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The cuttlefish species Sepia officinalis possesses a unique and complex behavior referred to in this paper as body patterning behavior. This behavior allows these animals to modulate their external dermal pattern in response to environmental changes. The resulting patterns are used to both camouflage and communication purposes. This behavior is achieved by the mass coordination of millions of tiny pigment-containing organs, labeled chromatophores, which are structures located in the skin.  The control of these organs is unique in that they are directly innervated by motor neurons which project from the animal’s central nervous system. Using a regenerative model, the organization and post-embryonic maturation of individual chromatophores was examined. Over a 30 day period the regeneration of a small excised section of tissue, taken from the anterior region of the fin, was digitally recorded. The analyses of the resulting images, which include data from the regenerating region as well as the undamaged surround, support the following conclusions:  1) Established chromatophores do not change positions. 2)  The spacing between chromatophores in the undamaged control region did not significantly change throughout the 30 day experimental.  3) As the regeneration progressed, the spacing of chromatophores in the regenerating region became increasing similar to that of chromatophores in the control region, significantly so in the last stages of regeneration.
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Introduction

Behavioral plasticity, the ability to modulate and adapt the performance of individual behaviors, is a phenomenon that occurs effortlessly by animals of all species. It is so ubiquitous, such a common event in everyday life, that we might not even realize when it is taking place. An insect flying through the air avoiding obstacles as they appear is exhibiting behavioral plasticity. A single fish schooling with thousands of other fishes, a part of a dynamic and constantly readjusting group, is exhibiting behavioral plasticity. A human riding a bicycle or ice skating or catching a Frisbee are all examples of behavioral variation and plasticity. Animals are constantly adjusting to new situations by adapting their behavior to better suit the current conditions; somehow the central nervous system of all of these animals is regulating thousands of complex behaviors which are changing from second to second in response to environmental conditions. To better understand the details behind this intricate regulation is the main goal of this study.      

Camouflage is a sterling example of behavioral plasticity. Many different animals, from chameleons to butterflies, use deceptive external coloration to better match their environment (Becker, U.A et al., 1998).  For most animals the process of camouflage, and body patterning behavior as a whole, is a slow yet persistent response triggered by some enduring environmental change such as colder temperatures or longer days. Conversely, unshelled cephalopod molluscs, which includes squid, cuttlefish and octopi, are able to modulate their external coloration pattern very rapidly, shifting from one intricate pattern to another in less than a second (Hanlon and Messenger, 1988), constantly varying and fine-tuning their external coloration pattern with respect to environmental conditions. This body patterning behavior is extremely complex, variable and dynamic in a way that is unparalleled in the world of camouflage. This behavior is perhaps best demonstrated by the astonishing patterning repertoire of the cuttlefish, whose complex patterns are amazingly dynamic and impossibly intricate (Hanlon and Messenger, 1988). Cuttlefish are able to specifically and rapidly alter their dermal patterns with incredible precision, becoming nearly unperceivable to both predators and to prey. Cuttlefish continually respond and adapt to their environment, constantly modulating their external pattern to better fit their surroundings (Figures 1 and 2)

The body patterning behavior of cuttlefish is amazingly complex, a behavior that is composed of both highly variable and stereotyped elements. This behavior functions in part as an adaptive mechanism by which cuttlefish achieve precise camouflage with their surrounding environment. The camouflage patterning is especially determined with respect to the color and texture of the substrate of their environment (Hanlon and Messenger, 1988).  Cuttlefish are able to seamlessly blend in with a vast range of natural substrates, demonstrating the extreme plasticity and variability of this remarkable behavior. These animals are able to accurately respond to an ever-shifting environment with amazing precision. However, this body patterning behavior also has predictable and discrete elements. Cuttlefish also exhibit reoccurring patterns (Hanlon and Messenger, 1988) that are not intended for camouflage purposes (figure 3). Unlike camouflage-based patterns, these patterns, which are thought to be involved in intraspecies and interspecies communication, are extremely acute and stereotyped (Hanlon and Messenger, 1988). This body patterning behavior is exceptionally complex and intricate, an amazing example of behavioral plasticity (figures 4 and 5).
Cephalopods are model organisms with respect to the study of behavioral plasticity for several reasons. The central nervous system (CNS) of cephalopods, while significantly more complex than their invertebrate counterparts, is markedly less complex compared to that of vertebrates. The vertebrate CNS contains 1012 nerve cells whereas invertebrates contain 103 – 108 central neurons depending on the species.  Cephalopods fall at the high end of this range with 107– 108 neurons. This simplification of the CNS is reflected in the behaviors exhibited by cephalopods, behaviors which are often more basic and less variable than vertebrates and can be more easily quantified for research. Distinct behaviors can be more easily isolated and individually studied with respect to how they are regulated by the central nervous system. Cephalopods embody the perfect balance between simplicity and complexity to facilitate behavioral analysis.  Cephalopods are also well suited for behavioral plasticity research because their complex body patterning behavior is directly linked to the CNS.  

The cuttlefish dermis is covered in three different chromatic organs that contribute to body patterns: iridiphores, leucophores and chromatophores. Each element plays specific role in producing the complex body patterns that these animals display. Both iridiphores and leucophores are stable light reflecting structures, passively contributing to the brightness of the animals skin by reflecting light at different angles like very tiny mirrors (Hanlon and Messenger, 1988). Chromatophores, conversely, are actively controlled and play the primary role in the dynamic body patterning behavior of cuttlefish. 

 The dramatic and rapid body patterning behavior in unshelled cephalopods is possible because chromatophores in the cephalopod dermal tissue are under the direct control of the CNS. The cephalopod dermis is covered in millions of brown, orange and yellow chromatophores (Hanlon and Messenger, 1988). Each chromatophore is a tiny pigment-containing organ associated with several radially positioned chromatophore muscles fibers, each of which are directly innervated by motor neurons projecting from the CNS (Florey, 1966; Florey and Cloney 1968) When the chromatophore muscles contract, the chromatophore organ is dilated and the pigment is spread over a larger area, causing the vicinity around it to appear darker. When the chromatophore muscles relax, the chromatophore organ contracts due to the loss of tension and the pigment is contained in a smaller, less visible area (Figure 6). The direct innervation of these muscles allows for rapid and mass coordination of millions of chromatophores in a manner similar to pixels on a television screen, resulting in complex and detailed dermal patterns which are used by these animals for precise camouflage and communication. The stereotyped organization of chromatophore organs in the dermal tissue (Hanlon and Messenger, 1988) and their direct association with the CNS makes cephalopods ideal for behavioral investigation.

The neural regulation of chromatophores has been investigated in several studies which collectively indicate that the system as a whole is under neuromuscular control. The radially positioned chromatophore muscles are directly innervated via excitatory muscle fibers projecting from the brain (Florey, 1966, Cloney and Florey, 1968; Hanlon and Messenger, 1988). The dominant sensory input directing body patterning behavior and subsequent chromatophore activity is visual; the animal’s ability to appropriately respond to and react to environmental changes is nearly completely dependent on visual input (Hanlon and Messenger, 1988). The visual information is initially processed in the optic lobes in the brain, then relayed to the basal lateral lobes and finally to the chromatophores lobes which is located in the posterior subesophageal mass (PSEM)
. From the chromatophore lobes, nerve fibers project to the periphery and branch to provide direct excitatory contact to several different chromatophore muscles in the dermal tissue (Dubas et al., 1986b, Dubas, 1987; Gaston and Tublitz, 2004) (Figure 7). This neural cascade culminates in the complex body patterning behavior displayed by octopi, squid and most especially cuttlefish, a behavior that is thus applicable to the study of behavioral plasticity in terms of neural regulation and organization.   

Each chromatophore organ is a discrete structure that represents a quantized neural circuit. The development of a single, functional chromatophore represents the coordinated development of a complete neural circuit including appropriate synapses and connections between higher-level neurons, motor neurons and muscle fibers. When cuttlefish grow, new chromatophores must be added to the skin as the number of chromatophores in adult animals is several magnitudes higher than the number in hatchlings. Apart for the number however, the morphological arrangement of chromatophores is strikingly similar in both cuttlefish hatchlings and adults. Chromatophores do not increase in size as the animal develops and grows larger, and the distribution of the three color classes of chromatophores throughout the skin remains very uniform during all stages of development (Hanlon and Messenger, 1988).  This suggests that the process of chromatophore addition must be correspondingly specific and exact during post-embryonic maturation as to maintain this uniform distribution. As a cuttlefish grows, new chromatophores must be continually incorporated into the expanding dermal tissue. This process of chromatophore addition must occur on a regular bases to keep the density of chromatophores uniform over the entire body of the animal. By studying the organizational properties that govern the post-embryonic maturation of chromatophores, it may be possible to identify and classify key principles concerning how the CNS regulates complex behaviors. Each developing chromatophore is a part of an intricate system, and thus the location in which it develops must be specifically and precisely coordinated. The organization of chromatophore development, the regulation of chromatophore addition to the skin, is the main focus of this study.  Using a regeneration model, the organizational principles of chromatophore development will be assessed. 
While little research has been done in terms of the organization of chromatophore development, previous studies have been conducted concerning the innervation of chromatophores organs by motor neurons (MN), which may be indicative of how the system is organized. It has been shown that individual MNs branch to innervate several the muscles fibers of chromatophores in a region of several millimeters (Dubas, 1987; Gaston and Tublitz 2004) This type of innervation suggests that chromatophores reappearing in a damaged region of tissue should logically fill at the edge of damage before they repopulate more interior regions of damage. The MNs innervating unaffected “edge” chromatophores, which sustained the least damage, are likely candidates to be the first to extend new projections into the damaged region. However, in terms of the repopulation of more interior regions, it becomes difficult to predict how new chromatophores are likely to develop organizationally. No applicable studies have been conducted with respect to the chromatophores in Sepia officinalis or other cephalopods, and the nature of chromatophore post-embryonic maturation remains speculative and unsure. The nature of chromatophore development, in terms of the basic spacing and packing of chromatophores, remains largely unanswered.
This paper seeks to investigate the basic principles underlying chromatophore packing and spacing in the cuttlefish Sepia officinalis using a regenerative model system. The goal is to develop a more complete understanding of the organization of chromatophores in terms of their spacing and organization during post-embryonic maturation. Throughout this study, two alternative hypotheses were considered in terms of the organizational process of chromatophore development:  1) that in areas of tissue damage nascent chromatophores regenerate back into the region while maintaining levels of packing and organization that are consistent with that observed in areas of undamaged control tissue; or alternatively 2) that chromatophores regenerate in a way inconsistent with the organization observed in control tissue. These theories were tested by forcing the regeneration of chromatophores by excising a small piece of tissue from the anterior fin. Following the excision of tissue, digital images were taken twice a week throughout the healing process. The analysis of the digital images taken of the regenerating tissue suggests that chromatophores repopulate regions while maintaining stereotyped spacing patterns observed in chromatophores in control tissue, becoming most organizationally consistent with control tissue in the final days of regeneration. 

Materials and Methods

Animals For this study, juvenile Sepia officinalis were purchased from the National Resource Center for Cephalopods, Marine Biomedical Institute, Galveston, Texas. A total of four juvenile animals, of unknown gender, were used in this study. The animals were maintained in a manner consistent with that previously described by Loi and Tublitz (1999) at the University of Oregon. The animals were housed in 125 gallon tanks containing artificial sea water (ASW; Kent Sea salt) with salinity between 32 – 35 ppm and temperature between 20 – 21 °C. A 13h:11h L:D photoperiod was maintained throughout the experiment, an environment achieved using fluorescent aquarium bulbs (PowerGlo, Actinic Spectrum) under the control of a timer system. Water was removed from the aquaria three times a week in order to maintain very low water waste levels. The juvenile animals were individually sequestered in smaller insert tanks (45cm L x 30cm W x 30cm H) contained within the volume of the larger 125 gallon aquaria. The smaller environment prevented the animals from competing for food and fighting, as well as reducing the stress and difficulty involved in removing the animals for experimentation. The insert tanks contained a white coral substrate, and an individual pump for water circulation. Each animal was fed 3-4 live zebra fish a day, one fish being administered 30-45 minuets prior to ethanol exposure. 

Fin Tissue Removal A small section of fin tissue, from the anterior region of the fin was removed from each animal used in this study. The excised section of tissue had an area of approximately 3mm x 4 mm. The excised tissue came from the left anterior fin region on two of the animals and from the right anterior fin region on the others. This was a way to clearly differentiate the animals throughout the experiment. During the fin tissue removal procedure, each animal was kept in a round, glass dish (16cm H, 9cm deep) containing ~725 mL of ASW taken from their home tanks. The water was continually aerated using air stones that received carbon filtered, pressurized air. A 50:50 ethanol:ASW solution, used to anesthetize the animals for the surgical procedure, was added in increments to the small dish containing the animal. The animals required 13-15 mL of this solution per ~725 mL ASW to tolerate handling and the subsequent removal of tissue. Once the appropriate level of sedation was achieved (taking ~10 minuets) the animal was manually positioned on top of a thin circular disc (~.5cm thick, ~3cm diameter) of Sylgard (Dow Corning Corporation) such that its dorsal side was just slightly out of the water and that its ventral side and the anterior portion of the fin was resting against the Sylgard surface. The Sylgard disc was used to support and control the animal as well as to help stabilize the scissors during the incision process. All cuts were made using 45° fine iris scissors (Fine Science Tools). The fin tissue was removed using a sequence of three incisions. First, two parallel cuts were made by piercing the fin tissue, with a single scissor tip oriented vertically, at a point near the animal’s body and then quickly dragging the scissor tip through the fin laterally until the blade passed through the fin’s outer edge. The two parallel cuts were about 2 - 3 mm apart. A third and final cut was performed remove the section of fin tissue, cutting along the imaginary line that connected the initial “piercing” points associated with the first two parallel incisions (procedure illustrated in figure 1). This procedure was initially carried out with two animals, and then was repeated at a later time with an independent pair. After the fin tissue was removed, the animals were immediately returned to their normal housing environment for recovery which took ~30 minuets.  
Documenting the Regeneration of Chromatophores The progression of the chromatophore regeneration in the excised region was documented via digital recordings taken throughout the healing process. Beginning from the day that the fin piece was excised (day zero), the anterior region of the fin that had sustained damage was filmed twice a week. The level of stress that the animals were able to tolerate due to handling, transport and application of anesthetic limited the frequency of filming to twice weekly. The recordings were made using a digital camcorder (Sony) which received video input from the FlexCam video camera (VideoLabs). This setup provided a magnified view though the eyepiece of a Wild MC3 dissecting microscope. Following filming, the digital images were transferred to a PC computer as Windows Movie Maker files (Microsoft) for frame by frame analysis as still images.
 Prior to each day’s filming, the animal was anesthetized to the level of sedation that allowed it to hold still when placed under the camera using the anesthetization procedure described above. The amount of anesthetic required (ranging from 11 to 15 mL/~725 mL of ASW) was dependent on the animal’s size and its level of activity and stress in response to the experiment on the day in question.  Once the desired level of sedation was achieved the animal was transferred, along with ~90mL of the anesthetic-containing ASW, to a shallow dish (14cm H, 2cm deep) for filming. The filming dish had been previously prepared with 200 grams of Sylgard in which an oval impression had been formed. This impression was used both to contain and to correctly position the sedated animal during filming. A clear transparency baring a graph paper grid image (centimeter units denoted by think lines, millimeter units denoted by thin lines) was cut to size and laid on top of the Sylgard surface in the filming dish. Once the animal was positioned under the camera, the healing anterior fin region was filmed. During each recording session, images were collected using ambient light as well as using directed light from a light source (Fiberlite, Dollan Jenner) as a way to capture a variety of different levels of contrast between structures in the fin tissue. The animals were returned to their home tanks immediately after the filming process concluded. 

Image Analysis The still frames were analyzed in a chronological manner from day zero to the final day of filming (day 30 in trial one, day 35 in trial two). Using the still frame images, the reappearance of chromatophores within the region of damaged fin tissue was charted throughout the process of tissue regeneration. Regenerated chromatophores were individually tracked in terms of their position in the developing fin tissue from the day of their appearance through the final day of filming. This detailed tracking allowed newly regenerated chromatophores to be identified in a precise manner such that they could be relocated throughout the regenerative process. Leucophores in the undamaged tissue surrounding the excision site provided essential landmarks, which were used to identify the location and appearance of new chromatophores as well as to classify and to quantify the location of existing chromatophores which had been previously been established within the excision site. 

The distance in millimeters between each newly regenerated chromatophore and its three closest established chromatophore neighbors was determined for all new chromatophores with respect to each day that the fin tissue was filmed.  The three closest neighbors for each new chromatophore were determined by measuring all of the existing neighbor chromatophores and by excluding all but the three most adjacent. Chromatophores in undamaged areas of tissue were also evaluated as a control for chromatophore density and organization. As done in the excision site, the distances between individual chromatophores in the control tissue and their three closest neighbors were determined. 

The graph paper grid background, present in all of the images, provided a standardized measurement scale with which all of the distances from the different images could be compared. All of the measurements recorded were statistically analyzed using Excel (Microsoft). 

Results 
General Pattern of Chromatophore Regeneration. Chromatophore regeneration in the cuttlefish Sepia officinalis was forced by excising a small piece of tissue from the anterior fin region from two different juvenile animals. Regeneration of the excised region was recorded twice a week for approximately 30 days. The 30 day observation period was chosen because by day 30, regeneration was complete and the newly produced fin region was functionally and anatomically indistinguishable from neighboring regions. 
The anterior fin region was specifically used in this study for several reasons. The anterior region of the fin is an advantageous location for filming because it is the area of the fin with the least movement, providing clear digital images. The chromatophores of this region, as well as the associated MNs, have been extensively investigated (Loi et al., 1996; Loi and Tublitz, 1997; Gaston and Tublitz, 2005) and thus data from this region can be easily integrated and applied to previous research. 

Visual observation of the regenerating area of the fin indicated that new chromatophores first appeared along the line of damage (figure 8). They were later found along the line of newly established tissue, filling in edge regions before they repopulated more interior regions of the excision site. As regeneration advanced, new chromatophores progressively repopulated the interior regions of the regenerating fin and regions closer to the fin edge where chromatophores were lacking. As it healed, the incision site seemed to shrink as new chromatophores filled in along the edges. Over time, the chromatophore-free area became progressively smaller yet kept the same general rectangular shape throughout the process of regeneration. Although most newly appearing chromatophores followed the above trends, some new chromatophores regenerated in regions which were not near the edge of damage. New leucophores appeared in the regenerating tissue much later than new chromatophores, with the first visible only on day 26.   


Both existing and new chromatophores did not appear to migrate or to dramatically move after they were initially observed in the tissue. Individual chromatophores were initially classified and re-identified in subsequent days using 3 criteria; 1) their general position with respect to the incision site, 2) their general position with respect to leucophore landmarks in the undamaged surrounding area, and 3) their position with respect to prominent arrays of neighboring chromatophores.  Once a new chromatophore was located in the regenerating tissue, it maintained its relative position throughout the 30-day observation period, and was re-identified in the subsequent days of regeneration using the aforementioned landmarks and cues (Figure 9). This was also true for chromatophores in the undamaged surrounding tissue. Individual chromatophores identified and located in the first image were unequivocally identified in each image taken during the 30 day regeneration period (figure 10). Mature, established chromatophores from the undamaged surrounding areas did not appear to migrate into the regenerating region or to shift in position relative to their neighbors. Chromatophores were persistent, stable and immobile once they were visible in the tissue.

Spacing and Distribution of Regenerating Chromatophores. This study quantitatively assessed the distance in millimeters between each newly regenerated chromatophore and its three nearest established chromatophore neighbors. This distance was measured for every chromatophore that newly appeared on each day of filming over the 30 day regeneration period. These measurements were taken from two different animals. 

For each day that the fin was filmed, distance measurements from 100 control chromatophores in a piece of undisturbed tissue adjacent to the excision area were also acquired. The daily 100 control measurements were averaged, and are referred to as the “daily control average” in this thesis. 
Throughout the 30-day time course of this experiment, daily control averages did not vary significantly; all were similar within the 95% confidence limit (figure 11). Each daily control averages were compared to the daily measurement taken from the regenerating region.  Measurements were considered significantly similar to the control average if they were within +/-2 standard deviation units (equal to 95% confidence limits). The daily control averages were used to compare the spacing and distribution of newly inserted chromatophores during regeneration with that of chromatophores in the surrounding control area. The average of all of the daily control averages was calculated as 0.24 mm. 

All experimental measurements taken between newly established chromatophores and their next-nearest established neighbors were averaged (figure 12). The overall average was 0.32 mm (standard error: 0.0035 mm, n=1765) which is significantly different from the control mean of 0.24mm (standard error: 0.0031 mm, n=3000).  These data demonstrate that new chromatophores are inserted further away from existing chromatophores compared to inter-chromatophore distances in untreated control tissue.  However these overall averages hide the temporal changes that occur during the 30 day observation period. 

Data from the daily averages suggest that the organization of chromatophores in the developing tissue became progressively more similar to that of the control tissue as the regeneration advanced (Figure 13). Through the 26th day of regeneration, daily experimental averages were significantly higher than that of the daily control averages, but that difference disappeared by the 30th day of regeneration (Figure 13). For example, the daily experimental average was 0.61 mm on day 5 and 0.35 mm by day 15.   By day 30, when regeneration was completed, the daily experimental average had dropped to 0.24 mm, which was equal to the control mean. These data show that chromatophore organization in the regenerating tissue matched that of the control region by the 30th day after the tissue was excised.  

The decline in inter-chromatophore distance during the regeneration period was observed in each of the animals studied although noticeable inter-animal differences were observed (Figure 14).  The initial inter-chromatophore distance was much higher in one animal (“Hendrik”) than the other (“Steve”). Over the 30 day filming period, the daily experimental average declined more steeply for Hendrik than for Steve (Figure 13). The organization of the chromatophores in each animal ultimately became more similar to the control tissue with respect to their spacing and their distance from their surrounding neighbors (Figure 14).   

The daily experimental and control data were analyzed with respect to their statistical similarity or difference. When the data from all days were taken together, 41% of the individual measurements between new chromatophores and their nearest established neighbors were within one standard deviation unit of the overall control mean, and 68% of the time the distances were within two standard deviation units  (Figure 15). When the daily measurements were analyzed individually, the percent of experimental measurements statistically similar to that of control data increased nearly linearly as the regeneration progressed (Figure 16). For example, on the fifth day of regeneration, only 11% of the individual measurements were within two standard deviations (i.e., 95% confidence limits) from the day 5 control mean.  By day 15, 57% of the measurements were within two standard deviations from that day’s control mean and by the 30th  and final day, 88% of the individual measurements were within two standard deviations from the day 30 control mean. the spacing of the developing chromatophores approached that of chromatophores in the control tissue as regeneration progressed. 

Chromatophore Organization  As regeneration of the excised region progressed, the measurements between new chromatophores and their next-nearest established chromatophore neighbors became increasingly smaller and more similar to the control average over time (Figures 13, 16). To further understand the post-embryonic maturation of chromatophores, the daily distance measurements were analyzed using a frequency histogram, with the measurements sorted into bins of .01 mm increments (Figure 17).  At the beginning of regeneration (day 5), the distance between new and established chromatophores ranged from 0.26 mm to 0.92 mm. This range significantly narrowed as the regeneration progressed, with the larger inter-chromatophore distances either occurring at much lower frequencies or disappearing all together. Over the 30 day regeneration period, the range of inter-chromatophore distances narrowed.  As the regeneration progressed, the frequency histograms began to center around the control mean (0.24 mm). Inter-chromatophore measurements that were significantly larger than the control mean declined noticeably, as demonstrated by the right tail of the histograms in Figure 17 which shortened as the regeneration progressed. This decline in large inter-chromatophore distances directly contributed to the decreasing daily averages over the 30 day regeneration period. The frequency of the shortest distance measurements, as shown in the left tail of the frequency histograms in Figure 16, was fairly constant throughout regeneration. 
Discussion

The multitude of intricate patterns displayed by cuttlefish and their ability to seamlessly blend in against nearly any natural substrate are only possible because chromatophores are closely spaced and spread uniformly throughout the skin (Hanlon and Messenger, 1988). Proper distribution and spacing of chromatophores is critical to the production of body patterns.  If chromatophores are concentrated in certain regions, leaving other regions blank and unable to participate in patterns, the precision of the body patterning behavior would be diminished. It would be deleterious to have such chromatic ‘holes’ as it would not allow for camouflage and enable visualization by predators.  To prevent the formation of patches containing either an over- or under-abundance of chromatophores during post-embryonic maturation new chromatophores must be added to the tissue in a precise and specific manner as the animal grows, otherwise the resulting distribution of chromatophores would lack regularity and preclude the proper formation of body patterns.  

Using a regenerative model, the appearance, location and spacing of new chromatophores were investigated in the cuttlefish species Sepia officinalis.  These experiments identified several key features about chromatophore organization and development 1) Chromatophores, either in the regenerating tissue or in the undamaged surround, did not appear to migrate or to change positions after they appeared. 2)  The spacing between chromatophores in the undamaged control region did not significantly change throughout the 30 day experimental period suggesting that a constant level of chromatophore density and spacing is maintained over time.  3) As the regeneration progressed, the spacing of chromatophores in the regenerating region became increasing similar to that of chromatophores in the control region. 4) The constant level of chromatophore density and spacing observed in the control tissue was reestablished in the damaged tissue in the last stages of regeneration.
Normal Chromatophore Development In this study, it was observed that chromatophores, in both the control tissue and the regenerating tissue, do not migrate or change positions once they are established (figures 9 and 10). Chromatophores appear to be very stable structures which maintain one location in the tissue following them development. This is contestant with that way that regions of chromatophores are innervated. In the chromatophore lobes located in the PSEM, somatotopy has been observed in relationship to the anterior region of the fin (Gaston and Tublitz, 2004).  This indicates that MNs which project from certain parts of the brain innervate very specific regions of the fin; certain groups of MNs innerve the anterior region on the anterior fin, and other innervate more posterior regions of the anterior fin. Thus, if a chromatophore were to migrate or to significantly change position over a period of time, the innervation of that chromatophore would have to change to maintain the somatotopy in the brain. If chromatophores were mobile structures, the millions of chromatophore which cover the body of Sepia officinalis would require overwhelming regulation. Such a system would increase the likelihood of chromatophores being improperly innervated and thus unable to participate in the body patterning behavior.  

Another key principle of chromatophore post-embryonic maturation and organization was identified in this study: the spacing of chromatophores, in undamaged tissue, remains constant over time. The control average showed very little fluctuation throughout the 30 day measurement period (Figure 10).  These control data suggest that the spacing of chromatophores in normally developing tissue is specific and predictable, and that constant chromatophore spacing is maintained as the animal grows. 

The constant spacing of chromatophores during post-embryonic maturation and growth is consistent with the role played by chromatophores in body patterning behavior. Chromatophores appear to act similarly to pixels on a TV screen. We are able to see an image on a television screen, rather than a series of distinct dots, because the pixels are organized and spaced in a specific way. Chromatophores work in much the same way. If they were too far apart they would be unable to function as pixel-like entities and would instead be perceived as distinct and separate points.  Similarly, if chromatophores were positioned too close together they would also lose the ability to form complex patterns. Thus, an intermediate level of spacing would optimize the capacity of the chromatophores to undergo mass coordination and to form a diverse variety of body patterns.  Further investigation is necessary to determine whether the average distance between chromatophores calculated here is universally consistent for all life stages of Sepia officinalis.
Chromatophore Regeneration 
In the early stages of regeneration, the daily inter-chromatophore average values were considerably larger than that of the control averages (Figure 12).  During the first days of regeneration, chromatophores were more dispersed, resulting in higher average inter-chromatophore distances than in controls, where chromatophores were more densely packed. As the regeneration progressed, the daily average inter-chromatophore distances in the regenerating area steadily decreased approaching that of control values. The analysis of individual measurements between newly developed and established chromatophores (Figure 15) further elucidates how the organization of the regenerating region changed over time. In the early stages of regeneration, individual chromatophores were spaced in a way that was inconsistent with that if chromatophores in the control tissue. As the regeneration advanced, however, an increasing number of chromatophores began developing next to existing chromatophores at distances that were consistent with chromatophore in the undamaged tissue. This indicates that the daily averages become progressively closer to the control average over time because the individual chromatophores are actually establishing themselves at this distance from other existing chromatophores in the area. The level of organizational specificity that was reestablished in the damaged region, in terms chromatophore spacing and distribution, was amazingly exact. Indeed, by the end of the 30 day regeneration period the damaged region was nearly undetectable and was very hard to locate along the fin.  Chromatophores developed back into the excised region in such a way as to preserve and reconstruct a very precise system of organization and distribution that is typical of the area of fin tissue. This suggests that the spacing between chromatophores is highly regulated and that the pattern of distribution is highly specific. 

The progression of the daily averages and daily measurements clearly indicates that the spacing of new chromatophores, with respect to their established neighbors, becomes more similar to that observed in the control tissue as the regeneration process advances. To determine exactly what was changing, the individual measurements were plotted on frequency histograms by day (figure 16), which were then sequentially analyzed. There appears to be one main driving force which acts to make the daily averages diminish over time, causing them to become more consistent with the control average of .24mm as the regeneration progresses: measurements that are much higher than that of the control average drastically drop in frequency.  Chromatophores in the regenerating tissue are initially widely spaced, packing closer together overtime until the organization of the surrounding control tissue is reestablished. As the body patterning behavior requires that the chromatophores be organized very specifically, this pattern of regeneration is logical. Since regenerating chromatophores initially develop further apart from each other than chromatophores in the control tissue, the final level of distribution can be more specifically controlled. This allows for more precise regulation of the organization of chromatophores. As the regeneration progresses, new chromatophore gradually fill in the space until the desired level of distribution is achieved. Furthermore, this pattern of regeneration allows the damaged tissue to regain at least partial functionality, with respect to its participation in the body patterning behavior, sooner. By initially being more spread out, new chromatophores are able to cover a larger area of tissue that they would if they maintained the exact level of spacing observed in the control tissue. This limits the amount of chromatophore free tissue, which then maintains the effectiveness of the body patterning behavior overall. Since this behavior is essential to the daily life of the cuttlefish, in terms of prey capture, predator avoidance and mate selection, a regulatory mechanism in which hastens the recovery of the behavior is advantageous. The new chromatophores in the regenerating tissue developed in such a way as to restore the ultimately distribution observed in the surrounding tissue, but also to restore the capacity for the body patterning behavior in the damaged region as soon as possible. The full potential of the behavior is restored completely in the later stages of regeneration as chromatophores develop in a manner that is organizationally constant with the control tissue.    
The precise mechanism(s) governing the addition of new chromatophores in the cuttlefish species Sepia officinalis is unknown. The data presented here suggest that the addition and location of new chromatophores are dependent on the location of existing chromatophores in the region. Chromatophores appear to preferentially develop next to established chromatophores. This initially occurred along the excision boundary close to existing chromatophores in the adjacent dermis. This was followed by additional chromatophores appearing close to the first set of new chromatophores, filling in the regenerating skin from the edges. The inner-most region was the last part of the regenerating dermis to fill in with new chromatophores. Thus, new chromatophores were much more likely to appear near the location of existing chromatophores.

This conclusion is similar to that in another study carried out in bony fish.  That study, in which the post-embryonic maturation of chromatophores was studied using a regenerative model, indicated that existing chromatophores have an inhibitory effect on the development of new chromatophores in their immediate vicinity (Schmidt, 1978). This inhibition regulates the spacing and density of developing chromatophores and maintains normal organizational patterns of regenerating chromatophores. While the chromatophores in bony fish are not directly innervated by the CNS, and thus may be governed by different regulatory guidelines, the conclusions of that study may prove to be applicable with respect to the organizational development of chromatophores in cephalopods. The data presented here strongly indicates that the location that the addition of new chromatophores in cephalopods is, like bony fish, regulated by existing chromatophores. Perhaps existing chromatophores act to maintain the chromatophore spacing and distribution as the animal grows and new chromatophores develop. This hypothesis is very preliminary and must be tested further.  
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Fig.1: A cuttlefish exhibiting camouflage behavior, matching an intricate and multicolored substrate. 
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Fig. 2: two cuttlefish hatchlings camouflaged against a rocky substrate.  Photograph courtesy of John W. Forsythe
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Fig. 3: A male cuttlefish exhibiting the zebra striped pattern. Photograph courtesy of 

James B. Wood
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Fig. 4: A cuttlefish exhibiting body patterning behavior, 

matching its sandy substrate
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Fig. 5: A cuttlefish displaying an intricate body pattern which allows it to precisely bland in with its surrounding environment. 

                                          A.
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                                           B.
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Fig. 6. (A) Fin chromatophores in a retracted state. (B) Fin chromatophores in an expanded state. Images courtesy of Dr. Michelle Gaston. 


[image: image4]
Fig. 7. (A) Sagittal section of a cephalopod brain (adapted from Novicki et al., 1990) with the posterior subesophageal mass (PSEM) region highlighted in red. The PSEM is the main location of motoneurons which innervate chromatophores located in the anterior region of the fin. (B) The PSEM, again highlighted in red, is shown in its larger biological context. The motor neurons that project from the PSEM to innervate the anterior region of the fin are shown in blue.    
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Figure 8. In the early stages of regeneration, chromatophores develop predominantly along the line of damage. As the regeneration progresses in time, chromatophores then begin to repopulate more interior regions of the excised region.  
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Figure 9. These images, arranged sequentially by day, all depict a specific region of anterior fin tissue. The chromatophores highlighted in green are located within the excised region. These images illustrate that chromatophores are stable structures, maintaining a constant position in the skin following regeneration. The stable constellation-like patterns formed by the highlighted chromatophores is indicative of the positional consistency of the individual chromatophores. 


[image: image7]
Figure 10. These images, arranged sequentially by day, all depict a specific region of anterior fin tissue. The chromatophores highlighted in blue are located in the undamaged control region which surrounds the excised region. These images illustrate that chromatophores in the control tissue are stable structures, retaining unchanging constellation-like patterns in the skin. 

            A.

[image: image8.emf]Daily Control Averages

0

0.05

0.1

0.15

0.2

0.25

0.3

day5  day7  day12  day15  day19  day22  day26  day30 overall

distance (mm)


	Control average by day
	Average (mm)
	Standard error

	day 5
	0.244
	0.05

	day 7
	0.245
	0.052

	day 12
	0.243
	0.057

	day 15
	0.244
	0.056

	day 19
	0.242
	0.051

	day 22
	0.243
	0.055

	day 26
	0.241
	0.057

	day 30
	0.242
	0.053

	overall average
	0.243
	0.02


           B.

Figure 11: A. The control averages graphed by day, as well as the overall average calculated from the complete data set. N = 300 for each daily control average and n = 4800 for the overall control average. B. the raw overall and daily averages paired with their associated standard errors.
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Figure 12:  The overall experimental average calculated from all of the measurements taken throughout the 30 day regeneration process in comparison to the overall control average.
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Figure 13:  Daily experimental averages in comparison to daily control averages. The n values correspond to the experimental averages, and the asterisks denote a significant difference between the experimental average and the control average for the day in question. 
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Figure 14: Daily experimental averages associated with each individual animal compared to daily control averages
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Figure 15: The percentage of individual experimental measurements, from the entire data set, that are between one and two standard error units from the overall control mean. To be within two standard error units is to be similar to the 95% confidence intervals.  
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Figure 16: The percentage of individual experimental measurements, in daily divisions, that are between one and two standard error units from the associated daily control mean.
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Figure 17: Frequency histograms by day, with experimental measurements sorted into bins of 0.01 mm.
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