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LECTURE ONE: CHORDATA AND ITS CLOSE RELATIVES

1. The five characters of chordates

· A notochord at some stage in the animal’s life
· [bookmark: _GoBack]A dorsal, hollow nerve chord giving rise to the central nervous system
· A pharynx with pouches or slits in its lateral walls
· A postanal tail
· Endostyle or thyroid gland

2. The major groups of protochordates and their relationships

· Cephalochordata
· Part of Hemichordata
· Lancelets or amphioxus
· Was considered closely related to vertebrates because they share segmented trunk muscles
· Filter feeding by pharyngeal filtration system driven by cilia
· No differentiated brain, special sense organs, or heart
· ~32 species

· Urochordata
· Part of Hemichordata
· Tunicates
· Marine filter feeders living in various encasements (tunic)
· ~2600 species
· three groups
· Ascidiacea ~2500 species
· Larvacea ~70 species
· Thaliacea ~70 species

· Phylum Hemichordata
· 1. Acorn worms (enteropneusts)
· considered closely related to chordates because they share pharyngeal slits
· burrowing marine worms that share larval and molecular characters with echinoderms
· proboscis is used for locomotion and feeding (eat sediments or filter feed)
· ~90 species

· Phylum Echinodermata
· Marine deuterostomes with radial symmetry as adults, and bilateral symmetry as larvae


LECTURE TWO: THE ORIGIN OF VERTEBRATES

1. The origin of vertebrates

· Can be studied by
· Fossil record: most direct, but never complete
· Phylogenetic approach: using shared derived characters to determine common ancestry
· Evolutionary developmental biology
· Evolution leading up to chordates is controversial 
· Annelid scenario: complex ancestor
· Enteropneust scenario: simple ancestor

2. The vertebrate innovations that opened new possibilities

· Vertebral column
· Defining characteristic of vertebrates
· Vertebrae replace the notochord for support
· Bone or cartilage blocks joined together
· Centrum: cylinder enclosing the notochord, often replaces it
· Dorsal neural arch: encloses the nerve chord
· Ventral hemal arch: encloses the blood vessels
· Improved body support and movement

· Head: cranium and brain
· A true head with prominent sensory organs and a cranium
· Allowed anterior expansion into a brain
· These structures derive from neural crest cells and ectodermal placodes seen exclusively in vertebrates 

· Jaws
· Suspensions feeding using cilia in invertebrates 
· Muscular pharyngeal pump of agnathans improved suspension feeding, enabled size increase and evolution of gills
· Muscular mouth and jaws allowed predation on specific prey items in gnathostomes (jawed vertebrates)

· Paired limbs (four limbs)
· Lobe fin as a precursor for terrestrial life
· Might have enabled more efficient excursions on land
· Fish fin axis curved around with digits on posterior margin (finger IV developed first)




· Cleidoic egg
· New membranes isolate the embryo within a fluid filled compartment in the egg
· Amnion surrounding amniotic cavity
· And provide for gas/nutrient exchange
· Chorioallantoic membrane and porous shell or uterus
· Led to life cycle independence from water, thus enabled full terrestrially

3. The major groups of vertebrates and their relationships

· Vertebrate classification
· Agnatha (hagfishes and lampreys)
· Chondrichthyes (sharks and rays)
· Osteichthyes (bony fishes)
· Amphibia (frogs and salamanders)
· Reptilia (snakes, lizards, turtles)
· Aves (birds)
· Mammalia 

LECTURE THREE-FOUR: THE EVOLUTION AND DIVERSITY OF FISHES

1. The major groups of fish

· Agnathans (jawless fish)
· Mouth present, but no biting apparatus derived from pharyngeal arches
· Two extant groups, hagfishes and lampreys, together often referred to as cyclostomes
· Groups were already highly specialized by 330 mya and display features likely representative of ancestral agnathans

· Hagfishes (Myxiniformes)
· Scavengers of the deep sea (~70 species) that can also prey on invertebrates. They use a ‘rasping tongue’; a cartilaginous plate beating horny teeth-like processes
· Characteristics
· Osmoconformers
· Single nostril
· Multiple venous hearts
· No jaws, find, or image-forming eyes
· Large slime glands along the body
· Cartilaginous skull but no vertebrae

· Lampreys (Petromyzontiformes)
· Marine or freshwater inhabitants (~40 species)
· Many are parasitic, using their round mouth to cling to live prey while sucking blood, others use their mouth to cling to substrate
· Characteristics
· Metamorphosis of ammocoete larva
· Single nostril
· Seven gill openings
· Cartilaginous skull and vertebrae
· No jaws
· Fins (dorsal, unpaired), image-forming eyes

· Conodonts
· Were known only from hard tooth-like elements for a long time
· So abundant they are used for stratigraphic dating (540-230 mya)
· Fossils found in early 1980s highlighted vertebrate characters (dentin and enamel, notochord, myomeres, postanal tail)
· “feeding apparatus”
· complex feeding basket in the pharynx and large eyes suggest that they were active feeders
· monophyly is uncertain

· “Ostracoderms”
· small jawless fishes that displayed a lateral line system and an outer exoskeleton made up of dermal bone plates
· armor innovation = good fossils
· appeared in the Ordovician, radiated most in the Silurian and were extinct by the end of the Deconian (>100mya)
· four major groups are recognized, but the relationships are disputed
· Pteraspidomorpha
· Anaspida
· Thelodonts
· Osterostracans

· Gnathostomes (vertebrates with jaws; a vertical biting device)
· Jaws with teeth
· Two sets of paired appendages
· Two nostrils, spiracle, modified heart, horizontal septum
· Vertebrae have centra and ribs
· Adaptive immune system

· Placoderms
· Diverse group that displayed heavy head and thoracic armor, jaws with beak-like plates, paired pectoral and pelvic fins, and a neck joint
· Many were flattened, probably bottom feeders, but some were clearly large active predators
· Dominated the Devonian seas, but abruptly disappear from the record in the early Carboniferous



· Chondrichthyans
· Sharks (‘selachians’) and rays (batoidimorphs) together are elasmobranchs, excluding chimeras (holocephalans)
· Incredibly successful group that evolved around 400 mya
· Extensive radiation followed the decline of placoderms in the Carboniferous
· Main characters
· Placoid scales (bony base with dentine on top)
· Prismatic calcified cartilage skeleton
· Internal fertilization
· presence of a spiracle (used to deliver oxygen directly to eyes and brain)

· Sharks
· Galeomorpha and Squalomorpha
· More than 360 species
· Jaws not attached to skull
· Vision, chemoreception, and electroreception
· No swim bladder—use liver and motion (lift) to stay buoyant

· Stingrays, electric rays, and skates
· More than 500 species
· Flattened body
· Pectoral fins modified to become wing-like appendages for swimming

· Acanthodians
· Distinct offshoot of early gnathostome evolution
· Mostly small fish characterized by fin spines, special scales that grew throughout life, blunt head with large eyes, bony armor present in some forms
· Abundant in Silurian and Devonian with a few forms surviving into the Carboniferous, probably out-competed by sharks and bony fishes

· Osteichthyes (bony fishes)
· Much more bone in endoskeleton compared to previous groups
· Control buoyancy using a swim bladder, and swim using strengthened fins (with rays in actinopterygians or bone and muscle in sarcopterygians)
· Actinopterygians are presently the most diversified group of vertebrates (e.g. seahorses)
· Origins
· mid-Devonian actinopterygians were a relatively homogenous group

· Actinopterygii
· “Palaeonisciforms
· Polypteriformes (bichirs)
· Acipenserformes (sturgeons, paddlefishes)
· Appeared in the Jurassic
· Formerly much more diverse, now most of the remaining species are critically endangered 
· “Neopterygii”
· Holostei (bowfins and gars)
· Teleostei (teleost fishes)

· “Holostei” and Teleosts
· gar and bowfin lineages diverged before appearance of teleosts in the Triassic (~220 mya)
· Teleosts radiated in Jurassic-Cretaceous
· They show ossified vertebrae and a true homocercal tail for better swimming, circular scales, and a skull that allows jaw mobility
· The group is diverse and widespread

· Teleostei
· Currently ~25000 species, >400 families, ~40 orders
· Appeared in the Triassic
· Probably began in the sea but radiated into freshwater
· Evolution of swim bladder, specializations of swimming mode
· Specialization of jaws played a major role in diversification

· Sarcopterygians
· Fish with lobe fins: appendages with internal bones and muscles used for swimming
· Fins still end with rays
· Other characters are cosmoid scales and double dorsal fins in early forms
· Origins unclear, but basal bony fishes might have had mixture of ray-finned and lobe-finned characters, like the lower Deconian Psarolepis

· Lungfishes (Dipnoi)
· Three living genera display paired lungs and appear to have undergone simplification of many features compared to their ancestors

· Coelacanth (Latimeria)
· Only living actinistian
· Thought extinct until a discovery in 1938 off the coast of South Africa
· Relatively unchanged from ancestors from more than 100 mya

· Tiktaalik
· Late Deconian (375 mya) fish showing the most intermediate characteristics between fish and tetrapots (a.k.a. fishopod)
· Has limb-like pectoral fins possibly for standing support, functional wrist joint, and a mobile neck allowing flexible head movement
· Lost bony gill covering suggesting increased use of lungs for respiration




2. Some major innovations of fish

· Advent of jaws
· Jaws seem responsible for new radiations during the Devonian period that likely led to the decline of agnathans
· Enabled new diets and food-handling techniques
· Firm grip on prey, manipulation, cutting and grinding, efficient suction feeding
· Expanded predatory lifestyles
· Classic theories state that jaws are derived from anterior pharyngeal arches or jawless ancestor, modified or fused to form the palatoquadrate and Meckel’s cartilage of the mandibular arch and the hyomandibular and ceratohyal of the hyoid arch (serial theory)

· New Mouth Hypothesis (Mallatt)
· Respiratory demands of active lifestyle, not predation, would have driven the first steps in jaw formation
· Breathing: muscles encircling the pharynx, passive inhalation
· More active forms: addition of inhalation muscles, more reobust branchial arches, ‘ventilatory’ jaws
· Modification of first arch into feeding jaws
· Agnathans: breathing
· Pre-gnathostomes: more active forms, jointed arches to firmly close mouth
· Early to more derived gnathostomes: feeding jaws and teeth

3. Major components of the skeletal system

· Vertebrate Skeletal System
· Endoskeleton forms deep inside the body, mostly from mesoderm
· Exoskeleton is formed by integument (sometimes merge with endoskeleton to form composite structures)
· Composed of bones, cartilages, ligaments, and tendons
· Cartilage: chondrocytes, chondroitin sulfate, collagen/elastic fibers
· Bone: bone cells, calcium phosphate, collagen fiber
· Active structure: constantly being absorbed and replaced (bone remodeling)

· Functions of Skeleton
· Supports weight and protects soft parts
· Anchors muscles for movement
· Stores minerals, particularly calcium

· Main Components
· Skull (cranium)
· Axial skeleton: vertebral column, ribs, sternum
· Appendicular skeleton: girdles and fins/limbs

· Head Skeleton
· Chondocranium (neurocranium)
· Splanchnocranium (visceral cranium)
· Dermatocranium

· Chondocranium
· Supports the brain (the term braincase is more general, can include different components of the skull)
· Made up of endochondral bone and cartilage
· Endochondral (replacement) bone develops from cartilage model, whereas dermal bone is not preceded by cartilage (intramembranous development)
· Major components of chondocranium
· Trabecular cartilage
· Parachordal cartilage
· Sense calsules (nasal, optic, otic)

· Splanchnocranium
· Most ancient, supports pharyngeal slits in protochordates, gills and respiratory muscles in vertebrates
· Some elements contribute to the jaws and hyoid apparatus in gnathostomes (first two pairs)

· Dermatocranium
· Made up of the dermal bones that contribute to the skull
· Appears first as dermal armour in ostracoderms
· Forms an outside bony case around the brain and jaws
· Not present in chondrichtyans
· Six series of bone elements (facial, orbital, vault, temporal, palatal, mandibular)

· Contribution to the skull
· Chondocranium is the first to establish a supportive platform
· Other parts give rise to the articular, quadrate, hyomandibula, and a few others
· The dermatocranium encases most of the chondocranium together with contributions from the splanchnocranium


LECTURE FIVE: THE SKELETON OF FISHES

1. The components of the skull, axial and appendicular skeleton

· Teleost Skull
· Trend toward increased number of skull bones in actinopterygians
· Teleost skulls are diverse, with numerous bones and increased liberation between elements: maneuverable jaws and palate -> diverse feeding mechanisms
· New bones resulted from multiplication of centers of ossification within larger bones
· Suction feeding = major innovation
· Early gnathostomes had wide mouths, far back hinge, and upper jaw fused with braincase
· Teleosts have narrow mouth, hinge moved forward, and both upper and lower jaws can move forward independently of the braincase
· Suction driven by volume change of buccal cavity
· Despite the great diversity of teleosts, the basic pattern of skull bones is preserved

· Jaw Suspension: Early Fishes
· Euautostylic: upper jaw braced against braincase directly, hyomandibula not involved (oldest, placoderms, acanthodians)
· Amphistylic: upper jaw supported by hyomandibula and an anterior ligament connection with braincase (two primary articulation) (early sharks, some bony fishes, rhipidistians)

· Jaw Suspension
· Hyostyly: contact with chondocranium (otic capsule) principally through hyomandibula. Platoquadrate can slide forward, increasing gape
· Autostyly: quadrate attaches chondocranium and jaw directly, with no support from hyomandibula

· Axial Skeleton
· Vertebral column formed by series of repeating elements: the vertebrae
· Centrum: body
· Neural arch: protects spinal cord
· Hemal arch: protects blood vessels (only tail vertebrae)
· Processes (apophyses)
· In some early fishes and sarcopterygians, the notochord supports the vertebral elements
· But in most fishes the vertebrae surrounds the notochord


· Characteristics of Fish Axial Skeleton
· Fixed link between the first vertebra and the skull (can’t move head, no neck)
· Amphicoelous centra (concave at both ends), and no zygapophyses (interlocking processes)
· Regional differentiation: only trunk and caudal (with hemal arch)
· Notochord remains throughout life in some, replaced by centra in others
· Movement by lateral undulation




· Appendicular Skeleton
· Appendages: paired fins or limbs
· Girdles: braces that support the paired appendages
· Anterior: pectoral girdle (or shoulder)
· Posterior: pelvic girdle (or hip)

2. The important modifications to the skeleton in different fish groups

· Fins
· Three types of paired fins
· Lobe fins: fleshy; lungfishes (much more powerful)
· Fin-fold fins: broad base; cartilaginous fishes (sharks)
· Ray fins: most bony fishes
· Function: stability, fine control when mobile
· Median fins: dorsal fin, anal fin (not a lot of muscle)
· Function: keep the body from rolling
· Caudal fin
· Function: add to propulsion in lateral undulation locomotion

· Pectoral Girdle
· Joined to skull via cleithrum bones -> strength

· Pelvic Girdle
· Fish pelvic girdle is relatively simple and made up of two plates, sometimes fused mid-ventrally to form a pelvis symphysis

LECTURE SIX: THE INTEGUMENT OF FISHES

1. The general structure of vertebrate integument

· Basic Structure (outside to inside)
· Epidermis (all vertebrates have)
· Dermis (all vertebrates have)
· Hypodermis (may or may not be present)

· Development
· Ectoderm forms epidermis, mesoderm (dermatone) forms dermis
· Pigment cells (chromatophores) migrate from the neural crest

· Epidermis
· May be one or multiple layers
· If multiple layers, the most inside layer is stratum germinativum, which generated new cells and pushes outward; the most inside layer is stratum corneum, which is completely keratinized and water proof
· When cells move from the germinitivum to the outer later, the cells gradually keratinize and die
· May contain glands, including
· Unicellular mucous gland
· Multicellular gland: tubular and alveolar glands; although epidermis origin, often located in the dermis

· Dermis
· Two layers
· Vascular stratum spongiosum
· Thicker stratum compactum
· Basic components include: a network of fibres (collagenous and elastic, which make it very strong), small nerves, blood vessels, pigment cells (chromatophores, many variations), and connective tissue that holds everything together
· Potential to form bone

· Dermal Pigments
· Chromatophores are cells that contain pigment granules. They are in dermis and responsible for skin colour
· Feather and hair and other epidermis derivatives: the pigment granules are not produced by their own cell, rather injected by the dermis cell
· Physiological colour change: ectotherms can change colour by pigment aggregation and dispersal
· Morphologic colour change: most vertebrates change colour when pigments are synthesized or hair/feathers have been replaced

· Hypodermis
· Beneath the dermis, may not be present
· Often contains fat cells for insulation

2. Describe functional variation of the fish integument

· Functions of integument
· Physical barrier: protects against injury, pathogens, desiccation
· Respiration, excretion (CO2, urea), osmotic regulation
· Thermoregulation (on land)
· Colours and odours used in courtship or defense
· Locomotion; many others

· Variation across groups
· Number and complexity of glands
· Differentiation of the stratum corneum
· Extent of bone development in the dermis




· Fish
· Many unicellular and some multicellular mucous glands -> mucus 
· Mucous prevents entry of foreign materials, likely reduces drag and may include substances toxic to predators
· Other multicellular glands
· Photophores (bioluminescent deep sea fishes)
· Poisonous glands (e.g. stingrays)

· Stratum Corneum
· The primary function is to provide protection against desiccation. Derivatives include scales, feathers, hair, claws, …
· Fish: none or little keratin in epidermis, except for specializations like “teeth” on lamprey oral disk or belly of semi-terrestrial fishes

· Dermis
· Dermal scales are made up of bone covered by thin epidermis
· Scale surface sometimes coated with hard enamel (from epidermis), and a deeper layer of dentin (from dermis)
· Ancient fishes had very well developed dermal scales, forming heavy armor. Teeth of modern tetrapods are derived from ancient fish scales
· Elasmoid scales: teleosts
· Ganoid scales: paleonisciformes – sturgeons, paddlefishes, gars, bowfin, bichirs
· Placoid scales: sharks and rays, chondrichthyans have placoid scales that protrude through the epidermis; could organize water flow on skin surface to reduce drag
· Cosmoid scale: ancient fishes
· Enamel is epidermis in origin and other three are dermis in origin

· Ganoin
· Thick coat of enamel
· Layer of vascular bone lost in actinopterygians
· Loss of dentin in paleonisciformes
· Loss of enamel in teleosts
· Scales of bony fishes are under a thin epidermis
· Teleost (or elasmoid scale): loss of enamel, only lamellar bone
· Intermediate scales exist and many fish have different elasmoid scale types on different parts of their body, modification into bony plates also occur, e.g., seahorses








LECTURE SEVEN: THE RESPIRATORY/CIRCULATORY SYSTEMS OF FISHES

1. The structure and function of fish gills

· Respiration -> Gas Exchange
· Exchange surface between environment and respiratory organs
· Transport of gases in blood
· Exchange surface between capillaries and tissues
· Respiratory and circulatory systems work together

· Diffusion
· Gas exchange follows physical rules of diffusion
· Occurs because there is a difference in concentration between the two sides
· Need:
· Large surface between environment medium and blood
· Thin barrier
· Effective ventilation (gradient)
· Requirements provided by the respiratory system

· Fish Gills
· Increasing surface area without increasing volume
· Designed for water breathing
· Large surface area, countercurrent exchange, thin water-to-blood barrier
· Countercurrent is a more efficient way of exchange (compared to concurrent)

· Evolution of Internal Gills
· Three types
· Pouched gills of a lamprey: no gill coverings
· Septal gills of a shark: each individual septum protects each gill chamber
· Opercular gills of a teleost
· Gill evolution trends
· Reduction of number of gill bars and chambers
· Loss of spiracle and loss of septa

2. The ventilation mechanisms of fish gills and lungs

· Gill Ventilation
· Hagfish: velum produces a current of water from the nostril to the gills
· Lamprey: tidal ventilation through compression/expansion of branchial cavity (mouth often attached to host)
· Active fish can use ram ventilation (mouth open while swimming) (eg sharks)
· Most common is dual pump



· Gill Ventilation: Dual Pump
· Buccal and opercular components act like a two-stroke pump with alternating cycles of negative and positive pressure

· Gas Bladder and Lungs
· Gas exchange in air
· Develop from outpocketings of pharynx (endoderm)
· Lungs are paired structures ventral to the gut
· Gas bladder is a single elongated sac dorsal to the gut used for buoyancy (swim bladder), but sometimes also helps with respiration (respiratory gas bladder). Can also be involved in sound production and reception

· Gills are more efficient than lungs

3. The basic structure of the fish cardiovascular system

· Vertebrate Circulatory System
· Closed system of connected ducts
· Great individual/species variation
· System extremely adaptable: capacity for repair, compensation for damage, and quick response

· General Components
· Cardiovascular (blood vascular) system
· Heart
· Blood vessels
· Arteries, veins, capillaries
· Blood
· Lymphatic (lymph vascular) system

· Fish Blood Vessels: Aortic Arches
· Lampreys: 8 pairs
· Hagfish: 15 pairs
· In chondrichtyans and sarcopterygians, ventral aorta gives rise to 5 branches, whereas in actinopterygians it is normally 4. Note reduction of gills in African lungfish -> part of complex preferential shunt of oxygenated blood coming from the lungs

· Fish Heart: Basic Structure
· Four chambers in a straight line: sinus venosus, atrium, ventricle, conus
· Single-circuit pump
· Pumps deoxygenated blood in one direction




· Variation on a single-circuit pump pattern
· Conus is large, muscular and active as pumping organ in cartilaginous fishes
· Teleosts have a bulbus arteriosis (in place of conus), which is highly elastic: passively evens large part of fluid pressure generated by beating heart
· Lungfish have partially divided atrium and ventricle (septa)
· Division extends into the conus by spiral fold valve
· Greatly reduces mixing of deoxygenated and oxygenated blood, which can be shunted to the aortic arches without gills

LECTURE EIGHT: EARLY TETRAPODS

1. The characteristics of some early tetrapods and how they relate to fish ancestors

· The Transition
· The transition of early tetrapods from living in water to living on land is a major event in vertebrate evolution
· Emergent vertebrates experience extraordinary challenges to their ability of
· Movement
· Respiration
· Sensing the environment
· Feeding, osmoregulation, and reproduction
· The early tetrapods (late Devonian) were aquadic, and many changes that were later useful for terrestrial life were evolved primarily in water

· What is a Tetrapod?
· Vertebrates that possess a chiridium: muscular limb with well-defined joints and digits

· Tiktaalik
· Shows most intermediate characteristics between fish and tetrapods
· Has limb-like pectoral fins possible for standing support, functional wrist joint, and a mobile neck allowing flexible head movement
· Lost bony gill covering suggesting increased use of lungs for respiration

· Acanthostega
· Late Deconian
· Shares with rhipidistians structure of vertebra around notochord, but the limbs have 8 digits and the girdles are designed to bear weight
· Tail with fin rays and internal gills suggests it was aquatic

· Ichthyostega
· Late Davonian
· Similar to Acanthostega although more robust
· However, it apparently lacked internal gills
· 7 digits

· Temnospondyls
· Large groups of extinct tetrapods that appeared in the Carboniferous, with some forms persisting into the Cretaceous
· Typically had robust bodies and flat skulls
· Occupied a wide range of ecological niches, many were capable of excursions or life on land
· They are considered by some authors as giving rise to modern amphibians (most recent studies support this)

· Lepospondyls
· Diverse small tetrapods present from Carboniferous to Permian that occupied specialized ecological niches
· Derived eel/snake-like forms are considered highly paedomorphic and aquatic, but some of the lizard/newt-like microsaurs appear more terrestrial
· Teeth lack labyrinthine enamel folds

· Locomotion
· In a large animal like Eogyrinus the limbs and girdles were too small and poorly ossified for walking on land
· The limbs were likely used as points of pivot to support lateral flexions of the body in shallow water, as proposed for lobe-finned fishes
· In other tetrapods (e.g. temnospondyles), the limbs and girdles of adults are massive and extensively ossified, suggesting a terrestrial habitat

2. The major changes

· Seven Major Changes from Fish to Tetrapods
· Fin -> chiridium
· Elements distal to the base expand in rhipidistians and are eventually modified to bear digits (chiridium) in tetrapods

· Fused shoulder -> true neck
· Loss of operculogular series covering gill chamber in fishes
· Loss of extraspaculars and supracleithrals that joined the shoulder to back of skull roof in fishes

· Reinforced vertebral column and girdles
· Vertebrae are reinforced
· Centra become more ossified and zygapophyses appear to that the vertebral column can help keep the body off the ground
· Limb support: girdles
· Bones supporting lobe fins changed along with limbs
· Provided not only support, but also points of attachment for muscles used in new mode of locomotion
· Axial -> limb muscles
· Pectoral girdle
· Scapulocoracoid enlarged and cleithrum reduced
· Change in the angle between humerus and radius/ulna, as seen in the phylogenetic sequence
· Pelvic girdle
· In tetrapods, the pelvis becomes more complex and robust, attaches to the vertebral column (in sacral region), and forms a symphysis (both halves are attached ventrally)

· Back part of the skull is shortened and hyomandibula lost its attachment to the otic capsule -> stapes (hearing)
· Could happen after roof of mouth joined with braincase and did not need support from hyomandibula anymore

· Snout elongates and eyes move on top of the head

· Reduction in bone pattern in the skull
· Small bones of the nasal region in fish fused to form the nasal bone of tetrapods
· Opercular and extrascapulars also lost as mentioned above

· Dermal scales of fish are modified into scutes or gastralia and cover only the belly in tetrapods

LECTURE NINE: MUSCLES

1. The classification schemes of muscles

· What is a Muscle?
· Collection of modified cells that can generate force along the axis of their fibres -> contractile. Force can be used to produce movement or restrain movement
· In order to do that, muscle cells are electrically excitable -> responsive to nervous stimulation
· Muscles can also generate heat through shivering
· Some muscles are modified to generate electric shocks (e.g. electric eel) or electric fields (e.g. electrosensory fishes) upon stimulation

· Classification
· By location (somatic and visceral)
· By method of nervous control (voluntary or involuntary)
· By microscopic appearance (skeletal, cardiac, or smooth)
· Skeletal muscle -> associated with the skeleton
· Cardiac muscle -> muscle of the heart wall
· Smooth muscle -> muscles of blood vessels and many visceral organs



· Embryonic origin
· All muscles originate from mesoderm
· Differentiation into segmented somites (epimere), hypomere and mesenchyme
· Somites are divided further into dermatome (skin), myotome (muscle) and sclerotome (vertebral column)
· Somitomeres: anterior mesoderm clusters do not become fully segmented 
· Muscle homology is often established based on nerve innervation

· Fate of Mesoderm Divisions
· Somitomeres
· Cranial muscles
· Myotome division of somites
· Most post cranial and some cranial muscles
· Hypomere
· Muscles of gut and heart
· Mesenchyme
· Some limb and smooth muscles

· Actions of Muscles: usually two groups of muscles working opposite to each other
· Flexors/extensors: bend/straighten a limb or part of a limb
· Abductors/adductors: draw a limb away or toward the midline of the body
· Pronators/supinators: turn palm or sole down/up
· Levators/depressors: raise/lift or lower
· Constrictors/dilators: close/open orifices
· Protractos/retractors
· Sphincter

· Skeleton-Muscle Relationship
· Tendon: binds muscle to bone
· Ligament: binds bone to bone
 
2. The major muscle groups and their functions in various vertebrate groups

· Major Muscle Groups

· Postcranial muscles

a. Trunk (axial) musculature: body wall, divided into epaxial and hypaxial divisions
· Fishes
· Myotomes form distinct myomeres (segments) separated by connective tissue (myosepta) -> propulsive locomotion
· Dorsal (epaxial) and ventral (hypaxial) portions separated by the horizontal septum
· Ventral portions of first few myotomes moved forward to form the hypobrancial muscles -> open jaws and pull gills down and backward

· Tetrapods
· Decreased role in locomotion allows more specialized roles
· Flexion of the vertebral column
· Movement of the rib cage
· Weight support
· Movement of the head
· Epaxial musculature of salamanders is one segmented muscle mass, the dorsalis trunci
· Hypaxial musculature differentiated into a subvertebral group, 3 bands of lateral muscle and a ventral muscle bond
· Epaxial musculature of amniotes (mammal, bird, reptile) differentiated further and the septa disappeared. Three longitudinal bundles attach to vertebrae and contribute to complex trunk and head movement
· Transversospinalis: short fibres
· Longissimus dorsi: longer fibres, all the way to neck
· Iliocostalis: most lateral, some contact ribs
· In birds and turtles, epaxial muscles are reduced and the transversospinalis and longissimus dorsi become many small specialized muscles for complex head movement
· Hypaxial musculature of lizards attaches to rib cage (reduced in turtles, enhanced in snakes), divided into:
· Dorsomedial musculature beneath the vertebral column
· Medial inside the rib cage
· Lateral outside the ribcage
· Ventral along the belly
· Functions of hypaxial musculature in amniotes
· Dorsomedial group below the transverse processes of the vertebrae ventroflexes the spine
· Ventral group (rectus abdominis) supports the abdomen
· Lateral and medial groups (external oblique, internal oblique, transversus) support and compress the body wall. Muscles from the lateral group also hold the pectoral and girdle to the trunk
· In most amniotes, anterior external and internal obliques form the intercostal muscles -> ventilation of lungs
· In mammals, the diaphragm muscles used for ventilation is also of hypaxial origin 




b. Appendicular musculature: fins and limbs

· Fishes
· Appendicular muscles generally arranged on opposing surfaces of fins or limbs
· Basic pattern
· Posterodorsal to fin: an abductor or extensor to pull fin dorsally and caudally
· Anteroventral to fin: an adductor or flexor to pull fin ventrally and cranially

· Tetrapods
· Large muscle mass supports body weight and provides locomotion
· Pectoral girdle and forelimb muscles derive from three sources
· Mostly from appendicular muscles of fishes
· Fish branchial musculature
· Fish axial musculature
· Pelvis girdle and hindlimb muscles all derive from appendicular muscles of fish ancestor
· In mammals, reduction of ventral muscles is seen in correlation with limb position
· In birds, muscles associated with flying and landing are greatly enlarged, and posterior muscles are reduced
· Ventral pectoralis muscle (“chicken breast”)

· Cranial muscles

a. Branchiometric muscles: jaw and pharynx muscles derived from somitomers (innervated by cranial nerves)

· Fishes
· Many simple and serial muscles associated with pharyngeal arches (gills). Muscles of the first and second arches are dedicated to jaw suspension and jaw closure
· Involved in feeding and respiration
· Contraction reduces volume of mouth cavity and discharges water

b. Hypobranchial muscles: jaw and pharynx muscles derived from cervical somites (innervated by spinal nerves)

· Fishes
· Muscles originating from the shoulder girdle involved in feeding and respiration 
· Contraction opens mouth and expands pharyngeal cavity

· Tetrapods
· Much more differentiated and contribute to catching, manipulating and swallowing food
· Complex movement of the tongue, throat and larynx

c. Extrinsic eye muscles
· Muscles involved in moving the eyeball within the orbit. The six extrinsic muscles present in fish are retained in tetrapods. They were the least affected by the transition from water to land
· Muscle responsible for changing the shape of the lens or pupil are referred to as intrinsic eye muscles

· Trends in the evolution of muscles
· Axial musculature is diminished with terrestrial locomotion, limb muscles become more complex
· Function of axial musculature is more flexible in tetrapods, allowing more movement types
· Segmentation disappears, muscle sheets form
· Some axial muscles become associated with girdles
· New structures come with new muscles (e.g., neck, ribs)
· Loss of muscle is sometimes seen (e.g. hypaxial muscles in turtles)

LECTURE TEN: MODERN AMPHIBIANS – LISSAMPHIBIA

1. The main characteristics of Lissamphibia and the distinguishing features between the tree extant orders

· Groups
· Salamanders (and newts)
· Anurans (frogs and toads)
· Caecilians

· Skin
· Mucous glands secrete mucus, helps with cutaneous respiration
· Grandular glands secrete poisonous alkaloid compounds involved in defense
· Skin is thin to allow gas exchange, but the more terrestrial the more keratinized it is, where it protects against desiccation
· Only some caecilians and toads have bone elements (ostoderm) in the dermis

· Metamorphosis and direct development occur





· Anurans (order Anura)
· Main characters
· Absence of tail (adults)
· Jumpers
· Typmpanum usually present (ear drum on surface)
· Fertilization external, except in Ascaphus
· Skull
· Flattened, open, with big jaws
· The plate is highly reduced, allowing the eyeballs to drop into the oral cavity
· Hyomandibula becomes the first ear bone, the stapes (columella)
· Axial skeleton
· Shortened vertebral column with nine or fewer vertebrae
· Atlus-skull junction forms a movable joint through two condyles -> improved mobility of head in dorsoventral axis (cannot rotate their head due to presence of two contact points)
· Post sacral vertebrae fused into a rod-shaped urostyle lying between the two elongated illium bones of pelvic girdle
· Appendicular skeleton
· Robust pectoral girdle and fused radius/ulna are used to absorb the shock of landing
· Tibia/fibula and ankle bones are also fused for sturdiness, but note relative increase in length of hindlimbs, characteristic of jumpers

· Salamanders (order Caudata)
· Main characters
· Paired limbs and a long tail
· Suction feeding in water and projectile tongue on land
· No tympanum present
· Fertilization can be external or internal by means of spermatophore transfer
· Skeleton
· 10-60 pre-sacral vertebrae
· flattened, open with large orbits
· not well developed
· poor ossification, reduction and loss of bones common

· Caecilians
· In many, the skull is heavily ossified and used as a digging tool
· Eyes are reduced but compensated by paired tentacles in front of the head, which help with chemosensation in dark tunnels





2. The problems relating to the origins of modern amphibians

· The origins of modern amphibians
· Fossil gap between modern groups and early tetrapods
· Modern amphibians are highly specialized

· Origins: competing theories
· Monophyletic origin within lepospondyls
· Monophyletic origin within temnospondyls (most recent studies support this one)
· Polyphyletic origins with caecilians derived from lepospondyls and anurans/salamanders derived from temnospondyls (molecular data supports this one)
· Frogmander links frogs and salamanders to the exclusion of caecilians 

· Paedomorphosis complicates the picture
· Reduction in development
· Parallele paedomorphic modification in different groups can mislead phylogenetical analysis based on morphology
· For example, in a new radiation, two different groups with the same aquatic lifestyle could show parallel changes such as loss of bones and reduction is ossification to help with buoyancy
· Different groups of temnospondyl and lepospondyl tetrapods show loss of characters and character modifications in common with paedomorphic salamanders (e.g. 4 digit forelimb), but the use of that information to establish relationships is debatable
· Choice of characters is very difficult to compare

3. Extra terms

· Heterochrony
· Changes in the timing and rate of developmental events across species (ancestors to descendants)
· Two major types of heterochrony
· Paedomorphosis: maintenance of juvenile characters in the adults of descendants (e.g. neoteny)
· Peramorphosis: exaggeration of ancestral adult characters in adults of descendants

· Allometric growth
· Allometry describes the changes in shape that accompany changes in size, i.e., all parts of the body are not growing at the same rate

· Isometry
· Where there is proportional growth/change between all structures

LECTURE 11: EARLY AMNIOTES AND LIFE ON LAND

1. The main adaptations associated with terrestrial life in amniotes

· Cleidoic egg
· A semi-permeable shell which allows gases to pass (O2, CO2), but keeps fluids inside
· Extra-embryonic membranes
· Protection and gas transfer
· Chorion surrounds the embryo and yolk sac
· Amnion surrounds the embryo with water
· Respiration and waste storage
· Allantois fills with waste as yolk proteins are used
· Allowed full development of the organism on land (“private pond”) and loss of the larval stage
· Through more efficient respiration in air, it also allowed the embryo to become larger before hatching compared to amphibians, thus more energy is invested in each egg
· Requires internal fertilization (mating, fertilization, shell….)

· Low skin permeability
· Greater variety of skin elaborations (keratin)
· Presence of lipid

· Costal (rib) ventilation of the lungs
· Allow for a long neck (able to draw air through a long tube, buccal pump muscles are not needed)
· Space for elaboration of the nerves that supply the forelimb

· Amniote axial skeleton
· Regionalization of the vertebral column is expanded in amniotes
· Why were lumbar ribs lost in some amniotes?
· No ribs in the way of hindlimb forward movement
· Allowed vertical plane flexion of the column (easier limb oscillation, rapid locomotion)

· Atlas and axis vertebrae
· Atlas and axis have reduced centrum and processes
· Skull-atlas joint
· Vertical nodding and horizontal tilting of the head
· Atlanto-axial joint
· Twisting movement
· Maintains bony strength of neck while allowing cranial mobility

· Vertebral column and body support
· Problem -> gravity
· Body is suspended between legs with vertebral column as “bridge” between support posts; makes use of arch designs
· The trunk vertebrae are held in an archer’s bow-like arch by abdominal muscles and sternum
· The cervical vertebrae are held in a violin bow-low reversed arch by neck ligaments 
· Heavy body parts can be balanced against each other
· Hip -> fulcrum
· Requires a firm vertebral column (vertebrae were likely tied together by strong ligaments between neural spines)
· Direction and height of vertebral neural spines are often modified to deal with mechanical forces acting on the vertebral column
· Direction -> parallel with forces imposed by axial muscles
· Height -> proportional to leverage needed to stabilize vertebral column
· Ligaments joining shoulder neural spines to skull and neck vertebrae help support heavy head of the bison

· Change in limb posture
· In many mammals and dinosaurs, limbs are situated under the body for increased efficiency of limb swing during rapid locomotion
· Digit and limb position also rotated inward, allowing for a forward thrust better aligned with the direction of movement

2. The patterns of amniote skull fenestration

· Early splits in amniote evolution (mid-Carboniferous) are documented in patterns of skull fenestration
· Fenestrae are openings behind the orbits that probably arose to reduce skull weight; also provided new attachment edges for jaw muscles
· Lower and/or upper temporal bars often lost in modern forms -> fenestrae merge with orbit

· Anapsid: no temporal fenestrae (earliest amniotes and turtles
· Synapsid: one lower temporal fenestra (extinct synapsids and mammals)
· Diapsid: two temporal fenestrae (reptiles, birds, extinct groups)
· Euryapsid: one upper temporal fenestra (likely derived from diapsid pattern in extinct marine forms)

3. Synapsids vs Sauropsids

· Two approaches to terrestrial life

· Parallel evolution
· fast-moving predators
· flight
· endothermy
· extensive parental care and complex social behavior
· differences
· solutions to respiratory/locomotion conflict
· solutions to high rate of gas exchange/conservation of water conflict
· body insulation
· excretory system

LECTURE 12: SAUROPSID AMNIOTES

1. The diversity and major groups of saurposids 

· Sauropsida (“lizard faces”)

· Diapsida

· Living saurposids
· Recent molecular evidence proposes that turtles are derived from diapsids, thus are not as ancient as previously thought
· Most current data support:
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· Testudines (turtles)
· Were already present by the late Triassic
· There are ~341 species today with a wide range of habitats and diets
· The hard shell and solid toothless design has been stable over time
· The dorsal carapace and ventral plastron, both made up of fused bony elements covered by keratin scutes, are attached on the sides
· Origin of the turtle body plan
· Shell: [vertebrae + ribs + osteoderms] + scutes (keratin)
· Position of scapula: inside of rib cage
· The classic transformationist view: gradual transformation
· The emergentist view: rapid evolution via changes in developmental regulation

· First Diapsids
· Origins in the Carboniferous
· Petrolacosaurus is similar in form to earliest amniotes, but with a smaller head and longer limbs and neck; skull has larger orbits and the two temporal fenestrae

· Lepisosauromorphs: Lepidosauria
· Extinct forms leading to Sphenodontians (tuatara) and squamates (lizards and snakes)
· ~6145 living species of lizards and ~3567 of snakes
· oldest known lizards are from the mid-Jurassic, while snakes appeared in the early Cretaceous
· relationship of snakes, dibamids and amphisbaenids (all legless forms) to lizards is still uncertain
· the origin of the snake is a hotly debated issue

2. Key structural changes that led to functional differences 

· Skull adaptation in Squamates
· The lower temporal bar is absent in lizards and both upper and lower temporal bars are absent in snakes, which improved jaw mobility and the ability to swallow
· Cranial kinesis (mobility) in lizards modifies jaw mechanics
· Snout tips up when jaws are open, but it dips down when they close allowing equal perpendicular forces by both jaws on a food item

· Crawling locomotion: life without limbs
· Several thousand amniote species are limbless and this situation has evolved several times, so it must be a successful adaptation

1. Lateral undulation 
· Most common, both on land and in water
· Moving ways push sideways against contact point (>=3 needed) generating a reaction force with a forward component (the lateral components cancel out)

2. Concertina movement
· Costly
· Used in narrow spaces e.g. tunnels 
· Involves stationary coils wedging the animal into place while free body parts move forward

3. Sidewinding 
· Colubroid snakes
· Used over sandy soil
· Body contacts two or three straight tracks at a time with different segments in succession as they are released from previous track (only segments between tracks are moving)

4. Rectilinear movement
· Slowest, but discreet
· Used by many snakes and all amphibians
· Requires specialized muscles progressively lifting and bringing forward ventral scutes to peg them onto the ground. Where the body is not in contact with the ground, the body is moved forward within the very distensible skin

· Sauropterygia
· Aquatic reptiles of the Mesozoic (placodonts, nothosaurs, pachypleurosaurs and plesiosaurs) displaying the derived euryapsid skull

· Plesiosaur locomotion
· Swimming using ‘paddles’


· Icthyosaurs
· Another Mesozoic group of aquatic reptiles that looked more fish- or dolphin-like
· Were fast predators with good vision, many were large (up to 15m)
· Eurypsid skull
· Dominant in Jurassic seas; phylogenetic position is uncertain 
· Bore live young, as in modern cetaceans

LECTURE 13: SAUROPSID AMNIOTES

1. The diversity and major groups of sauropsids 

· Diapsida

· Euryapsids (aquatic reptiles)
· Sauropterygia
· Ichthyosaurs

· Archosauromorphs
· Smaller stem groups and the archosaurs (“ruling reptiles”), a very large group
· Archsaurs include crocodilians, dinosaurs, birds, and related groups; they were dominant in the Jurassic-Cretaceous
· Thecondonts gave rise to later archosaurs

· Archosaurs: Dinosaurs
· Major radiation begins in the late Triassic following decline of basal archosauromorphs and thecondonts
· Two major groups Saurischia and Ornithischia are distinguished by the structure of the pelvic girdle
· In saurischians the girdle bones radiate outward from the centre, whereas in ornithischians the ischium and part of the pubis are parallel and project backward
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· Dinosaurs: Saurischians
· Main groups
· Sauropodomorphs mostly herbivorous (e.g. Apatosaurus Diplodocus)
· Theropods mostly carnivorous, bipedal (e.g. Tytannosaurus, Velociraptor)
· Birds likely evolved from therapads

· Success of dinosaurs
· Crutotarsans died out by chance, despite their larger range of phenotypes and similar evolutionary rates to dinosaurs; dinosaurs prevailed because of one or several key adaptations
· It is likely that dinosaurs were the beneficiaries of two mass extinction events – and some good luck
· The end Cretaceous mass extinction (K-T extinction): not so lucky

· Archosaurs: Birds (Aves)
· Very successful group with origins in the Jurassic, but modern forms radiated more recently in the Teritary
· Likely evolved from theropod dinosaurs
· Basic avian design is highly adaptable and their distinguishing characteristic is feathers
· Flyers can gain access to flying prey, escape from non-flying predators, and have unrivaled migratory abilities 
· Bird locomotion is varied, with some using their wings exclusively to swim (e.g. penguins) and some having no use for them (e.g. ostriches)

2. The key adaptations that enabled sauropsid evolutionary radiations, particularly birds

· Evolution of the Archosaur posture
· Trend toward bipedal locomotion likely evolved multiple times
· More efficient body support and locomotion

· Archosaurs: Pterosaurs (includes pterodactyls)
· First vertebrate group to evolve powered flight (late Triassic, birds and bats evolved later) using membranous wings supported by an elongated forelimb
· Early forms had long tails and teeth (e.g. Ramphorhynchus)
· Later forms lost the tail and teeth, and possessed a projecting crest at the back of the head (e.g. Pteranodon)

· Skeletal Adaptations of Giant Dinosaurs
· Shortened piller-like limbs (weight support)
· Reduction/shortening of wrist/fingers and ankle/toes
· Elongated necks (more, longer, but lighter cervical vertebrae)

· Origin of flight
· Arboreal hypothesis: gliding from tree to tree
· Cursorial hypothesis: running start and lifted off the ground for insect foraging 
· New ideas: use wings to scale inclined objects and trees
· Being able to flap wings up and down as well as back and forth

· Skeletal adaptations of birds
· Skull: reduced number of bones and thinner bones; no teeth (beak); light weight
· Exceptional flexibility of the neck: compensate for the loss of fore limbs; heterocoelous cervical vertebrae
· Very rigid backbone in modern birds: minimizes the number of muscles needed to maintain the streamlined body during flight, thereby reducing the energy consumption
· Pelvic girdle fused with synsacrum: bipedal; no symphysis: large pelvic outlet for massive eggs
· Concave saddle shape of vertebrae
· Sternum: ossified and well pronounced keel (carina) to provide attachment for flight muscles

3. Comparison of integument

· Glands
· Reptiles
· Generally, have fewer glands and all are granular glands – pheromones
· Function: signals for sex, identity, trails etc
· Birds
· Only one large integumentary alveolar glands: uropygial gland – oily secretion is transferred to feather
· Function: water proof, well developed in water bids

· Scales
· Reptiles
· Well-developed epidermal keratinized (horny) scales (scute), which are continuous folds of epidermis
· Shed regularly in lizards and snakes
· Function: protection from desiccation, locomotion (snakes)
· Birds
· Epidermal scales are confined to places without feather
· Derivatives 
· Claws are modifications of the stratum corneum at the ends of digits
· Beaks are also derived from epidermis, often include teethlike protuberances
· Most remarkable modification: feathers (functions are thermoregulation and locomotion)

· Dermal features
· Reptiles 
· Osteoderm is common, such as in crocodiles 
· Birds
· No bony plates
· Very thing dermis
· The epidermis and dermis form a delicate membrane that is loosely attached to the underlying muscles and therefore is quite mobile
· The thinness and mobility of skin may be correlated with locomotion and thermoregulation

LECTURE 14: SYNAPSID AMNIOTES (AND MAMMALS)

1. The trends in synapsid evolution that led to mammals

· Synapsids -> therapsids -> cynodonts -> mammals

· Basal Synapsids: “Pelycosaurs”
· Arose in late Carboniferous and radiated in the early Permian to become the dominant terrestrial carnivores
· Displayed a single temporal opening and a relatively posterior position of the orbit
· Most were carnivorous, but some were herbivorous
· Carnivorous: moderate size (0.5-3m), still had a sprawling posture and some had a broad ‘sail’ along the back made of extended neural spines and skin. The sail might have been used in intra-specific communication or as a solar collector
· Herbivorous: had blunt teeth organized as a crushing plate and a laterally expanded rib cage suggesting a large gut used in fermentation of plant material

· Therapsids
· Early groups evolved in the early Permian and radiated in the late Permian, replacing pelysosaurs
· They were dominant throughout the world until the end of the Triassic
· Some groups re-radiated after the end Permian mass extinction event (the boundary between Paleozoic and Mesozoic faunas)
· Earliest therapsids known (Biasmosuchia) displayed enlarged temporal fenestrae and reduction of palatal teeth

· Therapsids: Dinocephalians
· Large animals of the middle Permian with heavy skulls (probably used in intra-specific head-butting)
· Began a trend toward more erect limbs

· Therapsids: Gorgonopsians
· Dominant carnivores of the late Permian after extinction of the dinocephalians
· Dog to rhino-sized
· Were more terrestrial than pelycosaurs and displayed a greater diversity in body design
· Endothermy may have derived at this time (fossilized bones and lack of growth rings as evidence)

· Cynodonts
· Some authors consider Cynodontia as a clade that includes mammals
· Arose in late Permian and radiated mostly in the Triassic
· They saw changes in jaw muscles that allowed chewing
· Adductor differentiates into masseter and temporalis muscles, expand and invade larger areas of the skull roof bones
· With pterygoideus, allowed chewing by triangular motion of the lower jaw
· Pelycosaur (reptile-like) back of the skull (one occipital condyle) is modified in cynodonts to mammal-like double condyles
· Pelycosaur hindlimb is modified to a semi-erect position closer to the body -> allowed increased stride length
· Nasal turbinates: for regulation of heat and water exchange, division of food and air passages by secondary palate, and increased surface area to increase sensory function

· Mammals
· Arose in late Triassic from small cynodont ancestors
· Traditional view: early mammals were small shrew-like animals that persisted in specialized ecological niches throughout the Jurassic and Cretaceous (~115 mya)
· They radiated in the Cenozoic after extinction of the dinosaurs 
· Recent data showed that they started to diverge before the K-T extinction

2. The characteristics of mammals

· Feed young milk secreted from mammary glands
· Extended parental care of young
· Large brain/body size ratio
· Hair
· Don’t have nuclei in red blood cells 

· Integument glands are very complex; two basic types and both are limited to mammals
· Sebaceous glands: alveolar glands, oily/waxy secretion, often with hair. Function: dress hair (water proof); protect thin skin from drying
· Sweat glands: tubular glands, secret water, salts, urea. Primary function: thermoregulation

· Mammary glands
· May be specialized sebaceous glands
· Developed along the milk line during embryonic development
· Nipple number and location varies across species
· Function: nutrition to newborns 

· Scent glands
· Many variations. Some derived from sebaceous and others from sweat glands. Function: defense, sexual recognition

· stratum corneum derivatives
· claws, hoods and nails are modifications of stratum corneum at the ends of digits
· most important is hair, function: thermoregulation and sensory organs
· whiskers are specialized hair


3. The evolution of jaw articulation and the mammalian middle ear bones

· Skull
· Lower jaw made up of a single bone, the dentary. Jaw point is between dentary and squamosal
· Previous bones that hinged the jaw in reptiles (quadrate and articular) are now added to the middle ear, which is now made up of three bones instead of one
· Teeth with specialized functions (incisors, canines, premolars, molars)

· Evolved from 1st and 2nd branchial arches
· Palatoquadrate – quadrate – incus
· Meckel’s cartilage – articular – malleus
· Hyomandibula – became the first early bone (columella) in amphibians – stapes 
· Expansion of the dentary bone in mammals
· Played a key role: the establishment of a second articulation releases the functional constraints – quadrate and articular are free to evolve
· The evolution of complex structure
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LECTURE 15: SYNAPSID AMNIOTES (AND MAMMALS)

1. The trends in synapsid evolution that led to mammals

· Mesozoic mammals
· Morganucodontids are some of the best studied basal mammals
· Probably hatched from eggs and nursed on mammories 
· The morganucodontid Megazonstrodon (late Triassic) was likely a small insectivore displaying agile, rapid movements and endothermy. The latter feature and an enlarged brain (better hearing and small) suggest it was nocturnal 

· The rise of modern mammals and the K-T extinction
· What, if any, is the association between the loss of dinosaurs and the diversification of mammals? YES and NO
· True mammals descended from cynodonts during the Jurassic, but mostly remained small, nocturnal insectivores amongst the dominant dinosaurs… or did they?  Probably NO

· Temporal pattern: successive diversifications or episodes of quick splitting of relatively short-lived clades
· Ecological diversification: now strong evidence for ecological specializations
· Transformation of key innovations: not quite “incremental assembly of complex features”, many precursory experiments

· Modern mammals – living groups: monotremes
· Likely arose in the lower Jurassic and evolved independently ever since, e.g. no teeth in adults
· Share with mammals hair, endothermy and suckling of young, but they lack nipples, external ears and the embryos develop in leathery eggs (primitive amniote characters), which suggests that earlier mammals also laid eggs
· Modern representatives are the platypus (Ornithoryhynchus) and echidnas of Oceania

· Origins of marsupials and placentals
· Both groups likely arose in the early Cretaceous; marsupials in what would become North America and the placentals in Asia
· Dentition characteristics and embryo development distinguish them
· Extensive migrations have been postulated based on sites of fossil finds, marsupials in Eurasia and Africe became extinct in the Oligocene

· Mammals – living groups: marsupials (Metatheria)
· Found todat predominantly in Oceania (~200 species), but ~100 species are found in the Americas, with only one in North America (Virginia opossum)
· Give birth to tiny young who suckle until they grow much larger, often in a specialized pouch of the mother
· South American and Australian groups are distinct
· Australian groups occupy various niches in the terrestrial habitat
· Notoryctemorphs (mole-like)
· Dasyuromorphs (mice/rate-like, cat-like, dog-like)
· Peramelemorphs (bandicoots)
· Diprodonts (possums, gliding phalangers, wallabies, kangaroos, koalas, wombats)

· Mammals – living groups: placentals (Eutheria)
· Most diverse and widespread group of living mammals radiated extensively in the Paleocene after the Cretaceous-Tertiary event, but no new body plans have arisen in the last 50 million years
· Prolonged gestation of embryo in uterus, placenta provides the embryo with nutrients during gestation in all species
· Some major groups correlate with isolation of continents as they drifted away from the earlier supercontinent (Pangea) situation

· Eutherians
· Afrotheria
· Evolved in Africa after breakup from South America (~105 mya). Members fill a diversity of ecological niches, as they had ~70 million years of evolution in relative isolation from other placentals. Africa collided with Europe/Asia ~30 mya
· Extant species are the golden moles, elephant shrews, tenrecs, aardvarks, hyraxes, elephants and sea cows
· Xenarthra
· Diversified in South America after breakup
· Extant species are the armadillos, sloths and ant-eaters, but the group has a rich history. Extinct forms include giant armadillo-like animals and giant ground sloths
· Euarchontoglires (humans)
· Laurasiatheria

· Human evolution
· Bipedalism
· Straight knee joint, longer leg bones
· Sideways hip joint
· Shorter distance between hip and head of femur, more support to hold bodyweight

· Mammals
· Not clear what drove the extensive adaptive radiations of mammals. It could be:
· Extended parental care
· Greater intelligence
· Versatile feeding mechanisms (detention)
· Locomotory adaptations
· One key adaptation or the combination of some adaptations likely allowed mammals to radiate quicker into new terrestrial (and some marine) niches than the reptiles, birds, or amphibians

2. The characteristics of mammals

· Fossil mammals have distinct skeletal characteristics
· Middle ear – malleus, incus, stapes
· Lower jaw – only a single bone (dentary)
· Jaw joint – dentary and squamosal bones

· Regional differentiation
· Cervical: lack or reduction of ribs, 7 cervical vertebrae, best at rotation
· Two condyles
· Best atlas-axis rotation
· Thoracic: ribs
· Lumbar: no ribs
· Sacral: articulate with pelvic girdle
· Caudal: presence of hemal arch

· Different ways to walk
· Tarsal bone on top of metatarsal
· Plantigrade: bears, most primitive form in mammals, humans walk this way
· Detrigrade: dogs, walk on digits, walk quickly and quietly
· Unguligrade: deer, walk on top of digits
· Horse

· Primate characters
· Agile in trees
· Grasping hands/feet, opposable thumbs/toes
· Sensitive finger pads, flat nails
· Large brain-body size ratio
· Good binocular vision
· Enhanced parental care
· One baby at a time (usually)
· Long period of developmental and parental care
· Delayed sexual maturity
· Long lifespan

LECTURE 16: REPIRATION AND CIRCULATION IN TETRAPODS

1. The different respiratory mechanisms and ventilation of tetrapods

· Cutaneous respiration in amphibians
· Important in these tetrapods – how does it work?
· Low keratinization of the skin is required for efficient gas exchange, but low keratinization = water loss in air
· Water of moisture needed to maintain integument
· Also need blood capillaries close to surface of exchange and increased surface area – can increase surface area in different ways (wrinkles, papillae)

· Tetrapod lungs
· Generally: paired, high surface-to-volume ratio, joining the gut by trachea
· Trend toward increased compartmentalization associated with increased body size and metabolic rate

· Buccal pump of amphibians (and some ”fishes”)
· “four-stroke pump”
· a) air is taken in through the nares by depression of the throat
· b) glottis is opened and deoxygenated air in the lungs is rapidly expelled (thorax compression), mixing little with air in buccal cavity
· c) nares close and throat floor is brought up, pushing air into the lungs against pressure
· d) glottis closes to keep air into lungs and repeated pumping flushes the buccal cavity
· also two-stroke pump (similar to fish)

· Aspiration pump of amniotes
· Buccal cavity changes little
· Negative pressure
· Rib cage + diaphragm
· Ribs and intercostal muscles power the pump in most reptiles
· Diaphragmaticus muscles posterior to the liver act as a piston for the pump in crocodiles, but the diaphragm is anterior to the liver in mammals, where both diaphragm and rib cage participate in lung ventilation

· Bird lungs
· Aspiration pump, the lungs coupled with air sac system -> unidirectional air flow
· Air flow in the lung is dorsobronchus -> parabronchus -> ventrobronchus, but complex network of air sacs is involved
· Gas exchange occurs in small air capillaries in the walls of the parabronchi (lung)

· Birds vs. Mammals
· Blood in contact with mammalian aveoli encounters relatively constant gas exchanges
· Blood in contact with avian air capillaries is hypothesized to encounter increasing gas concentrations within the lungs, allowing progressive loading of oxygen in a cross-current exchange system

· Bird lung ventilation
· Two-cycle breathing -> inhaled air is divided into lungs and posterior air sacs, the latter prefuses the lungs during the first exhalation. Second inhalation is similar, but pushes air in the into the anterior air sacs, which is vented out during a second exhalation

· Faveolar lung (in sauropsids) =/= unidirectional flow
· Alveolar lungs in synapsids

2. Special adaptations in bird respiratory system

· Unidirectional airflow
· Cross-current exchange
· Large exchange surface: 10 times more than mammals per volume
· Relatively fixed lung volume, using air sacs to ventilate air
· Two cycles of inspiration and expiration to move the air mass through the system

3. Various heart and aortic arch evolution

· For most air breathing tetrapods, blood passes through the heart twice during each circuit
· Heart: double-circuit pump
· Systemic circulation (heart and body)
· Pulmonary circulation (lungs and heart)

· Anuran heart
· Sinus venosus attached to the right atrium, atrium completely divided by septum
· Ventricle undivided in most (unique among air breathers)
· Conus partly divided by spiral valve, guiding blood flow toward systemic and pulmocutaneous routes -> mix of deoxygenated and oxygenated blood in the ventricle is surprisingly low (but blood coming from skin already mixed in)
· Interatrial septum and spiral valve reduced or absent in lungless salamanders

· Facultative heart of reptiles
· Turtle/squamate heart displays divided atrium and ventricle
· The ventricle has 3 interconnected compartments, allowing transfer of deoxygenated blood to the lungs when breathing air and a lung bypass when diving, saving energy
· Crocodilians have a different heart organization for similar function
· Blood shunt mediated by pulmonary resistance

· Heart of birds and mammals
· Four-chambered hearts with similar design, but different origins
· Absence of cardiac shunt probably an adaptation to allow different arterial pressure in lungs vs body in active animals

· Aortic arches
· Embryonic jawed vertebrates always have 6 pairs of aortic arches, the 1st always disappears in adults 
· Sharks: 5 pairs
· Teleosts: 2nd also disappears
· Tetrapods: 1st and 2nd disappear, unique carotid system to head, derived from ventral aorta and 3rd arches
· Amphibians
· 4th – systemic arch to posterior body
· 6th – pulmonary arches to lung
· anurans lose the 5th
· salamander with adult gills: 5th and 6th supply the gill
· Reptiles: same as anurans, but two systemic arches independently from heart
· Mammals: similar to reptiles, but only retain the left systemic arch
· Birds: only retain the right systemic arch; internal carotids replaced common carotids in the long neck

4. Response to special needs of organs

· Climbing snakes vs ground snakes
· High blood pressure
· Heart is located far forward
· Slender body and tight skin
· Body muscles squeeze venous blood back to heart
· Vascular tissue of lung near heart/short vascular lung
· Tall animals have similar mechanisms

· Thermoregulation
· Keep blood to brain not too hot, not too cold: nasal rete
· Reduce heat loss from limbs
· Vascular counter-current exchanger: rete

LECTURE 17: DIVERSITY IN DIGESTIVE SYSTEMS

1. The structure and function of the different parts of the digestive system

· Digestive system
· Receive, store, break down (physically and chemically), and absorb food
· Store and discharge undigested waste
· Vertebrates have a complete digestive tract from mouth to anus (or cloaca)

· Component overview
· Digestive tract
· Mouth
· Pharynx
· Tubular parts (alimentary canal)
· Esophagus
· Stomach
· Intestine (small and large)
· Cloaca or rectum
· Accessory organs and glands
· Tongue, teeth
· Salivary glands, pancreas, liver

· Mouth
· Entrance to the digestive tract
· Ancestral vertebrates were likely filter feeders with small mouths
· Agnathans have no jaws or true teeth and a small buccal cavity
· Fishes have highly specialized mouths with firm tongues
· In tetrapods, trend toward increased participation in physical and chemical aspects of digestion

· Teeth
· Derived from bony dermal armor/similar structure to placoid scale
· Composed of dentin, surmounted by a crown of enamel
· Used to eat and/or for defense
· Different types of teeth attachment 
· Acrodont dentition: teeth attached to the outer surface of to the summit of the jawbone; many teleosts 
· Pleurodont dentition: attached inner side; anurans, salamanders, many lizards
· Thecodont dentition: teeth occupy bone sockets or alveoli; some fishes, crocodilians, fossil birds, mammals
· Variation
· Homodont: teeth all the same size and shape
· Heterodont: teeth very morphologically
· Mammalian teeth: heterodont dentition with species-specific number of teeth; evolved along with ability to chew

· Oral (salivary) glands
· Multicellular glands with ducts, only in tetrapods (fish do not have oral glands)
· Modification and function
· Primary: moistens the food for lubrication
· Allows tongue to be sticky – prey capture (frogs, anteaters)
· In some mammals, allow digestion start (starch)
· Modified to form poison glands in some snakes and lizards; moved to near orbits in marine reptiles and birds and functions for salt excretion

· Esophagus
· Muscular tube between pharynx and stomach with much folded and distensible lining, usually rich in mucous glands
· Conducts food to the stomach
· In fish, short and hard to distinguish from stomach, but involved in closing the pathway to the stomach during respiration when water is pushed through the gills

· Stomach
· Muscular chamber that begins at the end of the esophagus and terminates at the pylorus: an opening surrounded by the pyloric sphincter (ring of smooth muscle)
· Gastric glands produce hydrochloric acid
· May have originally evolved as a storage place
· Digestive function involves mostly breaking down food, little absorption
· Conservative pattern among vertebrates, but some adaptations are seen
· Birds (and crocodiles): modified into 2 parts
· Glandular proventriculus: secretes digestive enzymes
· Muscular gizzard (ventriculus): has tough horny layer inside, grinding and mixing food with gastric secretions; function: makes up for lack of teeth
· Some mammals (ruminants - calf): 4 compartments
· Rumen: stores and churns; residence for bacteria, which produce cellulase to break down cellulose (no vertebrates can produce this enzyme themselves)
· Reticulum: receive food from rumen and form cud, them regurgitate for further chews
· Omasum: temporary holding site
· Abomasum: the only place with gastric gland

· Intestine
· Long tubular part with highly folded surface
· Secretion of mucus and digestive enzymes, other enzymes secreted into intestine from liver and pancreas
· Selective absorption of nutrients and water
· Movement by peristalsis
· In many tetrapods, there is differentiation into small and large intestine
· Small intestine is chief site of digestion and absorption of nutrients
· Large intestine mostly recovers water, but can be used for fermentation
· Major digestive glands (liver, pancreas) empty their secretory products into the section adjacent to the stomach: the duodenum
· Gut morphology is a flexible and functional adaptation – storage, fermentation, length of track is correlated with eating habits and diet, and not so much constrained by evolutionary history
· Herbivores have long guts with intestinal specializations that promote fermentation (e.g. caecum, large intestine, stomach), while carnivores have shorter, relatively unspecialized guts

2. Structure of the gut wall

· Essentially the same throughout its length, four parts
· Serosa
· Muscularis externa
· Submucosa
· Mucosa

· Strategies for increased surface area
· Caeca: blind-ended extensions of gut, can come out in various places (pyloric caeca, colic caeca, etc)
· Function in digestion/absorption in fishes, fermentation in some mammals
· Spiral valve (chondrichthyans, lungfish)
· Forces passing food through a spiral route, increasing path length
· Foldings (tetrapods)
· Large surface area is achieved by coils of the canal, folds, villi, and microvilli on the internal surface

LECTURE 18: DIVERSITY IN URINARY AND REPRODUCTIVE SYSTEMS

1. The origin of kidneys

· Urogenital system
· The reproductive and excretory systems are intimately associated with each other and it is easier to combine them in order to understand how they evolved
· In vertebrates, mesomeres of the mesoderm give rise to urogenital organs

· Function
· Excretory system
· Removes wastes, in particular the nitrogenous wastes, and other harmful substances 
· Control osmosis – water and salt balance
· Organ involved: kidney, gill, skin, part of the digestive system, salt glands
· Reproductive system
· Produce gametes, bring them together, provide nourishment, release the eggs and young
· Organ involved: gonads, ducts, cloaca, copulatory organs


· Kidney – developmental origin
· development sweeps from anterior to posterior, but the wave is interrupted at two levels so that the anterior, middle, and posterior kidneys form in sequence
· the more anterior regions usually degenerate as posterior regions become functional
· the more posterior break may be omitted, so that two instead of three pairs of kidneys are formed in sequence
· pronephros and opisthonephros (mesonephros and metanephros)

· Pronephros
· Segmented, usually the first four segments
· Appear in all vertebrates (rudimentary form), and degenerated quickly
· Functional in fish larvae and adults of hagfish and some teleosts. In other fish, pronephros degenerates into ‘head kidney’, an organ limited to hemopoietic, lymphoid and endocrine functions

· Opisthonephros/mesonephros
· Reduced segmentation
· In late larval and adult anaamniotes, all or most of the mesomere posterior to pronephros forms one kidney, it is called opisthonephros
· Among amniotes, the middle part of nephrogenic chord develops first, it is called mesonephros and is only present in fetuses, then degenerates

· Metanephros
· Never segmented
· Kidney of amniotes
· Most posterior part of nephrogenic cord that replaces mesonephros in development
· Dual origin of amniote kidney: the origin of the ureter, urine drains from this
· Old mesonephric duct degenerates in females, persists in males to carry sperm

· Development of the metanephros and ureter: dual origin

· Functional unit: nephron
· Nephron = nephric (renal) tubule + renal corpuscle
· Basic design is paired and segmented nephric tubules opening on one end, facing glomeruli, then each connecting to nephric duct

· Structure and osmoregulation
· Challenges and solutions: water/salt balance and nitrogen waste
· Counter-current urine concentration system


2. The diversity in urogenital ducts

· Nephron variation
· Desert rodents tend to have mostly long tubule loops descending into the medulla. This helps establish the strong concentration gradient needed to produce highly concentrated urine
· Aquatic mammals like the beaver, who have no need to produce highly concentrated urine, show the opposite in that they have very few long loops in the medulla
· In terrestrial amniotes, drinking is the only water intake, and loss of water is through skin and lungs; conserve water in kidneys with different solutions
· Reptiles and birds: uric acid, small renal corpuscles and short tubules; marine species with salt glands
· Mammals: urea, long renal corpuscles and very well-developed tubules to absorb water. Primary urine, proximal tubule, distant tubule, loops of Henle

· Gonads 
· Develop from two sources
· Mesomere genital ridges – supporting tissues of gonads (sex chords)
· Primordial germ cells that become gametes arise from endoderm, they migrate to the gonad early in development
· From indifferent stage to different stage

· Urogenital ducts
· Principle ducts include
· Nephric ducts
· Paramesonephric (müellerian) ducts
· Opistonephric or mesonephric tubules
· Ureter
· Other accessory ducts
· All vertebrates (except cyclostomes) have a pair of nephric ducts and paramesonephric ducts. Cyclostomes have no sexual ducts. Eggs and sperms are released to the coelom, then exit to cloaca through genital pores. Paramesonephric ducts may be originated as a split of nephric ducts, or developed from nephric ridge
· The variations of the duct system among groups are the results of the retention, loss or modification of the fetal structure

· Female ducts
· Müellerian ducts became oviduct from ova except in teleosts
· Opistonephric ducts for urine in anamniotes; mesonephric ducts degenerated and ureter used for urine in amniotes
· Open system: egg -> body cavity -> oviduct
· Teleosts: oviduct derived from folding in ovary, not homologous to müellerian ducts
· Mammals have very complex female duct system – divided into three tregions
· Oviduct (fallopian tubes)
· Uterus (houses the fetus)
· Vagina: copulation

· Male ducts
· The fetal müellerian ducts always regress (reduce)
· Efferent ductules derived from some anterior tubules, and carry sperm from testis to nephric duct
· Nephric duct takes new name – deferent duct when carrying sperm or both sperm and urine
· A closed system
· Most sharks and amphibians: nephric (deferent) duct carries sperm; accessory urinary duct for urine
· Teleost: nephric ducts for urine; new sperm duct
· Amniotes: deferent (nephric) duct for sperm; ureter for urine

· Other accessories
· Bladder: temporary storage of urine. Often can selectively absorb or secrete
· Cloaca: passage for digestive, urinary and reproductive system. Every vertebrate except bony fishes and mammals have it
· Male copulatory organs: external fertilization and internal fertilization

Summary Chart

Males

	
	Müellerian duct
	Meso-
	Pro-
	Other
	Kidney

	Sharks/amphibians
	Degenerated
	Sperm
	Degenerated
	Accessory urinary
	Pro- degenerates
Opistonephric for adult

	Teleost
	degenerated
	Urine
	Degenerated or head
	Sperm duct
	Pro- head kidney
Opistonephric for adult

	Amniotes
	Degenerated
	Sperm
	Degenerated
	Ureter
	Pro- and meso degenerated
Meta for adult




Females

	
	Müellerian
	Meso
	Pro
	Other
	Kidney

	Sharks/amphibians
	Oviduct
	Urine
	Degenerated
	None
	Pro- degenerated
Opistonephric for adult

	Teleost
	Degenerated

	Urine
	Degenerated or head
	“oviduct”
	Pro- head
Opistonephric for adult

	Amniotes
	Oviduct
	Degenerated
	Degenerated
	Ureter
	Meta-







LECTURE 19: NERVOUS SYSTEM

1. The major divisions of the nervous system

· Function: the nervous system (along with the endocrine system) determines the response of the body to changes in its environment
· A sensory-motor integration system

· Types of cells: neurons
· Can be classified according to function (sensory, motor, interneuron) or morphology (unipolar, bipolar, multipolar)
· Cell body (soma) usually bears dendrites receiving information and sends one or more axons transmitting impulses (action potentials)

· Types of cells: glia (neuroglia) 
· Two types of axon-ensheathing cells (oligodendrocytes and Schwann cells), astrocytes mostly involved in structural and metabolic support, insulation and microglia part of the immune system

· Synapse: an axon of one neuron with a dendrite or nerve cell body of another neuron
· Directional transmission of signal from one neuron to another (synaptic transmission)

· Composition
· Division by location
· Central nervous system (CNS): brain and spinal cord; in addition to neurons, also interneurons
· Peripheral nervous system (PNS): nerves and ganglia outside CNS; two kinds of neurons
· Afferent or sensory fibers: impulse from receptor organ to CNS (in)
· Efferent or motor fibers: CNS to receptor organ (out)
· A nerve can be all sensory, all motor, or mixed fibers
· Division by function
· Somatic nervous system: sensory or motor fibers to skin and its derivatives plus voluntary muscles
· Visceral nervous system: sensory or motor fibers to viscera and derivatives (smooth muscles and glands) (involuntary)

· Central nervous system: brain
· Organ that coordinates all activities of the organism

· Central nervous system: spinal cord
· Function: receive incoming impulses, integrate and coordinate them, transmit them wherever they should go within the CNS, and send responses to the PNS as appropriate
· The establishment of simple (local) reflexes
· Somatic reflex arc: how a posture is maintained
· The knee-jerk reflex
· General structure
· The “H” shaped grey matter: cell bodies and unmyelinated fibers
· White matter: myelinated fibers

· Peripheral nervous system
· Somatic: innervate skeletal muscle and skin
· Visceral: innervate involuntary muscles and glands (e.g. cardiac muscles)
· Afferent (sensory): from tissues to CNS
· Efferent (motor): from CNS to tissues
· Cranial nerves
· Nerves that have their roots in the braincase. Best known for conveying information from the special sense organs (smell, sight, taste, hearing and balance)
· “On Old Olympus’ Towering Top A Finn And German Viewed A Hop”
· Spinal nerves 
· Nerves associated with spinal cord segments
· Dorsal root of spinal nerves receive afferent fibres from sensory neurons with their soma located in dorsal root ganglion
· Ventral root of spinal nerves contain motor neuron efferent fibres on their way to their targets
· Well segmented

· PNS: autonomic nervous system
· A division of PNS involved in controlling visceral activity
· Monitors internal environment and activity of viscera
· Controls cardiac, smooth muscles, urogenital system, pigment cells, some respiratory organs, intrinsic eye muscles, and glands
· Moves pigment cells around to make different colours
· For amniotes, the visceral motor fibers are divisible into sets of fibers: sympathetic and parasympathetic division, which are anatomically distinct and perform antagonistic responses in the organs
· two neurons carry out the efferent signals
· sympathetic
· prepares body for stressful situations, expands energy: alertness, excitement, alarm, the ‘fight or flight response’
· short preganglionic fibers
· chain ganglia + few others
· thoracolumbar outflow
· parasympathetic
· slow down: ‘rest/digestion’
· longer preganglionic
· ganglia close to organ
· craniosacral outflow
· often more postganglionic neurons than preganglionic, have widespread reaction


2. Basic structure of the vertebrate brain

· Development
· Prosencephalon (forebrain) – two parts (original function for smell)
· Telencephalon: cerebral hemispheres, olfactory lobes and bulbs
· Diencephalon: thalamus, etc
· Mesencephalon (midbrain) – one part (original function for sight)
· Optic lobes
· Rhombencephalon (hindbrain) – two parts (original function for balance and hearing)
· Metencephalon: cerebellum
· Myelencephalon: medulla oblongata
· Ventricles and flexures

· Organization of brain
· Five parts according to development
· Another useful way:
· Brainstem: central axis, including part of adult metencephalon, all diencephalon, mesencephalon, and myelencephalon; structurally similar to spinal cord
· Cerebellum: derivatives of metencephalon, coordination of motor function
· Cerebrum: derivative of telencephalon; in mammals, dominate the brain in size and function

· Evolution of the brain
· Enlargement of the cerebrum and the cerebellum

LECTURE 20: SENSE ORGANS

1. Taste/smell, eye, ear: basic structure

· Function: the sense organs perceive and integrate sensation, and initiate action

· Components of sensory organs: a sensory receptor is usually composed of the dendrites of a neuron and can include tissue that amplifies the stimulus. The receptor is a transducer that transforms a stimulus into an electrical impulse or burst of electrical impulses that spread to the cell body and along its axon to other neurons, usually in the central nervous system

· Chemoreception
· Olfactory organs
· Ectodermal origin
· Olfactory epithelium located in the nasal pit or respiratory passage are responsible
· Filaments serve to increase surface area
· Olfaction used for discrimination of chemicals in the environment
· Taste (gustatory)
· Taste organs detect similar molecules as the olfactory. General structure similar to olfactory organ differ in:
· Endodermal origin
· Less sensitive
· Receptor cells aggregated into taste buds, they don’t have axons, but receive afferent fibres from the CNS
· Taste buds are exposed, worn, and replaced
· Triple sensory innervation of the tongue
· Photoreceptors 
· Cells capable of phototransduction, i.e. generate electrical potential with photon absorption. Photoreceptor neurons are organized into the complex epithelium of the retina in eyes
· Sclera: rigid housing of the eye
· Choroid layer: nourishment
· Pigment layer: prevents reflection
· Lens and cornea: form image
· Iris: controls entry of light
· Ciliary apparatus: focuses image
· Retina: photoreceptors and other cells
· Rod = for light, more sensitive but no colour
· Cone = for colour
· Signal from photoreceptor neurons is processed within the retina before it reaches ganglion cells; the output neurons of the eyes
· Pheromone receptors
· Many unspecialized nerve endings: e.g. eyes response to onion

· Mechanoreceptors - lateral line system
· Mechanoreceptive component of lateral line system detects movement
· Present in all fishes and larval (some adult) amphibians
· Consists of thousands of neuromasts dispersed on the body surface or inside lateral line canals
· The electroreception component of the lateral line is present in many fishes and the platypus. It detects weak electric stimuli using electroreceptors makde up of jelly-filled canals leading to the skin surface
· Water movement is measured by displacement of the gelatinous capula, which bends the stereocilia of hair cells, themselves which are equipped with mechanosensitive ion channels. Collectively, all neuromasts provide both spatial and temporal information

· ear
· two functions
· equilibrium – vestibular system
· hearing – middle ear and cochlea 
· the inner ear and lateral line system are closely related by structure, function and ontogeny, and are sometimes referred to as the acousticolateralis system in aquatic vertebrates
· they all make use of hair cells for transduction of mechanical information
· vestibular system
· equilibrium
· may have originated from the lateal line system
· function: register head position and detect angular acceleration of the head
· three semicircular canals and two chambers, utricle and saccule. An extention of the saccule is called lagena (cochlea in mammals)
· hearing: middle and inner ear
· tympanum (eardrum) receives airborne sound waves, the middle ear bones mechanically transmit the vibration to the oval window (the opening of the bony housing of the labyrinth)
· motion of waves of perilymph translate into shearing force over the hair cells
· two mechanisms to increase the force (by 14-60 times):
· small oval window
· lever system of ear bones
· bones: stapes, incus, malleus

2. Variations/adaptations of the basic structure

· Olfactory organs
· Fish: admit water to nasal pit; lamellae made up of olfactory epithelium support tissues
· Air-breathing vertebrates: add mucous cells – dissolve the particle and wash away old samples
· The size and complexity of the nasal chamber is increased in tetrapods
· Mammals have the most complex tirbinate (scrolls of bone) to increase the surface size
· Highly sensitive – mammals can distinguish about 10,000 odors (humans: 1000-4000)

· Taste organs
· The distribution of taste buds are variable across major groups
· Fish: mouth, pharynx, heads, and other body parts
· Amphibians: tongue, pharynx, and skin
· Reptiles, birds: pharynx, poor sense of taste
· Mammals: mouth and pharynx
· humans: five basic tastes – salt, sour, sweet, bitter, umami
· tongue map is a myth

· photoreceptors
· eye accommodation in water
· index of refraction of water is the same as inside the eye and cornea, but index of refraction of lens is above that of water
· focusing – change in lens position by contraction of the refractor lentis muscle
· cornea is flat, not involved in focusing light
· eye accommodation on land
· index of refraction of air differs from inside the eye and cornea
· focusing – change in lens shape by relaxation of ciliary muscle which attaches suspensory ligaments between eye and lens
· cornea is rounded, also involved in focusing light to some extent
· adaptation to dim light
· large eyes: large pupil, large lens close to retina
· few cones or none, slender rod cells are closely packed
· tapetum lucidum (mirror) can be present (e.g. deer in the headlights)

· modifications of the ear
· fish: can hear, sometimes very well
· amphibians: very specialized, stapes and operculum connect with pectoral girdle, basilar papilla and amphibian papilla
· reptiles: some snakes have no middle ear. Stapes joins the mandible or quadrate for reception of vibration from the substrate
· birds: many rows of hair cells
· mammals: very long cochlea, external ear

LECTURE 21: FUNCTION AND BIOLOGICAL DESIGN

1. the physical factors that influence animal form, biological materials and systems

· size: length, surface area, and volume
· square-cube law: if you double the size of an object, you increase the surface area four times and you increase the volume it holds eight times
· surface area: large size means relatively small surface area, leaving less space for exchange with environment (heat, gas, etc)
· scaling: study of size and its consequences
· metabolism: scales with size, heat loss proportional to surface area, but heat production proportional to volume
· supporting system: mass is proportional to volume, limb strength is proportional to cross-sectional area
· force
· basic physical concepts are length (distance), time (flow of events), and mass (inertia)
· recall that mass is a property of matter, whereas weight is a measure of force
· force is the effect of a body on another through mass and acceleration
· vectors are measurements that have magnitude and direction, some muscles are built upon this principle
· the change in an object’s motion is proportional to the force acting on it
· lever: muscles generate forces and skeleton applies these forces, can be represented by torques and levers (fulcrum is pivot point)
· force acting at a distance from fulcrum produces torque (rotation about the fulcrum)
· implies compromise/trade-off in design
· force and stability
· sprawled limbs: lizards – very stable, lots of force -> massive adductor muscles needed, locomotion costly
· crocodile: intermediate
· pendulous limbs: dinosaurs, mammals – not stable, but much less force needed -> rapid/efficient terrestrial locomotion possible
· environment
· the main force acting against animals in fluids (e.g. water, air) is not gravity, but drag
· drag is caused by the need to push the fluid aside (pressure drag), and the friction of the fluid against the animal (friction drag)
· physical demands on an animal in a fluid are described by the Reynolds number; a dimensionless number affected by fluid viscosity and the size, shape, and velocity of the animal
· aquatic environment
· advantages: low impact of gravity, relatively constant environment with plenty of food available, good avenues for dispersal and migration, escape of terrestrial predators for secondary swimmers
· swimming: propelled motion through a liquid medium
· pressure drag – the object has to deflect water molecules, i.e., overcome fluid inertia, which requires energy, thus slowing it down
· frictional drag – the object is ‘sticky’, water molecules are carried with the moving object. A gradient of velocity from high speed near object to zero away from object is established, called boundary layer. When boundary layer is thick or the object surface is rough, turbulence might appear, which increases grad substantially (energy that generates turbulence comes from moving object)
· drag reduction – spindle shaped body is a compromise between pressure (reduced fluid displacement) and friction drag reduction (reduced surface area), reduction of body appendages or retraction alongside body, surface covered with slime or small scales reduces turbulence (large fish may use scale adaptations or finlets/keels)
· strength of materials
· bones resist forces applied to them – provide compressive, tensile and shear strengths
· their internal design (spongy and compact) is such that they can withstand normal stresses
· with bending, compressive forces build up on the inside of the bend and tensile forces on the outside – this means that greater stress will develop at the surfaces (risk of fracture)
· bone material is concentrated at the surfaces, spongy bone appears to be laid down along lines of internal stress, this lattice of bone spicules provides strength with low mass
· why are sharks so big?
· Cartilage is lighter than bone
· Shark jaw and vertebrae cartilage is mineralized and displays small calcified blocks on the surface (tesserae) – this form of cartilage can be stronger than bone
· diffusion and exchange
· body is designed/constructed to optimize (often but not always) heat exchange or the diffusion of important gases and molecules, e.g. lung and stomach surfaces
· anatomical adaptations can improve the efficiency of exchange, e.g. countercurrent exchange

· symmorphosis is a theory of economic design – structural design should be matched to (but not exceed) functional demand

LECTURE 22: ANATOMICAL ADAPTATIONS IN HORSES

· the shape of horses	
· barrel-shaped trunk
· long skinny legs
· built for speed: long and rapid strides; stamina: energy efficient motion; standing: fatigue resistance at rest
· speed = stride length x stride frequency
· losing the collar bone (clavicle) adds length to the leg
· lengthen the legs by changing foot posture
· lengthen the leg bones themselves
· disproportional bone length saves energy
· big, heavy muscles that power the legs are close to the trunk, hammer head is at the top
· losing toes saves energy – makes legs easier to swing
· folding the leg saves energy – shortens the legs
· major problem with long bones = fracture

· problems: digesting grass is hard, need to run away from predators
· solution: large gut to digest cellulose, fermentation vat (use cellulase-producing microbes to ferment cellulose)

· the carnivore gut
· relatively unmodified parts, as a basis for comparison
· oral cavity – pharynx – esophagus – stomach – small intestine – cecum/large intestine – rectum – anus

· foregut fermenters
· enlarge the stomach as a fermentation vat

· the horse is a hindgut fermenter
· extensive modification of the dentition, cecum and ascending colon

· herbivore teeth
· break down cell walls to expose contents
· modify the teeth to become grinding batteries
· hypsodonty: long, but not ever-growing
· lophodonty: rigid grinding surface

· changes in function along the gut
· foregut has similar functions in carnivore and herbivore
· hindgut in carnivores reabsorbs water
· hindgut in horses reabsorbs water, ferments cellulose, absorbs volatile fatty acids
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