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Abstract 14 

Development of the adult ascidian tunicate starts when the tadpole larvae attaches to a surface. In 15 

approximately two days the solid tadpole will metamorphose into two joined concentric hollow 16 

cylinders. The outer cylinder is the body and the inner cylinder is the branchial basket containing 17 

openings (stigmata) lined with cilia that pump water through a mucus net that traps food. In six 18 

days a heart and circulatory system has formed and blood is pumped through the branchial 19 

basket and a smaller visceral cavity containing the heart, stomach, intestine, and gonads. At this 20 

stage the animal is quite transparent and moving blood cells are easily distinguished from the 21 

fixed cell network of the animal body. The human eye-brain is good at identifying moving cells, 22 

but the area of high resolution is limited as is the ability to remember multiple events. However, 23 

sequential video frames obtained using a consumer grade camera mounted on a low power 24 

microscope, contains the information needed to identify and document moving cells using free 25 

open source software described in this report. Subtraction of sequential frames results in a blank 26 

difference image if the frames are the same, but produces positive-negative image pairs of cells 27 

that have moved during the frame interval. The collection of many sequential difference images 28 

thus produces a map of the circulatory system. At six days the circulatory system consists of two 29 

perpendicular loops. The larger longitudinal (sagittal) loop runs from the heart along the ventral 30 

edge of the branchial basket to a loop around the oral siphon, then back along the dorsal edge of 31 

the basket, through three branches in the small visceral cavity, and returns to the heart. One or 32 

more transverse loop(s) transports blood from the ventral to the dorsal vessel across the sides of 33 

the branchial basket and around the stigmata. Blood cells traverse the longitudinal loop in about 34 

11 sec. As the tunicate matures the number of stigmata increases and the transverse loops 35 

develop branches. The branch points then migrate to the dorsal and ventral vessels to form a 36 
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series of parallel transverse vessels. In the brachial basket blood cells move in both transverse 37 

and longitudinal direction around the stigmata. 38 

Introduction 39 

Tunicates are believed to be the sister group to vertebrates (Delsuc et al. 2006), and thus a 40 

comparison of the two subphyla, especially their early development, could suggest the process of 41 

evolution from a common ancestor. The model tunicate Ciona intestinalis has been used in the 42 

majority of embryological studies which have focused on development of the larval tunicate up 43 

to its metamorphosis into the adult form (Stolfi and Christiaen 2012). Cellular precursors of the 44 

heart have been mapped in the larval tadpole (Christiaen et al. 2009; Davidson 2007; Davidson et 45 

al. 2006; Stolfi et al. 2010), but a beating heart and functional circulatory system does not form 46 

until after metamorphosis. 47 

The tunicate studied in the present report, Ciona savigny, is morphologically almost identical to 48 

C. intestinalis, and Milar (1953) considered them to be the same species. However, the genus 49 

Ciona is very polymorphic, and the genomic sequences of these two species have significant 50 

differences (Berna & Alvarez-Valin 2014; Berna et al. 2009). 51 

Metamorphosis 52 

Growth and development of ascidian tunicates occurs in two stages. In the first stage an egg 53 

fertilized in the water column develops into a larva of about 2000 cells which is released from 54 

the egg as a free swimming “tadpole”. Within one or two days the tadpole attaches to a solid 55 

surface which initiates the second stage, a dramatic metamorphosis followed by growth and 56 

development to produce the adult sessile animal(Chiba et al. 2004; Karaiskou et al. 2015; 57 

Passamaneck & Di Gregorio 2005). 58 
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As mentioned before, the first stage has been the focus of most studies of Ciona development, 59 

since it is in this stage that the notochord and muscular tail is formed, which identifies the animal 60 

as a chordate. However, it is only in the second stage of development that a functional 61 

circulatory system, the subject of this report, develops. Gene expression studies in this second 62 

stage are now appearing(Azumi et al. 2007). 63 

Open and closed circulation 64 

In tunicates the direction of blood flow reverses every one to four minutes which would be 65 

compatible with blood flowing back and forth between two large sinuses. However, the large 66 

volume of blood pumped in each direction is only compatible with circulation Krieble (1968). 67 

In the literature circulation in tunicates is usually described as “open” (Davidson 2007; Monniot 68 

et al. 1991; Passamaneck & Di Gregorio 2005; Satoh 1994; Satoh 2016), a system typical in 69 

crustaceans and insects. Blood is pumped by the heart into a short vascular tree, exits and flows 70 

in direct contact with cells and collects in a large, pericardial sinus. No such sinus has been 71 

described in Ciona. 72 

Circulation in tunicates is sometimes claimed to be open because the blood vessels lack 73 

endothelial cells, which line the internal walls of vertebrate blood vessels and prevent plasma 74 

from flowing freely into the interstitial space. Citations are not given, but the source is probably 75 

the comprehensive 123 page monograph Ciona, by Millar (1953), in which 20 pages are devoted 76 

to the circulatory system. In this publication reference to endothelial cells lining blood vessels 77 

consists of one sentence stating they were only found associated with vessels near the heart. 78 

There is no mention of criteria used to define endothelial cells, or which vessels in the animal 79 

were studied. A recent study of the ascidian tunicate Corella inflata described a circulatory 80 
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system that retained high molecular weight dextran to the same degree seen in mammalian 81 

vessels (Konrad 2016). Thus in this tunicate at least, circulation appears to be closed. 82 

Blood vessels and organs 83 

The stereotypical image of the circulatory system in vertebrates is a network of long branched 84 

tubular blood vessels connecting distant discrete organs. However, blood flows through 85 

individual organs in a vascular architecture characteristic of the function of that organ (Augustin 86 

& Koh 2017), e.g. in the liver blood percolates around cells in an amorphous sinus network. 87 

The branchial basket 88 

The branchial (gill) basket in tunicates in general, and particularly in the young tunicates studied 89 

in this report, represents a large fraction of the volume of the animal and have a striking 90 

symmetry. Thus any visual study of circulation is likely to emphasize the circulation in the 91 

branchial basket. 92 

Visualizing circulation 93 

The adult Ciona tunicate is large enough that it is possible to inject dyed latex into vessels and 94 

produce a cast of the circulatory system in the dead animal (Millar 1953). However, this 95 

technique becomes difficult for younger and smaller stages and it does not give information 96 

about blood speeds (flow) in the living animal. Fluorescent dye can be injected into vessels of 97 

living tunicates, e.g. C. inflata, to produce dramatic images of the vessel network (Konrad 2016). 98 

However, injection becomes difficult in small, young animals, and it also provides no 99 

information on blood speeds in the circulatory system.  100 

The young tunicate for 5-20 of days after attachment to a solid substrate has a simple circulatory 101 

system and is very transparent. The flow of moving blood cells can be easily seen by the human 102 
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eye-brain system, but the field of acute view is small and humans can only remember a very 103 

limited number of cell movements over a short time since there is no mechanism to archive 104 

details of multiple visual images. 105 

However, blood circulation is easily recorded as video, a sequence of images typically acquired 106 

30 times a second. Moving objects can be selectively seen in each image by subtracting the 107 

previous image, with subtraction done pixel by pixel across the x-y plane. The difference 108 

between two images is essentially the definition of movement, change with time. 109 

There is an extensive literature on the characterization of particle flow, reviewed by Willert 110 

(1991), using different techniques appropriate to the flow and embedded in the advancements in 111 

optical and electronic technology over the last several decades. Techniques used by Schwerte et 112 

al. (2000; 2003) for following the blood distribution in zebrafish may be the closest to those used 113 

in this study. They used a video camera sending 30 interlaced frames per second to an analog 114 

video tape recorder, and the images were then digitized by a frame grabber computer card. This 115 

technology has been replaced in the present study 15 years later by a consumer grade digital 116 

camera which produces and stores up to 30 minutes of progressively scanned, i.e. not interlaced, 117 

full digital images. The details of algorithms used by Schwerte et al. are somewhat obscured by 118 

their use of proprietary software, but as in the present study, one step was the subtraction of 119 

images of sequential frames to produce what they termed “shifting vectors”. Since sequential 120 

frames of interlaced images are not really pairs of sequential images, the results are not exactly 121 

the same as those obtained in the present report. However, they were able to obtain good images 122 

of the vascular system for the entire zebrafish and measure cell velocities. 123 

The concentration of blood cells in the blood of tunicates is low compared to most vertebrates, 124 

and individual cells are thus typically separated by a distance larger than their movement during 125 
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the 1/30 th second between image frames. Thus it is usually easy to identify images of the same 126 

blood cell in sequential frames. However, identification of sequential images of a cell is subject 127 

to statistics, and errors can occur in concentrated patches of cells. In addition, even in young 128 

tunicates there are opaque structures, so the image of a blood cell can be occasionally obscured. 129 

The results of this report show that a simple, robust, closed circulation of blood cells is 130 

established in tunicates by six days after attachment. As the animal develops during the next 30 131 

days more vessels form, and the pattern becomes more complex. 132 

Vessel nomenclature 133 

Blood in tunicates has sometimes been described as moving through sinuses. Spaces containing 134 

blood in the tunicate are often quite different from the archetypical tubular vessels that connect 135 

the heart to organs in vertebrates. However, as shown in this report, and consistent with 136 

observations in the tunicate C. inflata, there is a constant blood flow throughout the animal and 137 

there are no pools of slow moving blood as would be implied by the term sinus. Thus, the terms 138 

vessel, tube, channel or duct would seem more appropriate to describe the circulatory system of 139 

tunicates than sinus.  140 

Circulation implies local directional flow. In vertebrates, e.g. fish, blood flows in only one 141 

direction, and the term artery or vein in the name of a blood vessel indicates that blood flows 142 

away from, or toward the heart respectively. In addition, the structure of the vessel wall is 143 

characteristic of flow direction, with arterial walls being thicker and containing more muscle, 144 

while venous walls are relatively thin. However, in tunicates blood flows for periods of several 145 

minutes in one direction and then reverses direction for approximately the same time. There is 146 

essentially no published information on the histology of tunicate blood vessels, but the symmetry 147 

(Cirino & Brown 2014)of blood flow would suggest that vessel structure would also be 148 
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symmetrical, and vessels in tunicates are not described as arteries or veins. However, it is useful 149 

to have a label for a reference flow direction, one that would be consistent for the entire animal 150 

and preferably have a biological connotation. In this report flow from heart into the branchial 151 

basket (gill basket) will be described as vertebrate flow (V), while flow in the other direction will 152 

be described as contra-vertebrate flow (CV). If no directional label is used, vertebrate flow will 153 

be implied. 154 

Methods 155 

Production, care and observation of young tunicates 156 

Adult Ciona savigny HERDMAN, 1882 were collected in a marina in Sausalito (San Francisco 157 

Bay) from the side of a floating dock at a depth of 0.1 – 0.3 m. Adults were kept in a seawater 158 

aquarium at temperatures of 16-20C with aeration, and used within 72 hours of collection. 159 

Collection of eggs, sperm and fertilization were accomplished essentially by using the 160 

ASSEMBLE protocol (Cirino & Brown 2014). Briefly, animals were laid on a 5 mm thick gel of 161 

silicon (Slygard 184, Global-Industrial Corp) in a 7 x 7 cm acrylic box and immobilized with 3 162 

to 5 pins. An incision was made through the test to expose egg and sperm ducts. Excess water 163 

around the sperm duct was removed, the duct cut, and sperm removed carefully with a Pasteur 164 

pipet. Immediately before use sperm was diluted in 5 mL of seawater (SW). The eggs are easily 165 

collected since the duct is large and individual eggs can be seen. Eggs were diluted in seawater 166 

(SW), with 100-1000 eggs in 10 mL of SW in a 60 mm plastic Petri dish. A 0.1 mL aliquot of the 167 

sperm suspension was added to each dish of eggs. After 24 hours tadpoles were distributed into 168 

multiple 60 mm dishes, with about 20 tadpoles in 10 mL of SW per dish. After an additional 24 169 

hours to allow attachment of tadpoles to the bottom, the SW was decanted and replaced with 10 170 
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mL of fresh SW, thus there is an uncertainty of 12 hours in the exact time of attachment. Dishes 171 

with 1-3 attached tunicates were used for observation, and SW was replaced daily. 172 

Young tunicates tend to float vertically from the plastic surface on a flexible stalk, and it can be 173 

difficult to obtain lateral views. However, small (4 x 4 mm) rectangles are easily cut from plastic 174 

coverslips, and when laid over a tunicate force it into a horizontal position. The low density of 175 

the plastic results in a small force applied to the animal, but it may still be useful to bend over 176 

one edge of the rectangle by 90 degrees to prop up that edge when the plastic is placed over the 177 

animal. This produces a space under the plastic square with a triangular cross section to confine 178 

the tunicate, and thus translation of the square will bend the tunicate to the desired extent. 179 

Tunicates that were confined in this way were observed only one time, even though they 180 

typically did not appear to be injured by the procedure. 181 

Staining with neutral red 182 

Attached tunicates were stained by addition of 10 mL of a 0.1% solution of neutral red dye 183 

(Cynmar Corp.) in SW for 10 minutes. They were then washed four times in 10 mL of SW. 184 

Image capture and processing 185 

Two optical systems were used to obtain single images and video sequences: 186 

1- a Meiji stereoscopic microscope with a Canon Rebel T3i camera, 187 

2- an Olympus SZX16 stereoscopic microscope with a Canon EOS 6D camera. 188 

Single still images used for documentation were processed using Photoshop (Adobe Systems, 189 

Inc.) with adjustments applied uniformly to the entire frame. Video files were converted to image 190 

sequences using QuickTime Player 7 (Apple Inc.), and were not modified further before analysis. 191 
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In several cases the paths of moving blood cells in an image sequence was determined manually 192 

using Photoshop. The default configuration of Photoshop gives x,y positions to 0.1 pixel, which 193 

is useful when one wants to specify the center of an object of 3-16 pixels wide. In this report 194 

speed is defined as distance/time, where time is typically 1/30 second, the time between each 195 

video frame. The term velocity is reserved, as is convention, for the vector which specifies both 196 

speed and direction. 197 

Software 198 

Software to produce and analyze sequential image pair differences was written in Java and 199 

implemented as Plug-Ins for the ImageJ open-source application maintained and distributed by 200 

NIH (Broeke et al. 2015; NIH 2017). The source code of the two plugins used to produce the 201 

images and data reported here are deposited at www.github.com in the 4atunicate/ImagePair 202 

repository. The open-source Integrated Development Environment (IDE) Eclipse (Foundation 203 

2017; Vogel 2013) was used in writing Java source code. Java can have a steep learning curve, 204 

but the ImageJ platform provides such a powerful collection of supporting functions so a plugin 205 

with less than 20 lines of code can reveal the heartbeat of a tunicate.  206 

This study required computer implemented analysis of sequences often containing thousands of 207 

images. However, analysis of one sequence never required more than a few minutes using a 208 

desktop computer (Apple iMac27with a 3.5 GHz Intel Core i7 CPU). 209 

Observation and analysis of moving blood cells are facilitated by the fact that the cellular body 210 

and enclosing tunic of the young tunicate are transparent and have refractive indexes close to 211 

water, so images are not distorted. The stain Neutral Red was used to increase contrast of cells, 212 

and it may have only slight specificity for blood cells. 213 
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The pixels of moving cells are selectively observed if sequential video frames are subtracted 214 

since the images of stationary cells and other structures cancel in the subtraction. In such a 215 

difference image positive (black) pixels are seen where a cell has moved into new locations, and 216 

negative (white) pixels are seem where cells have moved from old locations. The use of 217 

difference images to follow movement is almost the definition of movement, a change from one 218 

image to another, and is basis of many algorithms (Vennemann et al. 2007). Determination of the 219 

total number of black pixels in each frame is sufficient for some uses, but it is usually desirable 220 

to group contiguous pixels into clumps, which represent images of moving cells. 221 

The low density of cells in the blood of tunicates makes it possible to follow individual cells 222 

even in large vessels and relatively high cell numbers because the negative and positive image 223 

pairs of individual cells do not usually overlap the images of other cells. However, identification 224 

of two sequential cell images as a path of a single cell depends only on the proximity of the 225 

sequential images and the absence of other nearby images. In any dense collection of moving 226 

cells there are likely to be some errors in assignments of old and new cell images. 227 

It is often useful to collect data selectively from specified regions of the image, which can be 228 

done using a mask. A paint program, e.g. Adobe Illustrator (Adobe Systems, Inc.), is used to 229 

paint a white segment over the desired area on a black background and this image is then 230 

converted into a logical array in which white is true. In the actual scanning program, the 231 

acquisition of data from each pixel is then tested against this array. This allows the greatest 232 

flexibility in the shape of masks, while minimizing computational overhead. 233 

Results 234 

Metamorphosis and growth 235 
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Within 2-4 hours after the tadpole has attached to a solid surface, the long tail has been adsorbed 236 

to produce a more compact animal. In the next 1-2 days the solid body expands to form an 237 

internal hollow branchial basket surrounded by a tubular body wall. During this time the internal 238 

parts of the animal rotate almost 180 degrees so the anterior portion, the oral siphon (the opening 239 

to the branchial basket), is pointing away from the attachment point. Once the branchial basket is 240 

pumping water through the mucus net, filter feeding begins and the animal progressively grows 241 

in size. As seen in Fig. 1 the exterior lengths of the tunicates used in this study increase from 242 

about 0.3 mm to 4 mm in 37 days. 243 

2.5 days: heart activity but no circulation 244 

A tunicate 2.5 days after attachment is seen in Fig. 2. The heart moves in an irregular manner. 245 

Blood cells are visible to the eye, but their motion is limited and erratic, and could not be reliably 246 

followed by the image-pair software used in this study. There is no real circulation, and no 247 

documentation of the limited blood cell movement is presented here.  248 

6.5 days: circulation established 249 

A tunicate 6.5 days after attachment is seen in Fig. 3, which is frame number 25 of a video. The 250 

previously dense material adsorbed from the tail is now incorporated into visceral organs, and a 251 

vigorous blood circulation is created by the rhythmically contracting heart. In the adult animal 252 

the heart is a long tube and an obvious peristaltic constriction pumps the blood, but at this early 253 

stage, the heart appears as a compact contracting ball, obscuring its structure. 254 

The red arrow in Fig. 3 points to a dark blood cell in the endostyle region which we will 255 

subsequently find is moving. Fig. 4 is a difference image: frame 25 minus frame 26. Pixel 256 

intensities in 8-bit grey-scale images have a range of 0 to +255, and thus a difference image has a 257 

range of -255 to +255. To display this range in Fig. 4 white represents -255, grey 0, and black 258 
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+255. The white-black doublet at the tip of the red arrow represents one cell in frame 25 which 259 

moves about one cell diameter to the right in frame 26. The white (negative) blob is the cell in 260 

frame 25 and the black (positive) blob is the cell in frame 26. In this figure the power of the 261 

subtraction algorithm in revealing moving cells is dramatic, but all the stationary cells are still 262 

present even if invisible, and if they overlap moving cells they will modify the difference image 263 

by obscuring the cells in one or both of the frames. Thus as blood cells flow through the tunicate 264 

they can be temporarily hidden by individual stationary cells and clumps of cells in organs. 265 

An enlargement of the region around the difference image of the moving cell is seen in Fig. 5. 266 

These blood cell images have a maximum diameter of about 5 pixels which represents a diameter 267 

of about 9 u at the magnification used in this video (1.7 u / px). There are several types of blood 268 

cells in Ciona with diameters reported to range from 3.5 to 6.5 u (Millar 1953), giving an 269 

average diameter of about 5 u. The apparent diameter of the cells in these difference images is 270 

larger than their actual diameter since the cells are represented by a few pixels and any defect in 271 

the optical system or smearing by motion will increase the apparent diameter. The distance 272 

between the centers of the old and new cell image is approximately 5.5 pixels, or 9.4 u. Since 273 

frames are obtained 30 times a second, this represents a speed of 280 u / sec. These cell images 274 

may appear crude due to the small number of pixels they contain, but the x and y values of cell 275 

centers can be computed to subpixel resolution using an intensity weighted sum over the image, 276 

which increases the resolution by about the square root of the number of pixels, or 3-5 fold for 277 

cells of 9-25 pixels. 278 

Pulsation of circulation easily measured 279 

The flow of blood in C. savignyi is highly pulsatile, as it is in the ascidian C. inflata (Konrad 280 

2016). The frame 25-26 difference image described in the previous section was not selected at 281 
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random, but rather because blood was moving rapidly in the two source images to produce a 282 

dramatic example of a difference image. The pulsatile nature of blood flow throughout the entire 283 

animal can be easily seen by merely plotting the total number of black pixels in difference 284 

images against frame number (Fig. 6). The number of black pixels changes about 5 fold every 25 285 

frames, or 0.83 sec. This represents the heartbeat, and demonstrates that blood cell motion is in 286 

approximate synchrony throughout the tunicate. At the peaks the image pairs of rapidly moving 287 

cells are separated the most and thus the old and new cell images cancel each other the least and 288 

the number of black pixels is the highest, while at the troughs cancelation between cell pair 289 

images is the highest and there are fewer black pixels. 290 

Following individual blood cells 291 

Much more information can be obtained by resolving and following individual cell images in 292 

each difference frame. This is accomplished by first collecting chords of contiguous hit points 293 

(pixels with intensity greater than a threshold) along lines of constant y, and then collecting 294 

vertically overlapping chords to define cells. In Fig. 7 moving cells from 984 difference frames 295 

are displayed as uniform red circular icons superimposed on a grey-scale image of the animal. 296 

An image of the tunicate in which moving cells are represented as circular icons reveals 297 

circulation paths, but gives no indication of speed and direction, i.e. velocity, of the flow. 298 

However, if image pairs are represented as tadpole icons, with a circular head at the position of 299 

the cell in the second frame, and a tail extending to its position in the first frame, they can be 300 

imagined as swimming in the direction of cell movement at a speed proportional to tail length. 301 

To effectively use tadpole icons it is necessary to limit their density to prevent confusing overlap. 302 

A diagram of circulation using non-superimposed tadpoles, about half the total number of image 303 
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pairs, is seen in Fig. 8. Global flow in the animal, indicated by the grey arrows, is in the contra-304 

vertebrate (CV) direction. 305 

Topology of the circulation 306 

The circulatory system in the young tunicate can be approximated as two perpendicular loops. 307 

The major loop is in the sagittal plane. During the vertebrate (V) phase of pumping, blood exits 308 

the anterior end of the heart, continues in the anterior direction under the endostyle, passes 309 

through a loop around the oral siphon, flows in the posterior direction down the large dorsal 310 

vessel to the visceral region and splits into three short segments which join at the posterior end of 311 

the heart. One of the visceral segments passes through the ovary, another flows over the stomach, 312 

while the third has no obvious organ specificity. 313 

The transverse loop is more complex and changes more rapidly during development. Blood 314 

flows from the large sub-endostyle vessel up both sides of the branchial basket, typically in a 315 

network of several vessels, to meet the large dorsal vessel. When the peristaltic heart reverses 316 

direction blood flows in the opposite, contra-vertebrae (CV), direction. CV blood flow is 317 

represented by tadpole icons in Fig. 8, while a diagram of the tunicate showing major organs and 318 

blood flow as a white path is presented in Fig. 9. 319 

Measuring circulation 320 

To obtain useful values for cell density and speed, i.e. flow rate, it is desirable to study segments 321 

between bifurcations in the circulation. Two major vessel segments in the branchial basket, 322 

outlined in Fig. 8 in red and green, are the posterior dorsal arc (PDA) from the middle of the 323 

basket to the beginning of the three visceral branches, and the posterior ventral arc (PVA) from 324 

the anterior end of the heart to the middle of the basket. Numerical parameters describing 325 

circulation in these zones are presented in Table 1. The lengths of the segments, number of cells 326 
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and their average speeds are similar. A useful parameter is the number of cells moving out of the 327 

end of the segments per second, the cell flow rate, which is 0.37 and 0.35 /sec for PDA and PVA 328 

respectively. The difference, 6 percent, is approximately equal to the expected random difference 329 

due to the small number of cells (about 400). Thus the total flows are indistinguishable, which is 330 

to be expected since these segments are parts of the same loop. The PVA loop under the 331 

endostyle has a slightly greater width as seen in this lateral view. As the tunicate grows and 332 

develops this vessel becomes even proportionally larger and more complex in cross section, so it 333 

could be described as a duct rather than a vessel. 334 

It is important to note that the approximately 400 cell images described in Table 1 were obtained 335 

from 984 frames of video, an average of less than one cell image for every two frames. This low 336 

density facilities matching image pairs from a single cell in sequential video frames, however, it 337 

requires long observation times to quantitate circulation, particularly in smaller vessels. 338 

11 days: more vessels form accross the branchial basket 339 

The flow of blood cells in a tunicate 11days after attachment is seen in Fig. 10. The animal is 340 

rotated slightly so the dorsal vessel is closer to the observer and thus more visible while the 341 

ventral vessel and endostyle are hidden. Only the side closest to the observer is in focus. There 342 

are three rows of stigmata along the axis of the animal, and at least one row has more than one 343 

stigmata. Blood flows out from one location on the dorsal vessel and then fans out into 3 or 4 344 

transverse paths across the stigmata before joining the endostyle again at one location. 345 

Path of one cell 346 

In Fig. 10 the proximal side of the vessel ring around the oral siphon appears as a long straight 347 

segment in a very clear part of the tunicate body where the density of moving cells is low and it 348 

is thus possible to follow individual blood cells through many video frames. The path of one cell 349 
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is displayed in Fig. 11 as a series of dots, one for each frame, with the dot color indicating speed. 350 

A plot of speed versus frame number is displayed in the right corner of the Figure. The ratio of 351 

maximum to minimum speeds in the peaks along the path ranges from about 2 to 3.  352 

20 days: even more vessels grow around the branchial basket 353 

Circulation in a 20-day old tunicate is seen in Fig. 12. The animal is rotated in the opposite 354 

direction to that of Fig. 11, so the dorsal vessel at the top is out of focus, but the endostyle along 355 

the bottom can be seen in considerable detail. Blood flows between the endostyle and dorsal 356 

vessel in several parallel vessels, and in several places blood flows in a transverse direction 357 

between between stigmata, which are still oriented in the transverse direction. Blow flow along 358 

endostyle occurs in either several vessels or in a duct with a complex cross section. 359 

37 days: blood flow around stigmata 360 

By 37 days the tunicate has grown almost ten-fold to a length of slightly more than 10 mm. Fig. 361 

13 is a 2.4 x 1.6 mm field of view at the anterior end of the endostyle. As characteristic of 362 

tunicates of this age, stigmata are oriented in a transverse direction and are often longer than 500 363 

u, approximately the total length of the 6.5-day old tunicate seen in Fig. 3. In the previous Figure 364 

we saw blood flow in several locations between transverse vessels, but in this animal there is 365 

more extensive flow in the longitudinal direction so there is essentially flow around the entire 366 

circumference of stigmata. Thus, at this stage the blood flow in the branchial basket is clearly 367 

two dimensional. 368 

Blood flow in the branchial baskets of younger tunicates may also be two dimensional, but it is 369 

perhaps just not so obvious since it is only feasible to follow a modest number of blood cells 370 

with the methods used here. 371 
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Discussion 372 

This report uses difference images, the result of subtraction of sequential video frames, to reveal 373 

moving blood cells in transparent tunicates. The simple and inexpensive implementation of this 374 

method, which has evolved from and is similar to the work of many others, has been described in 375 

detail not only to give perspective to the picture of blood circulation presented in this report, but 376 

to encourage application to other studies. It could be useful in the study of heart function, 377 

movement of appendages, mapping paths of animals, etc.              378 

In the present study the method is facilitated by the low density of blood cells, so that in the 379 

1/30th of a second between successive video frames, a typical tunicate blood cell moves a short 380 

distance relative to the average distance between neighboring blood cells. Thus the new position 381 

of a cell can be associated with its old position, and not confused with the more distant position 382 

of another cell. However, the low density of blood cells typically requires observation times of 383 

10 to 100 seconds (300 to 3000 images) to produce a complete picture of circulation. 384 

Motion of blood cells in C. savignyi is very pulsatile, as was also observed in the ascidian C. 385 

inflata (Konrad 2016). This means that slow blood cells may be “lost” using the frame 386 

subtraction algorithm if they move only a small fraction of a cell diameter between video frames. 387 

In addition, blood cells can move behind dense cell masses, and may be too close or distant from 388 

the focal plane to be detectible. Thus the best images of blood flow throughout an entire animal 389 

are obtained in young tunicates, when the animal is transparent and small, so most of the animal 390 

is in focus and the path of circulation is simple. Of course circulation can be mapped in larger 391 

tunicates for specific regions that are within one focal plane, e.g. Fig. 13, and it should be 392 

possible to stitch together the results for several regions to produce a larger map. 393 
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Early blood circulation in the tunicate 394 

Circulation is robust 6.5 days after attachment, and moves through two perpendicular loops. The 395 

major loop is in the longitudinal (sagittal) plane. During the vertebrate (V) flow phase blood 396 

exits the anterior end of the heart, moves under the endostyle in a large vessel, passes around the 397 

oral siphon through a loop, flows down the large dorsal vessel to the visceral region and splits 398 

into three short segments which join at the posterior end of the heart. One of the visceral 399 

segments passes through the gonad, another flows over the stomach, while the third has no 400 

obvious organ specificity. 401 

Multiple secondary loops in the transverse plane allow blood to flow from the ventral to dorsal 402 

vessel across both sides of the branchial basket, which occupies most of the area in a lateral view 403 

of the tunicate. Blood flows through a two dimensional mesh of channels in the branchial basket 404 

that changes in geometry and complexity as the animal grows and develops. Initially the vessels 405 

form a fan, with a single connection to the two major vessels. As the tunicate grows and 406 

develops the flow becomes a rectilinear net. In older animals it is clear that blood cells move in 407 

both transverse and longitudinal directions to create circulation around the edges of individual 408 

stigmata. Thus the branchial basket can be considered a flat and wide two-dimensional duct with 409 

embedded holes (stigmata). 410 

Blood flow pulsates in phase throughout the animal. The time required for a cell to complete one 411 

cycle around the circulation system of the 6.5 day-old tunicate is about 11 seconds, more than 10 412 

fold less than the time between heart reversals. Thus, cell transit times and heart reversals are 413 

very separate processes. 414 

The race to feed 415 
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Metamorphosis of the non-feeding tadpole with no blood circulation to an adult tunicate is a race 416 

to convert the approximately 2,000 cells in the tadpole to an animal that can filter-feed on 417 

plankton before its internal nutritional resources, mainly cells digested by apoptosis of the tail, 418 

are exhausted. Much of the process is differentiation and movement of precursor cells, but new 419 

cells must also play a part. The newly formed brachial basket must hold and transport the mucus 420 

net produced by an endostyle and the embedded cilia lined stigmata must pump water through 421 

this net. Blood circulation is needed to transport nutrients from the stomach to the endostyle to 422 

continually make the net and to the cilia around the edges of the stigmata to supply energy for 423 

moving water through the net. In contrast to vertebrates there is neither a placenta or yolk, and 424 

thus there is no circulation associated with these sources of nutrition. 425 

At 6.5 days after attachment blood circulation is seen and the first functional stigmata appear 426 

along transverse vessels between the large ventral and dorsal vessels. The transverse vessels 427 

initially increase in number by splitting, to form a fan between the ventral and dorsal vessels. As 428 

the tunicate grows the number of transverse vessels increases and the geometry becomes more 429 

rectilinear, so that the the transverse vessels are parallel. The number of stigmata also increases, 430 

they are larger, and are elongated along the longitudinal direction. 431 

Early blood circulation in the fish 432 

The vertebrate that seems closest to the tunicate is the fish. As with tunicates it is marine, 433 

evolved earlier than terrestrial animals, and is cold blooded. As with tunicates the heart of the 434 

fish is a straight tube which pumps blood directly to gills. Initially, like the tunicate, it pumps by 435 

peristaltic contractions(Bakkers 2011), but then develops fixed valves and several chambers, and 436 

pumps by contraction. However, blood flow in the fish, as in all vertebrates, is always in one 437 

direction. 438 
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The race to swim 439 

The developmental race for the young fish is to produce a large muscular tail, eyes, and a brain 440 

in order to escape predators and later to capture prey, and there is nutrition in the yolk for this 441 

purpose(Isogai et al. 2001). Thus the major function of early circulation is to transport nutrients 442 

from the yolk to the head and tail to allow rapid cell growth and division. In contrast, the adult 443 

tunicate has has lost its tail, most of its neurons, and its primitive eye, as all are useless as a 444 

sessile animal. Early circulation in the fish is a loop from heart to the gill arch in the head, and 445 

then down the dorsal edge of the tail, returning along the ventral edge back to the heart. Buds 446 

along the parallel dorsal and ventral vessels in the tail grow toward each other between the 447 

myotomes, join and form a network of parallel vessels. During this stage of development there is 448 

but one gill arch. The fish must eventually develop larger gills to provide sufficient oxygen for 449 

the muscular activity of an adult animal, but the gills will never have the proportional size or 450 

play as direct a role in food capture as they do in the tunicate. 451 

Analogous vascular buds might form on the dorsal and ventral vessels of the tunicate branchial 452 

basket, but they would not be visible with the methods used in this report until they merged and 453 

actual blood flow was established. 454 

In both tunicates and fish blood flow is highly pulsatory. In this report a young, sessile tunicate 455 

6.5 days post attachment and 0.4 mm long, was shown to have a peak speed of blood flow in the 456 

major vessels of about 0.4 mm/s. In a fish 3-5 days post fertilization, approximately 2 mm long, 457 

peak blood speeds were found to be about 1 mm/s(Watkins et al. 2012). Thus blood speeds are 458 

comparable in young tunicates and fish. 459 

Comparison of the branchial basket of the tunicate and the gill of fish 460 
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The branchial basket of the tunicate would seem to be analogous to the gills of the fish because 461 

the gross anatomy is similar and in both organs water flows in through the oral siphon (mouth) 462 

passes through the stigmata of the branchial basket (gill arches) and exits via the atrial siphon 463 

(gill slits). 464 

However, in the tunicate the endostyle and the stigmata lined with cilia are defining functional 465 

components of the branchial basket and a major function of blood flow must be to supply 466 

nutrients to these organs. The branchial basket is made of two layers of cells, with spacing 467 

defined along the periphery of the stigmata by seven rows of ciliated cells, at least 70 468 

microns(Burighel & Cloney 1997; Martinucci et al. 1992). Blood flows through this two 469 

dimensional duct from the ventral to dorsal vessels, but also longitudinally, so that there is flow 470 

around the periphery of stigmata. 471 

In contrast, the major function of the gills of fish is passive, to facilitate diffusion of oxygen from 472 

water to blood and carbon dioxide from blood to water. The functional unit of the gill is the 473 

laminae, a lobe of two parallel layers formed by pillar cells through which blood moves(Olson 474 

2002). A portion of each pillar cell, as its name suggests, is on each side of the double layer, and 475 

thus this cell determines the separation between layers, which is slightly larger than the diameter 476 

of a blood cell, or about 15 microns. Thin laminae facilitate diffusion of gases between blood and 477 

water. 478 

Thus, the branchial basket of the invertebrate tunicate and the gills of the vertebrate fish have 479 

different functions, have a different microanatomy, and a different histology. These differences 480 

complicate construction of a path for the evolution of the branchial basket and gills from a 481 

common ancestor. 482 

Conclusions 483 
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Attachment of the tunicate larva tadpole to a solid surface starts metamorphosis to the adult body 484 

plan. Blood circulation begins after 3 to 6 days with a sagittal loop from the anterior end of the 485 

heart, up the ventral edge of the endostyle to a loop around the oral siphon, and down the dorsal 486 

edge of the branchial basket to split into three short branches in the visceral cavity which rejoin 487 

at the posterior end of the heart. Blood also flows from the ventral to dorsal vessels along the 488 

sides of the branchial basket. As the tunicate develops the branchial basket grows and the 489 

number of paths of blood flow across the basket increases to create a rectilinear mesh, with flow 490 

around all sides of the stigmata. Blood flow pulses in phase throughout the animal, synchronous 491 

with heart action, consistent with a closed hydraulic system. The velocity of blood flow is 492 

comparable with values seen in the developing fish. 493 

 494 

 495 
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 498 

Figure 1. Lengths and ages of tunicates. 499 

Blood circulation was visualized in five tunicates of increasing ages (days after attachment). This 500 

graph is an index to the specific tunicates described in this report, not a growth curve for 501 

tunicates. The length of an animal is not always proportional to volume, since shapes are 502 

variable. As an example, the animal 19.5 days after attachment was almost spherical, while the 503 

animal 36.5 days after attachment was very elongated. 504 

  505 
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 506 

Figure 2. A tunicate 2.5 days after attachment. 

The solid, long, thin larval tadpole has become two concentric hollow cylinders, closed at the 507 

posterior (right) end. The dense remnant of the tail, at the upper right of the image, will become 508 

the viscera and gonads of the adult. The tunicate is attached to the substrate by the stalk 509 

projecting downward at the lower center of the image. The few blood cells move in short erratic 510 

paths. The scale bar represents 0.5 mm. 511 

  512 
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 513 

Figure 3. A tunicate 6.5 days after attachment with a moving blood 

cell marked by the red arrow. 

The great majority of cells in this image are stationary, but about 10 will be seen to be moving. 514 

One rapidly moving large cell is indicated by the red arrow. The scale bar represents 0.5 mm. 515 

 516 

  517 
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 518 

Figure 4. The difference image reveals moving cells. 519 

The image seen in the previous figure was subtracted from the subsequent image in the video 520 

sequence to produce this difference image. Intensities in a difference image have a range of -255 521 

to +255, and in this image negative intensities are black, zero intensities are grey, and positive 522 

intensities are white. The moving cell at the tip of the red arrow is represented by a black spot in 523 

the old position and a white spot in the new. The scale bar at the bottom represents 0.5 mm. 524 

  525 
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 526 

Figure 5. Difference image of a image pair at pixel resolution. 527 

This is an enlarged view of the cell image pair at the end of the red arrow in the previous figure. 528 

Each pixel in this image represents 1.7 microns in real space. The scale bar represents 25 529 

microns. 530 

 531 
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 532 

Figure 6. Black pixels in sequential difference images. 

Moving blood cells generate black pixels in difference images. Sequential video frames 533 

containing rapidly moving cells generate difference images with many black pixels, while 534 

sequential frames with slowly moving cells produce few. Thus the oscillations in black pixel 535 

numbers reflect the pulsations in blood speed. 536 

  537 
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 538 

 539 

Figure 7. Cumulative difference image maps circulation. 540 

Contiguous dark pixels in individual difference images were grouped into clumps which 541 

represent moving blood cells. Each clump was represented by a standard circular red cell icon, 542 

and this cumulative image was generated containing all the cell icons from the sequence. The 543 

oral siphon (anterior end of animal) is at left, visceral cavity (posterior end of animal) is on the 544 

right side, ventral and dorsal sides are at bottom and top respectively. Black scale bar represents 545 

0.5 mm in real space. 546 

  547 
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 548 

Figure 8. Paths and velocities of blood flow. 549 

Moving cells seen in Fig. 7 as circles are represented in this figure as tadpole icons, but cells that 550 

overlap have been omitted for clarity. The open head of the tadpole is at the position of the cell 551 

in the second frame, and a tail extends to the position of the same cell in the first frame. Thus the 552 

length and direction of the tail represents the velocity of the cell. Red and green lines define 553 

regions for which cell numbers and speeds are pooled and analyzed in Table 1. The scale bar 554 

represents 0.5 mm in real space. 555 

  556 
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 557 

Figure 9. Blood circulation relative to tunicate anatomy. 558 

The profile of the outer tunic is in yellow; the inner body, buccal vessel loop (B) and stigmata 559 

(S) orange; endostyle (E) green; heart (H) red; ovary (V) blue; esophagus (E) and stomach (S) 560 

black. The path of moving blood cells is in white. Scale bar is 0.5 mm in real space. 561 

  562 
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 563 

Figure 10. Blood circulation 11 days after attachment. 564 

Moving blood cells are represented by circular red icons. This tunicate is rotated approximately 565 

30 degrees along the body axis, moving the dorsal vessel toward the viewer. Thus the dorsal 566 

vessel is prominent, while the endostyle and associated ventral vessel are out of focus and not 567 

visible. Circulation from the edges of several stigmata combine before entering the large dorsal 568 

vessel. The scale bar represents 0.5 mm in real space. 569 

  570 
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 571 

Figure 11. Path and speed of one blood cell. 

A single moving blood cell, visible over many frames, was selected from the animal seen in the 572 

previous Figure. During 40 frames, about 1.3 seconds, it moved about 0.5 mm down the vessel 573 

loop that surrounds the oral siphon, in the contra-vertebrate direction. The speed is pulsatile, 574 

changing by a factor of 2 during heart beats. The path is represented by a series of dots 575 

superimposed on the image of the tunicate, one per video frame, and thus spacing between dots 576 

indicates speed. The dots have been colored to also reveal speed, with a legend in the left panel. 577 

A graph of speed versus frame number is displayed in the right panel. 578 

  579 
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 580 

Figure 12. Blood circulation 20 days after attachment. 

This tunicate is rotated along the body axis in the opposite direction to Fig. 10 so moving blood 581 

cells in the ventral endostyle are in focus, while those in the dorsal vessel are not visible. Blood 582 

flow across the branchial basket is more rectilinear than seen in the previous animal. Blood 583 

appears to flow along the endostyle in two parallel paths. In other animals of this age the blood 584 

channel under the endostyle appears quite large. 585 
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 586 

Figure 13. Blood flow around stigmata 37 days after 587 

attachment. 588 

The entire tunicate at this stage is 4.4 mm long, but this image is just an enlargement of the 589 

ventral-anterior corner of the branchial basket. Blood cells are seen moving vertically along a 590 

transverse dark grey bar (inclined at a slight angle from the vertical along the right quarter of the 591 

image) which connects the dorsal to the ventral vessel running under the endostyle. Blood cells 592 

are also seen moving between the stigmata. The scale bar represents 0.5 mm in real space. 593 

  594 
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Parameter Dorsal (red) Ventral (green) 

segment length (u) 211 238 

apparent segment diameter (u) 22 30 

total cells followed in 33 sec 489 398 

mean cell speed (u/s) 158 206 

apparent fluid flow rate (u3/s) 60,000 146,000 

cell flow rate (cells/s) 0.37 0.35 

 595 

Table 1. Blood cell flow through two major vessel segments. 596 

This table summarizes flow during a period of 33 seconds through the dorsal red and ventral 597 

green vessel segments defined in Fig. 8. Segment lengths are well defined, but the apparent 598 

diameters are only distances between parallel curves bracketing the moving cell images in the 2D 599 

image; if the vessel is not circular this value has little meaning. Thus, while the mean cell speed 600 

is well defined, the apparent fluid flow rate depends on the vessel being circular. However, the 601 

cell flow rate is well defined, since it is just dependent on the number of cells in the segment, the 602 

mean speed, and the segment length. 603 

 604 

 605 

 606 
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