific, USA) and 1% penicillin—streptomycin (Life Technologies,
USA). Parasites were separated individually into a 24 well microtiter plate containing 2 mL
of the RPMI media. Parasites were held in an incubator set to 37 °C with 5% CO,. All
parasites were used up to 7 days post-delivery.

Dissection of B. malayi

Dissection of B. malayiwas performed as previously described (Robertson et al. 2011, 2013;
Verma et al. 2017). All dissections were performed at room temperature. Briefly, worms
were cut into 1 cm pieces from the anterior region and placed into a recording chamber filled
with B. malayrbath solution (23 mM NaCl, 110 mM sodium acetate, 5 mM KCI, 6 mM
CaCly, 4 mM MgCly, 5 mM HEPES, 10 mM b-glucose, 11 mM sucrose, pH 7.2 adjusted
with NaOH, ~ 320 mOsmol). The base of the chamber was a coverslip (24 x 50 mm) coated
with a thin layer of Sylgard. The body piece was immobilized by gluing each end to the
Sylgard pad using Glushield cyanoacrylate glue (Glustitch) and pinned by creating a wall
down one side. The body piece was cut longitudinally using a tungsten needle, and the
resulting ‘muscle flap” was glued to the coverslip along the cut edge exposing the muscle
cells. Intestines and the uterus were removed using fine forceps and the preparation was
washed with bath solution to remove any eggs or debris (Fig. 1). All dissections were
performed under DIC optics (400%) on an inverted light microscope (SMZ-U, Nikon, USA).

Fluo-3AM soaking

After dissection, the recording chamber was connected to a Dual Automatic Temperature
Controller (Warner Instruments, Hamden, CT) and the temperature was maintained between
34 and 36 °C. The muscles were incubated in 5 pM Fluo-3AM (Sigma-Aldrich, USA)
diluted in bath solution with no added Ca?* (total [Ca2*] is < 100 pM) for 60 min, allowing
for Fluo-3AM uptake and the cleavage of the ester group by endogenous non-specific
esterases. For samples treated with Pluronic F-127 (Invitrogen, USA), 10% (v V) of PF-127
diluted in DMSO was added to the 5 uM Fluo-3AM solution. For samples treated with
collagenase, muscles were treated with 2 mg/mL collagenase (type 1A, Sigma-Aldrich,
USA) in bath solution for 15-20 s and washed several times before Fluo-3AM was added.
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Fluo-3AM, with or without PF-127, solutions were prepared in Ca2*-free bath solution daily
before every experiment. After incubation, the sample was continuously perfused with
regular bath solution containing 6 mM CaCl, or low calcium bath solution containing 1 mM
CaCl,. All solutions were delivered to the chamber under gravity feed through solenoid
valves controlled using a VC-6 Six-Channel Valve Controller (Warner Instruments, Hamden,
CT, USA) through an inline heater set at 37 °C (Warner Instruments, Hamden, CT, USA) at
a rate of 1.5 mL/min. To measure changes in calcium, all samples were subjected to 10 mM
CaCl,. Muscles that elicited Ca2* signals were considered viable while those that failed to
elicit response were classified as non-viable. Absence of Ca2* signals in the muscles were
also monitored and achieved by the continuous perfusion of bath solution containing 1 mM
CaCI2.

Fluo-3 injections

For microinjections, dissected muscles were treated with 2 mg/mL collagenase (Type 1A)
for 30 s and were washed in buffer several times to remove excess collagenase. Patch
pipettes were pulled from capillary glass (G85150T; Warner Instruments Inc., Hamden, CT,
USA) and fire polished. The pipettes were filled with either pipette solution (120 mM KCl,
20 mM KOH, 4 mM MgCl,, 5 mM TRIS, 0.25 mM CaCl,, 4 mM NaATP, 5 mM EGTA and
36 mM sucrose (pH 7.2 with KOH, ~ 315-330 mOsmol), TRIS-HCI solution (1 M TRIS-
HCI pH 7.4 with KOH) or K-gluconate recording solution (125 mM K-Glu, 2 mM KCI, 5
mM MgATP, 0.3 mM NaGTP, 5 mM HEPES (pH 7.4 with KOH)). All solutions had 5 pM
Fluo-3 diluted in DMSO added before each experiment and were kept in a dark environment
to prevent degradation of the dye. Pipettes with resistances of 1.8-3 MQ were used. Giga
ohm seals were formed before breaking the membrane by suction. After breaking in cells
were left for at least 10 min to allow Fluo-3 to diffuse into the muscle cell before being
subjected to 10 mM CaCl,. Cells were consistently perfused with bath solution containing 1
mM CaCl, at a rate of 1.5 mL/min as described previously.

Calcium imaging

All recordings were performed on a Nikon Eclipse TE3000 microscope (20x/0.45 Nikon
PlanFluor objective), fitted with a Photometrics Retiga R1 Camera (Photometrics, Surrey,
BC, Canada). Light control was achieved using a Lambda 10-2 two-filter wheel system with
a shutter controller (Lambda Instruments, Switzerland). Filter wheel one was set on a green
filter (525-530 mm) between the microscope and camera. Filter wheel two set on the blue
filter (490 mm) between a Lambda LS Xenon bulb light box, which delivered light via a
fiber optic cable to the microscope (Lambda Instruments, Switzerland), to activate Fluo-3.
Blue light emission was controlled using a shutter. Minimal exposure to blue light during
recording setup was used to prevent reduction in signal strength.

Calcium signal recordings were acquired and analyzed using MetaFluor 7.10.2 (MDS
Analytical Technologies, Sunnyvale, CA, USA) with exposure settings at 250 ms with 2x
binning. Maximal Ca%* signal amplitudes (AF) were calculated using the equation F1L — A0/
A0 x 100, where F1 is the fluorescent value and AO is the baseline value. All A0 values were
determined as being the value at the time the stimulus was applied to the sample for all
recordings analyzed. All pictures were taken using Ocular 2.0.1.496 (Digital optics,
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Auckland, New Zealand). Exposure settings were 150 ms with 2x binning. Statistical
analysis was performed using two-tailed unpaired student #tests with Pvalues < 0.05 were
considered significant and two-way ANOVA where Pvalues < 0.0001 were considered
significant. All statistical analyses were performed in GraphPad Prism 5.0 (Graphpad
Software, Inc., La Jolla, CA, USA).

Fluo-3: a suitable candidate for calcium imaging in B. malayi

We used the fluorescent dye calcium reporter Fluo-3. Insertion of Fluo-3 into the B. malayi
muscle can be carried out by two methods: invasively by microinjection or non-invasively as
a permeable acetoxymethyl (AM) ester (Gobel and Helmchen 2007; Mank and Griesbeck
2008; Tsien 1981). A major benefit of using Fluo-3AM is that more absorption into tissues
can be achieved, allowing the calcium signal to be measured in multiple cells
simultaneously.

To ensure that Fluo-3 fluorescence was able to be detected, we looked for any
autofluorescence present in untreated tissues and in the glue used to immaobilize the worm
that may hinder our recordings. The bright-field Fig. 2a shows the main structural features of
the muscle cell including the soma, the muscle arms, the nucleus, lateral line, nerve cord and
the edge of the glue wall. We exposed untreated muscles to blue light and observed no
autofluorescence within the muscle cell. However, some autofluorescence was visible from
the glue prompting us to avoid imaging near the glue wall (Fig. 2b). Muscle flaps were
incubated in 5 UM Fluo-3AM for 60 min and then thoroughly washed. Fluo-3 fluorescence
was observed under blue light with the muscle cells being visible (Fig. 2¢). These
observations showed that Fluo-3AM can be absorbed and activated in the muscles.

Optimizing Fluo-3AM uptake

Although Fig. 2c shows that Fluo-3AM can enter B. malayi muscle and become active, the
fluorescence level of Fluo-3 was modest and much of the dye was localized in the nucleus or
outer edge of the muscle. To increase the level of Fluo-3 inside the muscle cells, we tested
different incubation conditions to increase the uptake of the dye. We tested the fluorescence
every 10 min in muscles treated with Fluo-3AM alone for 60 min (Fig. 3 black bars) and
observed the slow uptake of the dye. To improve dye uptake, we added 10% (/) Pluronic
F-127 to the Fluo-3AM solution because low levels of Pluronic F-127 in DMSO have been
shown to improve uptake of AM dyes including Fluo-3AM (Hamad et al. 2015; Maruyama
et al. 1989). We observed no improvement in dye uptake and overall fluorescence (Fig. 3
white bars) as addition of PF-127 alone did not significantly improve overall fluorescence
compared to untreated samples (Table 1). One explanation for the limited uptake of Fluo-3
AM dye was the presence of the extracellular collagen matrix covering the muscle cells. We
pretreated the muscle preparations with Type 1A collagenase, to remove the extracellular
material (Robertson et al. 2013; Verma et al. 2017). We applied 2 mg/mL concentration of
Type 1A collagenase to the muscles for 15-20 s and thoroughly washed the preparation. We
again incubated the sample in 5 pM Fluo-3AM for 60 min at 34-36 °C and measured the
fluorescence intensity every 10 min. Muscles treated with collagenase appeared to have
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increased dye uptake and fluorescence compared to the untreated samples (Fig. 3 gray bars).
Although dye uptake and fluorescence were improved, there was no overall significance
between collagenase treated and untreated samples after 60 min (Table 1). We hypothesized
the addition of PF-127 would further improve uptake. Accordingly, we treated muscles cells
with collagenase and added 10% (v/v) PF-127 to the Fluo-3AM solution, which significantly
improved dye uptake compared to untreated samples (Fig. 3 dashed bar, Table 1). Based on
our observations, we suggest that the optimum method for B. malayi muscle preparations is
to use 2 mg/mL collagenase for 20 s before applying 5 uM Fluo-3AM with 10% PF-127 (W
V) for 60 min to maximize dye uptake and overall fluorescence.

Fluo-3AM treated muscles elicit calcium transients

We challenged muscles with 10 mM CaCl, to test for a successful recording of Ca2* signals
in B. malayi muscles treated with Fluo-3AM. Our initial experiments met with modest
success when we applied 10 mM CaCl, to the muscle preparations maintained in our regular
bath solution which contains 6 mM CaCl, (MVerma et al. 2017). We observed a small change
in fluorescence intensity that had an average amplitude of 1.75% (Fig. 4a, c). We
hypothesized that the small difference in the overall CaCl, concentration between the bath
solution and stimulus (from 6 to 10 mM) was the cause of the low Fluo-3 amplitudes.
Therefore, we reduced the amount of CaCl, in the bath solution to 1 mM providing a larger
change in CaCl, concentration when the stimulus was applied. As expected, application of
10 mM CaCl;, elicited a stereotypical Ca%* signal in muscles when maintained in 1 mM
CacCls, bath solution with an average change in signal fluorescence of 14%. This change is
significantly larger than our initial observations regular bath solution (Fig. 4b, c). These
observations show that detectable Ca2* signals can be recorded in B. malayi muscles soaked
in Fluo-3AM when the methods are optimized using PF-127, collagenase and bathing
solution with 1 mM CaCl,.

Microinjection of Fluo-3 into B. malayi muscles

Although we have had success soaking muscles in Fluo-3AM, another goal was to achieve
dual recordings of calcium and electrophysiological signals. Unfortunately, soaking limits
this approach due to the delicate and fragile nature of the muscles after an hour incubation
resulting in loss of patched cells before recordings can be achieved. Therefore, we patched
onto muscle cells using a patch pipette containing the cell-impermeant indicator Fluo-3,
which can only enter the muscle cell either by diffusion or driven by charge. Microinjection
is a technique that has been used in earlier calcium imaging studies in different organisms
(Jospin et al. 2002; Klauke and Plattner 1997; Lindsay et al. 1992). Various solutions have
been used to promote dye entry into cells. We chose to test the two most common solutions:
internal pipette solution (Jospin et al. 2002) and TRIS-HCI (Klauke and Plattner 1997).
Additionally, we tested K-gluconate recording solutions because of the potential benefit of
gluconate acting as a calcium buffer to prevent dye activation and degradation during
patching. We added 5 uM Fluo-3 to each different pipette solution before recording and
maintained the solutions in a dark environment to prevent the photobleaching and
degradation of the fluorescent dye. Muscle cells were treated with collagenase, washed with
buffer and patched immediately after washing, while being maintained in bath solution
containing 1 mM CacCls, (see ‘Materials and methods’ section). Upon successfully patching
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and breaking into a cell, the cells were left for 10 min while being perfused with 1 mM
CacCls, bath solution to allow the dye to enter and diffuse throughout the muscle cell. After
10 min, the muscle cells were visualized under blue light to determine if the dye entered the
cell. As shown in Fig. 5, each of the three solutions had different effects on how well the dye
diffused inside the muscle. The solution, which appeared to promote the best loading, was
our regular electrophysiology internal pipette solution (Fig. 5a). After 10 min, the entire cell
was filled with cell having a high level of fluorescence. The second-best pipette solution was
TRIS-HCI, which filled the cell but not as effectively as the internal pipette solution and was
not as fluorescent (Fig. 5b). Finally, cells patched with pipettes containing K-gluconate were
characterized by most of the dye and fluorescence remaining near the pipette tip, suggesting
that this solution prevented Fluo-3 diffusion in the cell (Fig. 5¢).

To determine if the muscles were viable after patching and injected with the dye, we tested
muscle cells with a 10 mM CaCl, stimulus. Similar to the Fluo-3AM treated samples, cells
were perfused with bath solution containing 1 mM CacCl,, before being subjected to an
increase in CaCl, concentration. As seen with the level of dye loading, cells treated with
regular internal pipette solution had strong changes in calcium, which quickly returned to
baseline when the stimulus was removed (Fig. 5d, g). TRIS-HCI treated cells also had
stereotypical Ca?* responses and on average had a similar peak amplitude as the cells
injected with the internal pipette solution (Fig. 5e, g). However, after removal of the 10 mM
CacCly, the signal took longer to return to baseline. Lastly, cells that were injected using K-
gluconate had the lowest response: they were low amplitude and were very noisy (Fig. 5f, g).
The observations showed that we are able to achieve measurable changes in calcium with
two of the three pipette solutions, but due to the ease of patching and overall level of dye
entry into the cell, we decided to pursue further experiments using the internal pipette
solution, with aim of performing dual calcium imaging and electrophysiology experiments.

Discussion

The measurement of calcium signals by calcium imaging is a powerful technique to track
and follow effects of drugs on cellular signaling. In this paper, we show how calcium
imaging may be performed in muscle cells of the parasitic nematode Brugia malayi. \We
have successfully recorded rises in Fluo-3 fluorescence produced by increasing the CaCl,
concentrations. We have adapted two techniques to promote calcium imaging of B. malayi
muscles using two Fluo-3 variants: Fluo-3AM that allows the recording from multiple
muscle cells and the direct injection of Fluo-3 into a single muscle. The use of the dye
Fluo-3 to measure Ca2* signals has many advantages including: fast binding and
disassociation kinetics, allowing the detection of rapid Ca2* fluctuations; large fluorescence
changes; near-linear response properties; high photostability, preventing rapid bleaching and
high pH-resistance (Badura et al. 2014; Mank and Griesbeck 2008; Russell 2011).

Fluo-3AM incubation promotes large-scale calcium imaging

Incubation using Fluo-3AM permits experiments that will seek to record calcium signals
from multiple cells simultaneously (Paredes et al. 2008; Roe et al. 2006). The addition of
AM esters makes the dye membrane permeable, inactive and avoids the need for ‘invasive’
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microinjection, which is labor intensive, prevents the study of larger populations of cells and
can result in cellular damage (Paredes et al. 2008; Roe et al. 2006; Takahashi et al. 1999).
Once inside the cell, non-specific esterases cleave the AM group and trap the dye inside the
cell (Kao et al. 2010; Tsien 1981). This method effectively concentrates the Ca2* indicator
in cells, meaning a extracellular low concentration of dye (1-5 uM) is sufficient to result in a
higher intracellular concentration of ~ 100 uM by ion-trapping (Kao et al. 2010; Paredes et
al. 2008). Our aim here was to develop techniques to promote insertion of Fluo-3AM into
multiple B. malayi muscles and successfully record changes in fluorescence from several
muscle cells at the same time.

We found that incubating muscles in 5 uM Fluo-3AM in regular bath solution produced a
poor level of fluorescence and very few muscles could be observed under blue light. We
hypothesize that the presence of CaZ* in the solution may have resulted in the activation of
non-specific endogenous esterases present in the parasite, cleaving the Fluo-3AM before it
was able to enter the muscles. We modified the protocol and found that for best uptake of
Fluo-3 AM the preparation needed to be exposed to collagenase to remove the basement
membrane, and to Pluronic F-127 to facilitate the dispersal and solubility of fluorescent dyes
with AM groups (Fig. 3). To demonstrate that a positive change in Fluo-3 fluorescence was
achievable, we exposed Fluo-3AM treated muscles to elevated concentrations of CaCl,. We
found that to demonstrate the strong calcium signals with a test 10 mM stimulus of CaCly it
was necessary to reduce the calcium concentration in the normal bathing solution to 1 mM
from 6 mM (Fig. 4).

We point out that there are some disadvantages when using Fluo-3AM. Firstly, incubating
the entire preparation can lead to expression of the dye in neighboring cells and tissues of
non-interest, resulting in a decrease in signal quality from muscles, and may prevent the
detection of smaller, subtler signals that may be triggered by receptor manipulation (Badura
et al. 2014; O’Donovan et al. 1993). In addition, for absorption and activation of Fluo-3 AM,
a long-term incubation is required (60 min), but this may give rise to the dye being
compartmentalized and accumulated in intracellular organelles, including the nucleus (Fig.
2c). The compartmentalization reduces signal strength and quality (Cobbold and Rink 1987;
Gee et al. 2000; Qu et al. 2016). Furthermore, fluorescent dyes may be extruded from the
cell relatively quickly and high concentrations of the dye inside the cell can lead to toxicity
(Badura et al. 2014; Kao et al. 2010; Mank and Griesbeck 2008; O’Donovan et al. 1993;
Roe et al. 2006). With further optimization of dye loading, we hope to achieve suitable
levels of fluorescence after a shorter period of incubation to avoid the problems inherent
with using Fluo-3AM.

Fluo-3 microinjection a technique for dual calcium and electrophysiology recordings

Fluo-3AM incubation allows recording of calcium changes in a number of muscle cells
simultaneously, but there may be reduced signal clarity and the longer incubation time can
degrade the health of the cells. By inserting Fluo-3 directly into a cell by diffusion from a
patch pipette, a single cell can be loaded with a controlled amount of the probe, to allow the
cell to be analyzed with high contrast (Qu et al. 2016; Russell 2011). Once inside the cell,
salt forms of Fluo-3 equilibrate quickly, allowing Ca2* signals to be recorded within minutes
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(Paredes et al. 2008). This was one of the reasons we pursued the development of the second
technique to allow for the recording of calcium from a single muscle cell.

Direct injection of dye by patching typically uses two solutions, an internal pipette solution
or TRIS-HCI (Jospin et al. 2002; Klauke and Plattner 1997). We also used a third
electrophysiology patching solution that contained K-gluconate, to act as a calcium buffer to
reduce dye activation and degradation during patching. Use of all three solutions allowed for
direct patching on the muscle cell, and after 10 min, cells showed Fluo-3 loading in the
muscle, with patch pipette solution loading cells more effectively than TRIS-HCI and K-
gluconate having very poor cellular loading (Fig. 5a, b, c). When challenged with an
increase in CaCl, concentration, cells injected using pipette solution and TRIS-HCI had
similar overall amplitudes in Fluo-3 fluorescence, 7.4% for pipette solution and 8.6% for
TRIS-HCI (Fig. 5g). However, cells injected using K-gluconate and had very low and noisy
signals, 2.3% (Fig. 5f, g), suggesting that this solution is very poor for dye injection.

With the success of generating recordable Ca2* signals using direct injection methods, we
observed that after removal of CaCl,, a second or sometimes a third increase in fluorescence
was detected (Fig. 5d). This spontaneous increase in Ca2* fluorescence suggests that other
cellular mechanisms may be occurring within the cell, either through an increase in
intracellular Ca2* release or by the activation of stretch receptors promoting extracellular
calcium entry, which have been implicated in C. elegans (Fieseler et al. 2018; Li et al. 2006;
Yeon et al. 2018).

Direct injection also has some disadvantages. Firstly, this technique is invasive and as such
there is high risk of cellular damage reducing the overall data output. Additionally, this
technique requires specialized equipment, is labor intensive and requires a high skill level.
The incubation in Fluo-3AM allows for the recording of multiple muscles simultaneously;
direct injection only permits one or perhaps a few cells in a single preparation to be recorded
(Russell 2011).

In conclusion, our long-term goal is to understand how anthelmintics manipulate cellular
signaling in B. malayi. We have previously demonstrated how anthelmintics manipulate
muscle signaling using electrophysiology (Kashyap et al. 2019; Verma et al. 2017), but these
studies do not allow us to record changes in intracellular signaling and to measure the effects
on downstream secondary messengers. By developing two methods to record calcium
signals in B. malayi muscles, we hypothesize we will be able to measure the effects of
anthelmintics in numerous ways to achieve a greater understanding how these compounds
interfere with cellular signaling in parasitic nematodes.
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Fig. 1.

Micrograph of a dissected body piece of B. malayi. micrograph of a suitable dissected B.
malayibody piece with intestine and uterus removed used for calcium and
electrophysiological experiments. Key structures glue wall, muscle and muscle flap
indicated
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Muscle arms  Nerve cord Glue wall

Muscle

Nerve cord

l

Fig. 2.
Micrographs of B. malayi muscles: a micrograph of B. malayi muscles under white light. b

Untreated muscle exposed to blue light. ¢ Muscles after being treated with 5 pM Fluo-3AM
for 60 min at 34-36 °C. Key structures, muscle arms, muscle, nucleus, nerve cord, lateral
line and glue wall are highlighted
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Fig. 3.

Cc?llagenase and Pluronic F-127 improve Fluo-3AM absorption: 60 min time course of
overall Fluo-3 fluorescencein B. malayi muscle cells for tissues treated with Fluo-3AM
alone (black bars), Fluo-3AM and 10% (v/v) Pluronic F-127 (white bars), Fluo-3AM and 2
mg/mL collagenase (gray bars) and Fluo-3AM, collagenase and Pluronic F-127 (dashed
bars). ***Significantly different to untreated (Fluo-3AM alone) (P= < 0.001; two-way
ANOVA). For all treatments, n=5. All values are represented as mean + SEM
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Fig. 4.

Fluo-3AM treated muscles cells display Ca?* signals: a representative calcium trace of a
muscle exposed to 10 mM CacCl, that was maintained in regular bath solution before
stimulus application. Gray box represents stimulus application. b Representative calcium
trace in response to 10 mM CaCl, in a muscle maintained in low CaCl, (1 mM) bath
solution. Gray box represents stimulus application. ¢ Amplitudes of calcium signals in
muscles perfused with low calcium bath solution, 10 mM CacCls, in regular bath solution and
10 mM CaCl; in low CaCl, bath solution. ***Significantly different from untreated
(untreated vs. 10 mM CaCl, regular buffer; £< 0.0001, = 6.792, df= 25, unpaired #test),
(untreated vs. 10 mM CacCl, low CaCl, buffer; < 0.0001, #=8.273, df= 30, unpaired ¢
test). T = significantly different to 10 mM CacCl, in regular buffer (10 mM CaCl, in regular
buffer vs. 10 mM CaCl, in low CaCl, buffer =< 0.0001, #=8.108, df= 33, unpaired ¢
test). Untreated /7= 12; 10 mM CacCls, in regular buffer 7= 15, 10 mM CacCls in low CaCl,
buffer n=20. All values are represented as mean = SEM
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Fig. 5.

Microinjection of Fluo-3: a micrograph of muscle under blue light injected with
electrophysiology pipette solution containing 5 pM Fluo-3. b Micrograph of Fluo-3 injection
using TRIS-HCI. ¢ Micrograph of Fluo-3 injection using K-gluconate solution. d
Representative trace of a calcium response to 10 mM CaCl, in a muscle injected with pipette
solution containing Fluo-3. Gray box indicates stimulus application. e Representative trace
of TRIS-HCI Fluo-3 inject muscles to 10 mM CaCl,. Gray box indicates stimulus
application. f Representative trace of calcium signal in muscle inject with Fluo-3 using K-
gluconate solution. Gray box indicates stimulus application. g Quantification of calcium
amplitudes to 10 mM CaCl, in muscles injected using pipette solution (black bar), TRIS-
HCI (white bar) and K-gluconate (gray bar). N.S. = not significant pipette solution versus
TRIS-HCI (P=0.5526, t=0.6031, df= 22, unpaired ftest). *Significantly different pipette
solutions versus K-Glu (P=0.0220, ¢t= 2.473, df= 21, unpaired ttest). Pipette solution 7=
12; TRIS-HCI n=12, K-Glu n=11. All values are represented as mean + SEM
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