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ABSTRACT
MICROTRANSPLANTATION OF RAT BRAIN NEUROLEMMA INTO XENOPUS
LAEVIS OOCYTES TO STUDY THE EFFECT OF ENVIRONMENTAL TOXICANTS
ON ENDOGENOUS VOLTAGE-SENSITIVE ION CHANNELS
MAY 2017
EDWIN MURENZI
B.S., SALVE REGINA UNIVERSITY NEWPORT, RI
Directed by: Dr. John Marshall Clark
Microtransplantation of mammalian neurolemma into Xenopus laevis oocytes has been
used to study ion channels in terms of their structure and function in the central nervous
system. Use of microtransplanted neurolemma is advantageous in that tissue can be
obtained from various sources, ion channels and receptors are present in their native
configuration and they can be used to evaluate numerous channelpathies caused by
environmental toxicants. Here we show that Xenopus oocytes injected with fragments of
rat brain neurolemma successfully express functional native ion channels that are
assembled in their own plasma membrane. Using a high throughput two electrode voltage
clamp (TEVC) electrophysiological system, currents that were sensitive to tetrodotoxin
(TTX), -conotoxin MVIIC, and tetraethylammonium (TEA) were detected, indicating
the presence of multiple voltage-sensitive ion channels (voltage-sensitive sodium,
calcium and potassium channels, respectively). In this current research, a “proof-ofprinciple” experiment was conducted where TTX-sensitive voltage-sensitive sodium
channel (VSSC) currents were measured. VSSCs are a well-established site of action for
1,1,1-trichloro-2,2-di(4-chlorophenyl)ethane (DDT) but not for its non-toxic metabolite
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1,1-bis-(4-chlorophenyl)-2,2-dichloroethene (DDE). A differential sensitivity of DDT
versus DDE on TTX-sensitive sodium current in neurolemma-injected oocytes was
determined. DDT elicited an increase in depolarization-dependent, TTX-sensitive sodium
current while DDE had no significant effect. Additionally, DDT resulted in a slowing of
sodium channel inactivation kinetics whereas DDE has no similar effect. These results
are consistent with the findings obtained using heterologous expression of single
isoforms of rat brain VSSCs by injecting cRNA into Xenopus oocytes. By demonstrating
the classic structural activity relationship of DDT and DDE on mammalian voltage-gated
sodium channels isolated in rat brain neurolemma, this study supports the use of
automated high-throughput electrophysiology to study the effects of various
environmental toxicants on multiple mammalian cellular targets. More importantly, using
rat brain neurolemma ensures that the proteins of interest have been transcribed and have
undergone all the necessary post-translational modifications before they were injected
and expressed in the Xenopus oocytes which is not the case for traditional heterologous
expression.
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CHAPTER 1
INTRODUCTION
1.1 Xenopus Oocytes

It has been over 40 years since John Gurdon and colleagues first showed that
Xenopus laevis oocytes injected with mRNA could successfully translate and incorporate
the relevant proteins (Gurdon et al. 1971). Since then, Xenopus laevis oocytes have been
extensively used as very useful tools for the expression and characterization of functional
mammalian neurotransmitter receptors and ion channels (Goldin et al. 1992). Xenopus
oocytes are germ cells experiencing meiotic arrest that possess large nuclei. During
meiotic arrest, Xenopus oocyte growth is separated into 6 different stages with the 6th
stage representing the fully grown oocyte (Dascal 1987). The use of Xenopus oocytes is
particularly advantageous as a heterologous expression system for the following reasons:
(1) they can efficiently translate foreign cRNAs and successfully incorporate functional
proteins into their plasma membranes; (2) Xenopus oocytes are large in diameter (~1.1
mm) making them ideal for electrophysiological studies and microinjection; (3) they
possess endogenous currents that are much smaller in amplitude than those of
heterologously expressed ion channels, facilitating current recordings (Tammaro,
Shimomura, and Proks 2009).

Research conducted by groups led by Ricardo Miledi and William Catterall
successfully showed that Xenopus oocytes incorporate functional mammalian voltagesensitive channels (e.g. through processing and synthesizing injected mRNA using
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endogenous protein machinery) (Gundersen et al. 1983, 1984). Using two-electrode
voltage clamp (TEVC) electrophysiology (see section 1.2) one can successfully record
currents produced by the flow of ions through various voltage-sensitive channels
(sodium, potassium, calcium and chloride).

In particular, the speed of TEVC data

recordings matches the speed of the gating processes of ion channels, allowing for the
real-time assessment of the effect of neurotoxins on channel kinetics.

1.2 Two-Electrode Voltage Clamp (TEVC) Electrophysiology

Two-electrode voltage clamp (TEVC) is an established electrophysiological
method that allows for the manipulation of the membrane potential of large cells (e.g.,
Xenopus laevis oocytes) in order to study the characteristics of electronically germane
membrane proteins, in particular, ion channels. Voltage-sensitive ion channels are gated
by membrane potential (Vm). In order to understand the way various chemicals affect
these proteins, a technique that could control voltage (voltage-clamp) was developed by
Cole (1949) and Marmont (1949) and subsequently improved to TEVC by Hodgkin,
Huxely and Katz (1952). Figure 1 is a schematic of the basic principal of the TEVC
technique. TEVC employs two intracellular electrodes, a voltage electrode (E) that can
manipulate and monitor changes in Vm and a current electrode (I) that records the current
produced by the movement of ions through their respective ion channels Fig. 1A). TEVC
also allows for the collection of various channel kinetics through the analysis of the
current trace resulting from membrane depolarization followed by membrane
repolarization during a step or pulsed depolarization (Fig. 1B). Following heterologous
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expression of voltage-sensitive sodium channels (VSSCs) by the injection of cRNA into
Xenopus oocytes, channel activation, or the opening, of voltage-gated channels can be
determined by measuring peak current, which is the current that flows through open
channels following membrane depolarization (Fig. 1C). During the depolarization step,
certain VSSCs begin to close due to the insertion of the inactivation particle into the Na+
conducting pore in a process known as inactivation (Fig. 1D), which is reflected in the
late current of the current trace (Fig. 1E). Finally, those channels that do not close
through inactivation undergo a process known as deactivation during the repolarization of
the membrane by electronically removing the voltage clamp (Fig. 1F). Deactivation is
measured from the tail current of the current trace following membrane repolarization
(Armstrong and Hille 1998) (Fig. 1G). The size of Xenopus oocytes makes them ideal
candidates for expressing exogenous ion channels through the TEVC technique. This
aspect is augmented by the fact that Xenopus oocytes have low expression of endogenous
ion channels in their membrane (Guan et al. 2013).
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Figure 1. The standard two-electrode voltage clamp (TEVC) technique used on a
Xenopus oocyte. (A) The oocyte is pierced by two electrodes, a voltage electrode (E)
used to depolarize the membrane potential and a current electrode (I) to record current
produced by the voltage step-depolarization from -100 mV to 60 mV for 50 ms (B). (C)
Membrane depolarization leads to the activation of VSSCs. (D) Following depolarization
some channels close through a process known as inactivation. (E) Inactivation is reflected
in the late current. (F) Electronic removal of the voltage-clamp repolarizes the membrane
and closes the remainder of the channels in a process known as deactivation. (G)
Deactivation is reflected in the tail current of the current trace.

1.3 Mammalian Neurolemma

Historically, many of the initial methods used to study native channel activity
employed non-neuronal (e.g., N1E-115 neuroblastoma cells, HEK cells) (Yoshii et al.
1985) or non-mammalian (insect, Paramecium) (Davies et al. 2007; Clark et al. 1995)
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preparations and as such were not applicable to the study of mammalian toxicity.
Additionally, the use of isolated presynaptic nerve terminals (synaptosomes) from rat
brain offers an ex vivo technique, which remains functional and allows ion flux through
voltage-sensitive

channels

(e.g.,

VSSC,

voltage-sensitive

calcium

channels),

neurotransmitter release and other germane neurotoxicological endpoints to be measured,
but are too small to be impaled by electrodes. Thus, the limitation of this approach is the
effects cannot be measured on a time scale reflective of that occurring in the nerve cell.
Although the microinjection of cRNAs and cDNAs into Xenopus oocytes allows
for the characterization of heterologously expressed voltage-sensitive ion channels in
terms of their functionality and gating kinetics, there are major limitations to this method.
First and foremost, the endogenous assembly of native voltage-sensitive channels usually
involves

multiple

subunit

isoforms,

alternative

splicing

and

posttranslational

modifications, all of which guarantee that there is no such a thing as “the sodium
channel”, “the calcium channel”, or “the potassium channel” but that there are many
(William Catterall, 1988). This aspect makes the assessment of the action of neurotoxins,
such as DDT, on individual channels, one by one, through heterologous expression a
difficult if not impossible task. Because of this, it becomes virtually impossible to study
all the channel isoforms and their variants that are naturally expressed in a tissue or how
their expression changes with time
An alternative approach to study the effect of neurotoxicants on endogenous
voltage-sensitive channels has been demonstrated by J. Marsal’s group (Aleu et al. 2002;
Beckh et al. 1989). This system involves the use of Xenopus oocytes microinjected with
plasma membrane fragments from nervous tissue (neurolemma). For simplicity, we
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define the “neurolemma” used herein as disrupted membrane fragments from the neurons
associated with the whole brain and brain stem, including but not limited to: axolemma,
synaptolemma, and the neuronal plasmalemma of the soma and dendrites of the nerve
cell. The use of neurolemma-injected Xenopus laevis oocytes takes advantage of the
strengths of both electrophysiological and biochemical protocols discussed above but
most importantly, it eliminates many of the problems that arise from the heterologous
expression of individual channels likewise described above.
In 1982, Barnard et al. reported that mRNA coding for nicotinic acetylcholine
receptors from the electric organ of Torpedo marmorata could be successfully
microtransplanted into the plasma membrane Xenopus oocytes. About 10 years later, a
group led by Dr. R. Miledi developed a new method that incorporated presynaptic
neurolemma chimeras from the Torpedo electric organ into the plasma membrane of
oocytes (Marsal et al. 1995). They showed that oocytes microtransplanted with these
presynaptic subcellular fractions released acetylcholine in a calcium-dependent manner
upon chemical depolarization. Incorporation was further demonstrated using fluorescence
and immunofluorescence to identify presynaptic plasma membranes and the synaptic
vesicle protein, synaptophysin, following their covalent labeling with rhodamine. Finally,
acetylcholine release was selectively inhibited by the Botulinum neurotoxin (BTX) type
A, indicating that toxin targets within the presynaptic fractions were also successfully
incorporated (Canals et al. 1996).
In 1995, Marsal and colleagues demonstrated that Xenopus laevis oocytes
microtransplanted with membrane vesicles from the electric organ of Torpedo
successfully incorporated acetylcholine receptors and voltage-sensitive chloride channels
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(VSClCs). Injection of membrane vesicles bypassed the oocytes protein synthesis
mechanics and any de novo synthesis or N-glycosylation. The presence of VSClCs was
determined through holding the membrane potential at -20 mV, a potential at which
numerous channels are open, and performing a step by step hyperpolarization to -120
mV, a potential at which numerous channels close. This protocol allowed for the
observations of a clear decrease, and sometimes change in direction, of the current in
response to each voltage step as channels closed. This finding is different from the linear
current/voltage relationship in native Xenopus laevis channels suggesting that functional
VSClCs from the Torpedo electric organ could indeed be successfully microtransplanted
into Xenopus oocytes and that they were markedly different from endogenous VSClCs.
Pharmacological isolation of the VSClCs was also performed using chloride channel
blockers 4,4’-diisothiocyanatostilbene-2,2’-disulfonic acid, Zn2+ and Cu2+ (Marsal et al.
1995).
Beckh et al. 1989 reported that three VSSC mRNAs (I, II, III) could be isolated from
the central nervous system (CNS) of the rat and expressed in Xenopus oocytes. Their
results showed temporal and regional differences in the patterns of expression of the three
isoforms. Recently, automated western blotting has been used in order to determine the
physical localization of VSSC in neurolemma injected oocytes. VSSC isoform expression
was determined in post-natal day 90 (PND90) rat brain tissue for nine different VSSC
isoforms (Nav1.1 – Nav1.9). The predominant isoforms expressed in neurolemma were
Nav1.2 and Nav1.6. Nav1.2 and Nav1.6 were also successfully detected in the plasma
membrane of Xenopus oocytes microtransplanted with rat brain neurolemma (Toltin et al.
2015). These results suggest that microtransplantation of rat brain neurolemma into
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Xenopus oocytes could provide a useful tool for the study of the toxic action of numerous
environmental neurotoxicants, including DDT, on endogenous channels and receptors
that are correctly being expressed and modified in a specific spatial and temporal manner.

1.4 DDT & DDE

Since its commercial introduction in the 1940s, the neurotoxic organochlorine
pesticide 1,1,1-trichloro-2,2-di(4-chlorophenyl)ethane (DDT) has proven to be one of the
most effective synthetic insecticides ever. DDT played a major role in the fight against
malaria, typhus and other insect-borne human diseases among military and civilian
populations (Rogan and Chen 2005). Despite the effectiveness of DDT, the
Environmental Protection Agency (EPA) decided to ban the use of DDT in 1972 after 30
years of worldwide. The use of DDT was banned by the EPA due to its ecological and
environmental effects on wildlife through the adverse effects of the DDT metabolite DDE
on avian populations. DDE caused the egg shell thinning of fish eating birds such as
eagles, falcons and osprey which in turn lead to a difficulty in hatching which resulted in
drastic population decline (Peakall et al., 1973). Figure 2 shows the chemical structures
of DDT and DDE. The metabolite DDE is formed through a dehydrochlorination reaction
(Matsumura, F. 1985). DDT modifies the gating kinetics of the sodium channel by
slowing the inactivation of VSSCs, allowing increased sodium ion influx, which prolongs
the falling phase of the action potential leading to repetitive discharges due to
depolarizing after potentials that don’t allow the nerve cell to repolarize (Lund &
Narahashi 1983).
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A

B

Figure 2 Chemical structures of A) 1,1,1-trichloro-2,2-di(4-chlorophenyl)ethane (DDT)
and B) 1,1-bis-(4-chlorophenyl)-2,2-dichloroethene (DDE). DDE is formed through a
dehydrochlorination reaction.
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CHAPTER 2
MATERIALS AND METHODS
2.1. DDT, DDE and Other Chemicals
Technical grade (98% pure, Lot#: 341-50A) p,p'-dichlorodiphenyltrichloroethane
(DDT) and technical grade p,p'-dichlorodiphenyldichloroethylene (DDE) (98% pure,
Lot#: 341-48A) were provided by Chem Service Inc. (West Chester, PA). Pesticide stock
solutions were prepared in dimethylsulfoxide (DMSO, 99.9% pure, Lot#: 0613C024,
AMRESCO, LLC. Solon, OH) as a solvent vehicle and diluted as required. At no time
did the concentration of DMSO exceed 1.0% w/w in any experimental assay. Chlorotoxin
(CTX, 98% pure, Lot#: SLBC8745V), ω-conotoxin MVIIC (MVIIC, 95% pure, Lot#:
110M4798V), tetraethylammonium chloride (TEA, 98% pure, Lot#: 1427167V), KBR7943 (KB-R, 98% pure Lot#: 021M4743V), niflumic acid (NFA, 98% pure, Lot#:
BCBB6165), DL-Dithiothreitol (DTT, 99% pure, Lot#: SLBG9110V) were purchased
from Sigma-Aldrich Corp. (St. Louis, MO). Tetrodotoxin with citrate (TTX, 98% pure,
Lot#: 9T0202-92190) was purchased from Biotium Inc. (Hayward, CA).

All other

chemicals were purchased from Sigma-Aldrich Corp. (St. Louis, MO) at the highest
purity available.
2.2 Animal Rearing
90 day old (post-natal day 90, PND90) CD® IGS Sprague-Dawley female rats,
were purchased from Charles River Laboratories (Wilmington, MA) and maintained at
the University of Massachusetts Central Animal Facility (Morrill Science Center,
Amherst, MA). Female Xenopus laevis frogs were purchased from Nasco (Fort Atkinson,
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WI) and maintained on a 12:12 day:night light cycle at 18 °C in a vivarium (X-Hab
Systems, Aquatic Eco-Systems INC, Integrated Sciences Building, Amherst, MA). All
animal procedures were conducted in accordance with IACUC guidelines (Protocol ID.
2013-0026 & 2013-0007).

2.3 Preparation of Neurolemma Tissue Fragments
Neurolemma tissue fragments (neurolemma) were prepared from whole rat brain
according to Dunkley et al. (1986) with minor modifications. Rats were sacrificed by
decapitation, whole brains including brain stem removed, and placed into ice-cold
sucrose buffer (0.32 M sucrose, 1 mM EDTA, and 0.25 mM DTT, pH 7.4). The dissected
brain was homogenized using a Teflon-glass homogenizer (30 mL Tissue Grinder, PotterELV, Ctd, WHEATON®, Millville, NJ) equipped with a motor-driven pestle (Model
K43, Tri-R Instruments, Rockville Centre, NY) for 1-2 cycles at 500 rpm (~2-5 min) and
the homogenate centrifuged at 900 g for 10 min at 4 °C. The supernatant (S1) was
decanted, transferred to a new tube and re-centrifuged at 15,000 g for 30 min at 4 °C. The
resulting crude mitochondrial pellet containing neurolemma was gently re-suspended in
glycine/HEPES buffer (50 mM glycine, 20 mM HEPES, pH 7.0) using a hand-operated
Teflon-glass homogenizer (5 mL Tissue Grinder, Potter-ELV, Ctd, WHEATON®,
Millville, NJ) to a final protein concentration of 2 mg/ml as reported by Marsal et al.
(1995) and Miledi et al. (2002). Neurolemma aliquots (1 ml) were transferred to
cryogenic vials and pelleted by centrifugation at 1500 g for 5 min. The supernatant was
removed, the vial with the resulting pellets were capped and snap frozen with liquid
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nitrogen and stored at -80 °C until use. Under these conditions, neurolemma fragments
remain viable for ~ 1 year as described by Canals et al. (1996).

2.4 Determination of Protein Concentration
Protein

concentrations

(mg/ml)

for

neurolemma

were

determined

spectrophotometrically using the bicinchoninic acid (BCA) assay as previously described
by Smith et al. (1985). Unknown protein concentrations were determined from a standard
curve using bovine serum albumin (BSA) as a protein standard. A standard curve was
constructed by plotting fluorescence (excitation/emission maxima of 470/570 nm) as a
function of the concentration of BSA and values for neurolemma samples determined
from the linear regression of the data.
2.5 Isolation and Preparation of Xenopus Oocytes
Following anesthesis in 1.0 L of MS-222 mixture (2 g of ethyl 3-aminobenzoate
methansulfonate salt and 0.5 g of sodium bicarbonate (NaHCO3)), oocytes were
surgically removed from female and defolliculated by incubation in OR2 buffer (82.5
mM NaCl, 2 mM KCl, 1 mM MgCl2, 5 mM HEPES, pH = 7.4) supplemented with Type
1A collagenase (2 mg/ml) purchased from Sigma-Aldrich, Corp. (St. Louis, MO) and the
remaining follicle membrane removed manually following treatment (Marsal et al. 1995
and Miledi et al. 2002). Isolated stage V-VI oocytes were incubated in ND96 medium (96
mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, and 5 mM HEPES, pH 7.4)
supplemented with 1% sodium pyruvate, 1% penicillin/streptomycin, and 5% horse
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serum overnight at 19 °C prior to injection (Soreq and Seidman, 1992). Surgery was
performed in accordance to IAUCUC protocol ID # 2013-0026.
2.6 Oocyte Microinjection with Neurolemma

All experiments involving neurolemma-injected oocytes have been modified from
Marsal et al. (1995) and Miledi et al. (2002). Frozen neurolemma fractions were rapidly
thawed by re-suspending the pellet in 0.5 ml of 4 oC glycine/HEPES buffer to a final
protein concentration of 4 mg/ml. The neurolemma-glycine/HEPES suspension was
sonicated using a 20 KHz microtip ultrasonic converter probe (model CL4, Heat Systems
Inc., Farmingdale, NY) connected to a sonic dismembrator (model XL2020, Misonix
Incorporate, Farmingdale, NY) set at 10 % power for 10 sec, in 5 cycles of 2 sec each, at
4 °C. The sonicated suspension was serial diluted using the glycine/HEPES buffer to a
final protein concentration of 0.5 mg /ml. 50 nl of the sonicated suspension was injected
into the cytoplasm of each stage V-VI oocyte using a Roboinject® high-throughput
microinjector (Multichannel Systems MCS GmbH, Reutlingen Germany (MCS)),
resulting in a final amount of 25 ng of neurolemma protein injected into each oocyte. For
a control, only the glycine/HEPES buffer was injected into oocytes (sham-injected
oocytes). Injected oocytes were incubated in supplemented ND96 medium at 19 °C for
at least 12-24 h prior to electrophysiological determinations to allow neurolemma
incorporation into the plasma membrane of the oocyte. In order to ensure a uniform
expression time, injection of the oocytes was staggered at 12 hour intervals. Due to a long
perfusion protocol, injections at 12 hour intervals ensured that all recordings were
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performed on oocytes that were expressing neurolemma for no less than 12 hours and no
more than 24 hours.

2.7 Electrophysiology

Membrane currents were recorded using the two electrode voltage clamp (TEVC)
technique by measuring ionic currents during pulse depolarization as described originally
by Aleu et al. (2002). All electrophysiological recordings were performed using the
Roboocyte2® high-throughput system with an integrated TEVC digital amplifier (MCS).
Recordings were performed in disposable 96 well plates (Nunc A/S Roskilde, Denmark)
containing 200 µl of ND96 in each well. Ready to use voltage and current
microelectrodes with resistances between 0.5-3.0 M were prepared by MCS using glass
capillary tubing made from borosilicate thin wall glass (Warner Instrument Corp,
Hamden CT). The Roboocyte2® has a supply voltage of 9-254 VAC and data is digitized
by an integrated TEVC amplifier equipped with a voltage- and current-clamp operation
mode. Sampling rates can range from 1Hz to 20 kHz with a current range of -105 µA to
+105 µA. Perfusions of test chemicals were automatically controlled by the Roboflow®
system (MCS) using a built in 12-channel pinch system with two peristaltic pumps that
delivered and removed fixed volumes with adjustable rates of 0.1 to 10 ml/min.

2.8 Perfusion of Test Chemicals for Electrophysiological Experiments
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Dosing of test chemicals and pesticides were performed on an average of 11
oocytes per concentration. Using the Roboflow® system (MCS) equipped with silicone
tubing (Part#: RST-1220, ID: 1.2 mm, OD: 2.0 mm, length: 25 mm, MCS), oocytes were
perfused first with 1X ND96 medium for five min, followed by a five min perfusion of
the pesticide treatment (pesticide (10-9 M to 10-6 M) + 10-4 M NFA) and lastly, the
oocytes were perfused with a mixture of 10-4 M NFA + 10-5 M TTX for another five min.
Each perfusion was delivered through separate tubing using isolated automated valves at
a rate of 0.5 ml/min. TTX-sensitive currents were determined by subtracting the TTXinsensitive current (+TTX) from the total current (-TTX). Pesticide concentration
response curves were obtained by making serial dilutions of the pesticides (10-9 to 10-6
M) and perfusing them separately through the Roboflow® system. To determine the
effect of the different toxins on receptors in the neurolemma preparation, saturating
concentrations of NFA (10-4 M), KB-R (10-4 M), TEA (10-3 M), and MVIIC (10-6 M)
were each perfused with a low (10-8 M) and high (10-6 M) dose of DDT. Concentration
response curves for NFA (10-9 M to 2x10-4 M), and KB-R (10-7 M to 10-4 M) were used to
determine their saturation values. Saturation values for TEA and MVIIC were obtained
from literature (Hille, 1972; Miledi and Parker, 1984, respectively).
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Figure 3. Diagrammatic representation of steps involved in experimental setup. 96-well
assay plate setup, electrophysiological recording of neurolemma-injected oocytes,
determination of TTX-sensitive current, , data collection, data analysis and generation of
composite concentration-dependent response curves.
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5. Generate Log Insecticide Concentration versus AUC
Response Curve for Each 96-well Plate (Biological
Replicate)

+NFA
0

60 mV

50ms

Single Biological Replicate

7. Plot the Log Concentration Value versus Percent
Over Control Value at Each Concentration to Generate
the Log Insecticide Concentration Versus Percent Over
Control Curve for Each 96-Well Plate (Biological
Replicate)
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For each untreated and insecticide-treated row, oocytes were
determined to be acceptable by meeting selection criteria see
section 2.8. Their respective AUC values were then averaged
to produce a mean integrated AUC value.

1. Obtain the best fitted curve of AUC values
2. Calculate percent over control values:

Where T= integrated AUC (nA * ms) of the treatment trace
C= integrated AUC (nA * 50 ms) of control trace

8.Generation of Composite Log Insecticide
Concentration versus Percent Over Control Curve from
all Similarly Treated 96-Well Plates.
1. Each biological replicate generates a single best fitted concentration-dependent
response curve.
2. Individual percent over control values from the best fitted concentration
response curves are selected per concentration.
3.The composite is generated by averaging the individual percent over control
values per concentration from the three separate concentration-dependent
response curves (biological replicates)
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2. Electrophysiological Recording & Perfusion
Protocol

1. 96-well Plate Setup and Biological Replicates

Each 96-well plate (biological replicate) undergoes the same perfusion
protocol
Sham
Injected
Oocytes

Neurolemma-Injected
Oocytes (0.5 mg protein/ml)

Concentration of
Insecticide in ND96
and with 10-4 M NFA

• ND96, buffer only
• Duration: 5 Min

Perfusion
1

Control (NFA only)
1x10-9M

Perfusion
2

5x10-9M
1x10-8M

• With or without (ND96 only, no treatment control)
insecticide treatment all in the presence of 10-4 M
NFA
• Duration: 5 Min

5x10-8M
1x10-7M

Perfusion
3

5x10-7M

• 1x10-5 M TTX plus 10-4 M NFA in ND96
• Duration: 5 Min

1x10-6M

Perfusion 1: ND96
(No Treatment)

Perfusion 2: Insecticide Treatment
(1e-4 M NFA) or (DDT/DDE + 1e-4 M
NFA)

Perfusion 3: TTX Treatment
(1e-5 M TTX + 1e-4 M NFA)

60 m V
60 m V
50 m s

Each 96-Well plate represents a single biological
replicate with each neurolemma preparation obtained
from a different cohort of rats and used to inject all
the oocytes on an individual plate. Each individual
oocyte was also loaded into it’s respective well for
only the duration of the perfusion protocol (15 mins)
minimizing the amount of time the egg spends
outside the incubator and in the recording buffer.

50 m s

-1 0 0 m V

60 m V

-1 0 0 m V

50 m s

T T X -In s e n s itiv e T r a c e
T re a tm e n t

(P e r fu s io n 3 )

T ra c e

(P e r fu s io n 2 )
T o ta l C u rre n t T ra c e

200 nA

200 nA

(P e r fu s io n 1 )

200 nA

5 ms
5 ms

5 ms

4. Data Analysis

3. Determine Inward TTX-Sensitive Current Trace

Calculate the depolarization Area Under the Curve (AUC): Integrate
the area of the inward TTX-sensitive current during the 50 ms
depolarization step with or without insecticide (red line hatched area)

Subtract the TTX-Insensitive Trace from the Treatment Trace
(either with or without insecticide)
to get the inward TTX-Sensitive Trace in the presence of NFA

+NFA
60 mV

50ms

-100 mV

+NFA

+NFA
60 m V
50m s

-1 0 0 m V

60 mV

50ms

-1 0 0 m V

-100 mV

T T X - In s e n s it iv e T r a c e

200 nA

( P e r f u s io n 2 )

200 nA

T re a tm e n t T ra c e

Inactivation tau

Late Current

10 m s

Depolarization
AUC

10 ms

Peak Current
Inward TTX-Sensitive
Current Trace

200 nA

( P e r f u s io n 3 )

10 ms

Inactivation tau values (t0.5= time for 50% of activated channels to
inactivate) were obtained by fitting the late current traces to an
exponential decay equation:
y = y0 + A1e-x/t0.5
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2.9 Protocol for Recording Ion Currents

The electrophysiological assay involved 3 steps performed on each biological
replicate. Step 1 involved 3 perfusion steps each 5 mins long for a rate of 0.45 ml/min.
Perfusion 1 represented the no treatment control (ND96), perfusion 2 represented the
treatment step (10-4 M NFA alone or DDT/DDE + NFA) and perfusion 3, the final
treatment, involved perfusing the oocytes with 10-5M TTX + 10-4M NFA. Step 2 involved
obtaining TTX-sensitive traces for each replicate by subtracting the TTX-insensitive
current (+TTX) from the total current (-TTX). Step 3 averaged the TTX-sensitive AUC of
all three biological reps after subjecting them to a scalar factor (see section 2.13). Finally,
step 4 involved normalizing each CDRC to their treatment controls then obtaining the
best fitted lines using GraphPad Prism (Ver 5, GraphPad Inc., San Diego, CA) software
and plotting the averaged CDRC (Figure 3). Current traces were recorded using a
protocol that performed a leak subtraction, a technique used to correct for a cell’s passive
membrane current, using fours sweeps with a leak holding potential of -100 mV. The leak
subtraction resulted in the production of a single current trace that reflected the effect of
the treatment in the perfusion. The trace was a result of a step (pulse) depolarization from
-100 mV holding potential to +60 mV for 2.5 sec as previously described by Miledi
(1982). For most experiments, we adopted to 50 ms once we knew we had successfully
identified an inward VSSC current since 50 ms is enough to depolarize a VSSC (Lee, et
al. 2003).
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2.10 Biological Replicates

Each dose response curve was determined using three different biological
replicates, all prepared separately on different dates from different cohorts of rats. PND90
neurolemma samples were prepared on 10/31/14, 12/13/14, and 01/13/15. Each PND90
biological replicate consisted of the brain tissue from 5 female rats.

2.11 Toxicological Endpoints

Data were collected for the following indices of toxicity, EC50 (potency), max
(efficacy), both from concentration-dependent response curves and inactivation tau
values (t0.5 = time for 50% of activated channels to either inactivate or deactivate with or
without insecticide) using Origin (Ver 8.6, Origin Labs, Northampton, MA).

2.12 Statistical Treatment of Data

For electrophysiology data analysis, total ionic current was assessed by
integrating the area under the trace curve (AUC) during a step depolarization from -100
mV holding potential to +60 mV for 50 ms, following the procedures previously
described (Miledi, 1982). Statistically significant differences in total ionic current due to
treatment were assessed by the one-sample Student’s t-test using a combination of the
Roboocyte2+® analytic software (Ver. 2.2.0, MCS GmbH, Reutlingen, Germany), Origin
(Ver 8.6, Origin Labs, Northampton, MA) and GraphPad Prism (Ver 5, GraphPad Inc.,
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San Diego, CA) software. These data were analyzed for statistical differences using a
one-sample Student’s t-test, (p<0.05) as the criteria for evaluation.
In order to determine whether the CDRCs that were collected were significantly
different, all data was subjected to statistical analysis using an F-test (P < 0.05) as the
criteria for evaluation.

2.13 Approaches used to minimize variation in concentration-dependent response
curves (CDRC).

Neurolemma-injected oocytes that met defined physiological and electrical
properties were selected using visual, physical and timing inspections. The visual
inspection of oocytes was performed after surgically removing the oocytes. Only healthy
oocytes that were stage IV to VI were defollicated and selected for injection. This is a
standard procedure as you need oocytes large enough to impale and can properly
incorporate the microtransplanted neurolemma. Physical characteristics of oocytes were
observed for resting membrane potentials (RMP), leak current (LC), and total current
(TC). Oocytes were automatically rejected if RMP was more positive than -8 mV, this is a
standard procedure to insure that the oocyte is robust enough to undergo TEVC
recordings. Oocytes were also rejected if they had an LC more negative than -1000 nA,
this insured that the oocyte was not damaged by defollication and electrode insertion. In
terms of TC, oocytes were rejected if TC is more positive than +3000 nA, this was
performed to guard against having oocytes that have incorporated too much neurolemma
and likely will not withstand the high concentration of insecticide.
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Additionally, the oocytes also underwent stringent timed injections and
management of the recording protocol. Eggs were injected at time points that ensured a
12 hr incubation interval to protect against having oocytes incorporating neurolemma
over the 24 hr time interval that is required to run a whole plate. Additionally, oocytes
were removed from the incubation buffer (OSM) and placed in the recording buffer
(ND96) for only 15 minutes, which corresponds to the duration of the perfusion protocol,
this process protected against having oocytes on the Roboocyte2® for different amounts
of time at room temperature.
Individual current traces were also analyzed to help minimize variability. Firstly,
only oocytes that showed a net inward TTX-sensitive NFA current were used. This
process insured only sodium-dependent inward current flowing through a TTX-sensitive
VSSC was being recorded. Secondly, oocytes with an inward TTX-sensitive current more
negative than -3000 nA were rejected. This process was adopted to ensure that the
oocytes that were selected were not incorporating too much neurolemma and would be
moribund or unable to survive high concentrations of test treatments. Finally, leak
currents were monitored post-recording. After recording, an oocyte that had a more
negative leak current than -1000 nA was rejected, this guards against using

data

from oocytes that have been damaged during the perfusion and recording process.
Neurolemma incorporation was further adjusted by scaling using an Incorporation
Scalar Factor obtained by dividing the average control current from all recorded oocytes
of all plates at 25 ms post depolarization by the average current of the 25 ms post
depolarization current of the treatment oocytes at each concentration per plate. The TTXsensitive AUC was then multiplied by the incorporation scalar factor. This adjusted AUC
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was then plotted against Log dose concentration for each CDRC. These best fitted lines
were then converted to percent over control values versus the log dose. Finally, a
“composite” best fitted concentration response curve was obtained using the “best-fitted”
percent over control values from each individual concentration response curves.
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CHAPTER 3
OPTIMIZATION AND CHARACTERIZATION OF MICROTRANSPLANTED
RAT BRAIN NEUROLEMMA
3.1 Optimization of the incorporation of rat brain neurolemma into Xenopus oocyte
plasma membrane following microtransplantation.

Miledi (1982) showed that changes in membrane potential of Xenopus oocytes
produced a transient outward current (Tout) that became increasingly outward as the
depolarization potential was increased and also when the external Ca2+ concentration was
raised. The Tout was successfully abolished by Mn2+ replacement of external Ca2+ and the
replacement of Cl- in the external media by sulfate, acetate or maleate. These results
suggested that the Tout was due to calcium-dependent chloride channels. Limon et al.
(2008) did similar experiments with neurotransmitter receptors microtransplanted into
Xenopus oocytes and showed that the oocytes expressed voltage-sensitive channels that
produced an increasing Tout with increasing levels of depolarization that was abolished by
Mn2+ ions. They concluded that depolarization opens voltage-sensitive calcium channels
that lead to the influx of Ca2+ ions, which then activate calcium-activated chloride
channels, leading to the efflux of Cl-, the main component of the Tout.
Figure 4A depicts depolarization-evoked currents obtained using TEVC
recordings. Voltage-dependent pulse (step) depolarizations (50 ms) were performed from
-100 mV to +60 mV and revealed a relatively large outward ionic current (Peak current
>0.75 A, panel A, top trace), which occurred only in the presence of injected
neurolemma (rat brain tissue-injected, panel A).
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Single oocytes injected with only

glycine/HEPES (buffer-injected sham) elicited only small outward ionic currents (<0.10
A, panel A, bottom trace). Using integrated area under the curve values (AUC, nA x
ms), rat brain neurolemma-injected oocytes resulted in significantly larger AUC values
(71,000 nA x ms ± 12,136, n = 33) than that from buffer-injected oocytes (12536 nA x ms
± 2165, n = 23) and were ~5.6-fold larger (one-sample Student’s t-test, p< 0.05).

Figure 4B shows the current-voltage (I/V curve) relationship of the channels
present in the neurolemma microtransplanted into Xenopus oocytes. Similar to the
experiments performed by Miledi (1982) and Limon et al. (2008) and discussed above,
neurolemma-injected oocytes expressed voltage-sensitive ion channels, which elicited a
Tout that increased with increasing depolarization potentials. The Tout was significantly
reduced by the presence of Mn2+ in the recording buffer (one-way ANOVA, p<0.0001).
These experiments demonstrate that Xenopus oocytes can successfully incorporate
neurolemma fragments into their plasma membranes and that the neurolemma fragments
maintain electrical and functional properties similar to voltage-sensitive channels found
in intact neurons of the mammalian brain.
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Figure 4. Rat brain neurolemma microtransplanted into Xenopus oocytes produce
complex outward currents. Pulse depolarizations (50 ms) were performed from -100 mV
to +60 mV. A) Sample electrophysiological trace illustrating the current recorded from
Xenopus oocytes injected with rat brain tissue (neurolemma- or buffer -injected sham
control. Area under the curve (AUC, nA x ms) values for both neurolemma-injected
(black lines) and buffer only-injected sham (red lines) were used for statistical analysis.
B) Current versus voltage relationship of rat brain neurolemma tissue microtransplanted
into Xenopus oocytes.

In order to optimize

the microtransplantation technique using rat brain

neurolemma, three tissue disruption techniques were examined to determine the most
efficacious method for neurolemma incorporation: 1) Bath sonication for 10 seconds
(Branson™ Bransonic™ B200 Ultrasonic Cleaner, Model B-2200R-1, Thermo Fisher
Scientific Inc., Waltham, MA), which was the initial technique used by Marsal et al.
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(1995); 2) Probe Sonication (20 KHz microtip ultrasonic converter probe (model CL4,
Heat Systems Inc., Farmingdale, NY) connected to a sonic dismembrator (model
XL2020, Misonix Incorporate, Farmingdale, NY) as described by Canals et al. (1996); 3)
Finally, a bead mill TissueLyser II 1 cycle for 30s at 30Hz (Model MM300, Qiagen
Retsch, Valencia CA) as described in Schulte et al. (2011). When compared to noninjected and buffer-injected sham controls, only the probe sonication method produced a
significantly larger AUC values during pulse depolarization (ANOVA, p<0.05), which
was approximately 2.5-fold greater than with buffer-injected sham controls (Fig. 5A).
To determine the optimal protein concentration to be used for injection into the
oocytes, AUC values were obtained from the total current traces for oocytes injected with
different neurolemma concentrations. All injection concentrations had average AUC
values that were significantly larger than control (Con = 9 A, 0.5 mg/ml = 37 A, 1
mg/ml = 40 A, and 4 mg/ml = 88 A [one-sample Student’s t-test, p< 0.05]). These
findings are consistent with the assumption that the more neurolemma fragments that are
injected, the more incorporation you will have and the larger the current should be as
more ion channels become available.

Interestingly at 4 mg/ml, there was greater

variation in the total current as determined by the standard deviation of the mean AUC
values when compared to 1 mg/ml and 0.5 mg/ml. Fewer eggs stayed healthy after the 4
mg/ml injection as a majority of them exhibited extremely high leak currents (>5000
nA). In total, only 3 eggs were viable for recording at 4 mg/ml while a total of 20, 15 and
9 eggs were viable for recording with buffer-injected, 0.5 mg/ml-injected and 1 mg/mlinjected eggs, respectively (Fig. 5B). Given these results, the remaining experiments were
carried out using neurolemma concentrations of 2 mg/ml or less for oocyte injections.
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Figure 5. Effect of various tissue disruption methods and increasing concentrations of
neurolemma protein on the incorporation of neurolemma into the plasma membrane of
Xenopus oocytes. Area under the curve (AUC, nA X ms) is used as an indirect measure of
total incorporation observed in oocytes. A) Four tissue disruption methods were
determined and compared at a neurolemma-injected protein concentration of 1 mg/ml. B)
The effect of injecting increasing neurolemma protein concentrations into oocytes on
AUC. Ionic currents were evoked by a voltage-step current depolarization from -100 to
+60 mV for 2.5 sec (Miledi, 1982). An asterisk (*) indicated that the sample mean is
significantly different from the mean of the sham-injected oocytes (ANOVA, p< 0.05).
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3.2 Determination of ion channels associated with neurolemma following injection
into oocytes using pharmacological approaches.
Figure 6 shows the effect of various ion channel antagonists on the total ionic
current following a pulsed depolarization of neurolemma-injected Xenopus oocytes as
determined by depolarization AUC values. All ion channel blockers significantly reduced
the relative AUC values compared with the no toxin control. Oocytes treated with 1 mM
TEA, a voltage-sensitive potassium channel blocker (VSKC), resulted in a 17.5%
reduction (one-sample, Student’s t-test, p<0.10) .10 µM TTX, a specific VSSC blocker,
resulted in a 29.6% reduction. 0.1 µM MVIIC, a specific N-, and P/Q-type voltagesensitive calcium channel (VSCC) blocker, resulted in a 54.9% reduction. 0.1 mM CTX,
a potent blocker of small-conductance chloride channels (ClC), resulted in a 60%
reduction (all using one-sample Student’s t-test, p<0.05). Together, these results indicate
that neurolemma-injected oocytes contain multiple types of functional ion channels,
including VSKC, VSSC, VSCC and ClC. The use of TTX, therefore, will allow for the
pharmacological isolation of CNS VSSCs as determined by TTX-sensitive currents, the
primary target of DDT.
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Figure 6. Effects of ion channel antagonists on total outward ion currents measured
during depolarization of Xenopus oocytes microtransplanted with rat brain neurolemma
tissue. Percent (%) changes in relative current values were obtained by comparing their
AUC values to No Toxin control AUC values. Antagonists included; tetraethylammonium
chloride (TEA, 1 mM), tetrodotoxin (TTX, 10 mM), ω-conotoxin MVIIC (MVIIC, 0.1
M), and chlorotoxin (CTX, 0.1 mM), which were used to block various ion channel
currents. A closed diamond () indicates that mean is significantly less than the no toxin
control (one-sample Student’s t-test, P < 0.10, n = 3). A solid star (★) indicates that mean
is significantly less than no toxin control (one-sample t-test, P < 0.05, n = 3).

Figure 7 depicts depolarization-evoked ion currents before and after treatment
with TTX. Pulsed depolarizations (50 ms) were performed from -100 mV to +60 mV.
First, oocytes were perfused with ND96 (panel A, top trace), then oocytes were perfused
with 10 M TTX for 5 min producing a TTX-insensitive current (panel A, middle trace).
Both of total current (0.68 A ± .02) and TTX-insensitive current (0.4 A ± .02) were
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significantly larger (maximum current, A, one-sample t-test, p<0.01) than the buffer
only (sham)-injected oocytes (panel A bottom trace, 0.1 A ±0.04). TTX-sensitive traces
were obtained by subtracting the TTX-insensitive trace from the total current (panel B).
Treatment of neurolemma-injected oocytes with increasing concentrations of TTX
produced a concentration-dependent response that reached saturation (36% inhibition of
total current) at ~10-7 M and was similar to that determined by Virgino and Cherubini (5 x
10-7 M 1995) using total adult brain mRNA injected into Xenopus oocytes. Because TTX
is a highly selective VSSC antagonist, these findings validate the presence of TTXsensitive VSSC in the rat brain neurolemma, which are functional once microtransplanted
into the oocyte plasma membrane.
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Figure 7. Neurolemma microtransplanted into the plasma membrane of Xenopus oocytes
produced a TTX-sensitive outward current upon pulse depolarization. Ionic currents were
evoked by a voltage-step depolarization from -100 to +60 mV for 50 ms (Lee et al. 2000).
A) Electrophysiological current recording obtained in the absence (top trace, Total
Current) and presence of 10 µM TTX (bottom trace, TTX-insensitive Current). B) TTXsensitive current was determined by subtracting the current trace in the presence of TTX
(Total current + TTX = TTX-insensitive current) from the current trace recorded in the
absence of TTX (Total current). C). TTX concentration-dependent response curve.
Percent inhibition was determined from the percent change in the integrated AUC in the
absence (Con) and the presence of increasing concentrations of TTX.
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3.3 Determination of ion channels associated with neurolemma following injection
into oocytes using cation-replacement approaches.

Mitchell et al. (1984) initially showed that when external sodium ions were isoosmotically replaced by choline, the sodium ion-dependent action potential in rat
ventricular myocytes was significantly reduced by 37%. Figure 8 details the effect of
external replacement of 96 mM sodium chloride with 96 mM choline chloride in the
recording buffer on neurolemma-injected oocytes. Voltage-dependent depolarizations
were performed in the presence of choline chloride with or without 10 μM TTX (panel
A). TTX treatment produced a reduced outward current (TTX-insensitive trace, 1.0 μA)
compared with total current (1.4 μA) in the absence of TTX (a 29% decrease). Both the
TTX-insensitive and total current traces, however, produced larger outward currents, (5fold and 4-fold more, respectively) compared with buffer only-injected oocytes (< 0.20
μA). AUC values for TTX-sensitive traces were significantly larger (33-fold larger, onesample Student’s t-test, p<0.01) in ND96 buffer containing Na+ (mean= 26 nA x ms)
compared with oocytes in the choline chloride buffer lacking Na+ (mean= 0.78 nA x ms),
a 97% inhibition (panel C). These results further substantiate that the depolarizationevoked, TTX-sensitive ion current traces recorded from neurolemma-injected oocytes
were a result of the flux of sodium (Na+) ions by way of TTX-sensitive VSSCs.
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Figure 8. Choline chloride reduces TTX-sensitive current present upon depolarization.
A) Electrophysiological current traces obtained in the presence of choline-containing
buffer with (TTX-Insensitive) and without TTX (Total Current). B) TTX-sensitive
current was determined by subtracting the current trace in the presence of TTX (TTXinsensitive) from the Total Current (-TTX) C) Bar graph representation of the effect of
sodium versus choline chloride buffer replacement on TTX-sensitive current over time
during depolarization determined as area under the curve (AUC). An asterisk (*)
indicates that the AUC (nA x ms) in the presence of choline chloride is significantly
reduced compared with sodium chloride buffer (one-sample Student’s t-test, p<0.05).
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CHAPTER 4
PHARMACOLOGICAL ISOLATION OF VSSC CURRENT AND THE EFFECT
OF DDT AND DDE
4.1 Effect of niflumic acid (NFA) on rat brain neurolemma microtransplanted into
Xenopus oocytes.

The effects that NFA, a well-established calcium (Ca

2+

)-activated chloride

channel blocker, had on depolarization-evoked currents are given in Figure 9. The
concentration-dependent relationship between increasing concentrations of NFA and the
percent remaining of total current as judged by AUC values (nA x ms) (IC50 = 2.12 ± 0.3
μM) is given in panel A. A saturating concentration of 10-4 M NFA caused a ~25%
reduction in total current. Both the NFA peak current (0.21 μA, panel B) and TTXinsensitive peak current (0.20 μA, panel C) were significantly larger (38% and 35%,
respectively) than the peak current from buffer-injected oocytes (0.13 μA, panel B, onesample Student’s t-test, p<0.01). Treatment with 10-4 M NFA resulted in a net ‘inward’
TTX-sensitive peak current of ~ 200nA, which inactivated back to pre-depolarization
levels as the pulse depolarization signal progressed over time (panel D).
White and Aylwin (1990) previously showed that a depolarization-evoked transient
outward peak current (1.5 μA) was reduced by 46% in the presence of 50 μM NFA (0.7
μA) in oocytes injected with total RNA from rat brains isolated using the urea/LiCl
method adapted from Auffray and Rougeon (1980). These and our current results indicate
that a saturating amount of NFA (10-4 M) can effectively block that aspect of the outward
current due, in part, to Ca

2+

-activated chloride channels and unmasks an inward TTX-
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sensitive current, which undergoes inactivation in much the same way heterologously
expressed VSSC do in oocytes following injection of cRNAs.
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Figure 9. Effect of niflumic acid (NFA), a Ca2+-activated chloride channel blocker, on
depolarization-evoked current from neurolemma microtransplanted into oocytes. Pulse
depolarizations (50 ms) were performed from -100 mV to +60 mV (Lee et al. 2000). A)
Concentration-dependent response curve for NFA using AUC values calculated from
Total current to determine percent of remaining current ( 1- ((no treatment AUC – NFA
treated AUC)/no treatment AUC) x 100. Circle highlights the saturating concentration of
NFA (1x10-4 M). B) Electrophysiological current traces obtained in the presence or
absence of 10-4 M NFA (total current + NFA –TTX, Total current in the presents of
NFA). C) Electrophysiological current traces obtained in the presence of 10-4 M NFA
with 10 µM TTX (Total current + NFA + TTX, TTX-insensitive current). D) TTXsensitive current in the presence of 10-4 M NFA. TTX-sensitive current traces were
determined by subtracting the TTX-insensitive current (Fig. 9C) from the total current
(Fig. 9B).
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4.2 Effect of KB-R7943 (KB-R) on rat brain neurolemma microtransplanted into
Xenopus oocytes.

Figure 10 shows the effect of KB-R7943 (KB-R), a sodium-calcium exchange
blocker, on depolarization-evoked currents in neurolemma injected Xenopus oocytes.
Iwamoto et al (1996) showed that KB-R selectively inhibited the reverse mode of
Na+/Ca2+ exchange (Na+i-dependent
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Ca2+ uptake and Na+i-dependent [Ca2+]I increase)

in rat cardiomyocytes in a concentration-dependent manner (IC50= 2.4 ± 0.3 M).
Voltage-dependent depolarizations (50 msec) were performed from -100 mV to +60 mV.
Panel A shows the concentration-dependent response curve of increasing concentrations
of KB-R on the percent of remaining current (IC50= 0.48 M ± 0.21). 10-4 M KB-R was
determined to be the saturating concentration on neurolemma-injected oocytes, resulting
to 25% inhibition of the current. Panel B shows the total current trace of 3 M KB-R on
neurolemma-injected oocytes compared to buffer-injected oocytes. Panel C shows the
TTX-insensitive current trace of KB-R treated neurolemma-injected oocytes. KB-R peak
currents (0.97 A) and TTX-insensitive peak currents (0.90 A) were significantly larger
(6-fold larger, one-sample Student’s t-test, p<0.01) than peak currents produced by shaminjected oocytes. Panel D shows the inward TTX-sensitive sodium current trace in the
presence of 10-4 M KB-R obtained by subtracting the TTX-insensitive current trace from
the total current trace.

These observations suggest that sodium/calcium exchange

contributes to the outward current and that 10-4 M KB-R blocked a large portion the
TTX-sensitive outward current during inactivation following depolarization. Finally, a
TTX-sensitive inward current, which resembles that of a heterologously-expressed
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VSSC, is now observed in the presence of 3 µM KB-R when administered alone
suggesting that the resulting inward TTX-sensitive current is due to Na+ ions moving
through VSSCs.
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Figure 10. Effect of KB-R7943 (KB-R), a Na+/Ca2+ exchange blocker on TTX-sensitive
current from rat brain tissue microtransplanted into Xenopus oocytes. Pulse
depolarizations (50 ms) were performed from -100 mV to +60 mV (Lee et al. 2000). A)
Concentration-dependent response curve for KB-R using AUC values calculated from
Total current to determine percent of remaining current ( 1- ((no treatment AUC – KB-R
treated AUC)/no treatment AUC) x 100. Circle highlights the saturating concentration of
KB-R (1x10-4 M). B) Electrophysiological current traces obtained in the presence or
absence of 10-4 M KB-R (total current + KB-R –TTX, Total current in the presence of
KB-R). C) Electrophysiological current traces obtained in the presence of 10-4 M KB-R
with 10 µM TTX (Total current + KB-R + TTX, TTX-insensitive current). D) Effect of
3M KB-R on TTX-sensitive current. TTX-sensitive current traces were determined by
subtracting the TTX-insensitive current (shown in 10C) from the total current (shown in
10B).
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4.3 Effect of DDT and DDE on depolarization-evoked inward TTX-sensitive current
in the presence of NFA.

It is well known that DDT, but not its non-neurotoxic derivative DDE, acts on
VSSCs by slowing the inactivation and deactivation channel kinetic processes (Narahashi
and Yamasaki, 1960; Narahashi, 1971; Davies et al. 2007). This action gives rise to
increase sodium ion influx, leading to membrane depolarizing and “negative after
potentials”, which ultimately are associated with repetitive discharges in the nerve axon
and likely to the “DDT jitter” syndrome typical of DDT, and is similar to the tremor or Tsyndrome of the type I pyrethroids (Lund and Narahashi, 1983; Narahashi, 1992) in
mammals.
The effects of increasing concentrations of DDT or DDE on TTX-sensitive
inward currents in the presence of NFA following pulse depolarization are detailed in
Figure 12. Increasing concentrations of DDT increased the inward TTX-sensitive
currents associated with individual current traces in a concentration-dependent manner
(panel A). Panel B gives the concentration-dependent responses for either DDT or DDE
on the TTX-sensitive AUC values determined from individual current traces as reported
as percent over control values. Increasing concentrations of either DDT or DDE resulted
in CDRCs that had slopes significantly greater than zero (F-test, p<0.0001 and p<0.01,
respectively) and in EC50 values of 3.92 x 10-9 M (95% C.I. 7.50 x 10-10 M – 2.04 x 10-8
M) and 1.30 x 10-10 M (95% C.I. 2.91 x 10-13 M – 5.40 x 10-8 M), respectively. These
values, however, were not significantly different (F-test, p=0.42). Nonetheless, DDT was
determined to be ~10-fold more efficacious than DDE (βmax value of 674.1 ± 100.2
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percent over control for DDT versus 63.49 ± 24.98 for DDE, F-test, p< 0.05). Panel C
illustrates the effect that 10-6 M DDT had on the inactivation tau values of the TTXsensitive inward current compared with the DMSO solvent control (CON). DDT (6.72 ±
2.17 ms) increased the inactivation tau values by 52% compared to control (4.43 ± 1.18
ms), however, these values were not significantly different (one-sample Student’s t-test p
= 0.40). These results indicated that in the presence of NFA, DDT, but not DDE, affected
VSSCs and increased the TTX-sensitive inward current in a concentration-dependent
manner probably due, in part, to the slowing of channel inactivation. Previously, Song et
al. (1996) reported that 10 µM DDT slowed the inactivation kinetics of TTX-sensitive
VSSCs in rat dorsal root ganglion cells following a 20 ms step depolarization. The
inactivation tau 0.5 (t0.5) values can be estimated from the current traces given in Fig. 1C
as 2.6 ms for untreated cells and 5.9 ms for DDT-treated cells a 126% increase.
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Figure 11. Effect of increasing concentrations of either DDT (blue circles) or DDE (red
diamonds) on TTX-sensitive inward current following pulse depolarization on oocytes
with neurolemma microtransplanted into its plasma membrane in the presence of 10-4 M
niflumic acid (+NFA). A) Electrophysiological TTX-sensitive current traces illustrating
the effects of increasing concentrations of DDT. Inward TTX-sensitive currents were
determined by subtracting the TTX-insensitive currents from the Total current. Pulse
depolarizations (50 ms) were performed from -100 mV to +60 mV (Lee et al. 2000). B)
Concentration-dependent response curve illustrating the effect of either DDT or DDE on
neurolemma-injected oocytes in the presence of NFA. TTX-sensitive AUC values (nA x
ms) were determined from individual inward current traces during depolarization. Percent
over control values were determined as follows ((Treatment TTX-sensitive AUC – No
treatment TTX-sensitive AUC)/No treatment TTX-sensitive AUC) x 100). C) Effect of
DDT on the inactivation tau value at 10-6 M DDT (t0.5 = time it takes for ½ of the
channels to inactivate). Inactivation tau values were obtained by fitting the late current
traces to an exponential decay equation during inactivation Orgin (Ver 8.6, Origin Labs,
Northampton, MA).
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CHAPTER 5
DISCUSSION AND SUMMARY
In the following paper, we investigated the utility of using Xenopus laevis oocytes
injected with rat brain neurolemma as a toxicologically-relevant, high throughput,
electrophysiological approach for studying the action of neurotoxicants on native ion
channels in an ex vivo assay. This approach was the result of the conundrum that a good
deal of our current understanding of the action of neurotoxins/neurotoxicants is based on
findings obtained using either 1) target channels heterologously expressed in Xenopus
oocytes following the injection of single cRNAs encoding for a single form of an ion
channel when in fact there are many, and with little or no post-translational modification;
2) non-neural cell lines in low throughput assays; or 3) in vitro or in situ biochemical
approaches where the time frame for data acquisition did not match that of the intact
nervous system.
To begin this study, we adopted a method of injecting tissue fragments from rat brain
into Xenopus oocytes, which allowed the intact lipid membrane fragment along with
associated target proteins to be microtransplanted into the plasma membrane of the
oocyte that was initially championed by the research groups of Drs. R. Miledi and J.
Marsal since the 1980s. The advantages of such an approach is that: a) receptors are in
their native state within the appropriate lipid environment and mimics that found in the
intact brain; b) a wide variety of voltage- and ligand-gated ion channels, transporters, and
pumps are simultaneously available for study; c) rapid assessment of currents post
injection (1-2 hours post-injection); d) small amounts of tissue are required; e) works
with fresh or frozen tissue; f) can be used in the study of species difference and difference
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in age or tissue/organ location; g) selective currents can be separated either
pharmacologically or electrophysiologically and h) is amenable to rapid data acquisition
using two electrode voltage clamp techniques in a high-throughput format (e.g.,
Roboocyte2® system).

Disadvantages include that: i) the approach is relatively

uncharacterized; j) complex currents can result and; k) there is variability in the level of
and sidedness for neurolemma incorporation into the oocyte plasma membrane.
With the above in mind, we examined the well-established structure-activity
relationship (SAR) of DDT versus DDE on the TTX-sensitive current of VSSC in the
CNS from mammalian brain as a proof-of-principle experiment. The rationale for the
selection of this system was that if this SAR was reproducible using Xenopus oocytes
injected with rat brain neurolemma, it would provide strong support of the toxicological
relevancy of this ex vivo approach. Other reasons supporting this selection was the
availability of the highly selective VSSC blocker, TTX, which allowed the isolation of
the TTX-sensitive current from the complex current that was found in the neurolemmainjected oocytes. When used in conjunction with NFA, this combination allowed the
isolation of an inward TTX-sensitive current, which inactivated in a manner similar to
heterologously expressed VSSC in oocytes. Another useful aspect in choosing this
system is that when VSSC are expressed in inside-out facing neurolemma fragments,
those channels are inactivated due to the buffer composition and will not compromise the
data collected on the TTX-sensitive inward current. Finally, each oocyte can act as its
own control in terms of the level of neurolemma incorporation by using a current trace
prior to the addition of treatment as an indicator of incorporation (increased current
indicates increase incorporation). Using this approach, individual oocytes can be selected
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that conform to an acceptable level of incorporation before data acquisition. The features
mentioned above all reduce the disadvantages (i-k) listed above.
To better characterize the neurolemma-injected oocyte preparation used, our initial
experiments reproduced the original experiments done by Miledi (1982), Miledi and
Parker (1984), Miledi et al. (2004) and Limon et al. (2008), who all used other
neurolemma preparations. Our results showed that rat brain neurolemma-injected oocytes
were also capable of producing an outward current upon pulsed depolarization, which
was partially blocked by Mn2+, indicating a possible role of Ca2+-activated chloride
channels in the production of the outward total current. The outward current was also
sensitive to the amount of neurolemma injected and to increasing levels of
depolarizations, indicating the presents of voltage-sensitive ion channels. This feature
was validated using selective ion channel blockers, which revealed the presence of
voltage-sensitive calcium, chloride, potassium and sodium channels. Indeed, increasing
concentrations of TTX decreased the total outward current in a concentration-dependent
manner, leading to a maximum inhibition of 36% of the total outward current, indicating
the prominent presence of TTX-sensitive VSSCs. Lastly, the TTX-sensitive current was
shown to be due to Na+ flux as 97% of the TTX-sensitive current was eliminated when
Na+ was replaced by choline ion in the recording buffer.
The actual physical presence of VSSCs associated with rat brain neurolemma
microtransplanted into the plasma membrane of Xenopus oocytes was validated in a
series of experiments using western blot analysis and immunohistochemistry approaches.
(These experiments were done in collaboration with A. Toltin, Department of Biology
and Biomedical Sciences, Salve Regina University, Newport, RI). Three Nav α-subunit
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isoforms and two Nav β-subunit isoforms were found in PND90 rat brain neurolemma.
Using fluorescent microscopy, rhodamine-labeled neurolemma was detected on the
surface of injected oocytes, indicating the successful microtransplantation of the
neurolemma fragments into plasma membrane. Following tissue sectioning and
immunoprobing with the NavPAN antibody, the physical presence of VSSC in
neurolemma microtransplanted into the plasma membrane of oocytes was determined.
It is well established that the action of DDT on VSSC isoforms heterologously
expressed in Xenopus oocytes results in the slowing of inactivation and deactivation
channel kinetics, allowing more TTX-sensitive inward Na+ current to occur during a
pulsed depolarization (Davies et al., 2007). To reproduce these events in neurolemmainjected oocytes, the Ca2+-activated chloride current, a main component of the outward
total current, needed to be substantially reduced in order to unmask the TTX-sensitive
inward Na+ current, which flows through open VSSCs during depolarization. The partial
elimination of the Ca2+-activated chloride current was accomplished by using a saturating
concentration of NFA (10-4 M), which blocked ~25% of the outward total current. Under
these conditions, an inward TTX-sensitive current was observed, which underwent
inactivation. Although NFA blocks most Ca2+-activated chloride channels, it only blocks
a portion of the known voltage-sensitive chloride channels and does not block the
volume-regulated anionic channels, which likely contribute also to the outward total
current seen when using neurolemma-injected oocytes.
The above protocols allow for the isolation of a TTX-sensitive inward Na+ current,
which undergoes inactivation following pulsed depolarization, and is amenable to the
examination of the SAR of DDT versus DDE in a fashion that is comparable to those
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results obtained using the heterologous expression of single VSSC isoforms in Xenopus
oocytes. Using this approach, DDT increased TTX-sensitive inward Na+ currents in a
concentration-dependent fashion during depolarization primarily by slowing VSSC
inactivation. DDE resulted in little or no similar effects.
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Figure 12. Diagrammatic representation of the proposed model for the isolation of an
inward TTX-sensitive sodium channel trace. Various pharmacological blockers (MVIIC,
KB-R7943, NFA) were used to unmask the TTX-sensitive sodium channel trace.

51

CHAPTER 6
CONCLUSIONS AND FUTURE DIRECTIONS
In conclusion, this study was able to validate the use of neurolemma-injected X. laevis
oocytes as a toxicologically-relevant ex vivo approach to study the effect of
environmental

toxicants

on

native

mammalian

targets

using

high-throughput

electrophysiological methods. This method however, did not come without its challenges.
6.1 Improvement of oocyte selection criteria and the optimization of the perfusion
protocol.
A number of steps were taken in order to minimize the variability in the data collected
across replicates. These changes were implemented in the timed injections of the
neurolemma, the oocyte selection post-injection, the time the oocyte spends on the plate
and the perfusion protocol.
After injection, all oocytes were individually analyzed for health. Only robust,
healthy oocytes were selected. At the point of treatment, an oocyte was loaded into its
respective well and was allowed to sit in the well only for the duration of the protocol (15
mins). This minimized the time the oocyte was sitting in the ND96 loading buffer at room
temperature.
In addition, a full concentration curve consisting of 7 concentrations of the
insecticide (1x10-9M, 5x10-9M, 1x10-8M, 5x10-8M, 1x10-7M, 5x10-7M, 1x10-6M) and the
1x10-4M NFA control treatment was divided into two plates to be run separately. Each
half plate was injected separately guaranteeing that all oocytes used for recording were
within an expression window of 12-24 hrs. The first half of the plate consisted of either
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the even concentrations (1x10-4M NFA, 1x10-9M, 1x10-8M, 1x10-7M, 1x10-6M) or the
odd concentrations (1x10-4M NFA, 5x10-9M, 5x10-8M, 5x10-7M). Due to the effect that
high concentrations of the pesticides had on the oocytes, we alternated which group of
concentrations was perfused first in order to increase the amount of oocytes that were
recorded per concentration.
6.2 Future Directions
Going forward, we propose to add a TTX-washout step in our perfusion protocol.
This step will allow us to have an internal NFA control for each oocyte. By inserting an
internal NFA control, we can get the percent over control values for each oocyte without
having to average the AUC values across a concentration (~11 oocytes).
Thanks to a streamlined perfusion protocol, we can analyze other environmental
toxicants moving forward. Of particular interest are pyrethroid insecticides due to their
similar mode of action to DDT and their targeting voltage-gated ion channels. It would be
of particular interest to study type I and II pyrethroid insecticides and their age related
differences on juvenile vs adult brains since a lot of studies only focus on adult or
juvenile mammalian targets. Additionally, pyrethroid regulation uses data collected
mainly from adult studies when it is well known that the isoforms of voltage-sensitive ion
channels change through a mammal’s development.
Once fully characterized, this approach can be expanded to study the role of
environmental toxicants and contaminants on target tissues (e.g. neural, reproductive,
developmental, etc.), including but not limited to those from humans and knockout mice.
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