






ABSTRACT 

Neurotransmitters and their receptors play pivotal roles in the normal functioning of 

the nervous system including learning and memory, and associated pathological 

states. For example, inapt dopaminergic transmission can cause various behavioral 

disorders, such as Parkinson's disease, attention-deficit hyperactivity disorder, 

addiction to drugs and schizophrenia. The precise role of dopamine in behavior 

including learning and memory is not well understood, as well as in diseases is not 

fully clear. Recent work in C. elegans has shown that dopamine release in behavioral 

plasticity is modulated in part through a dopamine auto-receptor DOP-2 in the 

participating pre-synaptic neurons. The DOP-2 sequence is similar to D2-type 

mammalian dopamine receptors with characteristic seven trans-membrane structure 

known to act through G-protein coupled pathways. We are testing the hypothesis that 

the dopamine auto-receptor acts through an identified Ga-subunit. Our methods 

include behavioral analysis, genetically-crossed transgenic animal generation and 

con-focal microscopy. Data-mining the C. elegans expression database has revealed 

that dop-2 shares expression overlap with gpa-14, which codes for a Ga-subunit. We 

have carried out a detailed characterization of the dop-2 ofloss-of-function mutant. 

Results from our experiments indicate an interaction between the respective gene 

products of dop-2 and gpa-14. 
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Dopamine acts through dopamine receptors, which belong to the 

family of seven-transmembrane G protein-coupled receptors that act through cAMP 

and Ca
++ 

signal transduction mechanisms. Dopamine receptive neurons have a high

concentration of receptors localized to the dendritic spine region, whose morphological 

plasticity is known to be regulated through development and experience (Wei-Dong et 

al., 2009). Dopamine receptors are classified into two families, the D 1- and D2-types. 

The DI -receptors are coupled to Gas G-proteins and stimulate adenylate cyclase which 

increases the production of cAMP, and activates protein kinase A (PK.A) and 

subsequent post-synaptic downstream signaling systems. In general, the D2-receptors 

act antagonistically to the Dl receptors in terms of cAMP/PKA-dependent signaling, 

and are also known to modulate intracellular Ca2+ 

dependent signaling processes 

through Gai. Synergistic effects of DI and D2 type receptors have also been reported 

for certain behaviors in mice (McNamara et al., 2003). Re-uptake of dopamine from 

the synaptic cleft is achieved through the dopamine transporter DAT in pre-synaptic 

neurons, which also express D2 auto-receptors. The mechanism that leads to dopamine 

release and the signal transduction processes mediated by dopamine receptors are 

poorly understood. The D2 auto-receptors have been proposed to regulate the release 

of dopamine from the pre-synaptic neurons as well as reuptake by DAT (Williams and 

Galli, 2006; Voglis and Tavemarakis, 2008). 

C. e/egans as a model to study dopaminergic modulation in behavioral plasticity

Ever since the description of Caenorhabditis elegans (C. elegans) as a potential 

multicellular lab model in 1974 by Sydney Brenner, it has been widely used for 
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Generating Males 

Five well-fed L4 worms transferred to NGM plates seeded with OP50. They were 

then heat shocked at 31.5° C for 6-7 hours. After 2-3 days, three males were picked and 

transferred to a plate with at least two hermaphrodites. 

Generating Mutant Strains 

Five gpa-14 males were transferred and allowed to mate with one dop-2 

hermaphrodite. Once the worms become young adults, 5-10 worms were transferred to a 

new plate and allowed to lay eggs. After laying eggs, a single hermaphrodite ecliptic 

worm was removed and its mutation was confirmed by PCR. 

Single Worm PCR 

DNA from a single worm was extracted using proteinase K. I µl 20mg/ml 

proteinase case was dissolved with 95 µl Ix PCR buffer. Each worm was lysed in 5µ1 

proteinaseK-buffer solution. After freezing and thawing for five minutes, worms were 

lysed in the PCR machine using the following setting. 

65
°

C for 60-90 min 

95
°

C for 15 min 

Once DNA was extracted, PCR was used to amplify 3kb N2 and 850 bp of the 

coding regions of gpa-14. The following primers were used: 



Fwd: 5'-CCC AGC CGA AAT GGA GAA GG-3' 

Rev: 5'-CGT TGC CCG GAA A- 5' 

The following settings were used for PCR: 

1. 94°C, 4 min

2. 94°C, 30 sec

3. 60°C, 30 sec

4. 72°C, 3 min

5. Steps 2, 3 and 4 repeated for 30 cycles.

6. 72°C, 7 min

For dop-2, PCR was used to amplify 350bp ofN2 and 230bp of the coding 

regions of dop-2. The following primers were used: 

Fwd: 5' - AAC GAT TCC TTG CGA TTC TG- 3' 

Rev: 5'- AAA GGA CTT CAC TGC ACG AC-3' 

The following settings were used for PCR: 

1. 94°C, 4 min

2. 94°C, 30 sec

3. 58°C, 30 sec

15 
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4. 72°C, 1 min

5. Steps 2, 3 and 4 repeated for 30 cycles.

6. 72°C, 7 min

PCR products were confinned by gel electrophoresis. 

Sequence analysis 

The DNASTAR Laser Gene seqbuilder software was used to analyze deletion 

sequences. 

Statistical analysis 

For behavioral assays, statistical analysis was carried out using the Microsoft 

Office 2007 Excel software (Microsoft Corporation, Redmond, WA). The Student paired 

t-test with a two tails distribution was used with a significant p value> 0.05
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III. RES UL TS

Sequence analysis of dop-2

ln order to characterize the role of dopamine auto-receptors in the learning pathway of 

C. elegans, we selected gpa-14 and dop-2 loss of function mutants. The cosmid K09G 1.4

from C. elegans chromosome V contains a 6 kb open reading frame. Here, three alternate 

splice variants are predicted with primary transcripts of 6381 bp containing 14 to 15 exons 

(Figure 3). These sequences were then compared using Basic Linear Alignment and 

Search Tool (BLAST) and analyzed using one-to-one sequence alignment (using 

EMBOSS pair-wise alignment) of both the C. elegans dop-2 and the human D2 sequence 

(Altschul et al., 1997; Figure 4). The C. elegans dop-2 sequence showed approximately 

40% similarity. 

< 1 , , 1 , , , , , 1 I 1 1 1 1 , , , , 1 1, 1 , , , , , , , 1 1 , , 1 1 1 , , 1 I , , , , , , 1 1 1 , , 1 1 1 , 1 1 , , I 1 , , , , , 1 , , I 1 , , , ) 
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Figure 4. One-to-one sequence alignment between C. elegans dop-2 sequence and the

human D2 receptor sequence. The sequence from C. elegans shows approximately 40%

similarity to the human D2 receptor.

The animals' ability to respond to a repeated stimulus was tested using habituation

assay as stated previously. Compared to the wildtype N2, both dop-2 and gpa-14 mutants
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Figure 5 Habituation assay for wild type control worms (N2) and mutants dop-2 and gpa-

14. Worms were assayed on NGM plate with and without food (E.coli). Stimuli were
given every 5 sec. until habituated. Both gpa-14 and dop-2 mutants habituate faster than
wild type (N2) animals both in the presence (blue) and absence of food (red) (p value =<
0.0001, t-test). Bars indicate the number of touches needed for habituation for all three
C. elegans strains tested (n=60 for each in six experiments). Error bars represent SEM

values.

Performance of gpa-14 and dop-2 mutants in complex behavioral assays was also 

tested in a chemotaxis-based associative learning assay in which the chemo-attractant 

isoamyl alcohol was paired with starvation (Formisano, 2009). In conditioned

chemotaxis, worms that are usually attracted to a particular compound tend to avoid it

after experiencing starvation in presence of that compound (Colbart and Bargmann,

] 995). First, we challenged the worms with 1: 100 isoamyl alcohol (no conditioning).

The worms showed strong attraction towards isoamyl alcohol (Figure 6).
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When the conditioned dop-2 and gpa-14 mutants were

challenged with isoamyl alcohol, they exhibited reduced avoidance (Figure 6). Contrary

to previous work done in our lab, this result indicates that the absence of DOP-2 and

GP A- l 4 compromise the worms' associative learning capability to isoamyl alcohol

conditioned chemotaxis. 
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Figure 6. Associative learning chemotaxis assay for young adult hermaphrodites of C. 
elegans dop-2 and gpa-14 mutants. Worms were collected, washed and assayed for 
isoamyl alcohol chemotaxis on NGM plate without food. Blue bars represent nai"ve, 
unconditioned worms while red bars represent worms conditioned with isoamyl alcohol 
for 90 minutes before assay. Bars indicate the average chemotaxis index towards isoamyl 
alcohol. asic-1 mutants were assayed as negative control Error bars represent SEM 
values (n=450 for each strain in four experiments; p= 0.054 for naives and p=0.169 for 
conditioned , t-test). 

In addition to learning and memory, dopamine also mediates movement and 

food sensing behaviors. When C. elegans encounter food, they move more slowly (Sawin 

et al., 2000). This reduction in locomotory rate can be tested using basal slowing assay. 

Here, the worms are washed free off their original food source before being re

introduced to a new food source. Once they are transferred to a new plate with fresh E.
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coli, their body bends are d" · counte 1or the duration of 20 seconds (Figure

7) • Our tests showed that the . · • • f' 1 e 1s no s1g111 1cant difference between N2's and the deletion 

mutants' locomotory rates. The same results were also seen when the test was repeated

in the presence of food 
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Figure 7 Basal slowing assays for young adult hermaphrodite dop-2 and gpa-14 mutant 

strains. 3 days old synchronized worms were transferred to plates with E. coli rings. Body

bends of each individual worm were counted for 20 seconds. Basal slowing assay with

food is represented by the blue bars while basal slowing assay without food is represented

by the red bars. Bars indicate the average body bends/20 in three experiments (n=60 for

each strain; P=0.067 without food and P=0.178 with food). SEM represented by y-error

bars 

Generation of mutants 
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In order to test the cumulative effects double deletion, gpa-14 x

dop-2 double mutants were generated and maintained (Figure 8A). After our initial PCR

screenin° we mainta· d 1· · h i:,, me mes wit heterozygous lines (dop-2 deletion 230bp; gpa-14

deletion 390bp ). After allowing the worms to reproduce we performed more PCR

screening to isolate lines with stable dop-2 and gpa-14 deletions (Figure 8B).

39Obp 

.. !/ 10obp L
� .... 

'.\ ,, 

: " ,  .• /. 
. 

. .  

I . . . . - ·-• . . 
' 

\ : ' 

I. 
, 23O'bp 3!%lbp , 1O0bri> L 

Figure 8 Agarose gel electrophoresis confirmation of gpa-14 x dop-2 double mutants. 

Five gpa-14 males were crossed with two dop-2 hermaphrodites. Mutants were 

confirmed using PCR (A) PCR confirmation off I progenies. Strains 1,4 and 8 

(represented by lanes 1,4 and8) were maintained (B) After allowing the worms to 

reproduce additional PCR was performed to isolate stable lines with both gpa-14 and 

dop-2 deletion (represented by lanes 3,4 and 5). 

Phenotypic analysis of the gpa-14; dop-2 double mutant showed no abnormalities. 

They showed no aberration in overall morphology, growth or movement. However,

behavioral assays showed learning deficiencies similar to the dop-2 and gpa-14 deletion
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levels of dopamine cause this abnormality, we conditioned and tested
the worms in the presence of 5m.M exogenous dopamine (Figure 13). The exogenous
dopamine was able to rescue their deficiency. They were able to show a diminished
attraction to isoamyl alcohol after the conditioning period. We also grew the worms on
NGM plates + 5mM dopamine (Figure 14 ). Again, the exogenous dopamine was able to
rescue their learning deficiency, showing that dopamine is required for conditioned

associative learning. 
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Fi ure 13 Associative learning chemotaxis assay with 5�� dopa�ne. Be�ore beingg · 
d · h I· I 00 · soamyl alcohol, worms were conditioned with pure isoa�ylchallenge wit · i 

f food The worms were conditioned and tested with the l h I w·thout the presence o · . . a co O i 
dopamine Bars indicate the average chemotax1s mdex Presence of 5mM exogenous · · . • · O 001) E. - bars represent SEM (n=450 foi each sti am, p< . towards the attractant. ll or 
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D Nah,e 

� Grown on 5mM Dopamine 

Figure 14 Associative learning assay for worms grown on NGM plates with 5mM 

exogenous dopamine. Worms were conditioned and tested on normal chemotaxis plates 

without dopamine. Bars indicate the average chemotaxis index for three experiments. 

SEM represented by y-error bars (n=300, p<0.001 ). 











between the two in yeast two-hybrid and in-vitro binging assays 

(Pandey, Dhillon et al., manuscript under review). 
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Figure 15. DOP-2 and GPA-14 interactions in the ADE dopaminergic neurons 
(Developed from Tavernarakis and Voglis 2008; drawing by Tim Pierpont). 

During the course of my experiments I was able to generate two interesting

transgenic strains in mutant backgrounds of interest, namely the gpa-14(pK 342); N2Ex

[Pasic-1 SNB-1::SEpHluorinpRf4] and dop-2 (vl05); N2Ex [Pasic-1 SNB-

33 

1 ::SEpHluorinpRf4]. It will be interesting to carry out further studies with these strains

using FRAP which will provide an accurate measure of the synaptic dopamine levels

along with the rate of dopamine getting released into the synapse. In return, we expect the

FRAP experiments to conclusively confirm our findings that the level of dopamine is

reduced in both dop-2 and gpa-14 ,nutants.
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