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ISFECTS OF RESPTRATORY ADAPTATION
IN THE BOWFIN AMTA CLVA L.
CHAPTER I
INTRODUCTION

Historicai-Taxononic Features

The bowfin is a lax detory Eolostean fish in the
oxder Amiiformes. This order is archaic and dates from the Upper
Permian %o the recent, Bowiins were numerous in the Jurassic Tut
today only the monotypic femily Amiidea survives (Yowung, 1962).
This species was described by Linnzeus {1766) in the type
locality of Charleston, South Carolina and named Amia (meaning
ancient fish) and calve (meaning smooth). The bowfin is known by
a veriety of other non-scientific names; dogfish, grindle, nud-
fish, cotton fish, black fish, grinnel, speckeled cat, lake
lawyer, scaled ling, green bass, scaley catfish, poisson-cesicr,

choupiauel (Wilder, 1875 b3 Rovinson, 1875; Scott and Crossman,

1973) Taxonomically, Aniids ave transitional between the closely

related gars (order, Lepisostifornes) and telecsis (Breder and
Rosen, 1946).
General Description
In terms of btody form and size, bowfins resemble teleosts
in the Salmonidae group (lerge trout and salmon), The general

1
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body shape is torpedo-like and soft cycloid scales cover the body
except for the head and fins, The scales lack ganoin; a substance
common to the scazles of the gar and certain other primitive fish.
The head is conic and encased with heavy dermal bones (411 is, 1889 c.)
The jaw structure and oral compartment is composed of several
bones which are alveclus and contain numerous canine-like teeth
(Shutfeldt, 1885). Unigue structural characteristics include a
gular plate found within the mendibular angle (Lagler, 1936) and
a serrzted throat appendege (Wilder, 1877 b). The fins are spine-
less and well vascularized. The dorsel fin arches tow-like over
the Ttack, the caudal fin is rounded and abbreviztzd heiferocercal
znd the pectorazl, pelvic and anel fins ere fen-like and Ileshy
besed (Wilder, 1877 c). The lateral line is complste and contains
64-68 scales (Allis, 1889 b).

The respiratory systen 1s bimcdal consisting of zills

and z dorsal zir sac, The gills ars well developed with short

knoo-like rakers and have a specialized interlamellar septum the

.*

Drotects and supporis the lemellas (Eevelander, 1934). The air
sac is single, Difid in front, compartmenizlized, well vascularized
and capable of gas exchange (Good:rlc.., 1930). The externzl nares
oren from tubular extensions (Legendre, 1954).

The bowfin shows narked sexuzl dimorphism, Females are
larger than meles and possess a light-gray spot in the base of the
caudal fin, Mezles have &z derker caudal spot swrrounded by a yellow
orange halo. 3Both sexes are dark olive dorsally, show a mottled

eticulated pattera of lime and yellow laterslly and are crean
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white ventrally. The anel and paired fins are light with greenish
edges. The dorsel fin is olive with horizontal dark bars, whereas,

the caudal fin is light green with interrupted vertical dark bands,

During the spring spaWning season, males show an enhuncement of
colorstion in the orange and green hues (Zahl and Davis, 1532).
Distritution

The bowfin is restricted o eastern North Americe (Moore,
1968) but closely related fossil forms are known from the Tertiary
of Zurope and Asia (Scobt and Crossmer, 1973). fins arve dis-
tributed northward tc lower Quebec, Ontario and Vermont, westward
throughout most of Minnesota, Scuth Dakota, Nebraska, Kanseas,
Oklzhome and Texss and eastward to the southwest Appalachians
and along the Atlanti c. coastal states fron Comnecticut to Flordia,
Bowfin populations arsz largest and mest concentrated in south-
eastern United States. In Oklzhome,the bewfin is fownd in the
southeast tributaries and low gradient portions of Arkansas, Poteau,
Kizmichi, Little, Mountain Fork and Red River (Ortenberger and Hubbs,
1926, Hubbs and Ortenberger, _929 ;Finnel, 955\ .

The bowfin shews preference for swampy, vegetated tays
and backwaters of lakes and rivers Which are relatively clean and
unpolluted. Because this type of hebitet is disappearing due to
éraining, £illing and dredging, the future of this last rspresent-

ative of the Amiid group is wcertain,

Life Histcry Reviasw

Barly studies of the towfin state that spawning occurs
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from late April to early Jwne after meles construct lerge circular
nests in shallows where rotted vegetation is abundant (Dean, 1899;
Reighard, 1900; Reighard, 1902). The water temperatwre during these
activities ranges from 16 to 19°C (Reighard, 1903). Females
produce large numbers of eggs which beccme adhesive and twm dark
gray after relsase (Dean, 1895). Males then protect and care for
the nest, eggs and young (Doan, 1938). Eggs haich after 8-10 days
(¥hitman and Eycleshymer,1897) into 8 mm larvae with snout tipped
adhesive organs that permit attachment to vegetation (Dean, 1895;
Reighard and Phelps, 1908; Mensueti and Hexdy, 1967). Parental
cere by adult males ceases gt the 102 mm siage and by early fall
young of the yeer ave 127-220 mn in length (Carlander, 1969).

Lge ané growth studies of the bowfin are meager due to
difficulties in applying standard sczle aging techniques (Coopsr
and Schafer, 1954). Northern populations reach sexual maturiiy
between three and five years when females and meles are 610 and
457 mm long, respectivley (Cartier and Magnin, 1967). These
authors also rerorted thabt maximum size is reached at about 870 mm
and 6800g in Quebec waters. The longevity of this fish is avout
12 years in natwal waters and up to 30 years in captivity (Cerli-
ander, 1969).

The bowfin is a veracious predator feeding on small

fishes, crayfish, amphibiens, insscts and small shrimp (Breder,

19283 Scott, 1938; Lagler and t

3T4

ucbs, 19403 Berry, 1955; Dillaxd,
1965). An aversge daily ration for young of the year is equivalent

to 6-7% of body weight (Herting and Witt, 1968). Since the fish
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codomingtes with sunfishes, bzsses, gars and other gaeme fish
caxnivors as a top order predator, it is usually considered a pest

and of little commericel or recreationel use (Scott and Crossman, 1973).

Dissertation Topic Development

A significant aspect of towfin life history is swrvive
ability in low quality watexs that show daily end seasonal fluct-
uations in temperaturs and in oxygen and carbon dioxide content.
The capability of the bowfin tc survive has been documented under
such extreme conditions as warm, hypoxic pDools and partielly dried
nud holes (Dence, 1933), estivation burrows (Gowanlock, 1933;
Neill, 4959), trackish intertidal zones (Mansueti and Hardy, 1 96?)
and starvetion during 20 months in cartivity (Smallwood, 1918
Few North Amsrican freshwater fish can withstand such physiologically
demanding cexnditions,

The survival capabilities of the towiin indicate well
developed adaptations especially in the respiratory system. Since
Amia is the only suxrvivor of its group, it is essential to the

field of comparative physiclogy to identify the fumetional mechaniszs
of this system and to describe how they contritute to survival

wder environmental siress. Kncwledge of these mechanisms weuld

also add much to the wmdersianding of the Holostean fish group

and lower vertebrate respiration.

A relationship between the adaptability of towfins in
marginal asguetic habitats and respiratory function was first
established when Wilder (1875 2) observed that the bowfin could

rise to the surfazce of hypoxic water and breathe air, ZLater
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Wilder (1977a) described the gas exchange process that occurred

in the air sac. Black (1940) then showed how ceriain blood characier-
istics could contritute to respiratory adaptiveness. Johansen et al.
(19?9) putlished 2 mere detailed work concerning the aerial breathing
process, blood respiratory characteristics and gill function. The
latest account of bowiin respiratoxy behavior described quantitative
aspects of the aerial breathing process (Horn and Riges, 1973).
Recently, VWeber et al. (1 g76 ) presasntaed 2 stuéy of molecular character-
istics of Amiz hemoglobin.

It was the purpese of this dissertation to carry out addition-
al study on the bowfin respiratory system in arsas thai were neglected
or not treated in detail in drevious investigations. The topics investi-
gated are discussed in the Tollowing chapters which ere written in the
style required for puvlicaticn in a particular professional journal.
Chapter I is introductory material and will not be published. Chapter
IT describes selected habitais in Oklahcma where the bowfin is easily
collected and will not be published. Chapier III presents several
gill and blood characteristics for the bowlfin and is designed for

publicaticn in Comparative Biochemistry and Physiolezv. Chapter IV

#ill be Tresented to Respiration Pnysiolozy and concexrms morphometric

and vharmacological aspects of the bowiin air sac.
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CHAPTER IT

CHARACTERISTICS CF BCYWTFIN HABITATS

SOUTHEASTEZRN OKLAHONA

Introducticn

This chepter descrites thyes towfin hzbitatis in the Red River
floodplain of McCurtain County, Oklahoma. The local drainage systems
of this region zre low gradient, shellow and weedy (Webb, 1970).
Several oxbow lakes and sloughs have formed from cutoffs of the Fe
River and are in various siages of maturity Several faxrm ponds have
been constructed near these arsas and often interconnect with the
natural waters during flcoding.

The variety of a2guatic hebitats in scutheastern Mcluriain
comty produces a diverse environmental situation which includes Cypress
swamp habitzt. However, this regicn of Cklzhcme is changing because
the Red River no longer floods lowland areas zs sxiensively due to
upstream flocd control. The raduction in flooding has stebilized the
floodplain leading tc increased maturation of lowland aguatic hebitats.

Draining of local wetland has intensified, thus, habitats for many

Tloral and fawmal types wmique +to this part of Cklahoma are disappearing.

This habitat descripticn documents selected conditions during
197" and portions of 1972 w the bowfin habitats of McCurtain County

had extreme fluctuations in high water, summeriime drought and farming

activity.
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Methods and Materials

The habitats selected for this study were (1) Derryterry
Pond, a farm impoundment constructed within swemp-like Jenkins Reily
Slough (2) Waterfall Creek, a sluggish, densely vegeteted stream znd
(3) Deadman Lake, a mature oxbow lake. These bedies of water typify

the mejor types of aguaiic conditions in southeastern McCurtain

County, Oklzhoma (Figurs 1).

A vater analysis was conducted betwsen Januvery, 1971 and
ended April 1972. Samples were collected monthly at each site in an

1

open water area zbout Two metexrs from shore. Weekly samples were

taken only when significant changes in watser level and productivity
occurred. Sampling was ccrnducted in the top 0.5 m water zons with a
11 Kemmerer samplier Tetween 1200 and 2500 hours.

Water samples were analyzed for temperature, dissolved
oxygen, pH and alkalinity., Alr and water temperatures were recorded
with & ¥SI Telethermometer (Yellow Springs, Chio). Dissolved oxygen
was determined using the umodified Winkler methed (APER, 1671). 211
other conditions were measured by titration or colorimetry using
the materials and procedures of a Each Chemicel Company (Ames, Iowa)
iater analysis laboratory kit, Model DREL.

Records of on site air temperatures and generel weather

conditions were supplemented with U.S. Weather Bureau reccrds from

Station 3@-4451-09 in Idebell, Oklzhoma.
1%




Results ancd Discussion

Climatic Conditions.

Air temperature and rainfall patterns for the stiudy area
were sunmerized for the Deriod January 1972 - December 1972 (Figure 2).
The nonthly mean temperature ranged from 7°4c 27°C for 1971 and frem
6°to 27°C Tor 1972. The annuzl mean temperature wes 17°C for toth’
1971 and 1972 and reflected a2 mild temperature condition conmdared io
cther rarts of the United Statss. The minimum temperatures were reached
during the month of January while paximum temPeratures were reached in

July and August. The highest air temperature recorded during this

. -

study was 39°C on July 16, 1971, whersas, the lowest single air temp-
erature was - 12°C on Janua: awy 5, 1972,

The totel anmnual rainfzll was 121 cm for 1971 but dropped to
92 cm for 1972 (Figure 2). 1In december, 1971, 30 cm of rain Fell and
caused flooding of the study areas. The year of 1972 had owered
rainfall pattern and some drying occurred in the shallow regions of the

study habiteis. Reinfall had a noticeatle influence on the limnological

features and ars discussed in the following secticns.

L4

Flora and Fauna.

BEach habvitat supported a rich flora but Waterfall Creek
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and Deadmen Lzke hed the highest plant densities. Typical plant
populations consisted of pond weed (Potamogeton) , water primrose

(Jussiaea), coontail (Ceratothyllim), arrowhead (Sagittaxria),

yellow pond 1illy (Nurhar), yellow nelumbo (Nelimbc), cattail

(Typha), bur-reed (Spergenium), water plantain (4lisma), duckwead

(Lemna, Spirodella) and button bush (Cephalanthus). Derryterry

Pond was free of most of these vegetation types except near the

end of the study when water primrose began to develop rapidly.

~e

The most common Tish thabt occurred in association with

imia were: spotted gar (Lepisosteus Droductus), yellow bullhead

(Tetalurus a'calls) , Plackstripe tcpminnow (Fiméulus no»aua.:)

-,

nosquitofish (Gambusia affinis), pirateperch (Avhrsdoderus sayanus),
?

pigny sunfish (Elassome zonatum), tlack crappie (Pomoxis niero-

maculatus), warmouth (Chanobryitus coronarius) Tluegill (Lepomis

macrochirus), and largemouth bass (Micropterus salmoides).

Common turtles in the area were: snapping turtle (Chelydra serp-

entina), mud turtle (Kinosternon sutrubrum), pond slider (Pseudemys

scripta). Common snakes were: common water sneke (Natrix sipedon),

and cottonmouth (Agkistrodon piscivoruz).

Water Temperaturs.

Thermal conditicns in the three study areas were similar,
thus, only data from Derryberry Pond were plotted (Figwre 3). The
lowest surface water temperature of 8 G was recorded January 28,
1971 vwhile the highest temperatuwreof 35 DC was rscorded Auvgust 9,
1971,




17

Water temperature patterns at other depths revealed
frequent stratification. On other occasions, the water was holo-
mictic (Hu'tchinson, 195?). These conditions were due to the
shallow depth ¢? the habitais, siwrface vegetation and periodic mixin
by wind (Teble 1),

The water temperature at any level did not fall Telow
14°C which is common for most bodies of water having a shellow
depth and location between the 33'd and 34'th latitudes of North

America (Wetzell, 1975; Respess et zl., 1972 Yelson and Harp, 1972).

Dissolved Oxvgen.

At the vegimning of the study (Januvary 28, 1971), all
three study areas had similzr dissolved oxygen concenirations btut
the range of valuss (8.6-9.4 mg/l) vias below the predicted oxygen
capacity of 11.7 mg/l (Figurs 3). As the study progressed into
Februery 1971, coxyzen concentrations droppsd slightly but during
March and April, dissolved oxygen rose to super-saturated conditions.
On April 29, 1971, the water of Derryberry Pond, Waterfall Creek
and Deadman Lake hed dissolved oxygen concentrations of 9.2, 10.0
19%

and 110%. These conditions were atirituted to Thytoplankton and

=S

and 10.0 mg/l, respectively, which gave saturation levels of

higher plant activities (Hutchinson, 1957). Dissolved oxygsn
concentrations declined during Jine 1971 with Waterfall Creek and
Deadmen Lake showing the most pronounced change. On Jume 23, 1971,
Waterfall Creek had 6.8 mg/l oxygen, whersas, Deadman Lake had

0.8 mg/l oxygen (the lowest value recorded in this study). These
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lower concentrations were due to thick mats of pond weed, Potomogston
and duckweed, Lemna, on the water swrface which virtually eliminated
light penetration to the lower water zcnes. Thus,photosynthetic
activity could not replace losses by community respiration and
the systems gradually becams hyroxic. Because of the surmmertime
oxygen loss due to the abundance of aguatic plants,each study area
was classed as eutrophic according to Reid (1961). Deadmen Lake
approached a dystrophic condition dus to sxaggerated oxygen losses
and accumuwlation of partially decomposed plant material in the
benthic zone. During the latier part of July 1971, heavy reins
caused each habitat tc fiil to capacity. This change, combined
with heavy wind and wave action, caused disrupticn and displacement
of the floating plant zone. This increassd ligh
to increased dissolved oxygen content. On July 30, 1971, Derryberry
Pend had 14.3 mg/l oxyszen (193% saturated) (the highest value
recorded in this study), Deadman Lake had 5.8 mg/l oxygen (78.4%
saturated) and Waterfall Creek had §.5 mg/1 oxygen (1303 saturated).
These conditions were maintained into the sarly part of August 1971,
out as plants gradually recovered the water surface, oxygsn concentrat-
ions decreased. As the study extended into the fall arnd winter
months, 211 dissolved oxygen concentrztions were similar and 2pp-
roacned pradicted saturations. During the following spring, dissclved
oxgyen concentrations approached the previous spring conditicns.

The periodic low oxygen conditions in Deadman Leks created

respiretory problsms for the acuatic organisms. Lind (1974) stated




19
that most aguatic vertebrates are stressed at the 3 mg/l dissolved
oxygen level., This stress value wes reached on several occasions
and forced fish and amphibians to the surface. Bowfin (4mia calva)

and spotted gar (Lepisosieus occulatus )were so active at the surface

that open channels wexre created due to displacement of the floating
vegetation, These swurface water openings incrsased the survival
of these fish and also provided a temporary refuge for other

fish, salzpanéers and fwrtles.

Hydrogen Ion Concentration.

At the beginning of the study, the rE in 21l thres
habitats was close tc neutrel (Tigure 4). As sampling progressed
into soring and summer, the pH of Derryberry Pond and Waterfall
Creek steadily 4increased but Deadman Lake displayed an irregular
pattern, High pH conditions wers prevalent in each habitet diring
the fall. On Decemver 16, 1971, heavy rain fell in the arsa
causing flooding of all study sites. Consequently, the waiexr pH

-

of Derryterry Pond, UWaterfall Creek and Deadman Lake decreased from

the respective alkaline values of 8.5,8.4 tnd 7.5 to the

s~ -

3lightly acidic conditions of 6.&, 5.7 and €.5. Duxing the

ct

following months of Februsry, March, and April 1672, tH increased
in 211 study areas except Deadman Lake(Figure 4).

Overall, Derryberry Pond and Waterfzll Creck showsd the
greatest veriation; Derwyberry Pond gave & pH range of 6.7 (March
27, 1971) to 9.1 (July 29, 1971), vhereas, the Waterfall Creek pH

range was 6.7 (recorded December 16, 1971) to 9.3 (rerorded
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August 1%, 1971 as the highest value in the study). Deadman Lake
trended toward acidic conditions which was probably due to decomp-
osition products from the lower poriions of the submerged plant_
zone, Humic acids axre knowm to be released under such conditions
(Wetzel, 1974) and lowsr pH. Deadman Lake had a more alkaline TH
on days when the surface was relatively fraz of vegeiation which

allowed increased light penetration fo ths submergsd plant zone.

[

Thus, C02 remcval from the weter increased and caused a relative
increase of bicarbonate and alkelinity. The pH range for this
bedy of water was 6.0 (recorded on June 8, 1971 as the lowesti T
value in the study) to 7.5 (detected cn July 29, 1971 and
Novenmber 21, 1971).

The tH condtions otserved during the study were not
unusual for these tyres of habitals and are comparable to similar
bodies of water in this part of the Uniied States {Respess et al

1972).

AMkalinity,

The alkalinity conditions were veriabls (Figurs 4).

O

Derryterry Ford had the highest alkelinity which was net unexpected
due to fH conditions. Overall, the alkalinity was due to bicar-
tonate, but, from Jume 23, 1971 to November 21, 1971 oH conditions
were such that some carbonate alkalinity was present. However, these
concentrations wers low and transient, The alkelinity for this pond

ranged “rom 35 mg/l (December 14, 1971) to 136 mg/1 (October 11, 1971).
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Deadman Lake and Waterfall Creek had similar alkelinities. The
lowest alkalinities for these two areas were 30 mg/l and 27 mg/l
(both recorded Decerber 16, 1971), respectively. The highest
respective alkalinities were 86 mg/l (August 16, 1671) and 98 mg/l
(fugust 16, 1971).

The differences in aikelinity tetween the threse study
sites wexe related to a watershed condition. Waterfall Creek
and Deadman Lake are surrounded by woods and pasitures which reduced
rumof? of soil chemicals. Derxyberry Pond is surrounded by cotion,
corn and soytean fields which are frequently limed and fertilized.

Since rimofF from farmland is highex, it would carry more alkeline

On Decenber 16, 1971 heavy rains flooded ell habitats.
At this time alkalinity declined to the lowest and most unifera
concentrations of the study.

According tc the Natioral Technical Advisory Commistes
(1948), aguatic habitats showld have bicarbenate levels betwzsen
90 mg/1 and 130 mg/l in order to support a gocd fish fawa. 3Such
a range is requived to suppert Drimary production and 2 diverse
set of food chains., Desadman Lake and Waterfall Creeck wsre at the
lower end of the sczle throughout most of the year, hewever,
Derryberry Pond fell within the above range. When seine-haul
samples were compared betwesn the study areas, Derryberry Pond had

the highest number and diversity of fish species, as well as,
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abundant turtles, larvel amphibians, freshwater shrimp and other
assorted invertebrates (snzils, mussels, beetles, ete.). Bowfins
were more prevalent in Derxyterry Pond than in any of the other habitats.
The bicarbonate velues for this study were similar to those
sumnarized by Kingsbury (1968) for the lower cretaceous limnological
province of Cxlahoma. This province will produce dissolved bicartonate
as high as 184.4 + 52 ng/l in regions with limestone outcropings and as
low as 67.1 + 15 g/l where sandstone and shals outcrops occur (Kingsbury,
1968). The zbove range of bicarbonaie encompassed the values described
for the habitats (found in the extreme southeast region of the lower

cretaceous province) evaluated in this study.

Other limnological conditions were not studied exisnsively and
therefore are excluded from this chapter. However, Xingsbury (1948)
using data supplied by Howerd P. Clemens, Professor.of Zoclogy at
the University of Oklanomz, wes abtle to show thai the waiters of several
habitats near the bedies cf water examined in this siudy were relatively
soft and low in mineral content., Calecium, sodium, potassium, magnesium
and sulfate averaged, respectively, 30.8. 7.4, 3.4, 3.8 and <50 mg/l for
the limestone districts of the lower crataceous province. Since the
habitats of this study have a similer geclogy, it is likely ihat they
also have soft and low mineral centent waters. The few limnological

determinations that were decne with regard to the avove ions itend to

confirm this supposition.




SUMMARY

Except for occasional disturbance by caitles and Farming
activity which led © riodic nubrient envichment, the three vowfin
hapitats investigated in this study had good waier quality; the
water was moderately soft and low in mineral content.

Because of extensive plant populations, Waterfall Creek

and Deadman Leke showzsd more pronoiunced “luctuzbtions in dissolved

oxygen, rl and alkalinity, When dissclved oxygen was low, towfin
migrated to the water surface and rested 2 feow inches telow the

water surface amecng tangled vegetation. This behavior reduced
energy leoss and the potential harmful offe2cis cf hypoxiz and
hypercapnea. Zxcept for aerial breathing and feeding activiiy,
the towfin is not an active swimmer and spends much of its time
resting on bottom substrate. If the bowfin did not rest in the
surface weter zone during low oxygen cenditions, they would have
to expend considerable ensrgy in oxder to zerial breathe.

These observations lead to further questiions regarding
bowiin respiratory activiiy. The swrfacing bshavior of the bewfin
indicates senscxry capability for detecting hypoxia. The quesiion

0

of how well a bowfin can survive in a high temperaturs, hyvoxic and
open water habitat is raisszd. This was partially answered on noon
August 23, 1971 in en isclated Tackwaiter arsa of Derxryberry Pond

23




zh
wnen seven dead bowfin were observed. Tne water was 33 °C and hzd
16.8 mg/1 dissolved oxygen, 2 pH of 8.9, 19 mg/l carbenate and
109 mg/1 bicarbonate alkalinity. Moresover, there was a dense
population of green algae which indicated eutrophy and a potential
for nighttime development of hypoxia. At night, the bowfin weuld
not have sufficient dissolved cxygen for gill upitake and would
have to continually swim in order to aerial breathe. Apparently
this did happen and placed & higher metzbolic demand on the

arimals than cculd be met by the respiratory system causing them

The low oxygen, high temperaiures and increased metabolic
activity was also compounded by the high 7H of the water. A% this
pH, dissolved carbten dioxide is virtually absent creating a large
blood-water carvon dioxide gradient. An increased tlood i could
result to produce a non-functional hemogiotin-oxygen affinity shift.
Some of the questions raised from this habitat suwrvey regerding
the respiratory physiclogy of Amia celve L. are discussed in

the following chapters.
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Table 1. Vertical temperature conditions in Derryberry Pond,
Waterfall Creek and Deadmen Lake .oveievnrucvnnrnnrnnsans
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Table 1. Vertical temperature patterns in Derrybexry Pond, Waterfall Creek and Deadman Lake.

Location Depth 2-28-71 3-1-71 6-8-71  8-9-71  10-11-71  11-21-71
(metors
Surface 16 10 31 32 23 13
0.3 15 10 3. 29 22 13
0.6 14 10 30 28 21, 13
Dexxyberry 0.9 10 10 27 28 21 12
Pond 1.2 10 10 26 28 21 10
1.5 9 10 25 27 20 10
?\? 1.8 9 9 214, 26 - -
2.1 8 9 21 - - -
Surface 18 - 31 34 23 13
W agiﬁg all J(30t'bom) 13 - 26 20 19 11
1.4 m
Surface 17 - 27 30 22 13
Deigﬂgn Bottom .13 - 18 26 18 10
(1.1 m) :

* Temperatures expressed in degrees centigrade
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Figure Legends

Map of scuthestern McCurtain County, Cxlahoma
showing study areas along Red River flood plain.

g

and rzinfall for Idsbell, Oklzhoma (Flav. LAOD feet,
Lat. 53° N, Long. 940 49' W) weather station number
34445109 ; February, 1971 fo April 1972.

Climatological summary of mean monthly air temperature
+

Surface water temperaturs, theoretical and actual
dissolved oxygen concentrations of Dexrryberry Pond,
Waterfall Creek and Deadman Lake, . January 28, 1971
to April 10, 1972.

TH and alkalinity conditions iIn the surface waters of
Derryberry Pond, Waterfall Creck and Deadman Lake,
January 28, 1971 to April 10, 1972.
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CHAPTER ITI

GILL AND BLCOD CELRACTERISTICS

OF ThE BOWrIN, AMIA CALVA

JOHN W, PERRY
Department of Zoology, University of Oklahoma, Norm

U. S. 4, 73019

ARSTRACT
1. Bowiin gill morpnology is unique among most fish because
of an intexlamellar sesptum which fuses the tips of ovposing lamellas
into a fixed positicn., Such an arrangsment xeduces respiratory sursace

area 10 to 25 percent but, produces a series of sieve-liks chammels

[y

s

that restrict water flow and raduce diffusicn dsad space. The vlood-
water diffusion distance ranged from 1.7 j to 2.9 Js
2., Opercular rate, gill stroke volume, total ventilation

volume and oxygen consumption incresesed crly slightly as temperat:

- o, L . -
was raised from 15 to 25 C, Oxygen sxiraciion efficiency was veriatle

FR) r‘° ° L2 DO e = )

at both 15 2nd 25 C. At times, efficiency was high (58.9%) then low

.

(5.7%). Some fish did rot show this irregiler 5_11 activity and, in

~s

these fish, oxygen uptaks efficisncy and ventilation volume incresased
significantly with a change from l; to 25 water., The gill dymanmics
of the fish were related to the transilion to aexial treathing which

> . + - o' -
tegins in the 15 to 25 C temperature rangs.
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3. Hematological characteristics were temperature relaied.

Red cell cell number, hematocrit and hemoglobin concentration were

all higher at 93 C than at 15 C. BRed cell size wes unchanged.

4. Oxygen capacity and Py values were higher at 25°C than
15°C. Blood pH decreased neaxly 0.2 of 2 unit as temperature was
increased 10°C. The Bohr effect (-0.42) was unchanged ty temperaiure.
Temperature coefficients wers as high as -0.05. These data indicate

types of respiratory adaptation that would enatle the Ttowlin to survive

more readily in high temperatwre, hypoxic water




INTRODUCTION

The bowfin, imia calva, is a monotypic Holostean found
in the mejor drainage systems of eastern Nortn America. This fish

is en efficisnt predator and codominates with basses, pikes, an

gars as a top order consumer. inia shows a prefsrence for weedy

b

backwater areas cf streams and lakes that have good water quality
but can survive in hypoxic habitats (Dence, 1933; Gowanlock, 1933)
due to several well developad respiratory mechanisms: (1) an aix
sac that provides an alierraiive gas sxchange route when water quality
conditions reduce gill functicn (Johansen et al., 1970), (2)

-

cardiovescular shuniing mechanism that facilitates gas sxchangs

in 2ir by shifting blood from the gills during vericds of hypoxia
(Johansen, 1972), (3) efficient gills with interlocked lamellae

(Bevelander, 1934), (4) a type of hemoglobin that can shift oxygen
affinity as water and acid-tese changss occwr (Black, 1940; Johansen
et 2l., 1970; Wever et al., 1976) and 2 (5) proficisnt aerial Treath-
ing behavior (Jorm and Rigss, 1972).

Previous studies on Amia have answered several questions
relating to the respiratory anatomy and physiology of this primitive
fish but have neglscted certain aspects of gill morvhology, vent-

lation dynamics and blood respiratory proveriies. Some of the

respiratory data are tased on observations from only one, two or

three fish, This study vrovides additional information on respiratery

36
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function in Amia relative to gill filament dimensions, diffusion
distance, oxygen extracticn and ventilation dynamics, and blood
oxygen dissociaticn characteristics. These data were collected
to further explain the adaptive rolss played by the bowfin gil
and blood system when this fish encowmters variatble tempesratures,

oxygen and P conditions in its habita

ci-




WMATERTATS AND METHODS

Experimental Animels. Fish were cobiained from Jenkins-

Reilly slough in McCurtain County, Oklzhoma, transported to the
University of Cklahoma Department of Zoology, Norman, and held
individuelly in 50 gellon agueria at 15°and 25°C. The anipals
were fed creyfish and mirnows and remained in apparent good
conditien throughout confinement. Cenerel fish condition was
assessed through periodic weighings and
and serum glucose, Prior to experimentation, focd wes wit
2-3 weeks in order io induce 2 fasted siate.

Respirometrv. In measuring gill function, an operculunm
of each fish was fitted with a FE 90 catheter for watsr
The animel was then placed in a continuous flow rss
(Figu‘re 1) nodified after the oven respirometry system of Sawund
(1962). Water from a reservoir (a) wes pumped to th
(v) £ rough 2 regulated Tri-Fla: fluid flowmeter (c) (Pisher-Porter
Co., Warminster, P4) with 1-703 ml/mm capacity. Circulation tubes
(d) and magnetic stirring tars (e) were used %o insure equal dis-
tribution of water within the chamber. i respirometer
was routed through an aerating chamber (£)
returned to the reservoir for temperature equilil

the use of air stones (h) and heating or cooling coils

. ° o . e e
function was measured at i5 and 25 C which are temperatures commonly
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experisncsé by the bewfin in southeastern Oklahoma. Following a

5-6 howr adjustment pericd in the respirometsr, gill function

measurensnts were commenced.

Opercular Activiiv. Opercillar razie was measured with

2 Model P23EB Statham presswre transducer (Statham Labecraiories,

Inc. Hato Rey, Puerto Ricc) and rasccrded on 2 Medsl 50WC1 Gress

polygraph (Grass, Inc., Quincy, Mess.) coupled io the opercilar

Sne o~

Oxygen Zxiraction. Oxygsn exiraction efficiency of

gill was cdetermined From the POp of inspired and expired water

samples. The POy of the samples was measured with e
5056 oxygen elscirode (Radiometer, Inc., Copenhagen, DK). Ths

.

extraction efficiency was then sstimzied as Follows:

ct
vy
()]

Percent Oxygen Sxtrzciion =
o

expired waier, respeciively.,

where PIp, and PEp 0p are oxysen partial pressures c¢f inspired and

Oxygzen Upiaks. Oxyzen consumption (V02 ) was estimated

according ic the procedure of Garey (1970). Ths respircmeter was

filled with water and sealed at time zero. The rate of oxygen

-

partial pressure decline therezfier was used as 2 measiure of

uptake, Oxygen consumption wes then calculated using:

Vo, =oFypp &0z ° V/i
Wher 02 is oxygen consumpiion in zl 0z (ST PD)/min,APOZ is the

)

changs irn oxygen tension (torr),q02 is the solubilit v coefficient

of 02 (Rehn, 1966), V is the effective volume of ihe respironmeter

in liters and 1 is time in minutes. The Pgp was not allowsd o

-

oxygen
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drop below 50 torr during the experiy iment in order to reduce fi
restlessness and their efforts to aeriel breathe.

Ventilation Volume.

The rate of water movement over

the gill epparatus (Vg) was essimated as follows:
U, (al/min) = V02

<Py ~%Pagy

The bowfin gill sysiem was also examined

Gill MorpholoZV.

at the gross and histclogical level, Histoleogical matexrial W
X3 : e = DY 2 - . 1
preparsd from excised gill filaments which were fixed in Zenkers

fluid, embedded in paraffin, sectioned at 8 microns then

1 triple
staired with Mallory's txichrcme
Brythrocvte, lemoglobin Determinations.

Iy

Exryt hrocvies were comnted and sized with a Coulter Model B pariicle
cowmnter and Model J pilottsr. Hemaiccrits wers determined after

centrifugation of samples in sia ’!da.rd hematocrit tuves. Hemoglokbin
wes estvimated indirectly with the cyanomethemoglobin methed (Wintrobe,

1965) .

Zlood Rsspiratory Properi

tiz

S. 3Blood Pgy and DE was

measured with a Clark oxygen elecirode (Radiometer Model & 5046)

and pE microelscirode (rtadlcne'c=r ‘Iodel 5036) coupled to a
gas monitor (Radiometer Model PHA 9276) and TH

d o4 meter (Radiometer
Model 27).

Blocd oxygen and carbon dioxide concentration (Vol %

was determined with a Natelson microgasometer.

.”

Hemoglobir oxygenztion properties were determined wnder

different temperature and pH conditionms with a modificaticn of

)

Ll

he mixing technigue discussed by Zdwerds and Martin (1966).
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A blood sample (5-6 ml) was divided equally between two Model X
125 ml Kontes tonometers that were arranged to rotals in a constant
temperature bath (Eall, 1965). Both tonomeiexrs were initially
immersed in a 15°C temperature bath. The tlood in on tonometer was
equilitrated with nitrogen gas to produce deoxyhemoglovin (Hb)
while the blood in the second tonometer was equilibrated with air
to provide saiwrated oxyhemoglovin (HbOg) « The equilitration
process wWas complete in approximetely 1 hour. Portiorns of tlood

then were removed irom 2zch tonometer and mixzd under mineral oil

G\

to provide the following fractions of oxyhemoglcbin: 25, 350,

5s

75 and G0 per cent. Samples of each fraction were then transferred
with a gas fres microsyringe to oxygen and pi electrode chambers.
The remainder of the Ylood in each tonometer was then adjusied to
25°C_ and snalyszed with the same procedwxres,

In the second set of measurements, tlood semplaes were
equilibrated at 15°and 25°C according o the above procedure excep:
the gases with high 00y content were used to produce decxyhemoglobin
(5.44% €02, balance ¥p) and oxyhemogiobin (21.0% 02, 5.25% COz,
balance N2). 3Blood disscciaticn curves were consiructed and the
Bonr effect was estimated according to Lenfant et al., (19€6).

The temperature shift of the oxygen dissociation curves was calculated

from the equation of Vokac gt al., (1972).




RESULTS

Gill ¥crphology

Hish
-I

long filaments wi

lamellae are embedded in an inte

this anatomical feature, the
create & seive-like
gill, it is descretely chanrele
rectangular shaped.

Bach lamellz consists

together internally by pillar c

this gill wmit in parallel fashion (Figure 3).

10 to 16 per lzmella and have 2
diffusion distance averzged 2.1
each lamella ©tip is enclosed oy

2 portion of blood flow through

sepium and is net exposed to water for gas exchange.

filapment-lamellz system ars summar

» dorsal and ventral lamellae

arrangsnent,

cells.

}l.

n gill arch (Figure 2) has short rakers and moderately

The tips

rlameller septum (Figure 3). Because

lamellae are held in a fixed position

Thus, when watsr moves tnwough the

through nerrow passageways that are

of two layers of thin epithelium held

Capillary-liks vessels pas

£3 threugh
These vessels number from
mean diameter of 4.1 p. EBlcod-water
Approxinmately 10 to 25 percent of

the interlemellar septum.

ized in Table 1.

Gill Respiration

£ninal condition.

of use. The

cent and rslzt

restricted movenent during feeding.

Weight declined from
average weight loss over a pericd of

ted To the confinement in

(S

ine

(3

time of capture to

4,5 menths was 7.9 per-

relatively small aguaria which

Despite weight loss,the animals

L2
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were in apparent gocd condition at the time of experimentation and active-
1y resisted capture.
During respirometer confined experimsntation, serum glucose slowly
increased (unpublished data) and Ylood pH decreased (Table 5). The
weight loss and serum glucose change indicated a fasted condtion.
Therefore, the respiratory data were ottained from fish at a reducad levsl
of metavolism,

Gill Function & 15 C. Mean opercular rate was variable

tetween fishes and xangsd from 7 to 27 bpm (Table 2). The percent
extraction ¢f coxygen was also variable and rangsd from an average
of 8.3 to 42.75 (Table 2). The single highest value was 33.9%

(Fish 1) while the lowest was 5.7% (Fish 6). Individual fish had

the 2bility to exiract oxygen at some given level for a time then

Percent oxygen exiraction varied inversly with opsrcular rate.
.
Cxygen consumption (Vog) ranged from 19.7 to 50.3 ml*hr *'}:g'i

~.

(Table 2) and veried

a 4
volume (Vg, rangsd from 196 to 645 ml min~t kg™ and the amount
'S - . ! - -“1 T ="
of water moved by each opsrcular stroke was between 13-45 mi‘tbeat ~ekg~*

(Tarle 2).

Gill Function at 25°C.  Average opercular rate ranged from

10 to 2% bpm whils percent oxygen extraction varizd from 8.§ to

53.4% (Table 3). The Pop Of the inspired water was lower at this

{-

temperature which led to incrsased gill trezthing. The opsrcular

ER)

breathing rate then influenced the oxygen extraction process in an

<

-

inverse memmer. Fox example, Fish 3 (Table 3) hed the lowsst rate
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of operculation but the highest oxygen extracvion efficiency.

Mean oxygen consumption increased slightly over the
15°C data and ranged from 19.8 to 56.7 ml shr-1 -kg‘i (Table 4).
Again, the smeiler fish had nigher V02 values. Ventilaticn volume
also increased (Table 3). In some fish, the volume nearly doucled
with the 100 C increase in water temperature. ‘?g ranged from 253
to 1018 zzﬂ_'m:‘.n'i'kg'1 and gill stroke volume extended from 15 to

50 ml *beat~1.xg7L,

Hematology
. e
At 15 C, the mean erythrocyie (RBC) count was 1.01 x
3 = . - -

10 /Ir:n (Table 4). The REC number at 25 C showed much less vari-~
ability and averaged 1.21 x 106/mn3. Mean hematocrits (Het) at
these respective temperatures wsre 22.6 and 29.5%. Erythrocyte
nean cell volume (MCV) wes variable but was unchanged by temperature
(Table }-.L) . Averzge hemoglobin concentration was differant at each

. . A » o .
temperature and averaged 6.7 gh at 15 C and 7.9 g5 at 25 C (Tadle L4).

3lood Respiratory Characteristics

The czlculated blood oxygen czpacity for 15°C acclimated
fish wes 8.9 Vol % and was 10.6 Vol % for fish at 25C (Tadle 4).
These estimates were ciose to actual determinations of 6.9 and
9.4 Vol % at 1 5 and 25 C, respectively. Oxygen capacity changsd
little when measured at differsnt pCOg S. A 15 C, the capacities
were 6.8 and 6.9 Vol % for the respective Cp, Dercentages cf
0.0356 and 5.356. At 25°C the respective capacities wsre 9.2

and 9.5 Vol %.
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Prior to experimentation, bowfin btlocd had 2 mean arterial
PH of 7.75 and an average venous blood pH of 7.56 at 1500. At
25°C, the blocd pE values were 7.45 for mean arterizl and 7.34
for mean venous tlood. During experimentation, blcod pH¥ decreased
(Tavie 5).
At 15 C, the cxygen dissociation curves for whole Amia
blood were nyperbvolic at low Pgpo and slightly sigmoid at high
PCop (Figure 5). At a PCCz of 1 terx, the Psp ranged from 3.1 to 5.3 torr.

This range increased apoproximaiely 3 fold when Pg G0z was elevated

-

to 37 torr and gave a Bohr factor of -C.421 (Tadle 5).
- - 3 1 b - -
The oxygen dissociation curves at 25 C were sigmoid
78 £
ms P a 1 o 2, 0 o -
(Figurs 6). The tenperatizrs changs from 15 to 25 C produced ro

significant alteration in the Eohr factor (-0.42) but Psp values.

|-Jo

-..l:‘.i

approximately tretled (Table 5). Temperature coefficient values

fell within & -0.04 to -0.05 »arge.




DISCESICN

Gill Morphology

The most unusual feature of the bowiin gill is the
interlamellar sepium which serves as a membranous interface between
opposing lamelia. Bevelandsr ( 1934 ) first described this struciure
but did not deal extensively with its structure or function. The
tarpon, swordfish, sailfish, pmerlin and the tuna are zpparently
the only other fish that have this tjpe of zill structure (Bevelander,
19345 Rughes, 1963; Huir and Kendall, 1948). These fish are sirong, repid
swimmers and have rapid water flow through the gills. The inter-
lameller septum holds the lamellz securely in a fixed position

&

during rapid swimming which meximizes gas exchange surface area.

This gill arrangement would provide the bowfin with ths same advantage

J-

iT it were a rapid swimmer and would also prevant collapse of ths

lamella during aerial brezthing or estivation on land (Bevelander,

Since the interlamellar septum is sandwiched between
opposing lemella, z series of sieve-like channels are created
tetween adjacent gill filaments. These channels are rectangle
sheped and coniain a2 space capable of holding water by capillary
action. These water reservoirs weuld offer severel advantages to

3 3 - -

the fisn. For example, if the bowlin were out of water, the

&
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trapped water would help offset desiccation and prevent sudden changes
in the gas exchangs process ai the lamellar sites. O0Ff majer
importance would be the provision ¢f a carbon dioxide “sink".

-

The retentvion of weter in the sieve channels would allow carben

Y
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dioxide exchangs 1o water
duwring aerial exposure., During normal gill function, however,

this type of structural design would cause increase

f
2]

esistance o
vater flow. But, the subsequent reduction cf water movement through

the channel would increase time for diffusion of gases (Randell,

1970). Thus, efficiency would be increased (Hughes, 1972) provided

-4

the openings of the channels were not blocked ty gill mucus or

solid particles from incoming water.

The interlemelier septum encloses 10 to 25 percent of

the distal edge of the lzameilee and prevents & lergs vortion of

EE AR

the lamella surface {rom mexing contect with water. Therefors,

functicnal dead space appears to be oifset by the loss of ges

exchange surface area,

-

No other air treathing fis

1 have the sizve chennel feature.

¥

S
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o
-
0]
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The South American lungfish (Lepidosiren peradioxa

the gill filament length and lamellar number (Jchansen and Lenfant

1967). The lamellae are thickened which results in 2 greater
Giffusion distance (Fuilarton, 1931). The Ausiraelian lungfish

(Neoceratodus Fforsteri) has the most highly developsd gills of the

1,

Dipnoi. Their lumgs play only 2 small accessory role in the total

gas exchange process; accordingly, the gill efficiency is much
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higher than in Lepidosiren (Lenfant et 2l., 1966). The African

lungfish (Protopterus aethionica) is intermediate in respiravory

structure and function compared to the other Dirncans (Lenfani
et al., 1970). The gars, in the primitive Holostean group,
also lack the sieve channel arrangemeni and have different gill
dimension features (Landolt, 1870).
Several authors (Steen and Berg, 1966; Hughes, 1956)
have summerized gill dimensions for a iety of fishes and found

that active fish tend to have thinmer gill lamellae, more lamellae

Der mm of filament and small blood-wabter diffusion distance. T..v

:

opposite was generelly otserved for sluggish fisnes. According

he active

o this classification scheme, the bewfin weuwld it in

ct

fish category. EKowever, the bowfin spsnds most of its time resting

on tovitom subsirate or in tangled vegetation., The Ttowfin also fezds

0y either quietly stalking prsy or by lying in wait wntil orsy comes

[
(48]

near. The quiel rssiing behavior and controllad feeding activity

somewhat contradicts the active fish characterist

'_h

¢ reveaied by the gill
merphelogy study until the following is considersd., When zlarmed, the
powfin will swim about repidly often for several minuies. Furthermore,
the Towfin has the habit of migrating from one pond or slough to arother
by whnen flooding permits movement through interconnecting passageways.
This type of movement is difficult tecause the tenporary water passages
are often shallow, grass or weed filled and meandering. The bewfin gill
would ve well suited to meet the physical and metabolic demands of such

P
an erzicient

.t:.’h

types of activiiy, since it is well pretected and arrangsd

mannex
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Gill Respiratory Dynamics
Interpretation of gill respiration in fish is complex
because of the influence of water temperature, gas solubility, blood
perfusion, body weight, 2ge, sex, reproducti ve conditi on, nuiritional

state and strsss induced metabolic change (Steen and XKruysee,

Hugnes, 1964; Rahn, 1966; Fozr and Randall, 1970; Chavin and Young,

1670; Hughes, 1972). In air breathing fish, zerial gas exchange
(=3 2

)

Surther complicates evaluaticon of gill funection. Efficient

breathers such as Lepidosiren, Protovterus, Polypierus, Lepisosteus,

Neoceratodus and Amis have gas exchange divided tetween the gill

~ -

and lung (or lung-iiks -air sac)(Johansen, 1972; Bahn % al., 1971).
Mechenisms exist 1 blced flow to one or ihe other {or both)
respiratory compariments depending on waie:
(Lenfant et al., 1970). A shifi io exclu
treathing requires & £ sition in veniilation-perfusicn
patterns, During thi g tterns of gas exchenge ares not
wiforn (Lenfant , 1970).

was i
in & temperature ran 2
occurs (Horn and R ' s 10°¢, Mmia isas
oreather but at 28 C, asrial gas exchange predcminates (Johansen
et 2l., 19705 Horn and Riggs, 1973). 4t 25°C, the air sac comtributes
over half the total oxygen uptake which is almost three times the
amount supplied zt 15°C (Johansen et al., 1970).

The gill oxygen uptake resiulis of the present study were

lower than the data published by Johansen, et al., 137C. Their
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data show an oxygen upteke of epproximately 48 and 54 ml -hr~i.kg-1

-] o . , o
at the respective temperatures of 15 and 25 C, This higher rate of

oxygen uptake could te due to a less fasted condition and a greater
activity state in the animals. Some difference in activity was
revealed by different eerizl breathing rates. This same repor:
indicated that the bowlfin breathes air at a freguency of 5, 11 and
L2 breaths per hour at ihe respeciive temperaturs
and at 140 torr., These data were higher than t

tes of 0.5, 4 and 16 brezths per houx, at the respective {emperaiures
above, published by Horn and Riggs (1973) . Aerial breathing rates

in my study were 1-3 treaths per hour ai 15 C and 48 bresths per

o
hour at 25 C (Unpublishad data). It is presumed that the lower

aerial breathing rates were due to reduced activiiy induced by

0

n
i
2]
'Jo
(]
(B

fasting conditions. Th her -supporied by ths observation that

the towfin in this respirztor;

~

study hed lower serum glucose velues
than £ish that were actively feeding (Unprlished data).
The gill respiratory performance cf Amia is similar to

~s
T

other air btreathing fisn., The spotied ger (Lepisosteus occulatus )

!Jo

the size rangs of 290 tc 600 g and & 12 C, had gill breathing
rates and gill efficiency ranges of 11 to 30 bpm and 5.1 to 7.9 %.
troke volume ranged from 0.55 to 30.7 m_:./ teat . Vnz ranged from 5.1
to 34.6. Except for VOZ’ these variables did not increase zppreciably
when measursd at 20°C (Landolt, 1970). The longnose gax (Lepiscsteus
osseus) had 2 VOZ range of 10.2 to 26.8 rl/hour at 22°C (e n et al.,

1971). Neoceratodus had a similar oxygen extraction efficiency of

vetween 10 and 74%, an opercular rate range of 22 to 42 bem
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ventilation range of 83 to 747 ml/min and 2 Vo, Tenge of 11.k to 104

ml/hr at 18°C (Lenfant et al., 1966). Fasting Protovterus gave an
oxygen consumption range of 12 to 31 ml/hr/kg at 25°C (Delaney et

al., 1974). However, Lenfant and Johansen (1943) found that fasting
Protopterus had a mean oxygen uptake of only 1.3 ml/hr/kg at 20°C.
Johansen and Lenfant (1$67) found that juvenile Lepidosiren had
virtually nc gill respiratory behavior. Oxygsn extraction efficiency
was low and atiempis to measurs gill ventilation failed. These‘ results
were not unusual since this lungfish has degensrate gills and is an

obligate aerial breather.

Hematology

The hematology of the towfin (Table 4) shows characteristics
that would be adaptive in habitats with'va.riation in oxygen content
and temperature. For example, Irom 15°tc 2 5°C erythrocytes and hemato-
crit increased 20.2 and 29.5 % respectively. Hemoglobin had 2 18 %
increase. Such changes would permit an increase in oxygen carrying
capacity of the blood and allow gresaier oxygen uptake when oxygen solu-
pility is decreased because of water temperaturs increases.

The mean erythrocyte volume (MCV) of the Ttowfin blood was
unchanged over the l5°'to 2500 range. The mean volume range (282 to
306 )11113) is intermediate among the Dipnoans, Teleosts, Elasmotranchs
and Chondrosteans (Satchell, 19713 W introbe, 1934; Vokac et al.,1972;
Swan and Hall, 1966).

The hematology feature of the bewin were similar to the
blood data collected for cther air treathing fish (Table 6). However,

the spotted gar (Lepisosieus occulatus) had hematology values much
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in excess of the bowfin (Smith, 1968). The hematology of the bowlfin

was most like the African bichir (Polypterus senegalis) and the Austral-

ian lumgfish (Neoceratodus forsteri) (Table 6). These latier two Tish

live in habitats that are similar to those described for the howfin.

Blcod Respiratory Characteristics

The increase in oxygen cepacity from 150130 25‘°C was related to
increased hematocrit and represented a functional change that would
suppoxt the more active metabolic conditions that the bowfin experiences
at 25°C.

The bowfin had a mean arterial blood pH that was about 0.2
of 2 wiit higher at 15°C than at 25°C (Teble 5). The o velues at cach
temperature were variable which is not uncommon for fishes (Rzhn and
Baumgardner, 1972). The mH cha.née with respect tc temperature fitsthe
acceptable model for blood pE - temperature relationships which predicts
that, at 15°C, fish will have normel blood pH values close to 7.9, whereas,
at 2500, pH values will be near 7.7 (Rahn and Baumgerdner, 1972). The
inverse relationship between ambient temperature and tlood pH has also
been observed for a number of other ectotherms (Howell et al., 1970).
The bowfin followed this model but, pH values were somewhat below
prediction. Since the time between capture of the fish and actual blood
sampling was often several minutes, it is likely that the lower pE values
of this study were due to accumulations of acid meitabolites (Black et _a_l,
1962),

Normal blood TH data Ffor air breathing fish are sparce (Table?).
Smith (1968) found that the spotied gar had a venous pH range of 7.08 to

7.73 over a temperature range of 18 to 26.500. Swan and Hall (1966)
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gave values of 7.%2 and 7.4 for two African lungfish at 25°C .
Lenfant et al., (1968) reported thet the Ausiralian lungfish had
a mean arterial pH of 7.64 and an average venous pH of 7.57 at
18°C « Amia Plood pH values fell within the range of observations
reported above and showed no unusual pattern.

The oxygen dissociation curves showed that Amia blood

responded in 16giczlly adaptable ways. The hich afPindty hemoglcbin
(Table 7) of this species insures that the blood will be satwrated
with oxygen, even in hypoxic waiter, during aquatic respiraticn.
Inspection of available data (Table 7) reveals that the high oxygen
affinity of Amia blood is equivalent to that ¢f the carp which

also has the ability to survive in hypoxic water. However, %he
frican and South American lumgfishes and the African Bichir had
hemoglobin oxygen affinity values lower than Amia (Table 7).

The sensitivity of Amia hemoglobin to temperature and

DPH inswres adequzte transport of oxygen in the warm, hypercapnic
condlitions asssociated with aerial breathing. The temperatures
coefficient range (-0.0%4 to -0.05) for the hemoglotin is one of the
highest for fish. Most fish have temperature coefficients in the
range of -0.01 to -0.03 which is considerably below the value

estminated in this study (Prosser, 1973). A second temperature

coefficient of -0.045 for Amia hemoglobin was esiimated from the
data of Johansen et al., (1970) . The high temperature sensitivity
measured here would allow the hemoglobin to wnload oxygen more
easily at higher water temperatures which would elevate tissue

oxygen tension in support of a more active metabolism. The Bohr
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coefficient for Amia blood was intermediatie compared to other fish
(Table 8). However, there was sufficient pH sensitivity to allow
adzptive shifts in hemoglobin oxygen affinity when acidic water
conditions prevail. At 2500, the Pgp increased about 2.6 times
as pH declined one unit. This would produce a tissue oxygen tension
change comparable to the temperature effect data.

Whole blood findings generzlly agree with molecular
studies on Amia hemoglobin., Weber et al., (1976) found that the
hemoglobin system of Amia was of the undifferentiated Cless I type
which represenis a primitive stage in the evolution of Teleost
fish hemoglobins. Class I hemoglobin has high oxygen affinity,
temperature and pE sensitivity. It may be argued that these

4

features of Class I hemoglobin, especially the type 1 component,

served to preadapt this fish for aerial breathing.
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Table 1. Gill dimensions of the boufin Amia calva I,, ¥
Desc., Distance Filamental = Lamellae Distance Capillary  Gill
Stat. between Lamellae thickness between diameter diffusion
filaments  Per mm ()1) Lamellae (n) distance
(mn) ) )
x 0,29 16.0 8.2 33 b 2.1
o 0.01 1.3 1.2 8.9 0.8 0.k
Range 0.,26-0.31  1h-18 6.4~9.8 21-50 3.0-5,1 1.,7-2.9
N 10 10 10 10 10 10

#Taken from the outer hemlbranch of right

first gill arch of 543-686 g fish.
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Table 4 . Hematology of the bowlin, Amia calva L. alt 15 and 25 C.

Descriptive RBC No

HCT RBC MGV b
(%) (23) (e8)

Oxygen Capaclty¥

Statistic (#/mn3 x 106) (vol. % )
X 1.01 22.6 300 6.7 6.9
S.E. 0.51 0.9 36 - -
i5 C N L 5 3 - 1
Range 0.62- 204~ 239~ -~ 6 .h-
1.2 25.5 361 7.3
X 1.21 29.5 % 282 7.9 9.4
S.E, 0.13 1.4 Lo - -
25 C N 5 9 5 - 1
Range 0.86- 21.5 189 - 8.7
1.81 40.7 uo7 Q.7

N = number of fish used; ¥ = blood

equilibrated with 20.9%

02, 5.25% Co2, bal N»
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Table 5. Amla calva blood respiratory characteristics at 15 C and 25 C.

Tem Desc., Normal Blood pH Expt'l Blood pH Pgo ats * Bohx

c Stat. (arterial)(venous) (arterial) ( 17 Go3) (5257 coz2) Factor
X 7.75 7.60 - — _— .
S.B. 0.04 0.03 - - -

i5C N 5 5 2 3 3 -0.42
Range 7.68- 7 5l — 7 Ay~ 3:1-5.3 9.6-15 .4

7 .88 7.69 7.51 (8.01-7.92)(6.89-6.81)

X 7.50 ?7.34 - -- --
S.E. ,02 0.02 - - -

25'C N 10 10 2 L L ~0.J1R
Range 7.31- 7.22— 720 11.8-15.6 34.2-411,0

7.51 743 7.18 (7.96-7.78)(6.81-6.75)

*¥Pgo expressed as a range only due to variation in pH. pH range follows Pgo range as (pH).



Table 6. Comparison of the hematology of air breathing fish.

. Oxygen
Specles RBC c MGV Hb Capacity Temp Authox

ot Moy
(W x 106) (%) (p3) (k) ~(Wol %) ~(C)

Amia calva 1.01 22,6 306 6.7 6.9 15 Present study
1.21 29,3 282 ?.9 9.l 25 Present study
- 27.1 - - 11.8 15 ' Black, 1940
- 22.8 - 5.8 7.8 18-20 .- Johansen et al., 1970
- 26, - 7.9 - 23 Weber et al., 1976
Lepisosteus '
occulatus 3.08 32 - 9.9 15,7 18 Smith, 1968
Protoptexrus
aethiopicus - 21.9- ~ 6.9,7.1 - 25 Swan and Hall, 1966
28 .7
Polypterus .
senegalis 0.33-1.15 17-34 296~ h.3« - - Vokac et al., 1972
636 1&.0
Lepidosiren -
paradoxa - 1-19 - - b9 18 Johansen and Lenfant, 1967
6.8
Neoceratodus
fTorster) -~ 31 - - V.Y 18 Lenfant el al., 1967

RBG (erythrouyle Ho.), Hot (humatoeril), MCV (mean RBC volume), Hb (hemoglobin)
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Table 7. Comparison of Llood renpiratory properties for air breathing fish and common carp .,

Specles Tenp . Pcog1 ull Bohr Factor Pgo Author
(c) (torr) ALog Pgo {torr)
—=w
Anla cadva 15 0-1 —— -- h . Black, 1940
15 23 - -— 11 Black, 1940
i5 - 7.6 ~0.,57 9 Johansen et al.,1970
27 - 7.6 0,50 24 Johmnaen et al., 1970
15 0-1 ?7.9-8.0 0,02 3-5 Present study
15 3 6.8-6.9 ~0.1 10-15 Present atudy
25 0-1 7.0-8.0 - 12-16 Presont study .
25 37 6.7-6,8 ~0,0h2 BLUNISE Present study
Heoceratodus np 18 -- 7.6 ~0.,62 13 Lonfant et al., 1966
Proloplerus sp. 23 - 7.6 -0.3h 29 Swan and Hall, 1966
Lepldontirenap. -- ~-- - -0.30 - Johmnsen, 1970
Polyplerus 30 - 747 -0.43 2h Vokac gt nl., 1972
perinug "
culle 15 e : N Dlack, 1910

(1) Theoe varlables reprusent blood tonometer conditions




Figure 1.

Figu:cé 2,

Figure 3.

Figure Legends

Continuous flow respirometer showing water reservior
(2), respirometer (b), flowmeter (c), circwlation
tubes (d), stirring rod (e), aerating chamber (f),

filter (g), air stones (h), and heating-cooling coil

(1).

Histological view of fﬁl_a gill apparatus. A is a
dié.gram of entire section of the Amia gill showing
gill arch (ga), zill raker (gr), cartilage support
rod (csr), efferent btranchial artery (eba), afferent
branchial artery (aba), gill filament (gf), lamellae

(1), and interlamellar septum (is).

An obligue view of gill filament that shows cartilage
rod (cr), efferent filamental artery (efa), gill
filament (gf), lamellae (1), and interlamelar sepim

(is).

Representative opercular rate and oxygen extraction

Q e
efficiency for an Amia celva (466 g) at 15 and 25 C.

€8
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Oxygen dissociation curves for the bowfin Amia calwva L.
o
at 15 C and at 0.034% and 5.35% carbon dioxide con-

ditions.

Figure 6. Oxygen dissociation curves for the bowfifh Amia

calva L. at 25°C and at 0.034% and 5.35% carbon

dioxide.










*
EEs

his
.

CTIO

e
4o Lln

1

S
.,..f
L

0

TINE TN MINULES




Py

(&)

0

16 20 30 40 53 &% 70 3

?Dz(mﬁs)

Figure 5




© (]
< po=
-
(]
14 AE1)
oy
122 Mw
wv v,
i [ J a?
[ I H [
° o © " o ©) "~
Uy "~ -N.ﬂ
(YR &1 o
" [0} - " 2
)
Y 1 7S o
>y « © [=)
T o (w1 o
- o Y 40
° 12 ° .
Wy °
D
° o H 13
Sy s
i *
<
< "y
o ©) °
~—
(e /I jo o Q
J & Q
/.
JO 109
Land —
1 [y i ] I (] ) 1 o ] s ' 4 ' ' Il (Y 3 i "
P © © () (& < (7] [ o o -] < [=] o [=] [ [ [} (=3
W (34 v) ~ 1w g} ~r ) «©~ — Q w “y "~ (Vo] u «r e ] —
— —
b= Y
Ak e f] IUsT
v vi

-

)

wn fig

POZ {



CHAPTER IV
MORPHCMETRIC AND PHARMACCLOGICAL ASPECTS OF THE

ATR SAC CF THE BOWFIN, AMIA CiLVA.

JOHN W. PEPRY
Depariment of Zoology, University of Oklahcma, Normen, Oklahcma

73019, US.A.

Vv,

ABSTRACT. The air sac of the bowfin, Amia celva has a

omplex anatomical orgenization. The interior consists of 2
central airway with laisrel compartments that are partitioned by
thin septa. The air chambers created Tty the sepial partitions are
irregular in shape and constitute the respiratory gas exchange
unit for the air sac. This functicnal area is analogous to the
alveoli of lungs but is several orders of magnitude larger in size.
Each septum has epithelium on the alr surface which cevers blood
vessels and ccnnective tissve., The entire air sac is swrrounded
by & siriated muscle sheath and nuscle bumdles of this siructurs
are organized into circular and longitudinel lzyers. The interior
of the air sac hes a noticeatble lack of smooth muscle which was
wmlike the condition found in lungfish and gars. Since the air

sac is partitioned into several zir compariments with litile supporting

structure, it is a flacid and compliant structure.

75
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An allometric analysis of 20 air sacs revealed the extent
this gas exchange structure fcllows the morphometry of vertebrate
lungs. Inspection of allometric power functions for air sac
variable body weight comparisons indicated that many features
(Lung weight, lensgth, volume, diameter) were similaxr to 1ungs', of
amphibians end reptiles, Dissimilarity was noted in Amia zir
chamber-lung alveolar diameter comparisons and the ratios of the
cenirel air space diameter to the total air sac diameter.

The sum of the 2ir sac fesatures studied here indicates
that the towfin air sac probably uses a different straiegy in the
gas exchange process compared te other air breathing fish, 3Briefly,
the relatively laxge air compartments of ths air sac are very compliant
and lack smooth muscle trateculaze (2s in gars) and strands (es in
lungfish). Therefore, when the bowlin suxfaces to0 treathe, the air
sac can be readily evacueted and then quickly filled with fresh air.-

The striated muscle sheath of the air sac had moderzte

sensitivity tc ACh (EDsy range of 3.6 to 8.4 pg/pl) and could be

tlocked by tubociurarine which suggested 2 nicotinic receptivity.

€,

The internal septal tissue of the air sac was less responsive to
ACh and hzd an @50 renge of 22 1o 45 }g/m This response was

)

blocked by atropine suggesting the presence of a muscarinic raceptor.
Whole air sac preparations consisting of striated muscle and saptal

tissue gave a b;modal ACh response consisting of a rapid and slew cortraci-
ion pattern. The rapid phase was characteristic of the striated

sheath preparation response, whereas, the slow phase parallsled the

response of the separate sepial tissue preparation.
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The relatively slow, tonic-like response of the striated sheath to
ACh suggests the presence cf red type striated muscle fibers,

The striated air szc preparations responded poorly to
adrenerzic agents but the septal tissue strips wers relaxed with iso-
proterencl. However, relaxation responses developed slowly with low
magnituds.

The moderate rssponses of the air sec tissue Dpreparations

)

to ACh and adrenergic agents suggests that the bewfin air sac is
incompletely developed with respect to neuromuscular centrel of the
ventilation process. This may explain why the compliant naturs of

the air sac is usefil. The development of a flacid air sac would allow
inflation and deflation tc occwr more ra2pidly without much assisiance
or antagonism from air sac nuscle. Therefore, it adpears that the
rain functional role played by the bowiin air sac muscle is that

of air sac volume adjustment in the hydrostatic conirol process.




INTRODUCTION

The respiratery system of Amia calva consists of an air

sac and gills. The air sac and asrial breathing habit is of

special interest sines it is reminiscent of structure znd behavior
found in higher vertebraies (Lenfant et al., 1970) . Cuvier (1829)

KN ~

was the first to state that the air sac of Amiz was highly sub-

q

divided and not wnlike that of a reptilian lung. Wilder (1875)
later descritsd natwral history ocssrvaticns of the aerial traathing

-~

process and provided a brisf functional accownt of the zir sac.

Wilder also indicated that the bowfin air sac was noticeably
lung-like., Despite the sarly presumptions regarding tewfin air
sac function, gas exchange date for thisstructure wers not presented
wntil the published accoiunts of Lenfant et al., (1970) and Johansen
et 2l., (1970). These workers showed this air sac capable cf auz-
menting aguatic respiration to a significant degree in high

. O, an0 . -
temperature water. From 20 to 30 C, the air szc of this animal

almost tripled its cxygen iwptake. This

n

hif{ in respiratory activity
was indirectly subsiantiated by Homn and Rizgs (1973) in their
description of aerial brsathing paiterns. The functional capacity

£ the air sac and the well developed gas exchange capacity of the

gills (Bevelander, 1934; Johznsen et al., 1970) indicate a high

degrse of respiratory adaptaticn for the bowfin,
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s

There are several additionel features of the bowfin zir
sac thet require investigztion., One of these is gquantification of
air sac structure by allometric technigues which will provide
standardized structurel data that can be compared with similar

29

dats from other vertebrates. Another one concerns the cholinergic
and adrenergic response pattern, Investigaiion of thess two areas
should reveal whether the bowfin air sac is similar to the lungs

of other vertebrates or whether it empleys 2 unique approach to

the process cf aerial treathing.




MATERTALS AND METHODS

Experimsntal Animals

Juvenile and adult Amiz were seined from Jenkins-Reilly

slough in McCurtain County, Oklahoma, transported to the Universiiy

of Oklahome Depertment of Zoolegy, Noxmen and held individuelly in 50
. L po - s - s -~ . L 3
gallon zguaria at 25 C. Following observetion of respiratory tehavior,

fad

the animels were sacrificed end preparsd for air sac experimentation.

Morphometric Metheds

Air sacs with glottis and extermel muscle sheath were dissected
intact from 20 imia 258 %o 239k g in size. The preparations wers washed
clear of blood and mucus, atiached to an inflation device (Figure 3) and
then dry fixed according to the precedure of Tenney and Tenney (1970).

A constant inflation pressure of 40 mm Hz0 was used which was sufficient
to inflate the air sac fully but not over streich it (Figire 2. After
fixation, the air sacs were weighed and measured for length, volume
displacement, dizmeter (totzl and central air space) and for air

chamber size and number. The allometric power function, Y

k BWR,
was used to describe the dimensional relationships between the air
sac variables and body weight (¥ = any air sac variable, Z¥ = body

weight in grams, and k and m are empiricaily derived constants).

The constanis k and n were obtained by least squeres regression
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analysis of Logsp - Logyp transformed data. This analytical model
has been used successfully by Lesiewski and Dawson (1967) and Lasiew-
ski and Caldsr (1971).

Histological Technigue

A trief histolcgical study of the preparation was also
nade. Strips containing voth external and internal layers of the
air sac were fixed in tuffered formalin, sectioned at 8-10 p and
triple stained with Mellery's Trichrome.

Survey of Tissue Response to Cholinerzic and Adwsnersic Agents

To complete this part of the study, samples of the bowfin
air sac were excised from the midsection region and suspended in
a 10 ml modified Metro-Ware tissue bath (Farmingdele, N. Y.)
containing modified XKreb's soluticn (Holmes and Stott, 1960).
The saline solution ussd in this study has teen evaluaied for accspi-
ability in fish studies by Lockwood (1961) and centains: NaCl, 7.4;
KC1, 0.36; CaCly® 240, 0.23; NaHCC3, 0.31; NapHPOy -2H20, 0.2; Na-
HpPOlL, 0.%; MeS0y, 0.15; and glucese, 1.0 g/liter. Temperature
was held at 2 5°C' and asration was provided with compresssd air,
Tissues wers allowed to equilitrate in the seline bath for approximately
L5 minutes befere drug testing commenced.

Tissue sirip preparations of intact air sac were used
in part of the study. Later in the work, the striated covering
of the preparation was rsmoved so thait the effector properiies of
this layer could be studied independent of the internal septal tissue.

Tension changes in the tissue strips were monitorsd with a
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Grass strain gauge transducer (Model FT03) coupled to a Grass
polygraph (Model 5 D). After steble baseline conditions were

reached, the itissus was assayed for response to acetylchcline

chloride, pilocarpine sulfate, histamine dihydrochloride, phenyle-

'

hrine hydrochloride, epinephrine hydrochloride and isoprotersnol
hydrochloride (Sigma Co., St. Louis, Mo.). Each stock solution
was preparsd just prior to use by dissclving the approprizts
drug in Kreb's saline, and then injected into the bath as needed
for a wide dose range (expressed as jzg/m.l) . The blocking character-
istics of atropine sulfate, tvtocurzrine dihydrochloride and
dichloroiscproterencl chloride were also eveluated,

A11 tissus strips wers assaysd under isotonic conditions
with a weight tension of '1.0 gram. This tension was determined
by comparing response against a series of applied weights (0.05-

2.0 grans).




RESULTS

Lir Szc natony

Figure 3 shows a cut-away view of the lateral aspect of
Amia. The 2ir sac (as) opens dorsally frem the pharyngsal-ssophageal
region by way of a glottis (g) and runs the sntire length of the
visceral cavity along the dorso-posterior aspect of the intestine
(i). The air sac (Fig L) nas an external siriated muscle sheath
(sms) that provides support and a mechenism for controlling volums

and pressure. Alr sac circulation is supplied by a pair of pulmonary
arteries that receive tlocd dirsctly from the 3rd and Lth epi-
branchial arteries. Venous drainage occurs via two pulmonary

veins which emerge ventro-anteriorly from the air sac and then

join the left duct of Cuvier (Coodxrich, 1920). The interior of

the air sac is organized into two series of lateral compartments
(1e) that open from a central air space (cas). Each seriss conizins
8-11 lateral ccmpariments meking up & fotal of 16722 for each air
sac. Along the dorsel midline of the air sac, an additional number
of smaller dorsal compartments are fourd. Mest lateral compariments
resemple a core, which is partitioned intc hcz'ley comb-iike air
chambers (ac)(Figures 4 and 3) by both large and small septal (s)

partitions. Each septim Tacing the air space is thin and contains

[ .

two epithelial layers {epi), tlood vessels (btv), capillaries and
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comnective tissue (c). Each epithelizl layer is made wp of sguamous
to cuboidal epithelial cells and some cells that produce mucus.
The exposed suxfaces ¢f tThe septa provide extensive suriace area
for ges exchange.
With respect to compartment size and septation, the

bowfin a2ir sac is more complex than the gar Lepisosteus osseus

air sac (Potter, 1927), the lungs cf the lungfish Neocerziodus
(Grigg, 1965) and Protopierus (Jchansen, 1970), and certain reptiles
(Buxnstock znd Wood, 1967). However, the bowfin air sac lacks the
smooth muscle development found in the air sacs and lwungs ¢f the

abecve veriebrates.

Quantitative Aspecis

-

¢ comparisons made in

Table 1 summerizes the allomeir
this study and includes cocsfficients of correlation (r) and F
ratics for the regression anzlyses. The ranges xevorted in each

of the following sections represznted measurements frem the sma

(256.1 g) and the lavgest 239%4.2 g) Tish used in this study.

hir Sac Weignt (Aw)

The wet weight of I{reshly dissectied z2ir-sacs gave
inconsistent valuss thus only dry weight was reported., Alir sacs
weights ranged from 0.24 {0 2.66 g and increased at 2 rate thet
was directly proportional tc the rate of body weight increzse
(Log Ay dxy = -3.115 + 1.03 Log B¥). The variance of this compariscn
was low and the degree of corrslation high (0.95). The exponent (am)

was 1.03 and indicated that air sac weight was proportional to BY 1.03,
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Air Sac Length (41)

Air sac lengths ranged from 9.51 to 20.8% cm. Regress

of A1, on BV gave an exponent of 0.31 (Log AL, = 0.229 + .31 Log BW),
an r vaiue of 0.96 and T {p) of (0.001). When 4}, was regresssd
against Ay a nearly identicel relationship was revealed (Log

AT, = 1.162 + 0.28 Log Ax) (Table 2). A similar relationship
was glso found for standard body length-body weight comparisons
(Log BL = 0.695 + 0.30 Log 3i). These comparisons were highly

correlated (Table 1) and approached the geonesiric shape law,

L=k 3033 , to a remerkable degree.

Air Sac Diameter (143

F’:
p

Air sac diameter ranged from 2.4 to €.1 cm over a body
weight range of 258.1 to 2394.2 g. The change in this dimension
with increased body size was proportionzl o 0.477 cm BH0.30 (Log
Adia. = -0.32% + 0.30 Log BY). The diameter of the lateral compari-
ment (ALC4:,.) opening ranged fxom 0.84 to 1.734 cm. Mean air

chamber diameters (4 )(based on widest diameter of svery Fifth air

Aecysy,
chamber tna.’c £e11 con the dorsal nid line) ranged from 0.49 %o 1.08

cr. The respective regression squations For these latter two variablss
were: Log Azg iz, = -0.789 + 0.29 Log 3W and Log dacgip =1 1,098 +

0.31 Tog BY. When Ag:. was regressed on air sac weight (Ay)

(Table 2), the relationship Log Ags, = 0.595 + 0.29 Log 4, was

revealed. The exponsnts of all regressions for the various air

sac diameters (Adia., ALCdia.’ Aacdia ) approached the ideal gsometric

5033y,

:

relationship (dia = k These thres air sac dimensions were
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nore variable from one air sac to the next than the other zir sac

variakles. However coefficients of correlaticn forxr each of the avove

regressions were only slightly lsss (Table 1).

Air Sac Volume (4v)

The volume of the air sacs increased in proportion to

0.138 cc BW0.93 (Log Ay = 0.861 + 0.93 Log BY) (Table 1) and ranged

14

rom 21 ¢c to 230 cc., The changs in Av in relation to BY was another
ariable air sac featurs measured in this siudy and was no doubt
related to the displacement method used tc measure volume. Despite
air sac rigidity, some compression occurred in the more pliatle
regions. The A, vs BW comparism was almost identical with Ay

vs Ay (Log &v = 1.92$ + 0.89 Log 4y;) (Tabtle 2). Both comparisons

were highly correlated.

Cholinergic and Adrenergic Responsss of Alir Sac Tissues

Resoonse of Complete Air Sac Stirip Prevarations. This

preparation contained both the external strizted sheath and the

o,

internal septal tissue and was cut fron a2n arc That connected the

-

nid-dorsal and mid-ventral line cf the air sac., Thus, only the

b

circular svriated fibers were intact for the test. The sirip

was trimmed to a2pproximetely 0.25 cm wide and 0.735 ca long and then
naintained in cold (1 to 3°C) Kreb's saline (¥olfe, 1963) wntil
time of use (1-2 houxs).

Acetylcholine (ACh) treatiment produced strong dose-depend-

ent contractions over the conceniration rangs of 0.1-1000 yg/ml

(Figure 6 E,7). Threshold responses wers detected in the 0.1-1.0
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;g/ml range. However, meximum activity was not evident until

500-1000 }g/ml concentration were used. The ED50 for this preparation
ranged from 19 to 26 pg/ml and averaged 22.5 pg/ml.

The response curves (a-c in Figs. 6 E and F) at lower
ACh concentrations (1-50 }g/ml) had logarithmic form and reguired
20-80 seconds before reaching maximum amplitude. A% higher con-
centrations (100-1000 yg/ml ACh), the curves (d-h in Fig. 6 E
and ) had 2 bimedal shape consisting of an early rapid phase
and late slow phase. The maxinum response time of both phases
was variable and decreased as ACh concentration increased (2-30
seconds for the rapid phass; 80-160 seconds for ths slow phase).

A remarkable feature of ezch curve was the time for which meximum
nuscie tension cculd be maintained. As long a2s ACh wzs kept in the
tissuwe tath, contractions could bte sustained for several pinutes
(2-5).

Thne reaction of this preparation to piloczrpine paralieled
the ACh treatment data. There was no noticeable bimodal response buil
initial and meximum response times were greater. The respoense to
catecholamines was minimal. Despite concentrated applicazticns
(25-100 yg/ml) of phenylephrine, epinephrine and isoproterencl,
tissue reaction was virtuzily zbtsent. Some relaxation of the
Preparation was noted wnen treated with isoproterenol, but tissus

activity was low (Fig. 7).

Response cf Striated Muscle Sheath Strip Prevaraticn.

Figures 6 B and D show representative muscle sheath responses +o 4Ch.
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The genersl pattern demonstrated by each curve was logarithmic and simi-

lar to the early rapid phase shown by the complete air szc (Fiz., 6 &

and ). The contraction velocity and maxinum response time for each

curve developed cuickly dut varied as a fwncticn of ACh concsntration

This preparation dispiaysd an overall greater sensitivity than the whole

air sac sirips used in the prsvious section. ED5O values ranged from 3.6
to 8.4 pg/ml and averaged € ng/ml.

The ACh ressponses of this preperaticn were incompletely blocksd
ty atropine. However, tubocurarine dihydrochlorids had a noticeable
blocking action (Fig. 8). Hexemethonium was not tested. Curve & shows

& control test response to 5 /.J.g/ml ACh, This response wes reduced

(?:

approximately 86 % following treatment with 10 "g/'nl tubocurarine
hydrochloride {curve B). This experiment was guickly followed with a

centrol level

e
N
o’
ol
l__l
o
=
ct
5
o

10 )1g/ml ACh treatment which gave a xesporse 5
(curve C). Data from two additionzl experiments confirmed that tubo-
curarine dinydrecchloride was an effective ACh inhibitory agent for
this preparation.

This preparation was aiso treated with vericus catecholamines

(epinerhrine, nerepinephrine, isoprotersncl). Response tc these agents

was not perceptable.

Response c¢f the Intermal Septal Tissus Preparation. In contrast

to the striated nmuscle sheath preparation, this preparaticn rsacted mere
slowly (curves a - £ in Figure 6 A, C). The time required for each curve
to reach maximum amplitude was dose dependent and similar <o the time
intervals associated with the development ¢ the slow component in the

complete air sac respomse curves (Fig., 6E, F). The EDgq values for ACh
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date were L5 and 22 };g/m_'l. and represented the lowest sensitivity of the
three preparaticns used in this siudy.

Unlike the striated sheath data, atropine was found to be an
effective ACh tlocking agent (Fig. 9). Curve A shows preireatment with
10 }Jg/ml tubocurarine dihydrochloride and curve B demonsirates the response

to 50 )Jg/ml ACh following this treatment. This response was no different

preparation

than the previous consrol test with 50 /zg/“}l of ACh. When this
was itreated with 10 }g/ml of atropirs (curve C), response to 50 }zg/ml of

ACh was abolished. In oxrder to producs & response comparable to the con-

)

trol data, 1500 }Jg/ml of #Ch was required (curve D). The effect o
atropine on this preparation was ccnsisisnt and wes demonstrated in three
other experiments. The response of this preparation fo epinephrine

and isoprotersncl was similar to that obtsexved in the complete air sac

preperation (Fig. 7).




DISCIBSION

tnztopic and Morphomeiric Considerations

Anatomically, the bowfin air sac lacks abundant smooth muscle
but has an elaborate external striated muscle sheath which was initially
described by Wilder (1875). The blood vessel circuit of this

structure is uwnlike the amphibian or reptilian condition and has
no separation from the gill circulatory system. The extent of
septaticn is more complex then the lungs of meny amphibians (Whitford
and Hutchison, 1967) and is as complex as the lungs of certain
reptiles (Tenney and Temney, 1970).

While the bowfin air sac has ceriain similarities with
lungs, it nonetheless remains a dorsal air exchangs compartment
with large 2ir chambers. These occur in the lateral compartments
and are analogous ©o higher vertebrate alveoli. The nearest znalcg

would be the lung of the snzkefish (Calmoichthyes calabasicus).

The garfish (Lemso teus osseus)(Potier, 1927) is a close homolog.

Both of these fish are competent air breathers. Allometrically,

the bowfin air sac has several dimensionsl features in common with
higher vertebraie lungs in a similar weight range and ecophysiological
category (Tenney and Temney, 1970). Air sac weight and volume is
directly proporiional to body weight (ki BW1:03 and s, 240.93),

The exponents 1.03 and 0.93 are not significantly different from

90
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1.0 and indicates that air sac and body weight variables increase
in the same proporiion (Gould, 1966). These data revesl that
vowlin air sac densiiy is nearly constant cver the weight range
studied. This is quite similar to the amphibian data descrited ty
Temney and Tenny (1970).

£11 linear regressions obtained in this study (Table 1)

-~ o (3 ~ "'
gave allometric exponents that follow the prediciions of Gunther
(1972). Air sac diemeter is nearly proportional te both k BW0.33
and AVO'33. VWnen the ratio of central zir space diameter (Di)

to total diameter (D2) is plotted as a fwnction of totel air sac

0.38 em Dy ),

diameter, a constani function is rsvealed ( —
The k constant (0.38) indicatss that compaxrtn ; talization is higher
then for several amrhibians and comparztle to many rsptiles (Tenney
and Tenney, 19’70) .

The di=meters of the lateral compartments and the air
chamters -alvecli like units contzined inside alsc conform to the
predictions of Gun.,._er s (1972) similarity snalysis; Die = k B0 29-0.31
This r;sul-b is interesting from 2 comparative standpoint. Temmney
and Termey (19/0) foumd that esaphibians and reptiles in {ne size
range of this study had lumg alveclar diemeters that were Dro-
porticnal to k W 'O"‘ Athough amphibians and rsptiles showed
variability with respect to this parameter, their alveoli chambers
were relatively smaller and more constant in size than the bowfin
air chamber ("alveoli"). Thus, while the bowfin air sac is as

compartmentalized 2s thai of some reptiles, the air chambers axe

large and thersiore would be fewer in nmumber per unit of volime. -
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Since there are no comparable data for other air breathing fish,
additicnal comparisons cannot te made.

The function of the bowfin air sac is linked to water
temperature and oxygen conditions. At high water iemperziures,
the bowiin mekes almost exclusive use of the air sac and the gills

are only marginally operational (Johansen et al., 1970 0). At hign
temperatures, general metabolism is high and oxygen must be efficlently
supplied, Thus, if the air sac is to be an effective supplier of
oxygen, the ratio of its surface area to body weight should be similaxr
to the Vo, /B ratio. However, field cbservations indicats thet
towfin ajr ventilation may te insufficiert in some cases 10 mee
total metebolic needs. I have otserved dead and dying towfin
in warm and hypoxic waters ( £ 2 ppm oxygen). Therefore, it may o2
that the air szc does not nave the necessary surface arsa reguirsd
to meet total metabolic needs, especially under long term conditions
of severe dissclved oxygen deprivation. This is supported ty the
observation that the number of air compartments (the gas exchenge
wit) per wmit volume is small compared “o those in the higher
vertebrate lungs. Conseguently, internal spaces are comparatively
large which rsduce the over 2ll gas exchange surface area inside
the structure.

The pressure-volume cuxrves obttained from inflation ex-
periments suggest that compliance the bowfin air sac was high{Fig. 2)
compared tc higher vertetrate lungs. This was probebly due to the
thin septal partition's lack of internal smooth muscle trateculae or

strands. Perhaps the increased compliance offssis the lack of
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respiratory surface area up 2 point of acute hypoxia and then fails as

a compensztory mechanism thereafter.

Pharmacological Considerations

A1l tissue preparations of the towfin air sac responded to
acetylcholine, though at 2 moderate level., The striated nuscle
sheath preparatiocn had greater sensitivity to ACh than did the internal
sepbal tissue preparation, which prebably related tc the more exiensive
muscle organization of the striated sheath. There was no siriated
muscle located internelly and smooth nuscle appeared in associaticn with
blood vessels. In higher vertebrzies, cholinergic nerve supply is
much reduced in the blood vesssls (Goodman and Gilman, 1971). This
feature apparently sxists in the bowfin air sac septel +issue which
would explain the reduced cholinergic response.

The cholinergic blocking response in the air sac preparations
suggests a dusl cholinergic recepior system. Atropine sulfate had
little effect on the striated sheath response to ACh, whereas, tubto-
curarine dihydrochlorids produced a blocking action., The reverse of this
was true in the septal tissue preperaticn., This was nct wnusual since,
nerve-muscle junctions are generally nicolinic in striated muscle
(Eccles and Mecfarlane, 1949; Burns and Paton, 1951, Burmstock znd Holmen,
1961) and muscarinic in the smooth muscle of blood vessels (Fange, 1962) .

The general model of the towiin air sac has few coumterparis
in the animzl kingdom. Ons exception is the lung of the African snake

fish (Calamoichthyes celabericus). This primitive Chondrostcan air

treather (related tc the air treathing African oichir, Polypterus

senegalis) has a true lung enclosed by striated muscle fibers (Hildstrand,

1974) .
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The air sac of the closely related gars (Lepisosieus sp )

s

has anatomicel organization that is opposite imia. The effecior
system of this structure consists of a series of tratecular strands

that have a core of striated fibvers surrounded oy thick lzyers of

smooth nuscle (Potter, 1927). Response to ACh was not bimedal and

tutocurarine had no effective ACh blocking action (Perry and Haines,

1973). The primitive lung of the African lung fish (Protovterus
aethiopicus) has abundent smooth muscle in the internal compartments,

but lacks striated muscle, Unlike 4mia, this structure contracted
strongly in response tc ACh in the 0.,1-2.0 pg/nl range (no EDsp
values were given) and was blocked bty atropine (Jchansen ard Reite,
1967) . The Prctovterus lung was also moxre sensitive to catechola-
mines.,

The nearsst neurcmuscular fish anaiogue to the bowfin air

szc appears to Te the tench (Tince vulseris) gut (Mehes and Wolsky,

1932). This structure has an internal laysr of smooth muscle

(with muscerinic receptors) surrounded by striated muscle (with
nicotinic receptors). Both muscle layers are inmervated by the
vegus (Frey, 1928). The biphasic ACh and cholinergic blocking

-

responses observed in the Amiz 2ir sac were similar o the tench

(Tinca vulgaris) gut preparation.
"

tudies of amphibien (Dykstra and Nyons, 1639; Woed and

Burnstock, 1967) and reptilian (Luckhardt and Caxlson, 1921; Buxn-
stock and ¥Woed, 1567) lungs demonstrated that smooth muscle was
the only effector present. Pharmacological studies of these

organ tissuesindicated somewhat greater sensitivity to adrenergic




and cholinergic drugs.

Dreparations displayed
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Mammalian tracheo-bronchizl smooth muscle

greacer sensitivity to adrenergic and choli-

nergic zgents than wes the case for the bowfin sac (Widdiccmbe,

1963).

The response air sac preparations to adre-

nergic agents was poor when comperad to that of higher vertebrate
ted sheath was not

lumgs. The poorly develoved response of the stri

~a

unusual since Tish muscle systems often contain red muscle fibvers

with less extensive motoxr innervation (Fange, 1962). The failure of
the septal tissue to respond extensively to adrenergic érugs was

not unexpected in view of the lack of smeoth nuscle strands in this

o

preparation. An zliernate expsriment involving perfusion of the air

sac vascuwlature with adrenergic drugs could rossibly reveal a more
definitive response patiern. Furthermors, a2dditional histochenmical
flourescent studies (methods of Carlsson et al., 1962; Falck, 1962)

would show the presence or absence of adrenergic nerve fibers.
In summary, the bowfin air sac showed no unusual allonetric

growth vatiexrn compared to tody size. Air szc weight, length, diameter

and volume increased in the same Dropvoriicn as vody weight. The in-
ternal air chémbers occupied approximately two thirds of the total air
sac volume. However, each chamber was relatively large which mini-
nized the number of air chambers that could occupy a unit volume.
Internally, the bowfin air sac lacked an extensive smooth

nuscle effector sysiem found in meny other air treathing fish.

A striated muscle sheath with circular and longitudinal fibers covered
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the zir sac exterior. The muscle fibers gave slow tonic responses
to ACh which is characteristic of slow contracting red muscle. However
full confirmation of this muscle type requires an examination of myo-
globin content, the respiratory enzyme sysiem and the motor innexrvation

pattern (Fange, 1962), Since the bowfin air sac is a cempliant struct-

-

ure and can easily collapse and reinflate, it is suggzestied that the
slow acting striated muscle participates more effectively in hydro-
static volume control then in active deflation during the ventilation
Dprocess.

The similaxity of the bowlin air sac wi_th the 1ungs of the
primitive African snzke fish and the bichir could indicate 2 closer
Dhylogenstic relationship between these fish. However, Levirup (1977)
in a recent ana.,.ys:Ls of vertetrate phylogeny shows that A Ania is more
closely related to ihe Teleosis than the more vrimitive ray fimmed
fishes. Thus it appears that the striaied muscle sheath of the bowfin
air sac is a plesiotypic character which arose indevendently and apart

from any influence provided by Pclypierans.
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Allometric constants® from alr sac dimenslon-~body weight regression.

Alr Sac Varilable

lLog An
Alog BW

Log K
(Log Y at Log 1 g)

Weight (A,)

103

Length (Ap)

Compartment
Dia. (ALCdia.)

Alveolar Dla(A,
Alr Sac Vol (Av)

Standard Body
Length (BL)

0.31

0.93

0.30

0.229

-~0.321

-0.789
-1.098

-0.861

~0,695

20
20

20

18"

20

0.95

0.96

0.85

0.91

0.85

0.95

0.99

m and k from Y

k-BW™, N

= {{ of Fish,

r = correlation coef,,

117.2 (<0.001)
232,0 (<£0.001)

“42:.6 (£0.001)

27.9 (£0.005)
15.9 (£0.005)

( <0.001)

746.8 (£0.001)




Table 2. Allometric repression constants for Aj Ajis and Ay versus Aw.*

_n Log K
Compavison (Al.og Ax) (log Y at log 1 g) N F (P)
: aTop BW

Ap vs A, 0.28 1.162 4 113.9  ( 0.001)

.

Adia vs A 0,29 0.595 ' 63.1 ( 0.001)

W

A, vs Ay 0.89 1,929 ! 163.3 ( 0.001)

*For symbol designation see Table L, Ax equals some air sac dimension




Figure 5.

|-

gure 6.

Dry Iixing apparatus used to prepere Amia air sac
showing air pump (1), Dressure adjustment (2), water

manometexr (3), protective chamver (4) and 2ir sac ( 5)

In vivo air sac compliznce curve for 686 g Amia.

Cut-away view of Amia shewing pharimx (p), glottis (g),

air sac (as) and intestine (i).

Schematic dizgram of Amia air sac in cross (&),
longitudinal (3) and laterel seciion (C). Structure
designation is the same as in 3 except for: esophagesal
tube (e), central air space (cas), lateral compartments
(1c), septum (s), 2ir chamber {ac), and striated muscle

sheath (sms).

Perspective of Amia air sac septez showing flattened
epitheliur (epi), cornsctive tissues (c), blood vessels

(tv), smooth muscle (sm) and air chamter (ac).

Tracings of Amia air sac strip prevaration in response
to acetylcholine (ACh): A (internel septal tissue of
Fish 3); B (striated muscles sheath of Fish 2);
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gure 7.
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C (internal septal tissue of Fish 4); D (striated
muscle sheath of Fish 1); E (complete air sac of
Fish 1); F (replicate of E 2bove). Lower case letters
(a-'n) represent response curves at specific deses ¢f
ACh. The ACh dosage (pg/ml) that applies to each

curve is shown by numbers in the following matrix:

Response Figure 6 Sections

Curves A B c D E F
a 1 5 1 1 1 5
b 5 10 5 5 10 10
c 50 50 50 10 50 25
d 100 100 100 20 100 50
e 500 500 500 L0 500 100
£ 1000 1000 1000 10O 1000 200
g 500 500
o] 1000 1000

211 recordings were chtained from air sac sizips
approximetely 0.25 x 0.75 ca wndsr 1.0 gram isoteonic

conditions.

Representative imig air sac strip preperation responses
%0 5 (curve A) and 25 (cwrve B) p&/rl isoproterenol.
L4

Curve C shows response to preliminary treatment of

25 }g/ml ACh.




Figure 8.
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ACh tlocking action by tubccurare in Amia striated muscle
sheath strip preparation. Curves are reprresentative of
three experiments and show respvonse to control ACh dosage
(&), tubocurarine (B) and ACh test dose (C).

Response of Amia internal air sac matrix strip preparations
to tubocurarine (curve &) and atropine (curve C). Cuxrves

B and D ars reprssentative pest-treatment ACh responses follow-

ing tubbcurarine:and atropine treatment.







VOLUME cc

80+ 0
[ &
®
60 e/
| /
]
[
20; -l /
/
o
0 20 40 So 80 10 1%

' PRESSURE mn hzo

Figure 2










12

Figure 5




air sac matrix

-

striated sheath

o
) 8 5
- -
[} e 0
§ h s
= d cg
o f o>
~ by
Q
40 se¢
E
striated sheath complete air sac
'8 B}
. .9’
7] 12}
s c
g 3]
& &
o f o
~ —
§
e
<
b
@ 40 sec
A
air sac matrix complete air sac
o
S 5
- -~
12} . %)
s <
¢ }
& &
o o
~i -
40 sec




Tenslon (q)

114

Figure 7

-~ u .
o htm 130p
N
LT e .

m A
o uurm isop B v
%] 1
jo
&

nutm 40 se

och .

v

Figure § Figure

1

. 10 pg tuboc
10 sec ¥




