
CHAPTER

1

1

Basics of Biotechnology



Basics of Biotechnology

2

SUMMARY
Advances in both molecular biology and genetic engineering have enabled a modern 
approach to manipulating many organisms for industrial purposes. The applications of 
 biotechnology have produced higher-yielding or pest-resistant crops; more favorable  
 characteristics in livestock; and improved wines, cheeses, beer, and even medicines. The 
experiments of Gregor Mendel, the founder of modern genetics, provided the initial 
 understanding of how traits are inherited, specifically in pea plants. After Gregor Mendel’s 
ground-breaking work on inheritance, the structure of deoxyribonucleic acid (DNA) was 
determined. This eventually led to the concept of the central dogma of genetics, which states 
that the flow of genetic information is from DNA to proteins through an intermediate molecule 
called ribonucleic acid (RNA). Therefore, the flow of information resembles the following:  
DNA → intermediary RNA → protein. This process is universal across the three domains of life.

One of the unifying themes in life is that the genetic information is encoded in the spe-
cific sequence of nucleotides in DNA. To understand biotechnology, one must have a basic 
understanding of nucleic acid structure. Nucleic acids are polymers of nucleotides that are 
linked together by a phosphodiester bond. Each nucleotide has three basic parts: a five-
carbon sugar called a pentose, a phosphate group located on the 5′ end, and a nitrogenous 
base. The nucleotides in DNA differ slightly from those found in RNA. In RNA, the pentose 
is called ribose. In DNA, it is called deoxyribose. The difference is that deoxyribose is missing 
a hydroxyl functional group at the 2′ position. This hydroxyl is present in ribose. The nitrog-
enous bases of DNA nucleotides include adenine, cytosine, guanine, and thymine; whereas in 
RNA, uracil replaces thymine. One last major difference between the two nucleic acids is that 
RNA is often found as a single strand but DNA is double-stranded—hence, the phrase double 
helix. The two strands of DNA in the double helix run in opposite directions, much like traffic 
on a street. On one side, the strand runs 5′ to 3′, and then returns on the opposite side with 
3′ to 5′. This is termed antiparallel. The nitrogenous bases form hydrogen bonds between 
complementary bases in the middle of the helix: two bonds between adenine and thymine 
and three bonds between guanine and cytosine. When base pairing, it is always a purine 
(guanine and adenine) paired with a pyrimidine (cytosine, guanine, and RNA’s uracil).

The three-dimensional shape of the double helix is partly dependent on the specific  
environmental conditions. The most common form is the B-form, in which there are about 
10 bases per helix turn. Under high salt conditions, the A-form may be dominant (11 bases 
per turn). In some conditions, DNA could even rotate to the left and have 12 bases per turn; 
this is called the Z-form.

DNA contains thousands of genes and is quite long. Many proteins, some of which are 
enzymes, play a role in condensing and packaging DNA to fit into the tiny space of the cell. 
In bacteria, DNA is supercoiled into loops and then attached to a protein scaffold. In eukaryotes 
and many Archaea, the DNA is wrapped around histone proteins and then further condensed 
into fibers that are attached to a protein scaffold. The level of condensation of the DNA 
reflects on the level of gene expression that occurs from those regions.

Bacteria are ubiquitous, meaning that they are literally everywhere. They are extremely 
diverse and inhabit almost every environmental niche, ranging from frozen lakes in Ant-
arctica, to hot springs and thermal vents on the ocean floor. Biotechnology has exploited 
some of the components of the diverse metabolisms of bacteria. Enzymes from a heat-loving 
bacterium are used in procedures such as polymerase chain reaction (PCR), in which a heat-
stable enzyme is required.

Despite its usual negative publicity, Escherichia coli is the workhorse of molecular biology due 
to its relatively easy growth, maintenance, and genetic manipulation. E. coli often  contains 
extra pieces of DNA called plasmids, which are used to manipulate and transfer genes 
between cells of the same species, and sometimes even between different species. These genes 
are expressed into protein in the new host cells for evaluation of the gene. E. coli represents 
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just one of the bacterial species that are considered model organisms for biotechnology 
 purposes. There are many other model bacteria from which to choose, depending on the 
specific research and application.

Model eukaryotic organisms also are used in biotechnology research. Yeasts are single-
celled fungi that have similar chromosomal features found in human chromosomes, such 
as centromeres and telomeres. Yeast also have extrachromosomal pieces of DNA that can be 
manipulated to contain genes from other species. The life cycle of yeast includes  alternating 
haploid and diploid forms in which genetically identical daughter cells can be produced 
by budding, or new combinations of genes can be produced through sexual reproduction 
between two mating types of yeast.

Other model eukaryotic organisms include a small roundworm called Caenorhabditis elegans, 
which is often used to investigate genetic studies of multicellular organisms because it can 
reproduce asexually or sexually. The common fruit fly, Drosophila melanogaster, is used as a 
multicellular eukaryotic model because its genetics are relatively simple. Additionally, many 
mutants are available, and they have helped elucidate genes responsible for body patterns. 
Model eukaryotic organisms are not strictly limited to invertebrates. The zebrafish, Danio 
rerio, has been used extensively to study developmental genetics. Zebrafish have orthologs to 
many of our genes. The young are born live and develop outside their mothers. Because of 
these two points, zebrafish can also be used to screen drugs. Also, the mouse (Mus musculus) 
genome is incredibly similar to the human genome, in terms of gene equivalencies, and is 
therefore a model organism for studying human genetics. Researchers might also find it useful  
to study genes from cell lines. Many different cell lines exist from humans, monkeys, and 
insects. The advantages of using cell lines are that not only can genes be expressed or deleted, 
but also the cellular physiological effects of the manipulations can be monitored. Finally, 
plant genetics can be studied using the model flowering plant called Arabidopsis thaliana. 
The small genome, ease of growth and maintenance, and genetic characteristics common to 
important crop plants make this plant an ideal model organism for studying plant genetics.

No living organism is safe from viral infections. Viruses must have a host because they hijack 
the host cell’s machinery to produce many more virus particles. Viral life cycles usually 
adhere to one of two mechanisms: latency (also called lysogeny in bacteria) and lytic. During  
latency (lysogeny), the virus inserts its genetic information directly into the host cell’s 
genome. In the lytic cycle, the virus bursts open the host cell after replication and assembly 
of new virus, thus killing the host. The mechanisms of action for viruses make them excellent 
tools to study gene expression and also to transfer genes between strains and sometimes even 
species. Some human viruses might be helpful in human gene therapy because they are able 
to deliver genes-of-interest directly into the cells.

Other extrachromosomal gene elements are exploited by biotechnologists to manipulate the 
genome. They include plasmids, which often contain a few genes that confer advantageous  
traits to the host. These traits range from toxin production to antibiotic resistance. Transposons 
are also called jumping genes. These genetic elements must integrate into a host’s genome  
in order to be replicated. Transposable elements have the potential to delete genes, duplicate 
genes, and even invert some genes in the host’s genome, providing valuable tools for  
biotechnologists to manipulate the genome of target organisms.
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Parkinson’s disease is a neurodegenerative disease caused by the 

loss of midbrain dopaminergic neurons (DNs) in the substantia nigra 

pars compacta region of the brain. These DNs are responsible for 

locomotor activity. As shown previously, point mutations and dupli-

cations or triplications in the gene encoding a presynaptic protein, 

α-synuclein, have been implicated in the decline of locomotor activ-

ity and Parkinson’s disease progression. Transgenic Drosophila 

expressing human wild-type or mutant α-synuclein were used as 

a model for Parkinson’s disease study. Additionally, the authors of 

this study examined neuron clusters within the Drosophila brain and 

identified clusters of DNs that were involved in Parkinson’s disease-

associated decline in locomotor activity.

What type of assay was used to determine the effects of vari-

ous genetic manipulations on the locomotor activity within Dro-

sophila?

The startle-induced negative geotaxis (SING) assay was used to 

assess the locomotor activity within experimental Drosophila. In this 

assay, Drosophila are contained within a 25 cm vertical column and 

startled with a mechanical stimulus (gentle tapping). Climbing up is 

the normal response to this stimulus. After 1 minute of climbing, the 

flies at the top (above 22 cm) and the flies at the bottom (below 4 cm) 

are counted separately. A performance index is calculated for each 

experimental group.

In this paper, the authors used Drosophila fruit flies as a 

model to study Parkinson’s disease, a neurodegenerative loco-

motor disease in humans. How is this insect model comparable 

to a mammalian disease?

The Drosophila studies in this paper indicate that in flies express-

ing human α-synuclein, specifically α-synA30P mutant, locomotor 

activity was impaired relative to wild-type as observed using the 

SING assay. Furthermore, the authors identified specific subsets of 

DNs located within the protocerebral anterior medial (PAM) cluster of 

Drosophila that are comparable to the midbrain DNs of the substan-

tia nigra pars compacta in humans that are involved in Parkinson’s 

disease.

What is the role of α-synuclein in this study?

α-Synuclein protein is a presynaptic protein within the human 

brain. As previously shown, overexpression of α-synuclein, either by 

point mutation and duplication or triplication of the gene, has been 

implicated in the onset of inherited forms of Parkinson’s disease. 

Expression of this human protein within Drosophila brain produces a 

decline in locomotor activity as observed by the SING assay.

How were the authors able to locate a specific cluster of DNs 

within the Drosophila brain that was involved in the SING phe-

notype?

The authors evaluated SING behavior in flies that produced 

α-synuclein with various Gal4 drivers that are expressed within sub-

sets of DNs. Gal4 is an expression system for Drosophila. The assays 

included Ddc-Gal4, which contained elements from Dopa decarbox-

ylase (Ddc). The Ddc driver targets both dopaminergic and seroto-

nergic cell clusters. These subsets were investigated using TH-Gal4 

(dopaminergic) and TRH-Gal4 (serotonergic). The SING phenotype 

was observed in flies expressing α-synuclein with Ddc-Gal4, but not 

with either of the subsets (TH-Gal4 or TRH-Gal4). Out of all three of 

these drivers, only the Ddc-Gal4 expresses in the PAM cluster of 

DNs within the Drosophila brain. The authors further investigated the 

role of the PAM cluster on the SING phenotype by expressing both 

α-synuclein and NP6510-Gal4, which targets about 15 DNs within 

the PAM cluster. Similar decline in SING behavior was observed and 

to the same extent as the original Ddc-Gal4 expression.

Specifically, what regions of the Drosophila brain are involved 

in the SING phenotype?

The mushroom body (MB) is a structure located within the ante-

rior hemisphere of the Drosophila brain. This structure is known to 

control locomotor activity as well as several other activities, includ-

ing olfactory memorization and sleep. The authors determined that 

the specific region of the MB involved in locomotor control were the 

α′/β′ lobes, specifically the projections of NP6510 DNs into the β′ 
lobes. The PAM cluster contains the cell bodies for DNs that are also 

involved in locomotor activity. The results from this article suggest 

that locomotor activity is derived from both of these parts.

The loss of locomotor control during Parkinson’s disease in 

humans results from the degeneration of DNs located within the sub-

stantia nigra pars compacta of the human brain. The authors utilized a 

transgenic insect model to determine the effects of human α-synuclein 

overexpression on locomotor activity using the SING assay. The 

authors determined the SING phenotype in the flies upon expression 

of human α-synuclein is due to the loss of function within a subset of 

DNs within a region of the Drosophila brain called the PAM cluster. 

The role of these PAM DNs in locomotor decline within Drosophila 

is comparable to the function of the DNs within the substantia nigra 

pars compacta of the human brain. Thus, the Drosophila model has 

provided researchers insight into the role of these DNs in the decline 

of locomotor control observed in Parkinson disease in humans.

Case Study  A Single Dopamine pathway Underlies progressive 
Locomotor Deficits in a Drosophila Model of parkinson 
Disease

thomas Riemensperger et al. (2013). Cell Reports 5, 952–960.
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SUMMARY

Expression of the human Parkinson-disease-associ-
ated protein a-synuclein in all Drosophila neurons
induces progressive locomotor deficits. Here, we
identify agroupof15dopaminergicneuronsperhemi-
sphere in theanteriormedial regionof thebrainwhose
disruption correlates with climbing impairments in
this model. These neurons selectively innervate the
horizontal b and b0 lobes of the mushroom bodies,
and their connections to the Kenyon cells are mark-
edly reduced when they express a-synuclein. Using
selective mushroom body drivers, we show that
blocking or overstimulating neuronal activity in the
b0 lobe, but not the b or g lobes, significantly inhibits
negative geotaxis behavior. This suggests thatmodu-
lation of themushroombody b0 lobes by this dopami-
nergic pathway is specifically required for an efficient
control of startle-induced locomotion in flies.
INTRODUCTION

Locomotor activity in both vertebrates and invertebrates

depends on signaling from the brain dopaminergic system

(Beninger, 1983; Zhou and Palmiter, 1995; Giros et al., 1996;

Yellman et al., 1997; Riemensperger et al., 2011). Loss of

midbrain dopaminergic neurons (DNs) in the substantia nigra

pars compacta in humans causes the motor symptoms of Par-

kinson disease (PD), the most frequent neurodegenerative

movement disorder (Forno, 1996; Dauer and Przedborski,

2003; Lees et al., 2009; Shulman et al., 2011). Point mutations

and duplication or triplication of the gene encoding a-synuclein

(a-syn), a mainly presynaptic protein, were implicated in in-

herited forms of PD (Polymeropoulos, 2000; Corti et al., 2011;
952 Cell Reports 5, 952–960, November 27, 2013 ª2013 The Authors
Devine et al., 2011). By ectopic expression of wild-type or path-

ogenic mutant forms of human a-syn, Feany and Bender (2000)

developed the first transgenic model of PD in Drosophila. Flies

expressing a-syn in all neurons show accelerated age-depen-

dent locomotor deficits compared to wild-type flies, as moni-

tored by a startle-induced negative geotaxis (SING) assay, which

quantifies the climbing behavior of a fly in response to a gentle

mechanical stimulus. This behavioral impairment is accompa-

nied by a gradual loss of DNs or tyrosine hydroxylase (TH) immu-

noreactivity in selective cell clusters of the brain (Feany and

Bender, 2000; Auluck et al., 2002, 2005; Cooper et al., 2006;

Trinh et al., 2008; Barone et al., 2011; Butler et al., 2012). Further-

more, depletion of DNs using oxidative stressors such as rote-

none or paraquat (Coulom and Birman, 2004; Chaudhuri et al.,

2007; Hosamani et al., 2010; Lawal et al., 2010; Islam et al.,

2012), as well as genetically induced dopamine (DA) deficiency

in the fly brain (Riemensperger et al., 2011), severely impair

SING behavior. All these results highlight the importance of brain

DA for locomotor control in Drosophila.

Here, we use human a-syn expression to search for those spe-

cific neuronal circuits that control startle-induced locomotion in

Drosophila. We identify a subset of 15 DNs in the protocerebral

anterior medial (PAM) dopaminergic cluster whose progressive

dysfunction causes deficits in SING behavior. These neurons

selectively innervate the mushroom body (MB) b and b0 horizon-
tal lobes. Consistent with this projection pattern, we find that

selective blockade of neuronal activity in the MB b0 lobes impairs

locomotion in the SING assay.

RESULTS AND DISCUSSION

We studied the behavioral effects of themutant form a-synA30P,

whose neuronal expression caused the strongest locomotor

impairment in the Drosophila model of PD (Feany and Bender,

2000). In agreement with this report, we observed that

elav > a-synA30P flies, in which the PD-associated protein is

mailto:serge.birman@espci.fr
mailto:triemen@gwdg.de
http://dx.doi.org/10.1016/j.celrep.2013.10.032
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Figure 1. Expression of a-synA30P in a Single DN Cluster Evokes Locomotor Deficits

(A) Flies expressing a-synA30P with elav-Gal4 (elav > a-syn, gray) or Ddc-Gal4 (Ddc > a-syn, red) showed accelerated age-related locomotor (SING) decline as

compared to control heterozygousUAS-a-synA30P flies (UAS-a-syn, black). In contrast, expression with TH-Gal4 (TH > a-syn, green) or TRH-Gal4 (TRH > a-syn,

blue) had no significant effect.

(B) a-synA30P expression in a single DN cluster with NP6510-Gal4 (NP6510 > a-syn, orange) triggered SING deficits similar to elav > a-syn or Ddc > a-syn flies,

compared to heterozygous UAS-a-synA30P (black) or NP6510-Gal4 (brown) controls.

(C) Flies expressing a dsRNA targeting TH inNP6510-positive neurons (NP6510 > TH-dsRNA, pink) showed locomotor phenotype similar toNP6510 > a-syn flies.

Controls were heterozygous NP6510-Gal4 (brown) and UAS-TH-dsRNA (gray). **p < 0.01, ***p < 0.001; one-way ANOVA over each time point. Error bars

represent SEM.

(D) Schematic depiction of the dopaminergic system and driver patterns in Drosophila adult brain. The driver color code corresponds to the colors of curves in (A)

and (B). Left and right hemispheres represent the anterior and posterior parts of the brain, respectively. MB, mushroom bodies; AL, antennal lobes; SE, sub-

esophagial ganglion; OL, optic lobes. Dopaminergic cluster nomenclature (Nässel and Elekes, 1992): PAL (protocerebral anterior lateral), PAM (protocerebral

anterior medial), PPM (protocerebral posterior medial), PPL (protocerebral posterior lateral).

(E) Patterns of dopaminergic drivers in central brain regions revealed by expression of membrane-associated GFP. In situ coimmunostainings with anti-GFP

(green) and anti-TH (magenta) antibodies. Colocalizations merge both colors in white, showing driver-targeted dopaminergic cell bodies and projections. (1–3)

TH-Gal4 drives expression in DNs projecting to the vertical lobes of the MBs and to the ellipsoid and fan-shaped bodies. (4–6) Ddc-Gal4 strongly labels neurons

projecting to theMBhorizontal lobes and only weakly labels the ellipsoid and fan-shaped bodies. (7–9)NP6510-Gal4 labels a subset of PAMDNs projecting to the

horizontal lobes of theMBs, but not the ellipsoid body, whereas nondopaminergic neurons innervating the fan-shaped body are also labeled with this driver. Scale

bars represent 20 mm.

See also Figures S1–S3.
expressed in all neurons, indeed show an accelerated age-

dependent decline in SING performance (Figure 1A). We then

compared the locomotor effects of a-syn produced with various

Gal4 drivers that express in large or small subsets of DNs. Brain

patterns of the different drivers used are shown in Figure S1A

and schematically represented in Figure 1D. Expression using

Ddc-Gal4 or elav-Gal4 yielded quite similar defects in this behav-

ioral test (Figure 1A). Ddc-Gal4 contains regulatory elements
Ce
from Dopa decarboxylase (Ddc), a gene involved both in the

serotonin (5-HT) and DA biosynthesis pathways (Figure S1B),

and this driver accordingly targets subsets of the dopaminergic

and serotonergic cell clusters (Figure S1A). Surprisingly, the

expression of a-synA30P using the dopaminergic driver TH-Gal4

did not induce significant impairments in this test (Figure 1A), nor

did a-synA30P expression in the serotonergic system with

TRH-Gal4 induce any locomotor phenotype (Figure 1A).
ll Reports 5, 952–960, November 27, 2013 ª2013 The Authors 953



Figure 2. MB b and b0 Horizontal Lobes Receive Dopaminergic Inputs from NP6510-Positive PAM Neurons

(A) Whole structure of the NP6510-labeled PAM neurons visualized with membrane-associated GFP. (1) In situ immunostainings with anti-GFP (green), (2) MB

labeling with mb247-DsRed (magenta), (3) merge, and (4) 3D Amira reconstruction. NP6510-positive DNs project from the PAM cluster into the horizontal b and b0

lobes of the MBs. Projections of nondopaminergic neurons of the same cluster pass close to the MBs and project to the fan-shaped body. Scale bars represent

20 mm.

(B) Expression of the vesicular glutamate transporter fused to GFP (DVGlut::GFP) as a synaptic vesicle marker in NP6510 neurons. Counterstaining against MB

a/b lobes with anti-Fas II antibody (2) shows that NP6510 neurons are presynaptic to the horizontal lobes of the MBs (1), as can be seen in the merge (3).

(legend continued on next page)
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TH-GAL4 strongly expresses in all brain DN clusters except the

PAM cluster, which is very sparsely labeled (Friggi-Grelin et al.,

2003; Mao and Davis, 2009; Pech et al., 2013a). In contrast,

Ddc-Gal4 extensively expresses in this specific cluster (Clar-

idge-Chang et al., 2009; Liu et al., 2012; Pech et al., 2013a) (Fig-

ure S1B). We concluded that the observed negative geotaxis

defects could be tentatively assigned to the PAM. This cluster

consists of�100 DNs in each hemisphere and is indeed covered

by the expression pattern of Ddc-Gal4 and elav-Gal4 but faintly

by TH-Gal4 and not by TRH-GAL4. Another notable difference

is that TH-Gal4 drives expression mainly in DNs innervating the

MB vertical lobes, the heel region, and the tips of the g lobes,

as well as the fan-shaped body and the ellipsoid body (Figures

1E1–1E3), whereas Ddc-Gal4 mainly labels neurons innervating

the MB horizontal lobes and only weakly the fan-shaped body

and the ellipsoid body (Figures 1E4–1E6).

To assess the role of PAM neurons in SING behavior, we

expressed a-synA30P with NP6510-Gal4 (NP6510) (Liu et al.,

2006; Tanaka et al., 2008; Aso et al., 2010), a driver that targets

a subset of 15 DNs within the PAM cluster (Figure S2A). Strik-

ingly, a-synA30P expression with NP6510 altered SING perfor-

mance to a quite similar extent as compared to pan-neuronal

expression with elav-GAL4 orDdc-GAL4 (Figure 1B). Expression

of the wild-type form of a-syn in NP6510-positive neurons also

resulted in a faster decline of SING with age (Figure S3A), but

the effect was not as strong as with a-synA30P, as is the case

with elav-Gal4 (Feany and Bender, 2000). Furthermore, express-

ing a double-stranded RNA (dsRNA) to inactivate the TH gene

selectively in NP6510-targeted neurons also caused an acceler-

ated decline in SING performance, much similar to the effect of

a-synA30P (Figure 1C). Thus, inhibiting DA synthesis in the

NP6510 DNs is sufficient to closely mimic the age-related

SING defect evoked by a-synA30P, in agreement with the com-

parable SING impairment observed in brain DA-deficient flies

(Riemensperger et al., 2011).

We observed that TH-expressing NP6510-positive DNs proj-

ect specifically toward the tips of the b0 lobes and the middle

part of the b lobes (Figure 1E7), which is comparable to the

Ddc-Gal4 MB innervation pattern (Figure 1E4). We expressed

photoactivable GFP with NP6510-Gal4 and activated the chro-

mophore selectively in these MB regions in a single hemisphere.

The diffusion of activated GFP confirmed the projection pattern

of the NP6510 DNs and showed that they project to both the ipsi-

lateral and contralateral MBs (Figures S2B1 and S2B2). Both

classes of DNs appear to differ morphologically, and the DNs

that innervate the b0 lobes show extensive dendritic arborizations

(Figure S2B2). NP6510 expresses in two to three other neurons

whose cell bodies are located in the PAM cluster and that are

not stained with an antibody against TH (Figures 1E7–1E9 and

S2A), indicating that they cannot synthesize DA. These neurons,

whose function is unknown, bypass the MB region and project

mainly to the fan-shaped body in the contralateral hemisphere
(C) The two-component split-GFP system (GRASP) was employed to visualize spa

was expressed in NP6510 neurons, and CD4-Split-GFP11 and DsRed were co

MB-specific promoter mb247. (1) Reconstituted GFP, (2) mb247-DsRed, and (3)

(D) 3D Amira reconstruction of the reconstituted GFP signal. Lateral (1) and frontal

in the a, a0, and g lobes. Scale bars represent 20 mm.

Ce
(Figures 1E9 and 2A). This projection pattern was confirmed by

GFP photoactivation as well (Figure S2B3).

As further evidence of the specific role of the PAMDNs in loco-

motion control, we expressed a-synA30P with R58E02-Gal4, a

driver that specifically labels a large part (�80%) of the PAMneu-

rons in the central brain (Liu et al., 2012; Pech et al., 2013a).

Although heterozygous R58E02-Gal4 flies already show a faster

age-related SING decline, a-synA30P expression with this driver

significantly further impaired locomotion (Figure S3B). Interest-

ingly, R58E02-positive neurons project to the horizontal lobes

of the MBs, like the NP6510 DNs, but not the ellipsoid or fan-

shaped body (Figure S3C).

These results suggest that the observed locomotor phenotype

could derive from altered signaling between the PAM DNs and

the MB horizontal lobes. We then characterized the NP6510-tar-

geted neurons further by (1) expressing in these cells the synap-

tic vesicle marker DvGlut::GFP to localize their presynaptic

terminals (Figure 2B) and (2) using the split-GFP reconstitution

across synaptic partners (GRASP) technique (Feinberg et al.,

2008; Gordon and Scott, 2009; Pech et al., 2013a) to visualize

direct connections of these neurons to the MBs (Figures 2C

and 2D). These complementary anatomical approaches estab-

lished that theNP6510 DNs are presynaptic to the MB horizontal

lobes.

By using the split-GFP reconstitution technique, we found

that a-synA30P expression provoked an apparent decrease in

NP6510-positive dopaminergic terminals connected to the mid-

dle part of the MB b lobes and the tip of the b0 lobes in 3-day-old

adult flies, compared to control flies of the same age (Figures

3A1 and 3B1). This is attested by a volumetric analysis of the

GRASP signal between NP6510-positive DNs and MB Kenyon

cells in the horizontal lobes (Figure 3C1). In 20-day-old flies,

this effect was drastic with an almost complete disappearance

of dopaminergic connections, particularly in the b0 lobes (Figures
3A2–3C2). These results indicate that the synaptic terminal loss

starts very early, possibly before pupal eclosion, and continues

to progress significantly in the course of adult life, demonstrating

that it is a degenerative process. In contrast, we did not detect

overt loss of DN cell bodies in the PAM cluster and projections

of nondopaminergic NP6510 neurons toward the fan-shaped

bodies were not modified by the accumulation of a-synA30P

(Figure S4). This suggests that expression of pathogenic

a-synA30P in the NP6510 DNs leads to a disruption of localized

synaptic structures afferent to the MB horizontal lobes that may

ultimately cause locomotion failure. Similarly, in mouse models

of PD, a-syn overexpression was shown to induce degeneration

of striatal terminals and locomotor deficits without obvious cell

death (Scott et al., 2010; Lim et al., 2011; Lundblad et al.,

2012). It can be noted that a large part of the connections

between DNs and Kenyon cells are already lost when the SING

performance starts to decrease (see Figure 1B). This is reminis-

cent of the human PD conditions in which major DN loss
tial connections betweenNP6510DNs andMBKenyon cells. CD4::spGFP1-10

expressed in a, b, and g, as well as in a0 and b0 lobes, under control of the
merge.

(2) views. Synapses are present in the b lobes and the tip of the b0 lobes, but not

ll Reports 5, 952–960, November 27, 2013 ª2013 The Authors 955



Figure 3. Reduced Connectivity between Dopaminergic PAM Neurons and MB Kenyon Cells in the Presence of a-synA30P

(A) Visualization of cell-cell contacts by split-GFP reconstitution 3 days (1) and 20 days (2) after adult eclosion in representativeMBs of control animals (top panels)

and flies expressing a-synA30P in NP6510 DNs (bottom panels). Merge of reconstituted Split-GFP (GRASP) signal (Reconst. GFP, green) and MB-specific

expression of DsRed (mb247-DsRed, magenta) appears in white.

(B) 3D Amira reconstruction of representative MBs (gray) and their dopaminergic innervation (green). Same experimental conditions as in (A).

(C) Volumetric analysis of reconstituted split-GFP signal between NP6510 DNs and Kenyon cells in the area of the horizontal b and b0 lobes of the MBs in the

absence (control) or presence of a-synA30P, 3 days and 20 days after eclosion (a.E.). Box-and-whisker plots represent the median (horizontal line), the mean

(square), 25% and 75% quartiles (box), and 10% and 90% quantiles (whiskers). **p < 0.01, ***p < 0.001; one-way ANOVA.

(D) Effect of prolonged Ca2+ stress in NP6510-positive DNs. Flies expressing the heat-inducible cation channel dTRPA1 in a subset of PAM neurons show SING

defects 2 and 3 weeks after eclosion when kept on elevated temperature for 12 hr each day (panel 2). Flies similarly treated that expressed either GFP as control

(legend continued on next page)
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precedes the first motor symptoms of the disease. Dopami-

nergic connections also decreased with age in control animals,

suggesting that this loss could be responsible in part for the reg-

ular SING decline in aging wild-type flies.

Subsequently, we tried to mimic the effect of transgenic

expression of a-synA30P on startle-induced locomotion by tran-

siently impairing activity of the NP6510-positive neurons by

two genetic means. We either periodically silenced synaptic

transmission in this subset of the PAM neurons with the tem-

perature-sensible shits1 mutant of dynamin (Kitamoto, 2001)

or stressed these neurons through repeated influx of Ca2+

ions with the cation-permeant thermal sensor channel dTRPA1

(Hamada et al., 2008). Adult flies expressing GFP, dTRPA1, or

shits1 in NP6510 neurons were alternately incubated every day

at 31�C for 12 hr and at 25�C for 12 hr, and their locomotion

was tested at 7, 15, and 21 days after eclosion (Figure 3D).

Compared to NP6510 > GFP flies as a control (Figure 3D1),

sustained dTRPA1 activation progressively decreased SING

performance (Figure 3D2), as is the case with flies expressing

a-synA30P or a dsRNA against TH in the same neurons (Figures

1B and 1C). In contrast, periodical inhibition of synaptic trans-

mission with shits1 did not impair negative geotaxis (Figure 3D3).

This suggests that sustained influx of cations mediated by

dTRPA1 for 12 hr a day progressively altered neuronal func-

tioning, thus mimicking the deleterious effects of a-synA30P,

whereas silencing synaptic activity with shits1 for long periods

of time had no comparable negative effect.

The MB is a paired brain structure involved in several essential

brain functions, like olfactory memory formation (Heisenberg,

2003; Fiala, 2007; Davis, 2011; Kahsai and Zars, 2011; Waddell,

2013), sleep (Bushey andCirelli, 2011) and the control of locomo-

tor activity (Howse, 1975; Martin et al., 1998; Helfrich-Förster

et al., 2002; Serway et al., 2009). Here, we tried to identify regions

of the MBs involved in locomotion control. For that purpose, we

either silenced or overstimulated the different MB lobes by incu-

bating at 31�C for 10 min flies that expressed shits1 or dTRPA1,

respectively, with MB specific drivers, before subjecting these

flies to the SING paradigm. We used c305a-Gal4 to target selec-

tive expression in the a0/b0 and faintly g lobes, but not in the a/b

lobes (Krashes et al., 2007; Pech et al., 2013b), andmb247-Gal4

that expresses in a/b and g lobes, but not in a0/b0 lobes (Zars

et al., 2000; Krashes et al., 2007; Pech et al., 2013a, 2013b)

(Figure 4A). With these drivers, we found that either silencing

or overstimulation of the a0/b0 lobes, but not of the other MB

lobes, had similar strong inhibitory effects on climbing activity

of the flies (Figures 4B and 4C). These results substantiate the

conclusion that projections of the NP6510 DNs to the b0 lobes
can potently modulate a startle-induced locomotor response.

The PAM cluster comprises different subtypes of DNs impli-

cated in distinct behaviors, notably in aversive and appetitive

reinforcement of olfactory memory (Waddell, 2013). Interest-

ingly, it was reported that the NP6510 DNs are not involved in
(panel 1) or shits1 that inhibits neurotransmitter release above 30�C (panel 3) do

adult flies continuously at 25�C. Dark gray bars: adult flies alternately incubated

represent SEM.

See also Figure S4.

Ce
associative learning and memory (Aso et al., 2010). This sug-

gests that these neurons and the specific Kenyon cells they

innervate could be specifically involved in locomotion control.

Thereby, the insect dopaminergic system shares a similarity

with that of vertebrates, whose DNs are most prominently

implicated in either learning and memory or locomotion control

(Dunnett et al., 2005).

In conclusion, our results demonstrate that the SING pheno-

type in the Feany and Bender PD model primarily derives from

gradual dysfunction of a subset of DNs in the PAMclusterwithout

overt cell death. Progressive disruption of synaptic structure or

activity in these cells by sustained a-synA30P or TH-dsRNA

expression, or by dTRPA1 activation, all impaired the fly’s climb-

ing ability. Strikingly, the expression of a-synA30P in these 2 3

15 DNs progressively altered locomotion to the same extent as

theexpression of thepathogenic protein in the�100,000neurons

of theDrosophila brain. These PAMDNs and theMB b0 lobe Ken-
yon cells they innervate form a neuronal circuit involved in control

of SING behavior. These DNs are very susceptible to a-syn

toxicity and they play an important role in locomotion, compa-

rably to themidbrain DNs in humanswhose degeneration causes

themotor symptomsofPD. Thus, in flies, as in humans,motor im-

pairments in PD conditions correlate to the degeneration of a

specific subset of brain DNs located in the substantia nigra

pars compacta in humans and in the PAM cluster in Drosophila.

This opens the way for future studies in a genetically tractable

organism to decipher the pathological pathways activated by

a-syn that cause disruption of these dopaminergic projections

aswell as the cellular interactionmechanisms leading fromdopa-

minergic terminal loss to progressive locomotor dysfunction.

EXPERIMENTAL PROCEDURES

Drosophila Culture and Strains

Fly stocks and crosses were raised at 25�C on standard corn meal/yeast/agar

medium supplemented with methyl-4-hydroxy-benzoate as a mold protector,

under a 12 h/12 hr light/dark cycle. The following fly strains were from the

Bloomington Drosophila Stock Center: elav-GAL4 (elavC155, #458), UAS-TH-

dsRNA (TriP JF01813, #25796); UAS-mCD8::GFP (#5137), UAS-n-syb::GFP

(#6921). An UAS-mCD8::GFP, UAS-n-syb::GFP strain (here named UAS-

mCD8/n-syb::GFP) was obtained by meiotic recombination and used to visu-

alize whole neuronal structures. Other strains were Ddc-Gal4 (HL8.6) (Li et al.,

2000), TH-Gal4 (Friggi-Grelin et al., 2003), TRH-Gal4 (Pech et al., 2013a),

NP6510-Gal4 (Liu et al., 2006), R58E02-Gal4 (Liu et al., 2012), c305a-Gal4

(Krashes et al., 2007), mb247-Gal4 (Zars et al., 2000), mb247-DsRed

(Riemensperger et al., 2005; Pech et al., 2013b), UAS-a-synWT and UAS-

a-synA30P (Feany and Bender, 2000), UAS-C3PA-GFP (Ruta et al., 2010),

UAS-DVGlut::GFP (T. Rival and S.B., unpublished data),UAS-shits1 (Kitamoto,

2001), and UAS-dTRPA1 (Hamada et al., 2008).

Negative Geotaxis

SING was assayed as previously described (Coulom and Birman, 2004; Rival

et al., 2004). Groups of 10 to 20 flies were placed in a vertical column (25 cm

long, 1.5 cm diameter) with a conic bottom end. They were suddenly startled

by gently tapping them down, to which Drosophila respond by climbing up.
not show significant decline in their locomotor performance. Light gray bars:

12 hr at 31�C and 12 hr at 25�C. **p < 0.01; Mann-Whitney U test. Error bars

ll Reports 5, 952–960, November 27, 2013 ª2013 The Authors 957



Figure 4. Activity of the MB Prime Lobes Controls Startle-Induced Locomotion

(A) Expression patterns of mushroom body drivers. mb247-Gal4 (1–3) shows staining in a/b and g lobes, but not in a0/b0. In contrast, c305a-Gal4 (4–6) primarily

expresses in a0/b0 lobes. Immunostaining against GFP (green) and counterstaining with anti-FasII (magenta) that only labels the a/b and g lobes. Colocalizations

appear in white. Scale bars represent 50 mm.

(B) Perturbations of MB b0 lobe signaling interfere with the SING response. Expression of either shits1 or dTRPA1 with the a0/b0 driver c305a-Gal4 decreased

negative geotaxis performance after 10 min incubation at elevated temperature (31�C, dark gray bars), compared to unheated controls (23�C, light gray bars).

Flies were aged 7–10 days a.E. ***p < 0.001, Mann-Whitney U test.

(C) Artificial activation of a/b and g lobes with mb247-Gal4 triggered no decrease in locomotor performance (p = 0.1431). Silencing with shits1 showed a slightly

positive effect (p = 0.029). Same procedures as in (B). Error bars represent SEM.
After 1 min, flies having reached the top of the column (above 22 cm) and flies

remaining at the bottom end (below 4 cm) were separately counted. Three

rounds per column were performed at 1 min intervals. Results are the

mean ± SEM of the scores obtained with five to 15 independent groups of flies

per genotype. The performance index (PI) is defined as ½[(ntot + ntop � nbot)/

ntot], where ntot, ntop, and nbot are the total number of flies, the number of flies

at the top, and the number of flies at the bottom, respectively. To test for the

effect of aging, flies of each condition were evaluated each week throughout

a period of 7 weeks. Dead flies were replaced by substitutes of the same

age. The same experiments were repeated two or three times at different

periods of the year. For silencing or overstimulation of MB neurons, 7- to 10-

day-old flies expressing shits1 or dTRPA1, respectively, were incubated for
958 Cell Reports 5, 952–960, November 27, 2013 ª2013 The Authors
10 min at 31�C, or at 23�C for controls, just before the SING assay. Statistical

analyses were performed with GraphPad Prism (GraphPad Software) using

Mann-Whitney U test or one-way ANOVA with the post hoc Tukey-Kramer

test. Error bars in figures represent SEM.

Immunohistochemistry

Adult brains were dissected in ice-cold Drosophila Ringer’s solution and

processed for whole-mount immunostaining as previously described

(Riemensperger et al., 2011). The followingprimaryantibodieswereused:mouse

monoclonal anti-TH (ImmunoStar, 1:50), rabbit anti-GFP (Invitrogen Molecular

Probes, 1:500), mouse monoclonal anti-Fasciclin II (FasII) (Developmental

StudiesHybridomaBank,1:50). Thesecondaryantibodiesweregoatanti-mouse



or anti-rabbit conjugated to Alexa Fluor 488or 555 (InvitrogenMolecular Probes,

1:500). Images were acquired with a Nikon A1R confocal microscope.

GFP Photoactivation

Brains of 7-day-old mb247-DsRed; NP6510-Gal4/UAS-C3PA-GFP female

flies were dissected in ice-cold Ringer’s solution. The regions of interests

within the MBs, spotted by mb247-DsRed fluorescence, were selectively

scanned in their three dimensions at 760 nm with 5% laser power and

0.53 ms pixel dwell time using a Zeiss LSM7 MP two-photon microscope

equipped with a Zeiss w-Plan Apochromat 203 water immersion objective

(NA = 1.0). Each pixel was excited 25 times in intervals of �1 min each. The

activated PA-GFP molecules were allowed to diffuse for 45 min before the

brains were scanned again at 950 nm excitation and PA-GFP and dsRed

fluorescence were recorded simultaneously using a dichroic mirror in combi-

nation with 500–550 nm and 575–610 nm emission filters.

Split-GFP Reconstitution across Synaptic Partners

For the visualization of connectivity between DNs and Kenyon cells with the

GRASP method (Feinberg et al., 2008; Gordon and Scott, 2009), the strain

mb247-DsRed; mb247-CD4::spGFP11, UAS-CD4::spGFP1-10 (Pech et al.,

2013a) was crossed to NP6510-Gal4, and observations were carried out on

5- to 6-day-old progeny females (raised at 25�C and 60% humidity). Brains

were dissected and mounted in Ringer’s solution, with the anterior side facing

upward. Image stacks covering 180 mmwere acquired at 0.6 mm z steps using

a Zeiss LSM7 MP two-photon microscope, equipped with a w-plan apochro-

mat 203 water immersion objective, an excitation of 8% laser power at

950 nm, a pixel dwell of 2.3 ms, an x/y resolution of 0.18 mm/pixel, and a line

average of 4. GRASP fluorescence and dsRed fluorescence were recorded

simultaneously, using a dichroic mirror in combination with 500–550 nm and

575–610 nm emission filters. To compensate for changes in detected intensity

due to the depth of the optical slice within the brain, gain was adjusted manu-

ally (8% decrease from deepest to most anterior slice).

To analyze the effect of a-synA30P on connectivity, we generated mb247-

DsRed/UAS-a-synA30P; NP6510-Gal4/mb247-CD4::spGFP11, UAS-CD4::

spGFP1-10 flies and compared them to mb247-DsRed/CyO; NP6510-Gal4/

mb247-CD4::spGFP11, UAS-CD4::spGFP1-10 sib progeny as control 3 and

20 days after eclosion. Brains of those flies were immunostained as described

above, using the anti-GFP20 primary antibody (Sigma-Aldrich G6539, 1:200)

that specifically recognizes reconstituted split-GFP (Gordon and Scott,

2009; Pech et al., 2013a). Immunostainings were performed in parallel for all

brains, using a mastermix of reagents, and all image stacks were captured

on the same day, using exactly equal microscope settings. Images were pro-

cessed using the Fiji Software (Schindelin et al., 2012). For reconstruction,

Amira 5.3.3 software (Visage Imaging) was used, in particular the function

’’label field’’ on either the dsRed channel or the GFP channel of the stack.

Based on empiric evaluation of noise and background in control images and

based on the respective background noise of each image, an intensity

threshold was manually defined. For each channel, pixels above this threshold

were labeled and a volumetric surface was generated (smoothed for MB label

field, unsmoothed for GRASP label field). The a-synA30P-induced loss of

dopaminergic terminals in the horizontal lobes was observed in three indepen-

dent experiments, and volumetric analysis of reconstituted split-GFP signal

was performed on ten MBs from five flies per condition. The Kolmogorov-

Smirnov method was used to confirm normal distribution of the data.

Statistical analysis was performed using a one-way ANOVA with the post

hoc Tukey-Kramer test.

SUPPLEMENTAL INFORMATION

Supplemental Information includes four figures and can be found with this
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