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The partitioning of body fluids in the Pacific hagfish was in- 

vestigated using several experimental techniques. Direct measure- 

ment of the blood volume was obtained through the simultaneous use 

of tagged red blood cells and plasma proteins labeled with Evan's 

blue dye. Blood cells obtained from donor animals were incubated 

with L- methionine -methyl in a physiological saline for two hours. 

The labeled cells were washed three times and injected into either 

the frontal or caudal area of the subcutaneous sinus of experimental 

animals. Blood samples were collected over a period of 104 hours 

through an indwelling catheter in the posterior portion of the sub- 

cutaneous sinus. Dilution curves were obtained. Fluid volume calcu- 

lations were based upon values extrapolated to "zero" time. The 

packed blood cell volume for five animals was 4. 9 ± 2. 0 percent of 

the body weight. The plasma volume was 13. 8 ± 3. 1 percent of the 

body weight. 

A second group of experimental animals was used to estimate 
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the extracellular fluid volume, as measured by the dilution of inulin- 

carboxyl -C14 The average of 25. 9 ± 5. 1 percent of the body weight 

was obtained. The interstitial fluid ( lymph) being the difference 

between the extracellular fluid volume and the total blood volume 

was 7. 2 percent of the body weight. 

Total body water was determined following the dehydration of 

individual animals to a constant weight of 104 ± 1°C. The value for 

five animals was 74. 6 ± 3. 4 percent of the body weight. 
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VASCULAR AND EXTRAVASCULAR FLUID VOLUMES IN THE 
PACIFIC HAGFISH, EPTATRETUSSTOUTII(LOCKINGTON) 

INTRODUCTION 

The hagfish, Eptatretus stoutii, is considered to be one of the 

most primitive living vertebrates. Despite this unique position in 

the phylogenetic classification of the vertebrates, the hagfish has 

been largely ignored by biologists even from a standpoint of evolu- 

tionary interest. There has been little work carried out with the 

hagfish in the last hundred years. Most of our present knowledge 

concerning the hagfish have been reviewed by Brodal and Fänge 

(1963). 

Once one has become familiar with the habits of the hagfish, 

the reasons for the lack of general laboratory experimentation on 

this animal becomes apparent. The vast majority of these animals 

are found on the bottom of the open ocean at depths ranging from 50 

to 1000 meters. This makes the hagfish relatively inaccessable for 

experimentation compared to the many forms of life which may be 

readily cultured in the laboratory. Many unique problems concern- 

ing the animals have appeared. These have ranged from determina- 

tion of its proper phylogenetic classification to the early attempts to 

maintain the animal under laboratory culture. Early attempts at 

holding the hagfish in underwater traps and in the laboratory did not 
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prove very successful (Palmgren, 1927). From recent publications, 

McFarland and Munz (1958), Munz and Morris, (1965) and in the 

present author's experience, there is ample evidence that the main- 

tenance of the hagfish under laboratory conditions can be relatively 

simple, so long as an ample supply of clean, refrigerated (5-10° C) 

standard seawater is available. 

Anatomical Aspects of the Hagfish 

The hagfish has been an anatomical and physiological puzzle 

for many years (Cole, 1926; Palmgren, 1927). Current textbooks 

classify the hagfish in the order Myxinoidea and the class Cyclo- 

stomata. The lampreys, order Petromyzontoidea, are also placed 

in this class with the hagfish. The basis for the classification is 

the similar external appearance of the animals. Both are eel -like 

with rasping, jawless mouths, but beyond this superficial similarity 

there exists little comparison between the two groups. The ecology, 

physiology, and internal anatomy of the two animals differ exten- 

sively. These differences have been recognized and the hagfishes 

have been separated from the lampreys as the class Myxine (Berg, 

1958). 

The hagfish, Eptatretus stoutii, possesses many anatomical 

features which are unique among the vertebrates. One of the most 

radical departures from the higher vertebrate development is the 
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cardiovascular system. The hagfish possesses, as do the other 

vertebrates, a central systemic (branchial) heart. This heart is a 

completely aneural structure (Greene, 1902; Fänge and Ostlund, 

1954; Augustinsson et al., 1956; Jensen, 1958; Jensen, 1961) and is 

composed of a loose arrangement of a sinus venosus, atrium, and a 

ventricle. The ventricle has no coronary arteries (Jensen, 1961) 

and contains a high concentration of adrenalin and noradrenalin 

(Ostlund, 1954) in special secretory cells of the heart (Bloom et al. , 

1961). The hagfish has been observed to survive even when the 

ventricular portion of the heart does not contract (Jensen, 1961). 

Immediately posterior to this branchial heart is a small pulsating 

vessel, the portal heart (Retzius, 1822; as cited by Chapman, Jensen 

and Wildenthal, 1963). This valved heart, also rich in noradrenaline 

secretory cells, (Ostlund, et al. , 1960; Euler and Fänge, 1961) col- 

lects venous blood from the anterior cardinal vein, the supraintesti- 

nal vein, and the common portal vein. The blood from these vessels 

is pumped into the branchial heart. 

Another important feature of the cardiovascular system is the 

caudal heart (Retzius, 1890; as cited by Chapman, Jensen, and 

Wildenthal, 1963) which collects blood from the posterior subcu- 

taneous sinus and moves it forward to the portal heart. The caudal 

heart is under neural control (Greene, 1900) and the animal can 

survive its surgical removal (Greene, 1900) or the complete 
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removal of the tail segment containing the heart (Jensen, 1960). 

This heart is actually a paired structure (Figure 1). It is made up 

of two thin -walled vessels separated by a cartilaginous tee. Muscles 

attached to each side of the cross bar of the tee alternately contract. 

Each contraction causes blood to flow out of one side of the heart and 

concomitantly, a filling of the opposite side. From this author's 

observation, the caudal heart does not have a regular rythmn. 

The last heart to be observed was the cardinal heart recorded 

by Cole (1926). This heart, like the caudal heart, is a paired struc- 

ture found in the hyoid region of the animal. It is formed by swell- 

ings of the left and right anterior cardinal veins. 

In addition to this strange array of pumping mechanisms, the 

hagfish has developed another means of aiding the proper circulation 

of blood. It has been found that muscular contractions of the gill 

sacs help maintain a positive pressure in the dorsal aorta (Johansen, 

1960). 

In spite of the gill contractions and the four hearts, the hag- 

gish has a relatively low pressure (3 - 8 mm Hg) cardiovascular 

system (Johansen, 1960). This fact is readily observable when an ani- 

mal is tipped end to end causing the blood to course back and forth 

beneath the skin. The hagfish cannot maintain a high blood pressure 

and a rapid circulation due to another unique anatomical feature and 

that is the presence of a large number of blood sinuses or lacunae. 
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Figure 1. A horizontal section of the caudal heart of the Pacific hagfish, Eptatretus stoutii, adapted 
from Greene, 1900. 1. The cartilaginous tee. 2. Sinus of the heart. 3. The muscle 
sheath. A and C show the effect of contraction of the left and right muscles with the cor- 
responding emptying and filling of the heart sinuses. B illustrates the heart in resting 
phase. lTn 
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These seem to replace or supplement the capillary beds. Since a 

continuous circulation of blood is necessary, the number of hearts 

possessed by the hagfish takes on added importance due to the pres- 

ence of these large flaccid -walled sinuses in the circulatory pathway. 

Functioning with a single heart as is usually found in higher verte- 

brates, the hagfish would soon suffer from blood stagnation in the 

sinuses where pressure from the branchial heart would be reduced 

nearly to zero pressure and the blood would not be continuously di- 

rected into the systemic circulation except by body musculature 

movements. The caudal and cardinal hearts help alleviate this 

problem. They are situated so as to drain the blood from the sinuses 

of their respective anatomical areas and return it to the area of the 

branchial heart. Thus, the blood can be pumped forward to the gills 

for oxygenation and thence into the tissues of the body. 

Evolutionary Aspects of the Cardiovascular System 

The evolution of the circulatory system goes from a sluggish, 

open circulatory system characteristic of many invertebrates to the 

pressurized, comparatively efficient fast flowing system of the 

higher vertebrates. The blood system of the hagfish appears to have 

characteristics common to both the open and the closed systems. 

An open circulatory system has a heart (or hearts) which moves 

body fluids through vessels and into the extracellular spaces. The 
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flow of the body fluids in an open system can be more or less a 

seepage rather than a true directional flow of fluids. In some cases 

the body fluid or hemolymph is not returned directly to the heart via 

vessels. Some invertebrates have ostia in the wall of their hearts 

which allow the body fluids to seep from the tissues directly into the 

heart. This type of system shows no differentiation of blood fluid 

and other body fluids. If one performed an experiment to determine 

the blood volume and in a separate experiment determined the extra - 

cellular fluid volume, the volume of each fluid found in these experi- 

ments would be nearly identical. 

In the case of the closed circulatory system, the blood is under 

a comparatively high pressure and is conducted through a network of 

arteries, veins, and capillaries. This system is much more effecient 

in comparison to the closed system. Since the circulation time is 

short, only a relatively small amount of fluid is required for the 

transport of nutrients, and gases. This is most evident when we 

consider that the blood volume recorded for some invertebrates 

ranges from 49 percent to 79 percent of the body weight (Prosser and 

Brown, 1961). These figures are high compared to the blood volumes 

for vertebrates which range from two percent to eight percent of the 

body weight (Prosser and Brown, 1961). 

The anomalous cardiovascular system of the hagfish has been 

considered both as an open and a closed system. Early workers 

1 

. 
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noting the extensive sinuses in the animal's anatomy did not classify 

it as a closed system or did not accept the sinuses as part of the 

circulatory system. Cole (1926) termed the fluid in the sinuses a 

red lymph distinct from the blood and the true lymph which contains 

no red cells. It was the presence of these red blood cells in this 

fluid that was the puzzle. The biologists who considered the sinuses 

to be a part of the lymphatic system assumed that the blood cells in 

the sinus fluid were extravasated from the blood vessels or some 

abnormal condition (Palmgren, 1927). Since the animals were cap-. 

tured in deep water and brought rapidly to the surface it appeared 

that the rapid drop in pressure could cause this extravasation of 

blood cells. Johansen ( 1962) made a more thorough study of the 

problem of the blood and the sinus fluid. He compared the protein 

content of the sinus, blood, and lymphatic fluids. It was concluded 

that the sinus fluid was a part of the blood and not a true lymphatic 

fluid. Johansen also refers to the hagfish as having a semi -closed 

system. This implies a portion of the system would be directly open 

to the tissue spaces and allow for a mixing of the vascular and extra - 

vascular fluids. An end result of this system would be a blood 

volume nearly equal to the extravascular fluid volume as is found in 

the invertebrates. 

The purpose of the following series of experiments is to deter- 

mine the body fluid compartments of the Pacific hagfish, Eptatretus 
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stoutii, and establish what type of circulatory system this unusual 

animal possesses. 
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MATERIALS AND METHODS 

Collection of Hagfish (Eptatretus stoutii) 

Animals were collected in the Pacific Ocean at a site two to 

three miles northwest of the harbor jetty at Coos Bay, Oregon at a 

depth of 240 feet. Traps used for collecting were fabricated from 

five - gallon steel drums (MacGinitie and MacGinitie, 1949) which 

were weighted with a four -inch layer of cement at the bottom of the 

container. Fyke -type holes were cut four to five inches apart in the 

side of the container allowing the animals to enter but discouraging 

their exit while the traps were being raised to the collecting vessel. 

Each trap was baited with herring and cod entrails. Four traps, 

each tied to a separate float with a flag marker, were allowed to 

rest on the ocean floor for an hour and a half. They were then 

quickly raised to the collecting vessel. Trapped animals were trans- 

ferred to fresh seawater in 15 gallon plastic garbage cans provided 

with aeration from a compressed air cylinder. In these plastic con- 

tainers the animals were transferred to the experimental laboratory 

at the Radiation Center, Oregon State University, Corvallis, Oregon. 

Maintenance of Experimental Hagfish (Eptatretus stoutii) 

In the laboratory, the experimental stock of animals was 
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maintained in a refrigerated (10°C) recirculating seawater aquarium. 1 

The feeding procedure consisted of offering frozen herring every two 

weeks. 2 Following each feeding the seawater was changed. A few 

mortalities occurred (< 3%), most appeared to be due to an accumu- 

lation of slime in the pharynx which may have hampered water flow 

to the gills. 

Individual experimental animals were maintained separately 

just prior to, and during experiments, in one gallon aerated aquaria 

in a walk -in cold room (10°C). The water in these aquaria was 

changed daily and animals were not fed while maintained in these 

aquaria. 

During injection, sampling, and procedures where there was 

extensive handling of the animals, an anesthetic, tricaine methane- 

sulphonate3 (MS 222) was used (wt:vol> 2. 5 - 10, 000). The animals 

varied in their response to the anesthetic but five to ten minutes in 

this solution were sufficient to produce sedation. The reduced mus- 

cular activity allowed the animals to be handled with a minimum of 

slime production. 

1 Neptune Lobster Storage Tanks, Ruet Engineering 
Brooklyn, New York. 

These were obtained from the Depoe Bay Aquaria, 
Oregon. No food preservative was added. 

3Sandoz Pharmeceuticals, Hanover, New Jersey. 

Company, 

Depoe Bay, 
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Catherization of the Blood Sinuses 

The favored site for the repetitive sampling of the blood was 

found to be the posterior portion of the subcutaneous sinus. This 

sinus covers the lateral portion of the animal (Figure 2) and is 

drained by the caudal heart. 

It was observed on a few animals which suffered wounds either 

by biting or through the experimental puncturing, that the process of 

healing was very slow. No infection appeared around these wounds 

despite the fact that no immunological defense is yet known for these 

animals (Good and Papermaster, 1961). 

Since the measurement of body fluid compartments would re- 

quire a large number of samples of fluid from each individual animal, 

it was thought that an indwelling catheter in the subcutaneous sinus 

of each animal would reduce the problem of numerous needle wounds. 

Polyethylene catheters were constructed from Clay Adams 

Intramedic Tubing. 
4 

The conducting tube was a seven centimeters 

length of polyethylene tubing (i. d. = 0. 011 inch). To prevent the 

surgical ligatures from pinching off this long slender conducting tube, 

a one centimeter long sleeve of larger polyethylene tubing (i. d. 

0. 023 inch) was slipped over the smaller one. Two more pieces of 

4Clay Adam's Inc. , New York. 

5This varied with animal size. 

= 
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® = Approximate area of the subcutaneous sinus. 

Figure 2. The Pacific hagfish, Eptatretus stoutii. 1. The nostril. 2. The eyespot. 3. The area 
of the cardinal heart. 4. The gill openings. 5. The pharyngo- cutaneous duct. 6. The 
area of the branchial heart. 7. The area of the portal heart. 8. The cloaca. 9. The 
area of the caudal heart. 

CA) 

08 

I 

'ta iy. +i 



14 

tubing (i. d. = O. 034 inch), each about one -half a centimeter in 

length were fitted over the previous sleeve. The surgical ligature 

was secured between these two half -centimeter sections and the 

catheter was complete (Figure 3). 

To implant the catheter in the animal, a 16 gauge needle was 

used to make a small incision through the skin. The location of the 

incision was adjacent to the dorsal origin of the caudal fin and equi- 

distant with the cloaca from the posterior end of the animal. The 

catheter was placed in the incision so that the conducting tube ex- 

tended back to the area of the caudal heart. The sleeve occupied 

the opening of the incision and was held there by two sutures through 

the skin. Two additional sutures were placed through the caudal fin 

to provide a more permanent attachment to the animal. 

A valve was fabricated by taking the external portion of the 

small polyethylene tube, folding it over and capping it with a half 

centimeter section of larger tubing. 

When the catherization was completed the animals were put 

into individual one - gallon aquaria for a three to five day recovery 

period. 

Total Body Water 

Determination of the total body water of the hagfish, Eptatretus 

stoutii, was performed by dessication of the entire animal. Animals 



Figure 3. The indwelling catheter. 1. The external portion of the conducting tube (I. D. = 0. 011 "). 

2. The one centimeter sleeve (I. D. = 0. 023 "). 3. The two half- centimeter sleeves 
(I. D. = 0. 034 "). 4. Area to secure the ligature. 5. Internal portion of the conducting 
tube. 
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were anesthetized to the point of lethality, wiped to remove excess 

liquid, weighed on an analytical balance to the nearest 0. 1 gram and 

dried to a constant weight at 104° C ± 1°. Animals were placed on 

absorbent paper to catch any body fat which might liquify during 

drying procedures. The animals were then dried in an electric oven. 6 

The difference in wet and dry weight was taken as the total body 

water loss and from this value the percent of body weight due to 

water was calculated. 

Extracellular Water 

The extracellular fluid volume of the Pacific hagfish, 

Eptatretus stoutii, was determined by the dilution technique utilizing 

inulin- carboxyl -C14 (2 µc) via the catheter. Beginning four hours 

after the initial injection and continuing for 264 hours, 0. 3 ml blood 

samples were drawn through the catheter into a 1. 0 ml syringe. 

Each blood sample was transferred to a 0. 5 ml Beckmann - Spinco 

Micro -centrifuge tube. The samples were centrifuged in an Inter- 

national Clinical Centrifuge (1000 x g). The clear supernatant 

plasma was drawn into Clay Adams polyethylene tubing (i. d. _ 

0. 034 inch) and transferred to clean microcentrifuge tubes. The 

6 Stabil- Therm Laboratory Oven, Blue M Electric Company, 
Blue Island, Illinois. 

7New England Nuclear Corporation, Boston, Massachusetts. 
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plasma was frozen to await radiochemical analysis. 

Carbon -14 analysis was carried out by a modified Schöeniger 

combustion method. Ten microliters of thawed plasma were placed 

on . black combustion wrappers. 8 
The black sample wrapper was 

placed in the nickle chromium basket in a two liter vacuum flask. 

The flask evacuated to 760 mm of Mercury and flushed with oxygen 

three times. After the final oxygen filling, ignition of the sample 

was accomplished by a Thomas -Ogg Infa -red Ignitor Model 11. 

After combustion, 10 ml of ethanol- ethanolamine9 (2 :1; v :v) were 

injected through the rubber serum cap at the top of the bottle to 

trap gaseous carbon dioxide. After cooling one -half hour in a 

walk -in freezer 5 ml of the trapping liquid were removed from each 

flask and placed into a 20 ml counting vial. A 10 ml aliquot of 

Bray's scintillation counting solution (Appendix II) was added to each 

counting vial and the radioactivity of the samples was assayed in a 

Packard Tri -Garb- Liquid Scintillation Counting System Model 314 

EX (Appendix I). 

The extracellular fluid volume was calculated from a dilution 

curve (Figure 4). 

8 Arthur H. Thomas Company, 

9Arthur H. Thomas Company, 

Philadelphia, Pennsylvania. 

Philadelphia, Pennsylvania. 

. 
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Animal #1 Length = 42. 9 cm Weight = 69. 4 gm 
Total dpm injected = 7. 41 x 106 dpm 

Plasma volume -= 7.41 x 106 dpm /3. 48 x 105 dpm /m1= 20.1 mis 
Expressed as mis/ 100 gm of body weight = 2. 91 mis 

C14 concentration at "zero" time = 3. 48 x 105 dpm /ml 

Figure 4. 
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Determination of the extracellular water volume 
using inulin carboxyl C14. 
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Total dye injected = 10429 pg 

Plasma volume = 10429 µg /880 leg /ml = 11. 9 ml 
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Figure 5. Determination of the plasma volume using Evan's 
blue dye (T- 1824). 
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Plasma Volume 

Determination of the plasma volume of the Pacific hagfish, 

Eptatretus stoutii, was determined by the dilution technique utilizing 

Evan's blue dye (T- 1824). Each animal received O. 2 ml of T -1824 

solution (Appendix II) via the indwelling catheter or by direct injec- 

tion in the contra -lateral sinus. All blood samples were removed 

via the indwelling catheters. 

Four hours following the initial injection and continuing for a 

total of 264 hours O. 3 ml blood samples were drawn from the sinuses 

at certain time intervals. Each blood sample was immediately trans- 

ferred to a microcentrifuge tube and centrifuged for three minutes in 

an International Clinical Centrifuge Model CL (1000 x g). The super- 

natant plasma containing the dye was drawn off in polyethylene tubing 

attached to a disposible syringe and transferred to a clean micro - 

centrifuge tube and frozen for spectrophotometer analysis. 

The quantity of dye in the plasma was determined using a 

Bausch and Lomb Spectronic 20 Spectrophotometer. One hundred 

microliters of the plasma were diluted with distilled water to a total 

volume of 5 ml. The optical density of the plasma - T -1824 dye 

solution was measured at 410 mµ. The experimental values obtained 

were compared with a previously prepared standard curve for the 

plasma -T -1824 Dye solution. The dilution calculations (Figure 5) 
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were made and the results were reported as the number of milliliters 

of plasma per 100 grams of body weight. 

Packed Red Blood Cell Technique 

Determination of the packed red cell mass of the Pacific hag- 

fish, Eptatretus stoutii was performed by the dilution technique 

utilizing radioisotope- tagged red blood cells. 

Two groups of animals were involved. The first group con- 

sidered as the "donor" animals were used to obtain blood cells that 

were to be incubated with L- methionine -methyl -C14. The radio- 

isotope - labelled cells were then injected into a second group of ani- 

mals which will be referred to as the experimental animals. 

Ten donor animals were anesthetized, hung in a vertical posi- 

tion, and the blood drained to the caudal portion of the body. This 

blood supply was removed by inserting a needle into the posterior portion 

of the subcutaneous sinus. A total of 18 to 20 ml of blood were ob- 

tained from the donor animals. The blood was immediately trans- 

ferred to a sterile, non -wettable serum bottle held near 0°C in an 

ice bath. Ten milliliters of physiological saline (Appendix II) were 

added to the blood. 

In vitro labelling of these cells was accomplished by adding 

100 µc of L- methionine -methyl -C14 (specific activity 0. 1 me /1. lmg) 

to the incubating media. The blood- isotope mixture was rotated for 
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a two hour period on a rotary mixer (10 rpm, 7. 5 cm radius) in the 

cold room (10° ). 

At the end of the two hour incubation period, the blood isotope 

mixture was placed in round -bottom 50 ml polyethylene centrifuge 

tubes. These tubes were placed in a four tube head in an Inter- 

national Clinical Centrifuge Model CL in the cold room. The centr- 

fuge was allowed to accelerate for 50 -60 seconds and then turned 

off. This short period of centrifugation was sufficient to cause a 

gentle sedimentation of the cells without the stress of packing them 

tightly in the bottom of the polyethylene tube. The supernatant was 

removed and cold physiological saline was added to wash the cells. 

The blood cells were resuspended by a gentle rotation of the poly- 

ethylene tube and the aid of a glass rod. The wash process was re- 

peated three times. After the third wash the final supernatant wash 

removed and a small amount of physiological saline (2 - 3 ml), suffi- 

cient to resuspend the cells was added. A portion of this radioactive 

cell concentrate w a s set aside for radioanalysis and the remainder 

used for injection into the experimental animals. 

Each of the experimental animals received 0. 2 ml of this blood 

cell concentrate. After this injection and continuing for 110 hours, 

blood samples (O. 4 ml) were drawn from the blood sinus through the 

catheter. A portion of this sample was utilized for hematocrit 

readings, the rest was placed in a micro -centrifuge tube and 
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centrifuged in an International Clinical centrifuge for three minutes 

(1000x g). The supernatant was drawn off and frozen for radioanalysis. 

The cell fraction was drawn up into polyethylene tubing and trans- 

ferred to tared black combustion paper. The blood cells were dried 

to a constant weight in the cold room (10° ). 

Radioanalysis of the plasma was carried out using the modified 

Schoëniger combustion method related previously. In this case 50 µl 

of plasma were put on the black sample wrapper. 

Radioanalysis of the blood cells was also carried out by this 

modified Schöeniger combustion technique. 

A dilution curve was drawn and the volume of blood cells cal- 

culated (Figure 6). 
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RESULTS 

Total Body Water 

The total body water (TBW) of the Pacific hagfish, Eptatretus 

stoutii, was found to be 74. 6 ± 3. 4 percent of the body weight (Table 

Table 1. Total body water of the hagfish. Eptatretus stoutii. 

Animal 
no. 

Length 
(cm) 

Wet Weight 
(gm) 

Dry Weight 
(gm) 

TBW* 
afa 

1 42.9 69.4 17.6 74.6 

2 45.7 91.1 1 21. 7 76. 2 

3 40. 6 71.4 17. 8 75. 1 

4 38.7 55.0 15.4 72.4 

5 47. 3 108. 5 27.4 74. 8 

TBW = Total body water of the hagfish expressed as milli- 
liters per 100 grams of body weight. 

1). 
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Extracellular Water 

The volume of the extracellular water as found by the dilution 

of inulin- carboxyl -C 14 was 25. 9 ± 5. 1 percent of the body weight 

(Table 2). 

Table 2. The extracellular water of the hagfish, Eptatretus stoutii. 

Animal Length Weight Extracellular Water* 
no. (cm) (gm) 

1 42.9 69.4 29. 1 

2 45.7 91.1 33. 3 

3 40.6 71.4 23.4 

4 38.7 55.0 21. 1 

5 47.3 108.6 22. 6 

Expressed as milliliters per 100 grams of body weight. 
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Plasma Volume 

The plasma volume, determined by the dilution of Evan's blue 

dye (T- 1824), was 13. 8 ± 3. 1 milliliters per 100 grams of body 

weight (Table 3). 

Table 3. The plasma volume on the hagfish, Eptatretus stoutii. 

Animal 
no. 

Length 
(cm) 

Weight 
(gm) 

Plasma 
volume 

1 42.9 69.4 17. 3 

2 45.7 91.1 16.9 

3 40.6 71.4 14.7 

4 38.7 55.0 14. 1 

5 47.3 108. 6 15. 1 

6 39.2 53. 8 17. 2 

7 41.7 78.4 11. 2 

8 43.1 76.9 7. 7 

9 46.2 91.2 11. 2 

10 31.1 50. 7 12. 4 

Expressed as milliliters per 100 grams of body weight. 
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The packed blood cell mass of the Pacific hagfish Eptatretus 

stoutii was found to be 4. ± 2. 0 percent of the dry body weight 

(Table 4). 

Table 4. The blood cell mass of the hagfish, Eptatretus stoutii. 

Animal Weight Length Packed 
no. (gm) (cm) cell mass* 

1 53. 8 39.2 8. 5 

2 96.9 46.2 3. 9 

3 78.4 41.7 4. 6 

4 76.9 43.1 4.1 

5 50.7 31.1 3. 5 

Expressed as percent of body weight. 
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DISCUSSION 

The Dilution Technique 

Two basic techniques have been employed in the investigation 

of fluid volumes in organisms. The older method consisted of 

sacrificing an animal and removing as much of the fluid, i. e. , the 

blood, as possible and measuring the volume of fluid obtained. This 

method is unsatisfactory since not all of the blood can be removed 

and the experiment cannot be repeated on the same animal. The 

more recent method involves the dilution of injected materials (i. e., 

organic dyes, radioisotope labeled protein and cells) within an or- 

ganism. This method has the advantage of repetition on the same 

animal. 

The basic criterion for any dilution measurement is that the 

substance injected be readily detectable over a wide range of concen- 

trations. The molecular weight of the substance will limit the com- 

partments it can enter. A small molecule such as tritiated water 

theoretically could be diluted in the body of an animal to determine 

the total body water which includes the extracellular and intracellular 

water. A larger molecule such as the derivative of Jerusalum arti- 

choke, inulin, (molecular weight ^'5200) cannot penetrate the cel- 

lular membranes and therefore gives a measure of the extracellular 

water alone. A still larger molecule like albumin (molecular weight 
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..69, 000) can be tagged with a dye (Evan's blue dye, T -1824) or 

radioisotope. These molecules can be injected into a circulatory 

system to give a measure of the plasma protein volume with but a 

small loss of material to the lymph compartment. Most dyes that 

complex with blood proteins are stable and not readily lost from the 

protein molecules during circulation. Evan's blue dye is one of the 

most widely utilized dyes and gives an intense coloration to plasma 

at concentrations low enough to have little or no effect on an organ- 

ism. 

Labeled Blood Cell Technique 

To obtain a measure of the blood volume of an animal, one 

must determine the volumes occupied by each component of the blood. 

Most blood volume measurements utilize a plasma protein diluent 

to measure the fluid portion of the blood and a hematocrit meas- 

urement to give an estimation of the cell to fluid ratio. This tech- 

nique assumes a constant plasma to cell ratio for the entire blood 

compartment regardless of the vessels involved. This method can- 

not be utilized in the case of the hagfish, as the hematocrit is not 

constant for all portions of the body (Johansen, Fange and 

Johannessen, 1962). The cells of the hagfish were labeled with L- 

methionine -methyl for a better estimate of cell volume (Ap- 

pendix I). 
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The Fluid Compartments of Vertebrates 

The fluid compartments which exist in the vertebrates are: 

1. All the fluid contained within cellular membranes, the 

intracellular fluid. 

2. The extracellular compartment which includes: 

a. The blood plasma 

b. The interstitial fluid 

c. The cerebrospinal fluid 

d. The ocular fluid. 

3. The extracellular and intracellular fluids make up the 

total body water. 

Direct measurements can determine the volume of all the fluid 

compartments with the exception of the interstitial and intracellular 

fluids which must be calculated by differences. 

Much of the past work performed in the study of fluid compart- 

ments of organisms utilize mostly mammals leaving a paucity of 

information in other vertebrate classes. Thorson (1958, 1959, 

1961, 1962, 1964) has published a great deal of work on the lower 

vertebrates, in particular the superclass Pisces. In his extensive 

coverage of the fishes Thorson has noted that: 

1. The more primitive fishes have an increased plasma 

and blood volume. 
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2. The interstitial and extracellular fluid volumes are 

greatest in the primitive fishes. 

3. The intracellular water shows a reverse correlation, 

thus the more primitive fishes have the smallest volume. 

It has been suggested that a large plasma volume and not 

necessarily a large blood volume should be associated with a primi- 

tive form (Conte, Wagner and Harris, 1963). 

The most primitive animal investigated by Thorson was the sea 

lamprey, Petromyzon marinus (1959). In light of the apparent phylo- 

genetic correlation of some fluid compartments some questions were 

posed. 

1. Is there a phylogenetic relationship over all classes of 

vertebrates with respect to the fluid compartments ? 

2. Does the hagfish, the most primitive of vertebrates have 

a large blood volume? 

3. If the blood volume of the hagfish does show an increase 

over the blood volume of the other vertebrates, is it 

due to an expansion of the plasma and /or the cell fraction? 

Data for the first question can best be found by comparing the 

literature on the blood volumes of the various vertebrates (Table 5). 

This particular fluid was chosen since there was more extensive in- 

formation available on the blood volumes. Even so, some classes, 

i. e. , Reptilia, Petromyzontoidea, and the Myxinoidea are not well 



Table 5. A comparison of blood volumes in the classes of vertebrates. 

Class 
Blood 

volume 
Plasma 
volume 

Red cell 
volume 

% Fluid 
in blood Author 

Myxinoidea 
Hagfish 18. 7 13.8 4.9 73. 8 (This paper) 

Petromyzontoidea 
lamprey 8.5 5.5 3.0 64.7 (Thorson, 1959) 

Chondrichthye s 

Shark 6. 8 5. 1 1. 7 75. 0 (Thorson, 1962) 

Shark 6. 8 5. 5 1. 3 80. 9 

Shark 6. 8 5. 4 1. 4 79. 4 

Shark 7. 0 5. 4 1. 6 75. 0 

Skate 8. 0 6. 5 1. 5 81. 3 (Thorson, 1958) 

Skate 7. 2 5. 9 1. 3 81. 9 

Ratfish 5. 2 4. 2 1. 0 80. 8 

Average 6.8 5.4 1. 2 79. 1 

I 



Table 5. Continued 

Class 
Blood 

volume 
Plasma 
volume 

Red cell 
volume 

% Fluid 
in blood Author 

Osteichthyes 

Lake sturgeon 

Paddlefish 

3. 7 

3.0 

2. 8 

2. 2 

0. 9 

0.8 

75. 7 

73.4 

(Thorson, 1961) 

Shortnose gar 3. 8 2. 1 1. 7 55. 3 

Bowfin 3. 4 2. 2 1. 2 64. 7 

Buffalo fish 2. 8 1. 9 0. 9 67. 8 

Rainbow trout 2. 3 1. 5 0. 8 71. 2 (Schiffmand and 
Fromm, 1959) 

Steelhead 3. 9 1. 9 1. 2 48. 6 (Conte, Wagner and 
Harris, 1963) 

Grey snapper 2. 0 1. 3 0. 7 66. 7 (Thorson, 1961) 

Green moray 2. 2 1. 6 0. 6 72.7 

Barracuda 2. 2 1. 6 0. 6 66.7 

Catfish 1. 8 1. 3 0. 5 72.3 

I 

Il 

II 



Table 5. Continued 

Class 
Blood 

volume 
Plasma 
volume 

Red cell 
volume 

°jo Fluid 
in blood Author 

Cod 

Carp 

2.4 
3.0 

1.8 

1.8 

0.6 
1.2 

75. 0 

60. 0 

(Ronald et al. , 1964) 

(Thorson, 1961) 

Average 2.8 1.8 0.8 66.9 

Amphibia 

Frog 8.7 6.0 2.7 70. 1 (Conklin, 1930) 

Bullfrog 9. 5 8. 5 1. 0 89. 5 (Prosser and 
Weinstein, 1950) 

Grassfrog 8.2 7.0 1. 2 85.4 

Mudpuppy 7. 1 4. 7 2. 4 66. 2 (Thorson, 1914) 

Hellbender 6.1 3.5 2.6 57.4 

Congo eel 4. 9 3. 4 1. 5 69. 4 

Bullfrog 5. 3 3. 7 1. 6 69. 8 

Marine toad 7. 4 4. 7 2. 7 63. 5 

Average 7.1 5.1 1.9 71.4 

Reptilia 
Alligator 4. 2 3. 2 1. 0 76. 2 (Coulson, Hernandez 

and Brazda, 1950) 

I 

w 



Table 5. Continued 

Class 
Blood 
volume 

Plasma 
volume 

Red cell 
volume 

% Fluid 
in blood Author 

Turtle 22. 8 18. 7 4. 1 82. 1 (Hutton, 19 61) 

Alligator 7. 1 5. 8 1. 3 81. 7 (Huggins and 

Average 11.3 9.2 2. 1 80. 0 
Percoco, 1965) 

Aves 

Owl 6. 4 3. 4 2. 0 68. 7 (Bond and Gilbert, 
1958) 

Hawk 6. 2 3. 5 2. 7 56. 5 I 

Duck 9. 5 5. 1 4.4 53.7 

Duck 1 1. 3 6. 4 4. 8 57. 6 

Duck 11, 1 7. 1 4. 1 53. 1 

Pheasant 5. 8 3. 9 1. 9 67. 2 

Chicken 5. 9 3. 8 2. 4 59. 3 

Pigeon 9. 2 4. 4 4. 8 47. 8 

Loon 13. 2 6. 1 7. 1 46. 2 

Average 8.7 4.8 3.8 57.7 

Mammalia 

Oppossum 5.6 3.7 1.9 66.0 (Burke, 1954) 

Swine 6. 5 3. 8 2. 7 58. 5 " 

f 

w 



Table 5. Continued. 

Class 
Blood 

volume 
Plasma 
volume 

Red Cell 
volume 

% Fluid 
in blood Author 

Swine 8.1 5.5 2.6 67.9 (Burke, 1954) 

Swine 9.5 6.2 3.3 65.3 (Kallen, 1960) 

Sheep 8.2 5.6 2.6 68.3 (Burke, 1954) 

Goat 8. 7 5. 8 2. 9 66. 7 " 

Goat 8. 3 7. 1 1. 3 84. 4 (Bush, et al. , 1955) 

Camel 8. 3 5. 9 2. 4 71. 1 (Klement, Ayer and 
Rogers, 1955) 

Cow 5.8 3.5 2.3 60.4 (Burke, 1954) 

Horse 8. 0 5. 3 2. 7 66. 2 " 

Dog 7. 8 5. 0 2. 8 64. 2 (Banerjee and 
Bhattacharjee, 1963) 

Dog 9.1 5.4 3.7 59.4 (Burke, 1954) 

Rat 5. 8 3. 1 2. 7 63.4 (Rapaport, et al. , 

1956) 

Guinea pig 7. 5 3. 9 3. 6 52. 0 (Panaretto, 1963) 

Cat 5.5 3.3 2.2 60.0 (Burke, 1954) 

Bat 13.0 6.5 6.5 50.0 (Kallen, 1960) 

Man 8. 1 4. 3 3. 8 53. 1 (Burke, 1954) 

Average 7.8 4.9 2.9 63.3 rn 



37 

represented and a completely valid comparison is difficult. 

If we look at the average blood volume for each class, there does 

not appear to be a definite phylogenetic correlation with the blood 

volume over all classes of vertebrates. The most primitive animals 

have the highest blood volumes due mainly to an increase in the 

plasma portion of the blood. There is a relatively small increase in 

the cell mass. 

If we note the percentage of liquid (plasma) in the blood, we see 

that the amphibia and the aquatic reptiles have a high percentage of 

liquid and conversely a low percentage of blood cells. These ani- 

mals may depend more upon oxygen transport across wet epidermal 

membranes and so reduce the need for a high concentration of blood 

cells. The members of the class Aves, here represented by very 

active birds, have a higher percentage of blood cells which may re- 

flect the need for greater amounts of oxygen. The implication here 

points toward an ecological relationship rather than a phylogenetic 

one. If, however, we consider only the classes Osteichthyes, 

Chondrichthyes, Petromyzontoidea, and Myxinoidea, the blood 

volume increases with the primitiveness of the group as Thorson 

has mentioned (1961). 

The second and third questions have been answered by the results 

of this paper. The Pacific hagfish does have a large blood volume 

(18. 7 mis /100 gm body weight) and though the cellular portion of the 
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blood shows an increase over that found in the sea lamprey (Thorson, 

1959), the plasma portion of the blood shows the greatest increase 

in the class of fishes. 

The results from this paper are compared with the data from 

Thorson (1961) in Table 6. It can be seen that the total body water, 

intracellular, and extracellular water follow the pattern established 

by Thorson (1961). The plasma volume expressed as percent of 

total body weight, is more than twice that of the lamprey, apparently 

at the expense of the interstitial fluid. The increased blood volume 

suggests that the vascular system of the hagfish lacks the flow rate 

and cardiac output which occurs in higher vertebrates. This must 

be compensated by increasing the quantity of blood cells thus ele- 

vating the amount of hemoglobin available for oxygen transport to 

insure the transport of sufficient oxygen to the tissue. This condi- 

tion is analogous to the polycythaemia found in populations of animals 

living at high altitudes where oxygen is less abundant. Since the 

hagfish normally occupies a burrow in the mud on the ocean floor, 

it would be subject to a low oxygen concentration. Compensation for 

this low level of oxygen could be had with an increased red blood cell 

mass, a high hemoglobin affinity for oxygen and a hyperbolic oxygen 

dissociation curve (Manwell, 1960). These factors combined with a 

very low metabolic rate (0. 008 - 0. 010 ml 02 consumed per gram 

wet weight per hour; Munz and Morris, 1965) allow the hagfish to 
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survive very well in its environment. 

Table 6. Body fluid measurements of the fishes expressed as percent 
of total water. 

Myxinoidea 
* Petromy- 

zontoidea 
Chond- 

richthyes 
Osteich- 

thyes 

Total water 100.0 100. 0 100. 0 100. 0 

Intracellular water 64. 8 68. 4 71. 6 78. 0 

Extracellular water 34. 7 31. 6 28. 3 22. 0 

Plasma 18. 5 7. 3 7. 2 2. 8 

Interstitial fluid 14. 9 24. 3 21.1 19.2 

Results of this paper. The remaining data obtained from 
Thorson (1961). 

. 

. 
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CONCLUSIONS 

1. The fluid compartments of the Pacific hagfish, Eptatretus 

stoutii, were examined and comparisons made with other, 

higher vertebrates. 

2. The total body water of the hagfish was found to be 74. 6 

percent of the body weight. 

3. The extracellular water volume measured by inulin- 

carboxyl -C14 was 34. 7 percent (25. 9 mis /100 gm of body 

weight) of the total body water. 

4. The plasma volume as measured with Evan's blue dye 

(T -1824) was 18.5 percent (13.8 mis /100 ,gm) of the total 

body water.. 

5. The blood volume determined with Evan's blue dye (T -1824) 

and L- methionine -methyl -C14 labeled red blood cells was 

18. 7 mis/100 gm of body weight. This is the highest 

known value reported for a vertebrate. 

6. The intracellular water estimated by the difference be- 

tween the total body water and the extracellular water was 

64. 8 percent of the total body water (48. 7 mis /100 gm of 

body weight). 

7. The interstitial fluid estimated by the difference in the 

extracellular water and the plasma was 14. 9 percent 
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(12. 1 mis/100 gm of body weight) of the total body water. 

This does not follow the pattern seen in Thorson's data 

(1961) and probably represents a shift of fluid to the 

plasma compartment. 

8. The Pacific hagfish, with a definite difference in volume 

(12. 1 mis) between the extracellular water and the plasma 

fluid does possess a closed circulatory system with large 

sinuses forming part of the vascular bed. 

9. Thorson's concept of phylogenetic "primitiveness" being 

associated with increasing blood volume must be limited 

to the superclass Pisces. 
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APPENDIX I 

1. The Packard Tri -Garb- liquid Scintillation counting system 
Model 314 EX. 

All Samples were counted at: 

A. Tap 7, 1100 volts. 
B. Channel one window 1 - 100. 
C. Channel two window 1 - 50. 

The majority of samples were counted using Bray's Liquid 
scintillation solution (Bray, 1960). Often the color of these samples 
was unstable which lead to varying counting efficiencies. This lead 
the author to utilize a toluene base (Appendix II) scintillation fluid 
which was somewhat more satisfactory. 

2. The L - methionine - methyl - C14 cell label. 

To determine if L- methionine -methyl -C14 would be an appro- 
priate blood cell tag, for the hagfish, the isotope was first incur 
bated with blood cells from the steelhead trout Salmo gairdneri. The 
uptake of the label by the nucleated .erythrocytes, is shown in Figure 
7. Based on this experiment the cells of the hagfish were incubated 
in a similar manner and used for cell volume determination. 
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APPENDIX II 

1. Inulin- carboxyl -C14 solution. 

A. Injected material may be diluted in approximately 15 mis 
of fluid in a 100 g animal. The injected material will be 
diluted to 0. 09 parts /ml from the original concentration. 

B. Each sample drawn will be 0. 1 ml or 0. 009 parts of the 
original amount. 

C. Estimated counting efficiency of 50 percent will reduce this 
to 0. 0045 parts /ml. 

D. Counts per minute desired = 4000, so 4000/0. 0045 = 8. 9 x 
105 dpm desired. 

E. 8. 9 x 105 dpm/2. 22 x 106 dpm/µc =ti4 µc/100 gm animal. 

F. The isotope was diluted with distilled water to a concentra- 
tion of 2 µc0. 1 ml for injection. 

2. Bray's Solution 

Naphthalene 60 g 

2, 5- Diphenyloxazole(Scintillation grade)* 4 g 

1, 4- Bis- 2- (5- Phenyloxazolyl)- Benzene 
(Scintillation grader 200 g 

Absolute methanol 100 ml 
Ethylene glycol 20 ml 
Paradioxane make to one liter 

3. Evan's blue dye (T -1824) Solution. 

Blood from four donor animals was centrifuged (100 x g) and 
5 ml of the clear supernatant plasma were drawn off. This 
plasma was mixed with 52. 722 mg of Evan's blue dye. When the 
dye -plasma mixture was not in use it was frozen. 

Packard Instrument Co. , La Grande, Illinois. 
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4. Physiologica saline. 

NaC1 27.6 g/l 
K Cl 0. 76 ;/1 
Ca Cl 1. 38 g/l 
Mg C - 7 H20 9. 7 g/1 
Na HCO3 1. 0 g/l 
KH2PO4 0.4 g/l 

5. Toulene scintillation counting fluid. 

Toulene 2 liters 
2, 5- Diphenyloxazole 

(scintillation grade) 8 g 

1, 4- Bis- 2- (5- Phenyloxazolyl)- 
Benzene (Scintillation grade) 0. 1 g 

Packard Instrument Co. , La Grande, Illinois. 
r 


