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I. Introduction

Craniofacial development is an intricate process involving the precise formation of nerve, muscle, bone, and cartilage
 during embryogenesis.  Zebrafish (Danio rerio) represent a model vertebrate organism to study craniofacial
 development since they develop essentially all of the same skeletal and muscle elements as higher verterates.  They are
 also ideal organisms to experiment with because they are externally fertilized, allowing examination of a fertilized egg
 beginning at the single cell stage.  An additional experimental advantage of zebrafish is their translucency, which
 permits easy observation of craniofacial structures underneath a dissection microscope.  Furthermore, zebrafish have
 high fecundity of females, which provides hundreds of eggs weekly, a short generation period of 3-4 months, and rapid
 development (Browder and Iten, 1998).

 Due to the similarities in development between zebrafish and higher vertebrates, researchers can use zebrafish as a
 vertebrate model organism to study molecular signaling cascades and developmental defects applicable to humans
 (Payne-Ferreira et al, 2003).   Zebrafish are important model organisms used for the  advancement of scientific
 research, as the harmful effects of teratogens, an agent causing congenital malformations in embryos, can be studied. 
 Research oon the effects of nicotine as a teratogen in zebrafish is important since nicotine is a harmful agent consumed
 by millions of people worldwide through the use of cigarettes.

Vertebrate embryos develop from a single cell.  As cells divide during mitosis, signals from neighboring cells induce
 adjacent cells to differentiate into distinct cell types.  The cell layers present in the early embryo are the ectoderm,
 mesoderm, and endoderm, which all adult structures are derived from.  Throughout development, as the presumptive
 germ layers form and rearrange through morphogenetic movements, the detrimental effects of teratogens can be
 quantified. The embryo is likely to contain various abnormalities in morphology when compared to control embryos,
 and may also possess severe aberrations in adult bodily structure, behavior, and function.  

Nicotine affects both the cell signaling pathways and gene regulatory networks that are responsible for initiating and
 maintaining the formation of the three germ layers (Payne-Ferreira, 2003).  We will not be directly observing these
 effects taking place on a molecular level; however, the inhibitions of such pathways are manifested in the quantifiable
 abnormalities that arise in the morphology of the organism during development, abnormalities which we will be using
 throughout our experimentation as indicators of the nicotine effects.   
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In the current study, the effects of the known teratogen and carcinogen referred to as nicotine was tested.  Nicotine, a
 component of cigarettes and tobacco used by millions each year in the United States alone, has been linked to birth
 defects, heart disease, and lung cancer.  Previous experimentation in zebrafish has supported the hypothesis that
 nicotine affects the craniofacial structures such as the meckel’s cartilage of the first pharyngeal arch (Browder and Iten,
 1998).  Thus, the morphology of the meckel’s cartilage was compared in the control embryos to the meckel’s of those
 embryos in nicotine solutions.

There are seven pharyngeal arches in the craniofacial structure composing the zebrafish head that are neural crest cell
 derivatives. (Graham, 2003).  The neural crest cells are located in the mesenchymal center of the pharyngeal arches and
 are susceptible to the harmful effects of nicotine.  When these neural crest cells are exposed to nicotine during
 development, they are mutated and thus cause morphological deformities in the pharyngeal arches.  Within the first 3-4
 weeks of human development, these arches begin to form; therefore, the data from this study can be applied to human
 research (Graham, 2003).

The pharyngeal arches in zebrafish are a series of neural crest cell derived cartilages that develop in zebrafish within
 days of fertilization (Graham, 2003).  There are a total of seven pharyngeal arches in zebrafish, which are numbered in
 an anterior to posterior direction.  Each arch is surrounded externally by ectoderm and internally by endoderm, and also
 consists of a mesenchymal center of neural crest cells.  Due to the complexity in the development of the pharyngeal
 arches, they are particularly vulnerable to abnormalities, making them optimal demonstrators of defects.  As the various
 cells composing the arches must be co-ordinated such that all components of these structures form in the right time and
 place, interruptions in or impediments to the developmental process will most likely be reflected within these fragile
 cartilage bases of the zebrafish embryos.  Furthermore, these arches are also present in humans – a fact which allows
 our data to be extrapolated and applied to the ideas and research surrounding human anatomy.  In humans, it is within
 the first 3-4 weeks of development that nerves, muscles, and epithelial tissues begin to construct these pharyngeal
 arches as a structure of the pharynx (Graham, 2003).       
   
 In this experiment, the effect of different nicotine tartrate concentrations was observed, hypothesizing that with an
 increase in nicotine content, a growth solution will be conducive to a proportional increase in developmental
 abnormalities in the meckel’s cartilage among the zebrafish embryos.  By establishing a control consisting of a growth
 solution containing no nicotine, we will compare and contrast the morphology and the size of the developing meckel’s
 cartilage in the control embryos to those embryos in the nicotine solutions.  

In this experiment, the effect of the concentration of nicotine upon these pharyngeal arches has been observed by
 subjecting zebrafish embryos to various nicotine concentrations and then imaging and measuring the resulting meckel’s
 cartilage of the 1st pharyngeal arch.  It was hypothesized that with an increase in nicotine content, a proportional
 increase in developmental abnormalities would occur in the meckel’s cartilage among the zebrafish embryos.  The
 width of the meckel’s cartilage was quantified and it was expected to become misshapen with an increase in nicotine.  I
 did these studies in collaboration with Jennifer Ziello in the Bio254 course at Wheaton College.         

II. Materials and Methods

 This experimental procedure took place at the Forsyth Institute in Boston, MA, and was co-written and co-authored
 with my lab partner Jennifer Ziello.  Four pairs of male and female zebrafish were crossed in order to collect fertilized
 eggs.  A male and female zebrafish were placed together in a small tank to mate within their natural fresh water
 environment.  The mating apparatus consists of one plastic tank with a small meshwork of holes at the bottom where
 eggs can fall through.  This tank is then stacked atop an identical plastic tank to which it fits inside.  This leaves a small
 space at the bottom, allowing a separation of the eggs from the mating pair, which remain in the upper tank.  The
 mating apparatus was filled with water from the adult zebrafish tanks, as this ensured that the pH stayed at
 approximately 6.8 to 7.2, otherwise the fish will die.  The apparatus was constructed in this way to separate the male
 and female pair from the shed eggs due to the fact that the fish could eat the eggs.  
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 Because zebrafish mate on a light/dark cycle, they were placed together in a collection tank overnight in the dark, and
 collected in the morning after an automatic self-timer turned on the lights in the facility, thus allowing exposure to
 light.  The zebrafish were collected in this manner because it is only in the light, after a prolonged period of darkness,
 that the zebrafish female is able to shed her eggs.  This same procedure was done for each of the four pairs of
 zebrafish.  Using a small fish net, the male was separated from the female in each of the four pairs, and the males and
 females were placd in separate tanks.  At this point, the eggs were located within the bottom tank.  They were isolated
 by pouring the water into a metal mesh net, through which the water would pass, but within which the eggs would
 remain.  The eggs were then collected into a small Petri dish containing methylene blue, which is the embryo growth
 solution or fish water. The methylene blue growth solution was made by using one liter of water, then adding one
 teaspoon of salt and 20_l of methylene blue.

 A 15mM stock solution of Nicotine tartrate was made by adding 0.346g of Nicotine tartrate to 50ml H2O.  The pH of
 the stock solution was 3.8, which is too acidic due to the acidic nature of Nicotine tartrate.  Zebrafish live at a pH
 ranging from 6.8 to 7.2; therefore, NaOH was added dropwise to the 15mM Nicotine stock solution until the pH was
 6.8.  The pH was measured by using a digital pH meter by Corning that produces a digital readout.  Then the 1.0mM,
 1.25mM, and 1.5mM solutions of Nicotine tartrate were made.  The 1.0mM Nicotine solution was made by adding
 666µl of 15mM stock to 9.334ml of fish water.  The 1.25mM Nicotine solution was obtained by adding 833µl of
 15mM stock to 9.167ml of fish water.  Lastly, the 1.5mM Nicotine solution was made by adding1ml of 15mM stock to
 9ml of fish water. 

 The control consisted of 35 wild type embryos as the control organisms. There were 31 embryos in the 1.0mM and
 1.25mM Nicotine solutions, and 29 embryos in the 1.5mM Nicotine solution.  The embryos were left in these Nicotine
 solutions for 24hours post fertilization.  Then the Nicotine solution was pipetted out, fresh fish water was added to the
 Petri dishes, and the embryos developed until they were 5 days post fertilization.  
     
 At 5 days post fertilization, the embryos were put to sleep with the chemical called Tricaine.  Then, the embryos were
 fixed in 4% paraformaldehyde for 6 hours.  After 6 hours, the embryos were rinsed in a solution consising of 60%
 ethanol and 40% phosphate buffered saline with Tween (PBT), for one hour to dehydrate, then were placed in Alcian
 Blue dye overnight, which resulted in the staining of the craniofacial cartilages.  The Tween in the PBT was used to
 prevent the embryos from sticking to each other.  The PBT contained 0.1% Tween20, which is a detergent used to
 prevent the embryos from sticking to each other.  Next, the embryos were removed from the Alcian Blue stain and
 rehydrated in a solution of 50% ethanol/PBT for 30 minutes.  Afterwards, the embryos were placed in 10ml PBT, then
 treated with 16mg/ml of Trypsin for 20 minutes at room temperature to remove excess tissue and to better visualize the
 stained cartilages.  Lastly, the embryos were placed in 50% glycerol and 50% PBT to observe underneath the
 microscope.

 At this point, the embryos were ready for analysis using a Zeiss Semi SVII stereoscope and the Axio Vision 3.1
 imaging software.  In order to image the embryos, the Axio Vision 3.1 software program was opened, the embryos
 were placed upon the microscope’s stage in their Petri dishes, and were focused under 66x magnification.  The camera
 icon was clicked in the Axio Vision program and an image was taken.  The entire craniofacial region was imaged
 including the Meckel’s cartilage and the 1st pharyngeal arch.  These two prominent structures were then scaled using
 Axio Vision by selecting the scale bar tool, clicking this icon, and dragging it to the desired position being measured. 
 Then the images can be printed using a color printer.  Since the scale bar tool only measures in predetermined
 increments, any precise measurements were determined by hand using a standard ruler and calibrating it to the
 computerized measurement on the imaged structure.  Five individual embryos were chosen from the control, 1.0mM,
 1.25mM, and 1.5mM Nicotine solution as representatives of the total population in each concentration.  Images of the
 entire embryo were also taken to be used for qualitative analysis.  

III. Results

 As the concentration of nicotine tartrate increased, the teratogenic defects in the meckel’s cartilage became more
 severe.  The meckel’s cartilage became wider and misshapen in comparison to the control embryos.  For all
 concentrations of nicotine, n=5; however, there were 35 control embryos, 31 embryos in 1.0mM and 1.25mM nicotine,
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 and 29 embryos in the 1.5mM nicotine solution.  The five embryos selected from the control and nicotine solutions
 were those that were most representative of the whole population, thus displaying the phenotype of misshapen and
 deformed meckel’s cartilage (Fig.1).  

The Teratogenic Effects of a 24 Nicotine Exposure on 5day old Zebrafish Embryos

Fig.1 The teratogenic effects of a 24hour post fertilization exposure to nicotine tartrate on the pharyngeal arches of 5 day old zebrafish embryos. 
 Morphogenic defects appeared to increase with higher concentrations of nicotine tartrate. Embryos were exposed to 1.0mM, 1.25mM, and 1.5mM
 of nicotine tartrate(nic). The pharyngeal arches were dissected apart from the embryos at day 5 to more accurately quantify the meckel’s cartilage
 (shown above). The red arrow points to the meckel’s cartilage on the 1st pharyngeal arch. The black line is drawn in between the meckel’s cartilage
 and the palatoquadrate joint, and it represents the width of the meckel’s that was quantified. The red lines are scales in micrometers used to
 measure the meckel’s. n=5 for embryos in all nicotine tartrate concentrations. m, meckel’s cartilage; wt, control; nic, nicotine tartrate. 

The quantitative data showed that the embryos subjected to nicotine displayed a much wider and flattened meckel’s
 cartilage after a 24 hour exposure to nicotine post fertilization (Fig.2).  After the pharyngeal arches were dissected
 (Fig.1), the meckel’s cartilage was easily quantifiable.  With an increase in nicotine solution, the resulting phenotype
 was a wider misshapen meckel’s cartilage.  Therefore, the embryos in the 1.0mM nicotine displayed less severe
 teratogenic affects than the embryos at the highest concentration of nicotine.
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Qualitatively, morphogenic defects can be seen in the lateral view of the zebrafish embryos at day 5 post fertilization
 (Fig.3).  In addition, the body of the control embryo is visually larger than the body of the embryo subjected to the
 highest nicotine concentration of 1.5mM.  The lateral view displays the significant defect in the meckel’s cartilage as it
 formed more distally from the other pharyngeal arches in comparison to the control embryo.

Lateral View of Morphogenic Defects 
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Fig.3 Morphogenic defects can be seen in the lateral view of the meckel’s cartilage in comparison to wild type. The
 misshapen meckel’s cartilage is shown on a 5 day old zebrafish embryo that was exposed to 1.5mM nicotine tartrate
 (bottom). The red arrow points to the meckel’s cartilage of the 1st pharyngeal arch. Qualitatively, the body of the
 control (top) appeared larger than the experimental embryo (bottom). n=5 for embryos in all nicotine tartrate
 concentrations. m, meckel’s cartilage; wt, control.

A similar experiment was performed by my lab partner, Jennifer Ziello, which also supports the hypothesis that nicotine
 causes defects in the pharyngeal arches.  She found that the mutations in the 2nd pharyngeal arch were more severe
 with higher nicotine concentrations.  However, her data did not display a linear correlation in a size difference such as
 my data did, but she found that overall, the 2nd pharyngeal arch was decreased or severely deformed. 

IV. Discussion and Conclusions

 The experimental data supported the hypothesis that the degree and quantity of teratogenic defects to the meckel’s
 cartilage would increase with an increase in nicotine tartrate concentration.  It can also be inferred that nicotine causes
 teratogenic deformitites in neural crest cells early in development since the pharyngeal arches form from these cells.  
 The presence of nicotine during embryogenesis also affects the migration of the neural crest cells during patterning of
 the craniofacial structures.  Because the neural crest cells are perturbed due to nicotine, they no longer neatly migrate to
 form the pharyngeal arches, and this is seen in the morphological defects of the arches.  Nicotine not only affects the
 craniofacial components such as the pharyngeal arches and neural crest cells, but it also causes defects in body size. 
 The bodies of nicotine exposed embryos are relatively smaller than the controls embryos, demonstrating that other
 anatomical structures besides the craniofacial structures show morphological malformations.  

 There were relatively few sources of error in this experiment based upon the results supporting the hypothesis, but there
 are a few aspects that can be improved for future studies.  The pharyngeal arches were dissected out from the zebrafish
 embryos, which was a difficult technique to perform, and during the dissection some of the cartilages might have been
 separated.  If such a separation in cartilages occurred, this might have affected the data that was quantified causing an
 increase in size measurements.  For future trials, better dissection needles may be obtained in order to prevent the
 separation of pharyngeal arches.  

 In addition, more pharyngeal arches should be dissected rather than n=5 for even more experimental validity.  Because
 only 5 embryos out of the total population were chosen for this experiment, the data is not as valid as data would be if
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 greater numbers were used.  However, more time would be needed to perform such large scale dissections since the
 technique is difficult and requires a steady hand.  Perhaps more trials could be done with even higher concentrations of
 nicotine to determine what concentration would ultimately result in death of the embryos.  Other craniofacial structures
 or body structures could also be quantified in future studies since other structures were qualitatively observed to have
 been deformed.  Since the body size is affected, somites might be another anatomical feature of interest to quantify, or
 the rest of the pharyngeal arches, such as 3-7.  

 Our findings involving zebrafish can correlate to human physiology due to the similarities in development between the
 two species.  These results could provide support for the existing belief within the scientific and medical communities
 that nicotine behaves as a harmful mutagen, causing detrimental effects throughout the course of vertebrate
 development (Beiraghi et al, 2004).   Furthermore, these findings indicate that increased usage of nicotine during the
 early stages of pregnancy could result in a greater degree of deformity.  
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