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Introduction:

In this experiment, we used fluorescent staining techniques to observe patterns of cilia development in fixed

 Lytechinus pictus (sea urchin) embryos. We used images of cilia at different stages of sea urchin development to model

 cilia formation in human somatic cells, where they play vital roles in a variety of cell fubctions.

Proper cilia assembly and maintenance is necessary for normal cell and fluid movement, cell signaling, and

 organ placement (Bossinger; Bachmann 2004). Improper formation of the cilia can result in respiratory tract disorders,

 polycystic kidney disease, retinal degeneration, and situs inversus, a heritable left-right inversion of organ placement

 (Bossinger; Bachmann 2004). Research linking cilia to the formation of the left-right axis in humans indicates that cilia

 play physically observable roles in the development of an organism (Brueckner 2000). Because all cilia present in early

 development are initially composed primarily of acetylated a-tubulin (Arikawa, Williams 1993) (Stephens 1992) and all

 acetylated a-tubulin proteins are produced by the modification of simple a-tubulin stored in reservoirs in the cell

 cytoplasm (Raff et al. 1971), we hypothesized that tracking the concentration and locations of acetylated a-tubulin and

 a-tubulin in early sea urchin embryogenesis would illustrate pertinent features of cilia development.

Lytechinus pictus embryos were employed in this experiment because they are easily examined under a

 microscope and undergo development at a very uniform rate (Introduction), making fixed samples of particular stages

 of development easy to obtain. The a-tubulin of developing sea urchin cilia is acetylated predominantly in the early

 stages of cilia formation, becoming increasingly tyrosinated as the tubulin is repeatedly re-polymerized in order to

 maintain microtubule structure (Stephens 1992). By the time the embryo is in the mid gastrula phase of development,

 older cilia have become more than 97% tyrosinated, and acetylated a-tubulin staining will not cause them to detectably

 fluoresce (Stephens 1992). Consequently, in our sea urchin embryo model of human cilia development, we used anti-

acetylated-a-tubulin antibody and a 2˚ fluorescent stain to identify the positions of newly polymerized cilia microtubules

 and a FITC-conjugated 1˚ anti-a-tubulin antibody to detect a-tubulin concentration at different periods of early

 embryogenesis in order to compare different stages of development and draw conclusions regarding cilia formation and
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 age.

 

 

 

Materials and Methods:

 

            The following procedure is based on the immunofluorescent embryo staining protocol developed by Morris,

 Henson, and Shuster (2008).

Each of 2 cell samples of Lytechinus pictus embryos fixed in methanol were collected in 2 separate 1.5 mL

 Eppendorf centrifuge tubes. This researcher used samples numbered 4 and 6, the embryos respectively fixed during the

 prophase streak and metaphase of the first mitosis. After the cells were allowed to settle at the bottom of the tubes, the

 methanol fixative was removed with a transfer pipette and replaced with PBS-T, a 0.05% solution of TritonX-100

 surfactant in PBS buffer. The embryos were re-hydrated in PBS-T for 15 min, the first 10 of which the tubes were

 gently rocked to prevent the cells from adhering to one another, and the last 5 of which the cells were allowed to settle

 at the bottom of the tube.

During the immunostaining process, the embryos were stored alternately in a humidity chamber and a 6-well

 wash plate. The humidity chamber was composed of a large glass Petri dish, with three epitube caps laying bottom-up

 on a square of hydrophobic parafilm in the base of the dish and a flat, damp kimwipe affixed to the lid. The three glass

 coverslips on which the embryos were to be prepared were each then grasped with forceps, sterilized in 100% ethanol,

 and dried with kimwipes. The sterile coverslips were each placed on an epitube cap in the humidity chamber, coated on

 one side with polylysine, and left to sit in the closed chamber for 30 minutes. The coverslips were then rinsed with

 distilled water, allowed to air dry, and placed polylysine-treated side up on the epitube caps. The pellet of cell sample 4

 was transfer-pipetted onto the treated side of 2 coverslips, one of which became designated as the unstained control.

 Cell sample 6 was transfer-pipetted to the treated side of the third coverslip, and a few drops of block buffer were

 gently added to each coverslip in order to hydrate, but not disturb, the cells resting on the glass surface. More block

 solution was gently added to each coverslip such that a large meniscus formed. The humidifying chamber was then

 closed, and the embryos allowed to block overnight at 4˚C.

            The next morning, the block buffer on the control coverslip was wicked away with a kimwipe, then replaced

 with a fresh meniscus of buffer. The block buffer on both experimental slides was wicked away in the same manner,

 but replaced instead with a large meniscus of a prepared buffer solution containing 0.1% of a primary monoclonal
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 mouse antibody against acetylated a-tubulin. The coverslips were incubated at room temperature for 2 hours and 20

 minutes, after which time the meniscuses were wicked away with kimwipes and the coverslips gently placed in separate

 wells in a 6-well plate containing PBS-T buffer. The buffer in each well was replaced via transfer pipette every 4

 minutes.

            After each coverslip had been exposed to 3 PBS-T washes, most of the buffer was pipetted from the wells and

 the coverslips replaced cell side up on the epitube caps in the humidifying chamber. A large meniscus of a block buffer

 solution containing 0.05% Alexafluor 546 Goat anti-mouse secondary antibody was added to each coverslip. The

 humidifying chamber was next covered and placed beneath aluminum foil to prevent light damage to the fluorescent 2˚

 antibody while the coverslips incubated for 2 hours at room temperature. Following this incubation period, the

 coverslips were again washed 3 times at 4-minute intervals in PBS-T buffer in their respective wells.

            Each coverslip was again removed from the 6-well plate and re-placed on the upturned caps in the humidifying

 chamber. A large meniscus of block buffer was pipetted onto the surface of the control coverslip, while meniscuses of

 block buffer solution containing 1.0% FITC-conjugated DM1A primary antibody against a-tubulin were pipetted onto

 the experimental coverslips. These were allowed to incubate in the closed and foil-covered humidifying chamber for 1

 hour, then placed in separate wells in the 6-well plate filled with PBS-T solution containing 0.00001% Hoechst in order

 to stain the DNA in the cells on the coverslips. After incubating in the Hoechst for 10 minutes, the solution was

 pipetted from the wells and replaced with PBS-T every 4 minutes for a total of 3 washes.

            Three coverslip chips were laid on each of 3 labeled slides to create a triangular plane approximately the size of

 a coverslip. After adding 2 drops of block buffer to the center of these planes on the slides, each coverslip was laid cell-

side down on its designated slide such that it rested on the coverslip chips and not on the slide surface itself. The edges

 of the coverslips were sealed to the slide via application of VALAP with a paintbrush.

            Both experimental slides were photographed using a Spot Advanced software and a Spot Insight camera affixed

 to a Nikon E400 epifluorescence microscope with standard Hoechst, FITC, and Rhodamine fluorescent filter sets. The

 slide was first oriented beneath the 40x pan fluor objective lens, and the cells beneath the coverslip brought into focus

 under normal light. The camera was then turned on, and the condenser covered with a lens cap taped to a plastic spoon

 handle. Imaging of the Hoechst stain was performed by placing the Spot Advanced program on the proper settings,

 briefly opening the light shutter, exposing the sample to light run through a standard Hoechst filter while the

 photograph was being taken, and quickly closing the light shutter after the image had been recorded. Imaging of the

 Alexa 546 and FITC stains were performed in the same manner, with the program running on settings particular to each

 stain and the cells exposed to light run through filters particular to each stain. The Alexa 546 stained cells were exposed
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 to light run through the Rhodamine filter because both Alexa 546 and Rhodamine emit light in the red spectrum.

 Composite images of the Hoechst, FITC, and Alexa 546 photographs were then constructed using Photoshop.

The Photoshop RGD histogram feature was used to assess the non-background brightness of different areas of

 the FITC and Alexa 546 stains on the ciliated blastulae and mid gastrula sea urchin embryos imaged by fellow

 researchers. An approximate average “brightness” value was estimated based on the histogram for every area being

 observed, such as the ciliated blastula cilia, the cilia at the mouth of the archenteron, and the cytoplasm of the large

 cells at the mouth of the archenteron. Separate brightness values for acetylated and unmodified a-tubulin were taken,

 and the areas of interest varied between the two proteins in question.

Results

            The sea urchin embryos did not contain any acetylated a-tubulin before the blastula stage, but unmodified a-

tubulin was present throughout early development. Acetylated a-tubulin was visible in preparations of sea urchin sperm

 and fertilization, where it was present in the sperm tail, and in the preparations of ciliated blastulae and mid gastrulae,

 where it was present in exterior cilia and at the mouth of the archenteron. Both the sperm tail and the cilia visible on the

 exterior of the blastulae appeared to be composed of both acetylated and unmodified a-tubulin.

 

 

Fig. 1                                                               Fig. 2

            The cilia of the blastulae are visible in both Figures 1 and 2, respectively stains of a-tubulin and acetylated a-

tubulin. The a-tubulin stain in Fig. 1 shows a great deal of background fluorescence, but small cilia are visible

 nonetheless. A region of concentrated a-tubulin is visible on the bottom of the leftmost blastula, as are mitotic spindles

 in the dividing cells of the blastula to the right. Figure 2 shows acetylated a-tubulin to be present only in the cilia.

 Superimposition of Fig. 1 on Fig. 2 revealed that the cilia in each image are the same, and that they are composed of

 unmodified a-tubulin only at the base.
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             Fig. 3                                                   Fig. 4

While all cells in the ciliated blastulae under the a-tubulin stain are fully visible in cross-section, some regions

 stained more brightly than others (Fig. 3). Small bright spots mark the location of the mitotic spindles of dividing cells,

 and certain blastulae have larger areas of a-tubulin glow at one pole of the blastula. In Figure 4, acetylated a-tubulin

 appeared only on the exterior of the blastula, in what seems to be an enveloping layer from which a few cilia protrude.

 

            Fig. 5                                                            Fig. 6

 

The large endodermal cells comprising the mouth of the archenteron show full and even staining for both a-

tubulin and its acetylated form. In Figure 5, a-tubulin staining reveals the locations of ingressing primary mesenchymal

 cells as well as the a-tubulin-rich cells at the archenteron. The tiny, bright dots of a-tubulin at the archenteron mouth are

 reminiscent of those in the same location in Figure 6.

The acetylated a-tubulin polymers present on the ciliated blastulae do not appear on the surface of the mid

 gastrula, and only a small ring of acetylated a-tubulin pinpricks are strongly apparent at the mouth of the invaginating

 archenteron (Fig. 6). The gastrula is outlined in the red indicative of the presence of acetylated a-tubulin polymers, but

 displays a much fainter staining pattern than the ciliated blastulae. The primary mesenchymal cells are very faintly

 visible under this stain. The vivid dot next to the archenteron is staining residue.
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            This graph shows the relative brightness acetylated a-tubulin in various areas of the blastula and gastrula. Items

 1-6 are as follows: (1) is the gastrula epithelium in Fig. 6, (2) is the cytoplasm of a cell at the mouth of the archenteron

 in Fig. 6, (3) is the edge of the cross-section of the ciliated blastula in Fig. 4, (4) is a bright spot at the mouth of the

 archenteron in Fig. 6, and (5) is a cilia of the ciliated blastula in Fig. 2. The edge of the ciliated blastula (item 3) and the

 archenteron spots (item 4) have relatively similar brightness, while the gastrula wall (item 1) has a brightness less than

 half of that of a blastular cilia (item 5).

            Figure 8 compares the brightness of (1) the cytoplasm of a blastula cell viewed in cross-section in Fig. 3, (2) a

 blastula cell viewed externally in Fig. 1, (3) endodermal cell cytoplasm in the gastrula archenteron in Fig. 5, (4) the

 bright area on the leftmost blastula in Fig. 1, and (5) the bright area on the epithelium of a blastula viewed in cross-

section in Fig. 3. The first two items are sensibly very similar, as they represent internal and external views of the same

 tissue. Items 3, 4, and 5 also have very close brightness values, suggesting a relationship between the a-tubulin-rich

 area in the blastula and the gastrula archenteron.

Discussion and Conclusions
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Tracking a-tubulin and acetylated a-tubulin locations and concentrations in sea urchin embryos did indeed offer

 a visual model of cilia formation and the mechanisms that underlie this process. Because acetylated a-tubulin comprises

 strengthened microtubules not of use in the multiple and crucial cell divisions of early embryogenesis, it is unsurprising

 that immunostaining revealed its presence only in the specialized adult sperm cell and the blastulae and mid gastrulae

 undergoing the beginnings of differentiation. That a-tubulin staining revealed cell shape in non-dividing cells

 throughout development shows that it is free in the cytoplasm when not assembled into a mitotic spindle.

In the blastula, staining indicated that the cilia were long polymers of acetylated a-tubulin stemming from shorter

 unmodified a-tubulin roots. The cilia present on the exterior of the cells of the ciliated blastula appear to be heavily

 composed of acetylated a-tubulin as revealed by the bright Alexa 546 staining at these locations, indicating that these

 structures are newly formed and have not yet undergone a substantial amount of the structural maintenance that leads to

 tubulin tyrosination (Stephens 1992). That acetylated a-tubulin is still visible on the exterior of the mid gastrula

 suggests that the exterior cilia have not yet undergone enough re-polymerization to have converted a sufficient quantity

 of their microtubule structure to tyrosinated a-tubulin that the cilia would be invisible to Alexa-546 staining at this point

 (Stephens 1992). The even Alexa 546 stain on the cells at the mouth of the archenteron could indicate that these cells

 contain acetylated a-tubulin reserves in their cytoplasm.

The relative closeness of the brightness values between the pinpricks of concentrated acetylated a-tubulin at the

 mouth of the archenteron and the cilia on the blastula exterior in Fig. 2 support the conclusion that polymerization of

 new cilia microtubules is occurring on the surface of these cells, either due to the formation of new cilia or the

 lengthening of blastular cilia. That small a-tubulin and acetylated a-tubulin pinpricks exist at the mouth of the

 archenteron further link these spots to cilia, as the cilia on the ciliated blastula were composed of acetylated a-tubulin

 along their length and of a-tubulin at the base. This structure could be the result of a-tubulin acetylation as a part of cilia

 development, in which a-tubulin would be drawn from cellular reserves (Raff et al. 1971) and acetylated at the point of

 cilia growth.

The heavy a-tubulin concentration in the cytoplasm of the archenteron cells could indicate that blastular cilia

 have been de-polymerized, regenerating the cells’ internal a-tubulin reservoir (Raff et al. 1971), or that more a-tubulin

 is being synthesized in these cells because it plays a role in convergent extension, is needed for cell division, or is

 needed for the polymerization of new cilia microtubules on the surface of the cell wall facing the interior of the

 invaginating gut (Arikawa, Williams 1993). That Alexa-546 revealed the locations of ingressing primary mesenchymal

 cells could indicate that strengthened microtubules constructed of acetylated a-tubulin are necessary for certain types of

 cell movement. These sturdy microtubules could be of use in modifying cell shape.
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Sources of error in this experiment came from stain residue in the cell samples and necessary approximation in

 determining a single value for the “brightness” of parts of the cells. Refining this experiment would involve finding a

 more definite way of quantifying pixel brightness. To narrow the scope of this experiment and to more incisively

 examine cilia formation, staining cells just before and during blastula formation as well as throughout gastrulation for

 acetylated, tyrosinated, and unmodified a-tubulin would show where and how the a-tubulin is being modified to

 generate cilia.
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