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ABSTRACT
Due to the increasing resistance demonstrated by insects to conventional insecticides, the
need for compounds with novel modes of action is becoming more urgent. Also, the discovery
and production of new insecticides is vital as regulations and restrictions on conventional
insecticides become increasingly stringent (Casida and Quistad 1998). Research in this area
requires screening of many candidate compounds which is costly and time-consuming. The goal
of this research was to produce in vitro insect neurons from Sf21 insect ovarian cell lines, which
could lead to new high throughput screening methods and a way to mass produce insect material
for basic research. This study used a culture of Sf21 cells and a mixture of differentiation agents
to produce viable neuron-like cells. In the presence of the molting hormone 20hydroxyecdysone (20-HE), or insulin, in the growth medium, Sf21 cells began to express
neuronal morphology, or the production of elongated, axon-like processes within 2-3 days.
Maximal differentiation occurred when in the presence of 42 μM 20-HE or 10 μM insulin.
Effects were maximal on day 2 for 20-E and day 3 for insulin. Insulin was more potent at day 2
for inducing differentiation (EC50 = 247 nM) than 20-HE (EC50 = 13 µM). In combination, 20HE and insulin produced apparent synergistic effects on differentiation. Caffeine, a central
nervous system (CNS) stimulant, inhibited induction of elongated processes by 20-HE and/or
insulin. Caffeine was a potent inhibitor of 42 µM 20-HE, with an IC50 of 9 nM, and the
inhibition was incomplete, resulting in about one quarter of the differentiated cells remaining,
even at high concentrations (up to 1 mM). The ability to induce a neural phenotype simplifies

studies with of insect cells, compared to either the use of primary nervous tissue or genetic
engineering techniques. The presence of ion channels or receptors in the differentiated cells
remains to be determined. If they are present, high throughput screening for new insecticides
will be accelerated and made more economical by the utility of this method.
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Chapter 1
Literature Review

Insects play a major role in several important and contemporary global issues. First,
insect feeding and contamination contribute to billions of dollar in damages to field crops and
stored products (Smagghe 2007; Beckmann and Haack 2003). Insects and their associated
activities also contribute to allergic reactions and food-borne illnesses by creating harborage for
bacteria and fungi (Nicholson 2007; Lemons et al. 2008). Billions of dollars in annual losses to
crop quality and yield have been associated with certain vector borne viruses in plants (Bowers
et al. 2001; Gergerich and Dolja, 2006). Second and equally as important, insects vector
pathogens that cause human, animal, and plant disease, including some illnesses for which there
is no cure (Lemon et al. 2008). Malaria and West Nile are just two diseases that affect humans
(Brogdon and McAllister 1998; Gubler 2002). Malaria accounts for the most deaths by far of
any human vector-borne disease, and its pathogen infects approximately 300 million people
causing between 1 and 3 million fatalities per year (Breman 2001). In 2008, 1142 people were
infected with West Nile disease in the United States, but of those only 25 fatalities occurred
(CDC 2008).
Most commercial insecticides used today act on relatively few targets (Raymond-Delpech
et al. 2005), and some of the most effective insecticides act on ion channels of the insect nervous
system (Bloomquist 1996; Raymond-Delpech et al. 2005). Insect sodium channels are common
within the insect nervous system and are known to be involved in the insecticidal action of
neurotoxins (Gordon 1997) such as pyrethroids (Soderlund and Bloomquist 1989) and
oxadiazines (indoxacarb) (Lapied et al. 2001). Insecticides targeting calcium channels include,
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ryanodine, which induces paralysis to organisms (Petrovic et al. 2008) through a sustained
contracture of skeletal muscle without depolarizing the muscle membrane (Nauen 2006).
The organophosphorus insecticides (OPs) vary tremendously in chemical structure and
chemical properties, but are all neurotoxic (Chambers and Carr 2002). The primary target site
for the OPs is the enzyme acetylcholinesterase (Pope and Liu 2002). The OPs react by
phosphorylating a serine hydroxyl group which inactivates the acetylcholinesterase enzyme and
blocks the degradation of the neurotransmitter acetylcholine (Chambers and Carr 2002). The
synaptic concentrations of acetylcholine then build up and hyperexcitation of the central nervous
system (CNS) occurs (Pope et al. 2005). Very similar to the mode of action and effects of
organophosphates, carbamate insecticides are esters of carbamic acid and yield a carbamylation
of the serine hydroxyl group, also inactivating acetylcholinesterase (Chambers and Carr 2002).
Neurotransmitter receptors also prove a very important aspect of insecticide discovery
and mode of action. A major excitatory neurotransmitter in the insect CNS is acetylcholine
(Gepner et al. 1978). Nicotine related insecticides, such as imidacloprid, mimic the action of
acetylcholine by binding and activating the nicotinic acetylcholine receptor (Matsuda et al.
2001). These compounds are insensitive to the action of acetylcholinesterase, so therefore the
continuous activation of the nicotinic acetylcholine receptor leads to an overstimulation of
cholinergic synapses (Bloomquist 1999). Several amidine compounds have been used for their
insecticidal and miticidal properties. These compounds mimic the action of the neurotransmitter
octopamine, causing an overstimulation of octopaminergic synapses in insects (Roeder 1999).
Octopamine binds to a receptor that elevates levels of the second messenger, cyclic adenosine
monophosphate (cAMP). Cyclic AMP then initiates processes that give rise to neuronal
excitation (Roeder 1999).
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In both insects and mammals, chloride channel-blocking insecticides, such as fipronil,
cause poisoning of the CNS through antagonism of the inhibitory neurotransmitter γaminobutyric acid (GABA) (Bloomquist 2003). Avermectins have insecticidal and miticidal
activity by blocking electrical activity in nerve and muscle by increasing the membrane
conductance to chloride ions (Bloomquist 2001; Nauen 2002). GABA is released from the
presynaptic nerve terminal and binds to a postsynaptic receptor protein containing an intrinsic
chloride ion channel, thus opening the channel releasing chloride ions into the postsynaptic
neuron (Owens and Kriegstein 2002). This produces a hyperpolarization of the membrane
potential and a decrease in membrane input resistance (Sattelle et al. 1988). Previous studies
have shown that insecticides bind to insect chloride channels and block their activation by
GABA; hyperexcitation of the CNS then occurs in the absence of synaptic inhibition
(Bloomquist 1999).
Discovery and development of new chemical insecticides is limited by available
technologies and the procurement of large amounts of nervous tissue necessary for high
throughput testing. At present, in vitro work with insect nervous tissue often employs primary
cultures that are time-consuming to establish and typically survive only a few weeks at most
(Beadle 1988). This modest longevity, coupled with the effort needed to culture tissues, or
cloning each target site one at a time to express in a cell line, are major obstacles associated with
insecticide discovery. Further, the native subunit composition of virtually all insect receptors is
not known, such as the insect GABA receptor (Buckingham et al. 2005), making heterologous
expression of some target sites difficult.
The search for new insecticides would be aided by an efficient method for inducing nonneuronal insect cells cultured in vitro to exhibit a neuronal phenotype, including the expression
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of neuron-specific proteins and neuron-associated morphological changes. In particular, a
simple protocol for inducing a neuronal phenotype in insect cells cultured in vitro by exposing
the cells to various chemical treatments is envisioned. Using such a procedure, cells could be
stimulated to produce ion channels, neurotransmitter receptors, and other classes of protein
targets that are of interest for insecticide development efforts. In addition, morphological
changes, such as the development of axon-like structures and cell-to-cell contacts resembling
synapses, may accompany the induction of neuronal protein expression. Such differentiated
insect cells may be used in a wide variety of endeavors, including the development and study of
insecticides. Procedures that can utilize both induced cells and high throughput screening
methods would help to make insecticide discovery more efficient.
Sf21 cells are a well-established cell line, used since 1977, that originated at the USDA
Agricultural Research Center in Beltsville, MD. This line originated from the IPLBSF-21 cell
line, derived from pupal ovarian tissue of the fall army worm, Spodoptera frugiperda
(Lepidoptera: Noctuidae) (Vaughn et al. 1977, O’Reilly et al. 1992). A substrain (Sf9) was
isolated from Sf21 cells by researchers at Texas A&M University (Smith and Summers 1987).
Both clone and parent cell lines have been extensively used in research using baculoviruses for
producing recombinant proteins (Smith and Summers 1987; Luckow and Summers 1988). These
cells are also used as a model system for insect apoptosis (Zoog et al. 2002).
Primary neuronal culture studies have been widely documented, especially in drug
studies of neurotransmitters and their receptors (Usher-Wood et al. 1980; Lees et al. 1983) and
genetic analysis of neuronal function (Wu et al. 1983). These preparations have been developed
specifically to ease many of the difficulties that arise when investigating the invertebrate nervous
system (Beadle 1988). Primary neuronal cultures are established from tissue dissected from
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animals and the cells separated by mechanical and enzymatic dispersion (Hayashi and
Hildebrand 1990). Primary cultures offer insights into in vitro neurobiological investigations;
however, they need to be used mainly within a day or two, as they historically do not have
significant longevity (Beadle 1988). Recent research suggests that longevity could extend to up
to a year (Potter and Demarse 2001). Periplaneta americana (Blattaria: Blattidae) have been
used by dissecting whole nerve cords and culturing them to study neuronal culture techniques
(Chen and Levi-Montalcini 1970). With the addition of proteolytic enzymes to cultured snail
neurons, extensive neurite sprouting has been shown to occur; however, sprouting is absent
without enzymes (Beadle 1988).
Neuronal culture research has been conducted on a variety of different species and the
capability of these cultures has been shown in morphological, physiological, and
pharmacological aspects. Hayashi and Hildebrand (1990) performed a morphological analysis of
neuronal cultures by describing distinct cell types from antennal lobes of pupal Manduca sexta.
Physiology has been studied in neuronal cultures by studying ion currents and action potentials
(Zufall et al. 1991). Pharmacological studies, for example, identifying acetylcholine receptors in
cockroach neurons (Beadle et al. 1989), have been done on these cultured neurons. Methods
used to investigate neuronal cultures are highly laborious in nature and not biochemical in origin;
thus, they are a low throughput technique when applied to insecticide screening.
A neuronal phenotype can be induced in cultured insect cells by supplementing the
medium in which the cells are maintained with an agent that regulates transcription of proteins
specific for insect neuronal cells. A phenotype has been documented in the continuous cell lines
of lepidopterans, for example, Spodoptera frugiperda (Sf21) and Spodoptera littoralis (Sl573),
where ecdysone and 20-hydroxyecdysone (20-HE) trigger a series of morphological changes in
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which cells aggregate, elongate and extend long thin processes similar to neurons (Kislev et al.
1984). The extent and rapidity of changes are dose dependent, 20-HE being much more active
than ecdysone (Kislev et al. 1984). Further, 20-HE caused cell elongation that was blocked by
cytoskeletal disrupting agents, in a cloned Manduca sexta (Lepidoptera: Sphingidae) cell line
(Lynn and Oberlander 1981; Kislev et al. 1984).
Insulin or insulin-like peptide hormones are found in both vertebrates and invertebrates
(Wu and Brown 2006). Insulin related molecules have been found to be essential for
invertebrate development (Pimentel et al. 1996). Pimentel et al. also found that insulin
stimulates differentiation in Drosophila S1 cells; cells become elongated and look to establish
cell to cell contact with other differentiated cells similar to the effects of 20-HE. This effect is in
contrast to untreated S1 cells that are normally round. Insulin-like peptides (ILP) in Lepidoptera,
specifically on the silkworm Bombyx mori (Lepidoptera: Bombycidae), have been found in the
brain and neurosecretory cells (Wu and Brown 2006). Lepidopteran and various mosquito
species have been shown to express structurally related insulin receptors in ovaries and other
tissues (Wu and Brown 2006; Fullbright et al. 1997). Fullbright et al. (1997) found that insulinlike peptides bound to receptors on ovarian cells and in Sf9 cells. Expression of an insulin
receptor on ovarian cells has also been seen in the mosquito Aedes aegypti (Diptera: Culicidae)
(Riehle and Brown 1999; 2002). Both these experiments used primary culture dissection of
insect tissue as their method of culture. Otherwise, little characterization of either ecdysone or
insulin-dependent effects upon cultured cell morphology has been attempted.
The cyclic AMP (cAMP) system is also known to affect neuronal activity and regulation.
Increasing levels of cAMP in cultures by the addition of the phosphodiesterase inhibitor caffeine,
or dibutyryl cAMP, the membrane permeant form of cAMP, cause increased levels of neural
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activity in Drosophila spp. (Zhong and Wu, 2004). Rydel and Greene (1988) demonstrated that
certain cAMP analogs enhanced the survival and differentiation of rat sympathetic neurons that
respond to nerve growth factor (NGF). cAMP antagonists blocked these effects, but not those
demonstrated by NGF (Rydel and Greene 1988). It has also been demonstrated that cAMP
treatment causes changes in organelle distribution and the assembly of growth cones in the
California sea slug (Aplysia californica) (Forscher et al. 1987). Caffeine also displays various
pharmacological actions at the synaptic level, such as on excitatory/inhibitory responses to
ryanodine and GABA receptors (Yoshimura 2005). The GABAergic network is important for
overall synaptic function, and caffeine has been shown to modulate this system in ganglion cells
of the turtle retina (Akopian et al. 1998). Amplification of intracellular calcium through
ryanodine receptors has been shown to be positively controlled by caffeine in rat hippocampal
CA1 neurons (Sandler and Barbara 1999).
If ecdysone or insulin induced expression of the neuronal protein classes of interest, it
would occur without the time and expense of genetically engineered cell lines. Moreover, the
maintenance costs of an engineered cell line are obviated. The effects of insecticides on
continuous cell lines of the beet armyworm, Spodoptera exigua (Lepidoptera: Noctuidae) that
were not exposed to ecdysone have been documented previously (Decombel et al. 2004). In
Decombel et al. (2004), the neurotoxic compounds tested showed little effect in the cell
proliferation assay used to evaluate effect. Mitochondrial electron transport inhibitors (METIs)
such as chlorfenapyr and fenazaquin, are non-neurotoxic compounds that had high biological
activity, in vitro. This research confirms that neuroreceptor and ion channel expression is in fact
absent in undifferentiated cells.
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The induced growth of axons should result in expression of ion channels involved in
electrical excitability and perhaps putative synaptic transmission. Specifically, the voltagesensitive ion channel classes involved are those regulating the movement of sodium, calcium,
potassium, and chloride ions (Catterall 1988). Previous research has shown that 20-HE increases
calcium currents in pupal leg motorneurons, when the cells are dissected and maintained in
primary culture (Grünewald and Levine 1998); however, 20-HE did not affect cell morphology
in these studies. Insect sodium channels are common within the insect nervous system and are a
critical component of electrical excitability in the nervous system (Catterall 1988). Its absence
indicates no general expression of neuronal phenotype in the cells that were studied, but it would
be present in a neuronal phenotype.
Similarly, the formation of synapses would allow screening of targets involved in both
presynaptic and postsynaptic physiological mechanisms such as ligand-gated receptors. For
example, there was expression of muscarinic-type acetylcholine receptors in an aquatic midge
Chironomus tentans (Diptera: Chironomidae) cell line that was increased by 20-HE (Wegener et
al. 1996). No nicotinic receptor expression was observed, nor was synaptogenesis reported. The
insect nicotinic acetylcholine receptor is common within the insect central nervous system and is
known to be a target for insecticide action (Matsuda et al. 2001). Its absence indicates a
significant gap in the expression of a neuronal phenotype (Wegener et al. 1996). Additional
proteins involved in synaptic physiology include: neurotransmitter transporters, as well as
enzymes involved in neurotransmitter synthesis, turnover, and degradation.
The Drosophila melangaster established Kc cell line and clones of this line have been
used to determine the mechanism of action of ecdysteroid compounds (Best-Belpomme et al.
1990). Early studies showed that β-ecdysone (20-HE) induced the expression of
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acetylcholinesterase in Kc-H cells, and also hypothesized that these cells may be precursors of
neurons (Cherbas et al. 1977); however, in recent studies it was shown that these cells are of
hematopoietic nature, not neuronal in origin (Andres and Cherbas 1994). Studies in Aedes
aegypti mosquito cells have also shown that 20-HE stimulated an increase in acetylcholinesterase
activity (Cohen 1981). Acetylcholinesterase expression in a cell line is not advantageous for
insecticidal screening projects, since native enzyme can be easily harvested in large amounts
from frozen insect tissue (Camp et al. 1969).
Prior publications provide data concerning insect cells in culture, some of which explore
effects of 20-HE, but none of the published research provides evidence for the expression of
neuronal ion channels, such as sodium channels. There were no reports found on the ability of
ecdysone to produce synaptic contacts in cell lines, or the expression of the putative
insecticide/drug targets mentioned above (besides acetylcholinesterase). There was no available
research on the possible application of hormonally differentiated cells for high throughput
screening. The combination of little research in this area coupled with the constant demand for
the development of new insecticides, suggests this research could improve the availability of
high throughput screening techniques for insecticide discovery.
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Chapter 2
Induction and Inhibition of a Neuronal Phenotype in Spodoptera frugiperda (Sf21) Insect
Cells
INTRODUCTION
Disease pandemics, insecticide resistance, and more stringent regulations make the
demand for new, novel, and effective insecticides more pressing than ever. Insecticides are the
most important component of vector control programs for the prevention of insect-borne
illnesses fatal to millions annually (Bonneville et al. 2007). Until recently, little attention has
been given to vector control programs, resulting in an increase in vector-borne disease
transmission and a decrease in insecticide discovery (Paul et al. 2006). The concerns of
insecticide safety and resistance are compounded by the fact that failure to produce new
insecticides has directly increased vector-borne disease transmission (Gubler 1998).
In addition to the above, governmental banning of chemical compounds currently on the
commercial market is increasing the need for the discovery of new insecticidal materials (Zaim
2002). Inexpensive and fast acting chlorinated hydrocarbons such as dichloro-diphenyltrichloroethane (DDT) have been banned for their persistence in the food chain, as well as more
recently, the fumigant methyl bromide for its role in depletion of the ozone layer (EPA 2009).
Concerns over the safety of older generation insecticides, paired with resistance to insecticides
such as pyrethroids and organophosphates, have made the search for novel insecticides even
more important (Casida and Quistad 1998). However, strict environmental regulations and
mammalian testing restrictions associated with insecticide discovery complicate the process
(Casida and Quistad 1998). Additionally, high economic costs of insecticide discovery are
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causing the financial burden to fall to global chemical companies, which are the driving force
behind the discovery process (Casida and Quistad 1998). Due to the challenges associated with
insecticide discovery, high-throughput screening methods are advantageous to the manufacturer
and the consumer. High-throughput screening increases the numbers of compounds tested and
lowers the amount of compound needed for testing; thereby providing a bigger sampling of the
chemical universe at lower cost to chemical companies (Armstrong 1999).
The search for new insecticides could be aided by an efficient method for inducing nonneuronal insect cells cultured in vitro to exhibit a neuronal phenotype, especially the expression
of neuron-specific proteins. Using such a procedure, cells could potentially be stimulated to
produce ion channels, neurotransmitter receptors, and other classes of protein targets that are of
interest for insecticide development efforts. Such differentiated insect cells might be used in the
development and study of insecticides. Procedures that can utilize both induced cells and high
throughput screening methods could help to make insecticide discovery more efficient and in
turn, more cost effective.
Primary neuronal culture studies have been popular research tools to ease the difficulties
that arise when investigating the invertebrate nervous system (Beadle, 1988). Primary cultures
are models of intact nervous systems, but offer the convenience of investigating neurobiological
problems, in vitro (Beadle, 1988). The process involved in making primary neuronal cultures is
one taken with care, as it causes strain to the cells. Usually neuronal cultures need to be used
within a day or two of isolation, but they can be kept up to a year in culture (Potter and Demarse
2001). The validity of the cultures depends on the extent to which they resemble intact neurons,
and unrestricted access for observation and environmental manipulation makes these cultures
invaluable for experimentation (Wong et al. 1981). Primary neuronal cultures have shown great
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promise in the research areas of synapse formation and the pharmacology of neurotransmitter
receptors (Beadle 2006).
A neuronal phenotype might be induced in cultured insect cells by supplementing the
medium in which the cells are maintained with an agent that regulates transcription of proteins
specific for insect neuronal cells. A phenotype has been documented in continuous cell lines of
Lepidoptera, where ecdysone and 20-HE trigger a series of morphological changes in which cells
aggregate, elongate and extend long thin processes similar to neurons (Kislev et al. 1984). This
20-HE effect was also blocked by cytoskeletal disrupting agents in a cloned Manduca sexta
(Lepidoptera: Sphingidae) cell line (Lynn and Oberlander 1981; Kislev et al. 1984). Insulin also
acts as an inducer to continuous cell lines, such as Drosophila S1 cells. These cells become
elongated and look to establish cell to cell contact with other transformed cells similar to the
effects of 20-HE (Pimentel et al. 1996). The cyclic AMP (cAMP) system is also known to affect
neuronal activity and development. For example, cAMP treatment causes changes in organelle
distribution and the assembly of growth cones in the California sea slug (Aplysia californica)
(Forscher et al. 1987).
The constant demand for the development of new insecticides paired with the lack of
current research on chemical induction of a neuronal phenotype, suggests this field of research
could improve the availability of high throughput screening techniques for insecticide discovery.
METHODS
Chemicals
Chemicals used in treatment flasks were 20-hydroxyedcysone (20-HE), caffeine, and insulin.
All chemicals were obtained in 2008 from Sigma-Aldrich St. Louis, Missouri, USA.
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Cell culture techniques
The Sf21 insect cell line was obtained from Invitrogen (Carlsbad, CA). The cells were
maintained in a log phase culture in tissue culture flasks (BD Falcon Tissue Culture Flasks,
Fisher Scientific, Suwanee, Georgia, USA) treated with TNM-FH (Trichoplusia ni MediumFormulation Hink) from Sigma-Aldrich (St. Louis, Missouri, USA). Insect media was
supplemented with 10% fetal bovine serum (Sigma) and 100 U/ml penicillin and streptomycin
(Sigma). Cells were maintained at 27 oC in a non-humidified environment. Cells were passed
every 3-5 days according to manufacturer’s instructions, and the culture was maintained for
about 30 passes before being replaced by fresh cells.
Differentiation of Cells with 20-Hydroxyecdysone or Insulin
Once a confluent monolayer of cells formed in the culture flask, the cells were sloughed
off and transferred to another sterile flask. The quantity of cells transferred was determined by
the area of the growth surface to give a 1:5 dilution (cells/cm²), as in a normal passage. Fresh
growth media was added and the cells were allowed to attach for 30 minutes in the incubator.
The media was then removed and fresh media containing either 0.1% DMSO (control) or 20-HE
in DMSO was added to the culture. For insulin treatments, media was removed and fresh media
containing either 0.1% acetic acid (control) or insulin in acetic acid was added to the culture.
Maximum differentiation occurred in cells after exposure to agents for a period of time ranging
from about 48-72 hours but was recorded for up to 5 days. The flasks were observed daily.
Cell Counting
For growth and differentiation experiments, 25 cm² tissue culture flasks (BD Falcon)
were used. For cell counts, each flask was scored with a razor blade prior to plating for aligning
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a 1 mm² ocular counting grid (Figure 1). The ocular grid was lined up with the corners of the
scored lines on the flask so that the same places and area were counted each day. The number of
cells and the number differentiated within a grid were recorded visually every day for 5 days.
Two counts taken in a one square millimeter area at each of four intersections, on each of two
plates exposed to each treatment, so that 8 samples were taken per flask (Figure 1). This
procedure was used in all cases. Each experiment used the same experimental design with at
least two replicate flasks.

Figure 1 shows a cell culture flask scored for counting where the black squares (not to scale)
represent the counting field (1 mm²). Lines were drawn with a razor vertically 1.3 cm from each
flask edge and horizontally 2.1 cm from the top and bottom of the flask. Counting areas are
located at the top left hand and bottom right hand intersections of the counting lines where the
ocular grid lines up with the intersection.
Statistical Analyses
Concentration-response curves for 20-HE, insulin, and caffeine were compared with nonlinear regression as log[agonist] vs. response with GraphPad PrismTM (GraphPad Software, San
Diego, CA, USA). Nonlinear regression equation was as follows:
Y = bottom + (Top – Bottom) / (1 + 10 ^((LogEC50 – x)*Hillslope));
where x = the logarithm of the concentration and Y = the response.
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For an inhibitory effect, Y starts at the top and goes to the bottom following a sigmoid curve
having a negative slope. For a stimulatory effect, Y starts at the bottom and goes to the
maximum, following a sigmoid curve having a positive slope.
The means and SEM were taken of individual data points. Data was analyzed for each
curve to determine the IC50 or EC50, 95% Confidence Intervals (CI), and R² at maximal effects to
the treatment.
The percent differentiation of cells was determined with single chemical treatment or
multiple agents in combination, over time. The percent differentiated cells over five days were
analyzed by the calculated mean and SEM for each treatment alone or in combination. If a
significant treatment effect was observed among treatments, the means were compared by using
a one-way analysis of variance procedure (ANOVA) followed by a Dunnett’s or Tukey’s
multiple comparison test.

RESULTS
Neuronal Phenotype
A clear response of the Sf21 cells was noted in the presence of 20-HE and insulin. This
is contrasted by the control cells, which maintain a typical spherical shape (Figure 2 A-C). In
treated cultures, three morphological types are apparent. The three categories are circular cells
that appear similar in shape to control cells, cells that are elongated with long thin processes, and
finally, fibroblast-like cells. Only a percentage of cells show elongation with long, thin
processes, defined as a “neuronal phenotype.” To be recorded as the neuronal phenotype, a cell
must have had both elongation and the extension of a process.
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A.

B.

C.

Figure 2. Change in morphology of Sf21 cells in control media (A), in media supplemented with
42 μM (20 mg/ml) 20-HE (B), and in media supplemented with 10 μM insulin (C). Three cell
types are represented in (B) and (C): spherical (S), fibroblast-like (F), and “neuronal” (N). The
“C” in Figure 2B indicates a cell-cell contact. Images were taken with a Zeiss Axiovert 200
microscope with a Cannon Powershot A260 camera.
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Time Dependence and Concentration-Response Curves
A time- and concentration-response experiment was done for 20-HE (Figure 3). Cell
differentiation in the presence of 20-HE appears to be maximal at day 2 and greatest effects were
seen at 42 μM concentration. At later time points, the percent differentiated cells declined (see
Figures 7, 8, and 10). Greater differentiation occurred at higher concentrations, up to 42 μM,
whereas cell mortality at 100 μM resulted in an overall reduction in cell differentiation.
Significantly more difference was observed at the 42 μM concentration compared to the control
at days 1-3, and at the 10 μM concentration as well, on days 2 and 3. (Figure 3).

Figure 3. Time-dependent concentration response for 20-HE. Asterisks represent statistical
significance (P < 0.05) across concentrations within a day compared to controls using one-way
ANOVA and Dunnet’s post test. Error bars represent SEM (n = 2).

Figure 4 shows concentration-response effects at day 2 for 20-HE on Sf21 cells. The
percent differentiated cells increases with increased concentrations of 20-HE. The 42 μM
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concentration was considered maximal for the purposes of nonlinear regression analysis, as the
100 μM point was omitted from the curve fit. Accordingly, the maximal effect of 20-HE was
determined to be 16.38% differentiation, the value obtained at 42 µM. The EC50 for day 2
results was 13 µM and the 95% confidence intervals for the EC50 were 4.9 μM to 35 μM. The R²
was 0.902 with seven degrees of freedom.

Figure 4. A concentration-response curve for 20-HE at day 2 of the treatment. Asterisks
represent statistical differences at (P < 0.05) between concentrations of 20-HE and control using
one way ANOVA and Dunnett multiple comparison post test. Bars represent SEM (n = 2).

Insulin had similar effects for differentiating cells (Figure 5) showing both a
concentration- and time-dependent effect on the Sf21 cells. Insulin preparations showed
differentiation effects at concentrations as low as 0.001 μM, but greatest effects were seen at 10
μM. At day 2, the effect was essentially the same at either 1 or 10 μM, indicating the response
was maximal at these concentrations (Figures 5 and 6). At day 3 there was a precipitous increase
at 10 μM, and a steep decline at 40 μM (Figures 5 and 6). At day 2, 10 μM and 1 μM insulin
concentrations were statistically significant compared to controls, and on day 3 at 10 μM.
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Insulin dose-response curves representing the effects at day 2 and day 3 are shown in Figure 6.
The EC50 value for insulin at day 2 was 247 nM with EC50 95% confidence intervals at 32.6 nM
to 1.9 μM. There were twenty-one degrees of freedom and an R² of 0.734. On day 3, the data
was better fit by a two-site (or mechanism) model. Considering only points up to 1 μM, the EC50
value was 17.3 nM and the EC50 95% confidence intervals were 0.9 nM to 347 nM. Thus,
compared to day 2, the potency increased by about 14-fold at day 3. The R² for day 3 was 0.829
with ten degrees of freedom. Excluding the 10 μM point, the maximal effect for insulin was 3.5
percent differentiated cells with confidence intervals 1.9 to 5.0, or about 20% of the maximal
effect of 20-HE. At day 3, the effect of 10 μM insulin (nearly 12% differentiation) was a little
over half that observed for 42 μM 20-HE.

Figure 5. Concentration and time response of insulin on Sf21 cells counted daily for 3 days.
Asterisks denote statistical difference at (P< 0.05) when compared to control with one way
ANOVA and a Dunnett multiple comparison post test. Error bars are SEM (n = 2).
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Figure 6. Concentration response of insulin at day 2. Error bars represent standard error of the
mean (SEM). Asterisks indicate points significantly different (P < 0.05) from controls. All
concentrations were replicated twice except for 10 μM insulin which was n=11.

Combination treatments
To investigate the possible synergistic, additive, or antagonistic effects of combinations
of 20-HE, insulin, and caffeine on cell differentiation, a series of experiments was conducted.
Figure 7 compares 20-HE and insulin separately, and in combination. The number of
differentiated cells increased with dual application of 10 μM insulin and 42 μM 20-HE. Insulin
was shown at high concentrations to have a greater than additive (synergistic) effect with 20-HE.
Synergistic effects were statistically significant when comparing 20-HE + insulin to treatments
alone on days 2, 3, and 5. Days 1 and 4 only show statistical differences between the
combination insulin and 20-HE treatments. Paired t-tests were performed after calculating the
additive effect of 20-HE and insulin by taking a mean across experiments within a day. An
expected mean value of 10.6 % differentiated cells was calculated when 20-HE and insulin
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values alone were added together. When in actual combination, 20-HE + insulin showed a mean
percent differentiated cell value of 19.2, which is almost a 2-fold increase over additive values
and is statistically significant (P< 0.02). Synergistic effects of 20-HE + insulin exceeded the
additive effects of 20-HE and insulin on days 1-5 by 5.4, 10.8, 14.2, 10.0, and 2.3 percent
differentiated cells, respectively. Thus, the highest synergistic response was seen on days 2 and
3. An average increase of 8.6 + 2.1 percent differentiated cells was recorded with 20-HE in
combination with insulin. The synergistic effect disappeared by post-treatment day 5, where the
effect was essentially additive (Figure 7).

Figure 7. Response of 42 μM 20-HE (20-HE) and 10 μM insulin (INS) on treated Sf21 cells.
Bars not labeled with the same letters represent statistical differences at (P< 0.05) between
treatments within days compared by one way ANOVA and Tukey-Kramer multiple comparisons
post test. Bars represent SEM (n = 3).

Another experiment investigated the effects of caffeine and its interaction with 20-HEinduced cell differentiation, as shown in Figure 8. Caffeine was initially run alone and had no
morphological effects on cells up to 1 mM. All combination treatments were exposed to a
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concentration of 42 μM 20-HE. No significant differences were observed between treatments
within days 1 or 5 (Figure 8).

Figure 8. Inhibitory effects of caffeine (C) and 42 μM 20-HE. Bars not labeled with the same
letter represent statistical significance at (P < 0.05) between treatments within days compared by
one way ANOVA and Tukey-Kramer multiple comparisons test. Control and 1 mM caffeine
bars “C” had zero values, and were the two left hand bars, respectively, in each group of
treatments, arranged by treatment day. Error bars represent SEM (n = 2).

Caffeine at high concentrations (0.1-1.0 mM) inhibited 20-HE-dependent growth of cell
processes at day 2 (Figure 8). At low concentrations (0.01-0.0001μM) of caffeine, inhibition
decreased until it was similar to the effect of 20-HE alone. On day 3, an apparent increase in the
percent differentiation of 20-HE + caffeine at low concentrations (0.01-0.0001 μM) occurred
compared to 20-HE alone, but it was not statistically significant. Inhibition was present at higher
concentrations of caffeine + 20-HE, but less than that observed on day 2. On day 4, 20-HE
showed minimal effect of differentiating cells, but in contrast to previous days, the presence of
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low concentrations of caffeine resulted in a significantly greater differentiating or survival effect
(Figure 8). Overall effects of 20-HE + caffeine were similar to those on day 3, although the
percent of differentiated cells decreased slightly. Thus, the effects of caffeine on 20-HE-induced
differentiation varied by concentration and time.
A concentration-response curve for caffeine and 20-HE was run for day 2 data (Figure 9).
The IC₅₀ value for day 2 was 9.0 nM with 95% confidence intervals at 2 nM to 40 nM. The R²
for the inhibitory effects of caffeine and 20-HE was 0.814 with 13 degrees of freedom. The
maximal inhibitory effect for caffeine was 5.52% reduction in differentiated cells with 95%
confidence intervals of 3.429 to 7.609. The apparent curvilinear “hump” shown by caffeine at
high concentrations (10⁻⁷ to 10⁻³) is artifactual, as there were no significant differences between
the points, when compared to 20-HE.

Figure 9. Inhibitory effect of caffeine on 20-HE-induced cell differentiation. Asterisks represent
statistically significant inhibition at (P < 0.05) when compared to 20-HE alone with a Dunnett
multiple comparison post test. Points denote different concentrations of caffeine + 42 μM 20-HE
and bars on points represent SEM (n = 2).
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Caffeine also exhibited inhibitory effects on insulin (Figure 10). Again, 1 mM caffeine
was run by itself with no differentiation of cells observed. Caffeine + insulin + 20-HE showed
less differentiation from days 1-5 in comparison to 20-HE alone. Inhibitory effects of caffeine in
combination are shown predominately on days 3 and 4 when compared to 20-HE and insulin
alone. High inhibition of differentiation when caffeine + insulin are in combination is shown on
all days.

Figure 10. Inhibitory effects of 1 mM caffeine (C) on 10 μM insulin (INS) and 42 μM 20-HE in
co-application. Letters represent statistical differences at (P < 0.05) between treatments within
days compared by one way ANOVA and Tukey-Kramer multiple comparisons post test. Lines
on bars represent SEM (n = 2).

DISCUSSION
It is clear that the 20-HE treatment induces a neuron-like morphology, and this effect can
be quantified. Similar results were shown by both Kislev et al. (1984) and Lynn and Oberlander
(1981) as morphological changes to cells, including elongation and the extension of long, thin

24

processes in response to 20-HE. Cytoskeletal disrupting agents were shown to block the
morphological changes caused by treatment with 20-HE (Lynn and Oberlander 1981). Four
lepidopteran continuous cell lines were used by Kislev et al. (1984), one being the Sf21 cells
used in our experiments. Concentrations of 20-HE ranging between (10-7 M to 10-5 M) were
used and a range of responses occurred in different cell lines. For Sf21 cells in the presence of
20-HE there was only a small percentage of differentiated cells (<1%) in their experiments,
compared to our results (>5 % at 10-5 M). Our concentrations were only slightly higher for
maximal differentiation. Embryonic cell lines from Manduca sexta (Lynn and Oberlander 1981)
and Drosophila melangaster (Cherbas et al. 1980;) showed changes in morphology in the
presence of 20-HE at similar concentrations (10-0.001 μM) to those of Kislev et al. 1984 (200.001 μM). Also, imaginal discs derived from Plodia interpunctella (Lynn and Oberlander
1983; Cassier et al. 1991; Auzoux-Bordenave et al. 2002) showed similar elongation and cell
aggregation when exposed to 1 and 2 μM concentrations of 20-HE.
In culture, there is a low frequency of cells having processes in untreated Sf21 cultures,
and the number of cells showing axon-like processes is increased by high concentrations of 20HE. All model organism systems mentioned above, including, Drosophila melangaster and
Manduca sexta cells, showed parallel changes in morphology to our Sf21 cell cultures treated
with similar concentrations of 20-HE. The percent differentiated cells varied, as our results
showed a higher percentage; up to 10-20% differentiated cells with 20-HE, which is almost 10fold greater. The experimental time course for differentiation was similar to other studies run
with 20-hydroxyecdysone; however, our results showed an earlier differentiation effect than
studies with other lepidopteran cells by Kislev et al. (1984) and in Manduca sexta studies by
Lynn and Oberlander (1983), which may be due to the higher concentrations of 20-HE I used.
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Dose response curves shown by Cherbas et al. (1980) had lower responses in Drosophila Kc-H
and cloned Kc-H (A4E6) cells to concentrations used in our studies. Cherbas et al. (1980)
showed dose response curves and time course data indicating maximal effects within 48 hours
using 0.1 μM concentrations of 20-HE. These investigators showed that although values are
similar to results found in parent Kc-H and clonal cell lines, a lower response was found
compared to most ecdysteroid-active culture systems like Plodia and Manduca cells (Cherbas et
al. 1980). Our studies designate maximal effects happening within 48 hours at a much higher
concentration of 42 μM.
Insulin also had differentiating effects on Sf21 cells. At day 2, the EC50 value for insulin
was 247 nM compared to 13 μM for 20-HE, making it about 53-fold more potent. The maximal
effect at day 2 for insulin was 3.5 percent differentiated cells, or about 20% of the maximal
effect of 20-HE, which in comparable studies was 16.4 percent differentiated cells. Insulin
effects increased at day 3, and displayed evidence for the emergence of another process with the
sharp increase in differentiation at 10 μM. Studies show that in Aedes aegypti ovaries in vitro,
insulin stimulates ecdysteroid production in a dose dependant manner (Riehle and Brown 1999).
Thus, it is possible that at least part of the insulin differentiating effect is due to induction of
ecdysteroid synthesis. Our dose response curve shows that 10 μM insulin is the maximally
effective concentration, similar to Riehle and Brown (1999), who found a related maximal
concentration of 17 μM. An induction of ecdysteroid synthesis might underlie the delay in
maximal differentiation of insulin treatments on Sf21 cells. On day 3, the maximal effect of
insulin continues to be somewhat lower than 20-HE and at high concentrations the “roll over”
effect in the curve at higher concentrations is still present. Although the efficacy of 20-HE is
greater, the concentration-response curves showed that insulin has a greater potency than 20-HE.
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Prior studies have shown insulin at 0.8 μM concentration stimulates differentiation in Drosophila
S1 cells by becoming spindle-shaped with the extension of a neurite-like process (Pimentel et al.
1996). Pimentel et al. (1996) also showed cell to cell contact with other differentiated S1 cells
similar to the effects of 20-HE. Previous studies did not explore synergistic effects of 20-HE and
insulin in combination. Our results found a synergistic effect; however, in comparison to the
graphs showing maximal effects of insulin alone, in the synergism studies the effects of 10 μM
insulin (<5% differentiation, Figure 7) were less than other experiments (Figures 5-6). Thus, the
observed synergism in these particular experiments may have resulted, at least in part, from the
anomalously low result with insulin. This result could be due to the age or passage of the cells
when treated, or variability in the level of differentiation and death at maximally effective
concentrations of chemicals.
The caffeine studies showed that when applied alone there were no morphological effects
on cells at 1 mM; however, when applied with 20-HE and insulin there was inhibition. Akiba et
al. (2004) showed that caffeine inhibits insulin-stimulated glucose uptake in rat adipocytes and
argues that this may be due to antagonism at the adenosine receptor. Other studies show that a
number of inhibitory effects of caffeine on insulin-dependent processes are independent of
caffeine’s antagonistic effects of adenosine receptors or phosphodiesterase (Thong et al. 2002).
Caffeine has been shown to elicit epinephrine release in humans, and elevated levels produce
antagonistic insulin effects in vivo, such as inhibition of insulin-stimulated glucose uptake
(Thong et al. 2002). Whether a released aminergic transmitter could be mediating caffeine’s
inhibitory effect of insulin in our system is unknown at present. Other studies have shown that
caffeine at high concentrations (5 mM) can directly activate ryanodine receptors which increases
Ca²⁺⁺ in the cells and stimulates insulin secretion in clonal rat INS-1E insulinoma cells (Bruton et

27

al. 2003). This effect was blocked by the ryanodine-receptor inhibitor dantrolene (Bruton et al.
2003). These studies used lower concentrations of insulin (1 μM) with one millimolar
concentrations of caffeine and higher, whereas, our results used higher concentrations of insulin
with one millimolar caffeine and lower. Any role of free intracellular calcium in the inhibitory
effects of caffeine remains to be determined.
Although high concentrations of caffeine caused inhibition of hormone-induced
differentiation, I also discovered that caffeine at low concentrations aides in the differentiation or
survival of 20-HE differentiated cells at four days. It has been shown in previous studies that
larval neuronal growth can be increased by a rise in developmental temperature from 22 to 30
degrees, as shown in neuromuscular junctions of Drosophila melangaster (Zhong and Wu 2004).
Zhong and Wu (2004) propose that this increased outgrowth is mediated by cAMP levels, which
increase neural activity and nerve terminal arborization. The effect was mimicked by elevated
cAMP levels arising from caffeine inhibition of phosphodiesterase (Zhong and Wu 2004).
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Chapter 3
Conclusions
The primary goal of this research was to develop a simple procedure for the in vitro
production of insect neurons from the widely available Sf21 insect ovarian cell line. Such a
procedure would greatly facilitate high-throughput insecticide screens and other experiments that
necessitate large quantities of insect neurons. Current methods of insect nerve tissue isolation
require maintenance of adult insect populations and lengthy dissection and isolation procedures.
Large quantities of neurons are produced through the mixture of induction agents such as 20-HE
and insulin in combination with a healthy culture of cells to produce this neuronal phenotype. A
neuronal phenotype can be used to decrease the longevity and labor intensive nature of
maintaining neuronal cultures for insecticidal screening. A rapid and inexpensive approach to
insecticide screening will decrease the amount of time needed for testing new compounds. A
high-throughput approach to insecticide discovery will help to decrease the amount of time
needed to test mass amounts of chemicals and ultimately decrease the amount of time it takes
chemicals to become available to consumers.
The growth and differentiation of cells induced by these treatments could result in a
culture having neuronal characteristics on a cellular level. Voltage-gated sodium channels are
responsible for the rising phase of action potentials and are critical for electrical signaling in
most excitable cells (Dong 2007; Song et al. 2004).
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Figure 11. Response of 42 μM 20-HE (20-HE) and veratridine (VTD) in combination with ion
channel inhibitors, such as tetrodotoxin (TTX) and cobalt (CO) on treated Sf21 cells. Control,
TTX, and VTD bars are not shown as they are represent zero percent differentiated cells. Bars
not labeled with the same letters represent statistical differences at (P< 0.05) between treatments
within days compared by one way ANOVA and Tukey-Kramer multiple comparisons post test.
Bars represent SEM (n = 4).

Expression and properties of ion channels is typically explored, for example, through the use of
specific agents such as tetrodotoxin (TTX), which blocks sodium channels (Bloomquist 1996).
Further, cobalt is a potent inhibitor of calcium ion influx into cells and calcium secretion from
cells via calcium ion channels (Thaw et al. 1984). Preliminary studies on the characterization of
ion channels in these cultures are shown in Figure 11. The sodium channel activator, veratridine
(VTD) (Bicknell and Schofield 1981) enhances the effect of 20-HE, and it is blocked by TTX.
This result suggests the presence of voltage-sensitive sodium channels in the differentiated cells.
The enhancement by VTD is similar to its effect in neonatal rat brain neurons in culture, which
survive better in the presence of VTD (Salthun-Lassalle et al. 2004). Similarly, the effects of
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veratridine are also blocked by cobalt, which suggests the involvement of calcium channels in
the response.
The axons within the nervous system carry information encoded as electrical impulses
from cell to cell within the organism, similar to the axons and clumped cell bodies of these
cultures. In addition to the development of axon-like structures, possible cell-to-cell contacts
that resemble synapses are occasionally present. In addition, the formation of putative synapses
in these cultures may underlie the expression of proteins involved in presynaptic and
postsynaptic mechanisms of cell-to-cell communication. The veratridine/TTX data demonstrates
unambiguously that the major ion channel underlying neuronal excitation, the voltage sensitive
sodium channel, is expressed following the treatment of cells according to our research (Figure
11). Expression of additional proteins may also result in formation of other voltage-gated ion
channels or ligand-gated receptors. For instance, expression of muscarinic-type acetylcholine
receptors was shown to be increased by 20-HE in Chironomus tentans fly cell line (Wegener et
al. 1996). Besides expression of this ligand-gated receptor, no other ion channels or
synaptogenesis was reported in Wegener et al. (1996) study.
The most important property of the differentiated cells, from the perspective of
insecticide discovery, would be the expression of ion channels and neurotransmitter receptors as
they form the majority of insecticide target sites. For example, sodium channels are targeted by
the pyrethroids, as an insecticide mode of action (Soderlund and Bloomquist 1989).
Neurotransmitters like acetylcholine and their receptors also prove to be good targets for
insecticidal modes of action. For instance, imidacloprid, a nicotine-related insecticide, mimics
the action of acetylcholine by binding and activating nicotinic acetylcholine receptors (Matsuda
et al. 2001); which causes continuous activation of receptors as they are insensitive to
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acetylcholinesterase (Bloomquist 1999). The insecticide fipronil, a chloride channel blocker,
works through antagonism of g-aminobutyric acid (GABA) receptors, which removes inhibition
and causes hyperexcitatory poisoning to the central nervous system (Bloomquist 2003). Other
insecticides, such as avermectins, work by increasing the membrane conductance to chloride ions
via activation of glutamate-gated chloride channels, which blocks electrical activity (Bloomquist
2001; Nauen 2002). Expression of any or all of these target sites in differentiated cells would be
advantageous for insecticide screening.
Another primary target site for insecticides is the enzyme acetylcholinesterase (Pope and
Liu 2002). Organophosphates and carbamates act by inactivating the enzyme to block the
neurotransmitter acetylcholine from degradation (Chambers and Carr 2002). Drosophila Kc-H
cells acquire acetylcholinesterase activity when treated with 10⁻⁸ M and higher concentrations of
20-HE (Cherbas et al. 1977; Best-Belpomme et al. 1980). A similar 2-fold stimulation of
acetylcholinesterase activity was observed after exposure to 0.3 μM 20-HE in an Aedes aegypti
cell line (Cohen 1981). These experiments establish that 20-HE induces acetylcholinesterase
activity; however, expression of this enzyme failed in our cells (Bloomquist and Klorig,
Unpublished). From the perspective of insecticide screening, the lack of expression of this
enzyme is not a fatal flaw, since it is easily prepared from whole insect homogenates.
Induction of a neuronal phenotype (axon-like processes) suggests that the cells would
contain protein channels involved in neuronal signal propagation. However, the findings of
Yagodin et al. 1997 indicate that morphological phenotype is distinct from ion channel
expression in insect cell lines. They were unable to find voltage-operated Ca²⁺ channels or
endogenous receptors for neurotransmitters they tested. In their study, eight clonal Drosophila
neuronal cell lines (ML-DmBG2c1-8) were derived from hand dissections of embryonic tissue.
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In this study, I considered the elongated, process bearing cells to be neuron-like. However, it is
possible that spherical cells in the presence of 20-HE or insulin might express ion
channels/receptors, and these cells are easier to voltage-clamp, since a good space clamp is easier
in round cells (Bar-Yehuda and Korngreen 2008). This is because the current recorded by the
voltage-clamp electrode in cells with elongations is calculated from locations that have different
membrane potentials because the cell membrane potential is not well clamped distally (BarYehuda and Korngreen 2008). Consequently, Bar-Yehuda and Korngreen (2008) state “voltagegated currents recorded from a nonspherical cell are, by definition, severely distorted due to the
lack of space clamp”.
Future work will include characterization of any neurotransmitter receptors or ion
channels found within these differentiated cells through immunofluorescence for sodium
channels and potassium-depolarized calcium fluorescence. Similarly, the cell cultures can be
screened for neurotransmitter-induced currents using voltage-clamp. Transcriptome analysis
should be performed to determine globally the transcription of ion channels or neuronal proteins
that might also be characterized for the implementation of insecticidal screening, if translated
and inserted into the cell membrane. Evaluation of the delayed maximal effect of insulin should
be completed using a technique that will inhibit synthesis of 20-HE when insulin is present in
these ovarian cells. Finally, electrophysiology will need to be done to characterize ion channel
properties and testing for the presence of any synaptic activity between these neuron-like cells.
Adaption of this experimental method for high-throughput screening starting with 96 well
technologies will be looked at in the future.
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