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Abstract 

 A vector containing the Manduca sexta 5-HT1A receptor was transfected into and stably 

expressed in HEK 293 EBNA cells. Twenty-one 1 mL aliquots were created and frozen in liquid 

nitrogen for future use. Two of these were thawed and reseeded in order to determine whether or 

not the cells would survive the freezing and thawing process. While they did survive and grow, 

only a small fraction survived and did not demonstrate optimum growth, indicating that the 

freezing and/or thawing protocol must be modified to ensure maximum recovery and optimum 

growth. Nevertheless, this stable expression system can be subjected in the future to quantitative 

assays in order to elucidate the receptor’s signal transduction pathway. 

Introduction 

 The biogenic amine 5-hydroxytryptamine (5-HT), also known as serotonin, is a highly 

important neurotransmitter in the central nervous system. In the human brain, serotonergic 

neurons are located primarily in the raphe nuclei and the pons. 5-HT generally elicits an 

excitatory response at the synaptic level and is cleared from the synaptic cleft by a specific 

serotonin transporter (SERT) (Purves et al., 2008, pg. 141). 5-HT has been shown to affect a 

wide array of processes in vertebrates. It has been shown to have analgesic effects and to be 

involved in fatigue (Jacobs et al., 2002), as well as to be involved in stress response (Chaouloff 

et al., 1999). It is also involved in learning, specifically in regulating adaptation to aversive 

events (Daw et al., 2002). In rats, 5-HT inhibits feeding, sexual behavior, and aggressive 

behavior (Weiger, 1997) and reduces neuronal responsiveness to the presentation of visual 

stimuli (Waterhouse et al., 1990). It has also been shown to modulate attention mechanisms 

(Steckler & Sehgal, 1995) and olfactory leraning (McLean et al., 1993). In non-human primates, 

5-HT influences reward expectation (Nakamura et al., 2008) and promotes dominant behavior by 



inhibiting aggressive behavior (Weiger, 1997). It even plays a role in the auditory system, 

modulating frequency tuning in bats (Hurley & Pollack, 2001). In the human brain, it has been 

implicated in numerous psychiatric disorders: many drugs that have served as effective 

treatments for such disorders as depression and obsessive-compulsive disorder (Weiger, 1997) 

are selective serotonin reuptake inhibitors (SSRIs), which serve to increase the levels of 

serotonin in the synaptic cleft, thus prolonging its effect (Purves et al., 2008, pg. 141). Other 

drugs that block 5-HT reuptake have been shown to decrease feeding and weight gain in humans 

(Nelson & Gehlert, 2006). 

 In mammals, seven different families of 5-HT receptors have been discovered, many of 

which have multiple subtypes. In total, there are fourteen different receptors: 5-HT1A, 5-HT1B, 5-

HT1D, 5-HT1E, 5-HT1F, 5-HT2A, 5-HT2B, 5-HT2C, 5-HT3, 5-HT4, 5-HT5A, 5-HT5A, 5-HT6, and 5-

HT7. All but the 5-HT3 receptor, which is an ionotropic receptor, are seven transmembrane 

region G protein-coupled receptors (GPCRs). Of these GPCRs, the 5-HT2 receptors activate 

phospholipase C (PLC) activity (Gq signal transduction) whereas the rest either activate (Gs) or 

inhibit (Gi) adenylyl cyclase (AC) activity (Barnes & Sharp, 1999). All of these receptors have 

been identified in mice, rats, and humans (Barnes & Sharp, 1999; Fig. 1), with the exception of 

the 5-HT5B receptor, which is not found in humans due to the presence of a premature stop codon 

in the sequence (Nelson, 2004). 

 A number of receptors homologous to these mammalian 5-HT receptors have been 

identified in invertebrates. For instance, Drosophila melanogaster contains four subtypes of 5-

HT receptors: 5-HT-dro1, 5-HT-dro2A, 5-HT-dro2B, and 5-HT2Dro, which are homologous to the 

mammalian 5-HT7, 5-HT1A, 5-HT1B, and 5-HT2 (the family as a whole) receptors, respectively. 

Additionally, two receptors, homologous to the 5-HT1 and the 5-HT2 families, have been 



identified in the mollusk Lymnaea stagnalis, and three (homologous to the 5-HT1, 5-HT2A, and 

5-HT2B receptors) have been identified in the nematode Caenorhabditis elegans (Tierney, 2001). 

5-HT also affects numerous processes in invertebrate brains, such as feeding, reflex, and 

movement (Weiger, 1997) as well as circadian rhythms (Nassel, 1988). 

More specifically, 5-HT plays a critical role as a neuromodulator of the olfactory system 

of the sphinx moth Manduca sexta. Neuromodulators are able to alter synaptic activity without 

directly causing excitation or inhibition (Katz, 1999; Kupfermann, 1979) and are thus able to 

reversibly modify information processing by neural networks. This neuromodulation occurs in 

the antennal lobe (AL, Fig. 2), the moth’s primary olfactory center. The AL receives sensory 

input from olfactory receptor neurons (ORNs) present on the antennae, which converge upon 

densely packed regions called glomeruli. ORNs expressing the same olfactory receptor protein 

converge upon the same glomerulus. These glomeruli output information to higher-brain regions 

via projection neurons (PNs), and also receive information from other glomeruli via local 

interneurons (LNs).  

All glomeruli in the AL are innervated by a single serotonergic neuron, the 

contralaterally-projecting serotonin-immunoreactive deutocerebral (CSD) neuron (Sun et al., 

1993). Four 5-HT receptor subtypes have been identified in the Manduca AL: 5-HT1A, 5-HT1B, 

5-HT2, and 5-HT7, each of which is homologous to its respective mammalian counterpart. 5-HT 

concentrations within the AL vary throughout the day, reaching a maximal level in the evening, 

the time when the moths’ olfaction is most needed (Kloppenburg et al., 1999). Behavioral studies 

have shown that 5-HT increases the duration of male moths’ response to female sex pheromone 

(Linn & Roelofs, 1986), and electrophysiological studies have shown that 5-HT increases the 

excitability of both LNs (Kloppenburg & Hildebrand, 1995) and PNs (Kloppenburg et al., 1999) 



by increasing transient and resting K
+
 conductances. Another study, conducted at the level of 

neural ensembles, suggests that 5-HT increases both the sensitivity and the resolution of AL 

olfactory processing (Dacks et al., 2008). This serves to maximize olfactory processing during 

the times when the moths need it the most (the evening). 

 Despite the numerous studies involving 5-HT and the Manduca olfactory system, not 

much is known about the molecular and cellular mechanisms by which these modulatory effects 

take place. Studies have shown that only a subset of AL neurons are affected by 5-HT (Dacks et 

al., 2008; Kloppenburg & Hildebrand, 1995), indicating that 5-HT receptors may not be 

uniformly distributed throughout the AL. Differences in the distribution and activity of the 

different receptor subtypes likely play a substantial role in the neuromodulation of AL olfactory 

processing. Determining the molecular and cellular mechanisms by which these different 

receptors operate will provide new understanding into this matter. This study seeks to ultimately 

determine the effects of various pharmacological agents on the 5-HT1A receptor. However, 

before any quantitative assays can be performed, a paradigm must be generated in which the 

receptor is stably expressed.  

Materials and Methods 

Cell Line 

 Human Embryonic Kidney (HEK) 283 EBNA (Epstein Barr Nucleic Antigen) cells were 

used for the transfection. The cells were incubated at 37°C at 5% atmospheric CO2 in T-75 

Falcon flasks unless otherwise noted. The cells used were initially on their ninth passage at a 

1:10 split ratio. 

Media 



  DMEM Complete: Dulbecco’s Modified Eagle’s Medium (DMEM), 10% Fetal Bovine 

Serum (FBS), 1% Pen/Strep, 250 µg/mL G418. 

 DMEM with Hygromycin B: DMEM Complete plus 300 µg/mL Hygromycin B. 

 Opti-MEM: Opti-MEM I package (Gibco, Catalog No. 22600-050) hydrated in 1 L H2O, 

3.7 g NaHCO3, 1% FBS, pH adjusted to ~7.4. 

 Freezing Medium: 45% DMEM Complete, 45% Conditioned DMEM Complete (taken 

directly from confluent flask prior to freezing), 10% sterile DMSO; stored at 4°C until use. 

 Thawing Medium: DMEM Complete without G418. 

Standard Passaging Procedure 

 Upon reaching optimum confluency (80-90%), the media is removed and the flask is 

washed with phosphate-buffered saline (PBS; 10 mL for T-75 flasks/plates, 5 mL for T-25 

flasks). This is removed and 4 mL (2 mL for plates/T-25 flasks) of trypsin-EDTA 1x (Cellgro; 

0.25% trypsin, 2.21 mM EDTA) is added to the flask and allowed to cover the entire monolayer 

for a couple of minutes in order to remove the cells from the monolayer. 6 mL (3 mL for 

plates/T-25 flasks) of fresh DMEM Complete (DMEM Complete with Hygromycin B for all 

post-transfected cells) is then added and mixed, and the monolayer is washed with the mixture to 

ensure that all cells are suspended.  The suspension is then transferred to a new flask or kept in 

the same flask and is split at a 1:10 ratio unless otherwise stated. The flask is then incubated until 

optimum confluency has been reached again. 

Vector 

The vector used in the transfection was the pCEP4 vector (Invitrogen; 10186 base pairs) 

containing the Manduca sexta 5-HT1A receptor gene. The vector’s concentration was 0.35 

ng/nL.  



Transfection 

 When the HEK cells were between 70-90% confluent, they were passaged using standard 

procedure (this was the line’s tenth passage) and were plated onto 3 10 cm
2
 dishes. 2 mL of the 

suspension was added to each dish along with 8 mL of DMEM Complete media. The dishes 

were incubated for two days to allow the cells to reach roughly 80% confluency. Next, a mixture 

of 530 µL Opti-MEM media without FBS, 18 µL of Fugene HD (Roche), and 6.65 µg (19 µL) of 

the pCEP4 vector was added drop-wise to two of the plates. 567 µL of the Opti-MEM media was 

added to the third plate, which served as a negative control. The dishes were incubated for six 

hours, then the media was replaced with fresh DMEM Complete media, and the dishes were 

incubated overnight. 

Selection of Transfected Cells 

  The dishes were then passaged using standard methods (no splitting) with DMEM 

Complete media with Hygromycin B to select for the transfected cells. Each dish was split into 

two dishes, each containing half of the cells of the original dish. The media was changed every 

two to four days to remove debris until all of the cells in the control plates were dead, after which 

the media was left alone to allow the transfected cells to condition the media and grow optimally. 

However, after six days the cells were still not growing efficiently, so the plates were passaged 

using standard procedure and transferred, without splitting, into T-25 Falcon flasks. After 

incubating for a day, the cells were still not growing efficiently, and one flask was tossed since 

its contents were dead. For the other three flasks, the media was removed and placed in a new T-

25 flask (called a recovery flask), and fresh media was added to the original flasks. The six flasks 

were then incubated until optimum confluency was achieved. 

Freezing Down of the Established Line 



 Once the cells reached optimum confluency, they were passaged using standard 

procedure without splitting, except that the media initially removed from the flask was reserved 

as the conditioned media for the Freezing Media (made at the beginning of the passaging 

process). If multiple flasks were being frozen down, then the suspensions were mixed together 

after the addition of fresh media. The entire solution (with the exception of 1 mL which was 

transferred to a T-75 flask and mixed with 9 mL of fresh media for further growth) was then 

transferred to a 15 mL Falcon centrifuge tube and spun down at 250 x g for five minutes in a 

table top centrifuge. The supernatant was removed and the precipitate was resuspended in the 

Freezing Media. This solution was then transferred to labeled ampoules in 1 mL aliquots, which 

were stored at -20°C for two hours, after which they were transferred to a -80°C freezer and 

stored overnight. The next day, they were transferred to a liquid nitrogen tank indefinitely. 

Thawing and Reseeding of Frozen Line 

 In order to reseed a frozen subculture, the desired ampoule was removed from the liquid 

nitrogen storage and placed in a 37.5°C water bath until completely thawed, then transferred to a 

T-75 flask already containing 9 mL of Thawing Media (or 6 mL for a T-25 flask). The flask was 

incubated for roughly four hours, after which the media was removed and placed in another flask 

of the same size and replaced with fresh Thawing Media. Both flasks were incubated overnight, 

after which the media was removed from both flasks and replaced with fresh DMEM Complete 

with Hygromycin B. The flasks were then incubated until optimum confluency is achieved.     

Results 

 Even after a week of conditioning the media, the transfected cells did not demonstrate 

widespread growth throughout the plates, but rather grew in small, select clusters scattered 

throughout the plates. These growth deficiencies may have resulted from a number of different 



factors: the 5-HT1A receptors could have been activated by 5-HT in the media’s FBS, the 

amount of trypsin used in the passaging process may have been too high, the cell density may 

have been too high, or the media used may not have provided the ideal growth environment. 

Since the cells grown in the T-75 flasks (after being split 1:10) demonstrated no growth 

problems, the density is the most likely reason. For future transfections, instead of splitting the 

cells between two plates when first beginning the selection process, perhaps the cells should be 

split between four or five different plates to reduce the density, and thus avoid the need to utilize 

recovery flasks. Despite these difficulties, many aliquots were ultimately created: two (Passage 

Number 2) on April 11, five (P2) on April 13, four (P2) on April 14, five (P3) on April 18, and 

five (P4) on April 25. 

 Furthermore, both April 11 aliquots were thawed and reseeded to ensure that the cells 

were able to survive both the freezing and thawing processes and thus be available for future use. 

The first aliquot was thawed on April 18 and reseeded into a T-75 flask. The next day, not many 

cells had attached to the monolayer of either flask, so the media was replaced in only one of the 

flasks, while the other flask was tossed. By April 24, the cells were still not growing efficiently, 

despite showing a significant increase in growth. The density may again be the cause of this 

inefficient growth. The second aliquot, thawed on April 25, was thus reseeded into a T-25 flask. 

However, the same growth problems persisted even in the T-25 flask. While it has been shown 

that these transfected cells can be successfully brought up after having been frozen, only about 

20% of the cells are being recovered, indicating that the conditions of either the freezing process 

or the thawing process (or potentially both) are inhibiting the cells from growing optimally. First, 

it is recommended that, during the thawing process, the flasks be incubated for six to eight hours, 



rather than four, before adding fresh Thawing Media. If that is not successful, then other 

measures must be taken. 

Future Directions 

 Now that a stable in vitro system expressing the 5-HT1A receptor has been established, 

the receptor’s activity can be measured in response to its natural ligand. The 5-HI1A receptor is 

believed to utilize either the Gs or Gi signal transduction pathway, in which activation of the 

GPCR either stimulates (Gs) or inhibits (Gi) adenylyl cyclase (AC), the enzyme responsible for 

synthesizing cyclic AMP (cAMP). Modification of AC activity results in fluctuations in 

intracellular cAMP levels, which in turn can have numerous downstream effects which serve to 

propagate the signal. In order to test whether the 5-HT1A receptor truly initiates one of these 

signal transduction pathways, intracellular cAMP levels will be measured in the presence of 

receptor activation by 5-HT.  

The assay used to conduct this test will be a cell-based cAMP Homogeneous Time-

Resolved Fluorescence (HTRF, Invitrogen) assay. This assay utilizes two different fluorophore-

tagged antibodies that bind to cAMP. When both antibodies are bound to cAMP, the two 

fluorophores will be close enough to each other for energy transfer to occur between them, 

resulting in fluorescence of the acceptor (Fig. 3). However, this fluorescence is inversely 

proportional to cAMP concentration: the antibodies will preferentially bind to free cAMP than to 

bound cAMP, reducing the amount of doubly-bound cAMP and thus separating the two 

fluorophores to such a degree that energy transfer can no longer occur. Under these conditions, 

only the donor fluorophore will fluoresce. Thus, the ratio of the fluorescence (acceptor:donor) 

can be used to measure changes in intracellular cAMP levels. Thus, upon application of 5-HT to 

the receptor, an increase in this fluorescence ratio (i.e. a decrease in cAMP levels) would indicate 



Gi, whereas a decrease in this ratio (i.e. an increase in cAMP levels) would indicate Gs. It must 

be noted that, when testing for Gs, the cells must first be treated with forskolin, which increases 

intracellular cAMP levels, in order to be able to discern a decrease in the fluorescence ratio from 

the base value. Additionally, no change in the fluorescence ratio would indicate that receptor 

activation has no impact on cAMP concentration, and thus does not initiate either Gs or Gi. Were 

this to occur, then another HTRF assay, measuring IP3 instead of cAMP, would be used to test 

for the possibility of the Gq pathway.  

Once the receptor’s activity in response to 5-HT is determined, this same assay will be 

used to measure the effect of various pharmacological agents on 5-HT-mediated changes in 

cAMP levels. If a given drug is able to elicit receptor activity in the absence of 5-HT, then it will 

be classified as an agonist of the receptor. However, if the presence of a drug prevents 5-HT-

induced receptor activity, it will be classified as an antagonist of the receptor. If the drug does 

neither, then it can be said to have no effect on receptor activity. Some potential agonists to be 

tested are 8-OH-PIPAT and BP 544 maleate, while some potential antagonists to be tested are 

(S)-WAY 100135 and MM 77 dihydrochloride. 
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Fig. 1 (Saudou & Hen, 1994). Dendrogram depicting the different mammalian 5-HT receptors.  

 

 

 

 

 

 

 



 

Fig. 2 (received from Mark Higgins, personal correspondence). Diagram of the Manduca sexta 

antennal lobe. Each component is color-coded. 

 

Fig. 3 (obtained from assay insert). Diagram depicting the underlying principle of the HTRF 

assay. The second antibody fluoresces at 665 nm only when both antibodies are bound to cAMP.  
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