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ABSTRACT

Experiments were carried out to determine the extent and manner
of gas exchange duri g.s;lyhy:u'ation in the swimbladder of the mud-
minnow, Umbra limi (Kirtland.) Under conditions of respiratory stress
provided by lack of oxygen and presence of ecarbon dioxide in the enwiron-
mental water the mudminnow drew extensively on the oxygen in the
swimbladder. During asphyxiation in the presenee of carbon diaxide,
carbon dioxide entered and oxygen left the swimbladder; the rate of
exchange of these gases increased at high environmental carbon diexide
tensions. Some data were obtained on oxygen consumption from the
water and rate of respiratory movements dwring these experiments,

INTRODUCTION

Fish belonging to the genus Umbra are often found in
stagnant waters and are able to live in water containing less
oxygen and more carbon dioxide than most teleost fishes can
tolerate. Investigations by Rauther (1914) and Geyer and
Mann (1939) on European species have shown that the swim-
bladder acts as a supplementary organ for respiration thus
enabling fish of the genus Umbra to use oxygen from the air
when oxygen in the water is insufficient.

Rauther (1914) made the first extensive investigation of
the swimbladder uging the species U. kramer: Fitz. His work
on the histological nature of the swimbladder is especially
significant since it gives a morphological basis for evidence
he obtained that air intake into the swimbladder could main-
tain life when the oxygen content of the water is low.
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The respiration of U. lacustris Grossinger is considered in
two papers by Geyer and Mann (1939). They found that the
oxygen consumption from the water increases when aceess
to air is cut off and also when the swimbladder gas is removed
by decompression. They concluded from their data that the
swimbladder supplied § to 4 of the normal oxygen consumption.
When the oxygen in the water is decreased, the use of the swim-
bladder for aerial respiration increases. On the other hand,
in well oxygenated running water their fish did not come to the
surface for air but employed only gill respiration.

It becomes apparent from the investigations of Rauther,
and Geyer and Mann that the swimbladder of Umbira is an
organ capable of accessory respiration which allows the fish
to survive in a habitat in which it could not otherwise exist.
The present investigations add to this knowledge by confirm-
ing the use of oxygen during asphyxiation from the swim-
bladder of the mudminnow, Umbra limi (Kirtland). In
addition some experiments have been carried out to show the
relation between the gases in the swimbladder and in the water
during various conditions and stages of asphyxiation.

MATERIAL

Mudminnows are found in swamps and weedy brooks in
Canada and north-eastern United States. The mudminnows
used in these experiments were obtained from the Trower
Natural Seience Service operating in the vieinity of Toronto,
Ontario. The fish were of both sexes. The average weight
was 4 grams, the range being from 0.5 grams to 13.6 grams.
The fish were acclimatized to the temperature of the experiment,
the overall time allowance for acelimatization being no more
than 1° C. increase in temperature per day. Mudminnows kept
at 10° C. were never observed gulping air at the surface of the
water., The fish at 19° C. and 20° C. occasionally came to the
surface.
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METHODS

A. Fish complelely asphyxiated at various carbon dioxide tensions.

Methods were identical to those used in similar experi-
ments by Fry and Black (1938), Safford (1940) and Black
(1942). Each fish was sealed in a bottle of water (275 ml.
capacity) containing a known amount of dissolved cdrbon
dioxide and having an oxygen tension of at least 100 mm.
Thus there was no opportunity for renewing air in the swim-
bladder during the experiments. When all respiratory move-
ments had ceased, the water was analyzed for carbon dioxide
and oxygen. The swimbladder gas was withdrawn under
water by syringe and needle at the conclusion of each ex-
periment. The gas was analyzed immediately in the micro-
gas-analyzer (after Krogh, 1908), using 1 N potassium
hydroxide to absorb the carbon dioxide and Oxsorbent to
absorb the oxygen.

The carbon dioxide in the water was determined by
equilibrating a small bubble of air (0.2-0.5 ml) with 35 ml of
the water. The bubble was then analyzed for earbon dioxide
by absorbing the carbon dioxide in the micro-gas-analyzer
ag above. Pressures were calculated by multiplying per cent
gas by the barometric pressure less vapor tension at the
temperature of the experiment.

The oxygen content of the water was determined by the
Winkler method using a 50 ml sample of water. The pressure
of oxygen was calculated by relating the guantity of oxygen
found to the solubility at the temperature of the experiment
and multiplying the fraction by the barometric pressure
(760 mm. used in all these calculations though the actual
barometric pressure varied from 750 mm. to 765 mm.),

B. Fish partially asphyziated at various carbon dioxide lensions.

The mudminnows were placed in 275 ml bottles completely
filled with water and sealed as above. The water in the bottles
contained known tensions of carbon dioxide and oxygen. Each
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bottle was opened after a definite time (column 2, Tables 3, 4).
The fish was alive in every case. Water for carbon dioxide
and oxygen samples was withdrawn as shown in Figure I,
to prevent the fish from gulping air. This apparatus was
devised with the assistance of Dr. R. R. Langford. As the
water was drawn from the bottle through the rubber tube,
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Figure I. Apparatus used for obtaining water sample without
permitting mudminnow to gulp air,
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the end of the rubber tube in the bottle was kept under the
lowering water level by pressing down on the eork.  When the
samples had been taken, the entire apparatus (Fig. I) was
carefully submerged in a water bath, the cork and glass tube
were removed, and the fish killed by c¢rushing its head against
the side of the bottle. Swimbladder gas was obtained and
analyzed as deseribed above. The approximate volume of
gas was noted.

The count of respiratory movements per minute was
taken just beforc opening the bottle at the end of the
experiment.

RESULTS AND DISCUSSION

A. Fish completely asphyzxiated at various carbon dioride tensions,
19°C.

This type of experiment was devised by Fry and Black
¢1938) to measure the carbon dioxide tolerance of a nimber of
speeies of freshwater fish, Of these, the eold water fish (trout,
suckers) tend to be most sensitive to carbon dioxide; the stream
and lake minnows are moderately sensitive, while the bull-
head { Ameiurus nebulosus), found in weedy lakes and shuggish
rivers, is very hardy, being able to use practically all avail-
able oxygen in the presence of up to 200 mm. carbon dioxide
(Fry, 1939).

Of some thirty-five species whose carbon dioxide tolerance
has been determined only the mudminnow compares with the
bullhiead in ability to use oxygen in the presence of carbon
dioxide. The mudminnow also occurs in sluggish waters,
ponds and streams. Figure 1I shows that the mudminnow, by
gill respiration, can use practically all the oxygen in water
containing up to 200 mm. carbon dioxide at 19° C. Tensions
of carbon dioxide greater than this affect the ability of fish to
take the oxygen from the water, 7.e. the asphyxial oxygen
tension for the mudminnow increases when the environmental
water contains more than 200 mm. carbon dioxide at 19° C.
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Figure II. The relation between carbon dicxide and oxygen in the
water and in the swimbladder of the mudminnow after asphy-
xiation at 19° C.
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During the course of these asphyxiation experiments the
proportions of the various constituent gases in the swimbladder
of the mudminnow change. The pressure of carbon dioxide
normally found in the swimbladder gas of this group of mud-
minnows was about 9 mm., the average pressure of oxygen
was 78 mim. (Table 1). The pressures of these gases in the
swimbladder after complete asphyxiation is shown by hollow
circles in Figure II. The numbers beside the hollow and solid
circles show which gases in the swimbladder and water belong

TABLE 1
SwiMBLADDER (GasEs oF MubpminNows UnpeR “NorMmar' CoNbITIONS
& CO. %, 0,
No. of Fish — mm CO, mm O,
Range | Average | Average| Range [Average|Average
A. Sept., 1942
19°C.....20/0.8-1.9| 1.28 9 3.2-15.9| 10.6 8
B. Jan. May.
1944
20°C..... 5/03-1.4] 0.95 1 11.0-18.8| 15.6 116
10°C.... .16/ 0.0-1.5] 0.75 6 6.1-19.0, 14.0 108

to the same fish. It is apparent from Figure IT that practically
all of the oxygen in the swimbladder disappears during
asphyxiation.

The relation between the carbon dioxide tension in the
water and the carbon dioxide pressure in the swimbladder is
further analyzed in Figure III. This graph shows that the
pressure of carbon dioxide in the swimbladder closely approx-
imates the carbon dioxide tension of the water as long as the
fish can remove all of the oxygen from the water. At tensions
of carbon dioxide above 200 mm., however, complete equilibra-
tion does not take place before asphyxiation.

The disappearance of the oxygen in the swimbladder
during asphyxiation is not typical of all species of fish. In
Table 2 a comparison is given of the disappearance of swim-
bladder oxygen in several species of fish. The first group, the
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Figure IIT. Carbon dioxide in the water and in the swimbladder of
the mudminnow after asphyxiation at 19° C,

physostomes, posscss a swimbladder with a duet opening into
the foregut where gas cxchange may take place, but equip-
ment for gas exchange between swimbladder lumen and blood
appears to be limited in these species of physostomes. The
second group, the physoelists, do not have any open duct but
all gas exchange for the purpose of adjusting to changes in
hydrostatic pressure must take place between the swimbladder
and blood. These speeics possess vaseular sections of the swim-
bladder wall which serve for the deposition and absorption
of gases. The third group is represented in Table 2 by the mud-
minnow whieh has an open duect and a vaseular swimbladder,
both of which are essential to fulfill the function of respiration.
The average pereentages of oxygen found in the swimbladder
of asphyxiated fish in this table are compiled from results of
cxperiments at both high and low carbon dioxide tensions.
Utihization of swimbladder oxygen was usually greater in the
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TABLE 2

CuANGE IN OxYGEN CONTENT OF THE SWIMBLADDER (Gas Durixg
AsPHYXIATION WITH anD WitsouT Caraon Dioxipe. AN
AvVERAGE oF ALL ExprERIMENTS CoMPARED WITH THE
AvERAGE oF THE CONTROLS

Control | Asphyxiated | 9, Deerease
% 02 % 02 in 02
Physostomes (swimbladder not
adapted for respiration):
Creekehub._ . ... ... ........ 6.4 8.9 s
Speckled trout..............| 6.0 6.4 s
Common sucker. . .......... 11.1 9.7 13
Finescaledaee. . ............| 12.1 9.7 20
Brown bulthead. ...... .. .. .. 7.5 6.0 20
Physoclists (swimbladder adapt-
ed for pas secretion):
Seup 9.4 7.0 25
Sma.llmouth bass. .. ......... 26.0 17.6 32
Yellowpereh..... .. ..... ... 19.4 10.7 45
UL S T 25.8 13.2 49
Killifish, ................... 15.6 7.3 53
Pumpkinseed . . 21.2 9.7 54
Brook stickleback . ... 19.6 5.6 72,
TRULOR i & v s cmmmn o o 51.3 14.6 72
Toadfish . s o gon| 000 15.0 73
Sea, robin . . .. 22,8 3.6 84
Physoutome (smmbladder
adapted for resplra.tmn)
Mudminnow—19°C. . . Lo 10,6 (20 0.2 (21) 98
i

low carbon dioxide range, except in the casc of the mudminnow.
During asphyxiation the first group of physostomes uses very
little oxygen, the physoclists use from 259, to 849, depeading
on the species (Safford, 1940; Black, 1942), and in the mud-
minnow an average of 989, of the oxygen in the swimbladder
disappears. Even when carbon dioxide in the water prevents
complete utilization of oxygen from the water (Nos. 11, 12,
21, 22 in Fig. IT) oxygen disappears from the swimbladder of
the mudminnow This lower oxygen pressure in the swim-
bladder than in the water indicates active respiration of
oxygen. It is probable that the difference in the response of
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these three groups (Table 2) is due chiefly to the extent of
vaseular surface exposed to the swimbladder lumen.

Rauther (1914) has shown that there are two reasons why
the morphology of the swimbladder of U. krameri is better
fitted for respiratory function than the swimbladder of most
teleosts, Although the physoclists have highly vaseular
sections (reffa mirabilia) in the anterior swimbladder wall,
Umbra, a physostome, has in addition to these, inter-epithelial
capillaries, 7. e.a capillary between almost every epithelial
cell over alarge portion of the swimbladder wall. This arrange-
ment provides lung-like efficiency for gas exchange between
swimbladder and blood. The second morphological feature
favoring respiration of swimbladder oxygen is the blood supply
to and from the swimbladder. The coeliac artery and inter-
costal arteries supply respectively the anterior and posterior
parts of the swimbladder as is the ease for most teleosts. The
oxygenated blood leaving the swimbladder, however, is col-
lected in thrce large veins which unite and empty into the
posterior cardinal vein just as it passes into the right
Cuvierian duct, whieh in turn empties directly into the heart.
Henece partially oxygenated blood enters and leaves the heart
instead of only reduced blood as is the case in fish whose swim-
bladder is not adapted for respiration. In this latter group
of fishes the blood usually leaves the swimbladder by way
of the portal vein instead of going directly to the heart.

B. Fish parially asphyxiaied at various carbon dioxide tensions,
10° C. and 20° C.

This series of experiments was performed in an attempt
to discover how the respiration was divided between gills
and swimbladder at various carbon dioxide tensions and at
various stages in asphyxiation. As is evident from Tables 3
and 4 there are fairly large individual differences in the results
which may be aceounted for in part by the faet thai aetivity
of the fish in the botile could not be controlled. There
appeared to be no marked ecorrelation in every individual
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between oxygen consumption, respiratory rate and pressure
af oxygen in the swimbladder. The data have therefore been
analyzed on the basis of the average results for each group. of
carbon dioxide tensions.

TABLE 3
RESPIRATION OF MUDMINNOWS AT 20°C.

T1me 0 Resp. Movements|Swimbladder Gaser Final
€0y in in Consumption at End of O in
Water Bottle | Weight . Experiment CO; Oy Water

mm. Hours| gms. Oz/killo/hr. |Number per Min.! mm. mm. mm.
9. |1.0 9.6 113.0 68 10 82 59
6. | 1.6 13.6 77.4 130 8 22 16
1.5/ 2.5 2.9 24.3 30 11 78 136
2.5, 3.3 6.4 68.9 105 7 84 28
0 |58 2.5 102.5 111 7 38
Average: 3.8| 2.8 7.0 77.2 89 9 57 52
91. | 0.83 5.3 55.4 62 74 53 103
92. § 1.75 3.4 103.0 80 L. 70
99. | 3.0 5.2 é6.0 73 83 53 35
112. | 3. 5.6 75.0 Irr 107 10 14
Average: 98. | 2,15 4.9 74.8 65 88 39 55
146 1.66 2.9 68.6 60 73 45 91
148. | 6.0 3.2 52.5 63 116 i0 30
Average: 147. | 3.83 3.1 60.5 62 95 a7 [1]
184. | 1.3 3.0 20.4 Trr 137 11 101
187. | 2.5 3.4 19.8 Irr 132 0 93
Average: 185. { 1.9 3.2 20.1 135 6 97

1. Ozygen consumption from water and swimbladder.

In Figure IV the average oxygen consumptions from the
water (A) and from the swimbladder (B) are plotted against
the carbon dioxide tension of the water. The data for exygen
consumption from the swimbladder were derived as shown in
Table 5. The average volume of the swimbladder for each
average weight was taken from Figure V where the approxi-
mate volume of gas found in the swimbladder of several fishes
is plotted against the weight of the fish. ~Figure IVB shows
that the swimbladder provides only a minute portion of the
total oxygen consumed when the oxygen in the swimbladder
cannot be continually 'renewed by gulping air.  Howewer,
there is a contrast in the effect of carbon dioxide on the
utilization of oxygen from the water and from the swim-
bladder. At high carbon dioxide tensions the oxygen don-
sumption from the water tends to decrease (ef. Hall, 1931)
whereas oxygen consumption from the swimbladder, though
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small, is greatest at the highest carbon dioxide tension, indicat-
ing utilization of swimbladder oxygen when carbon dioxide
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makes uptake of oxygen from the water difficult.

TABLE 4

RESPIRATION OF MUDMINNOWS AT 10°C.

Time

CO, in in ‘Welght
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Bottle | gms
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0 62 8 35
.2 3, 3 28
.2 .. 10 57
.6 55 7 77
. a6 76 75
.8 72 37 23
.1 43 51 88
.5 65 50 4.
.5 60 75 11
.4 58 79 27
N | 56 61 a5
.8 45 61 50
.8 60 29 31 |
.5 55 68 26
.5 57 77 37
.2 50 93 44
.5 70 72 30
.8 50 88 44
.0 44 73 19
.9 54 70 42
.0 36 55 42
4 50 81 87
.0 48 63 43
.0 48 49 27
.8 51 s ol
.0 46 117 19
4 a1 100 65
.6 47 77 47
.0 50 48 186
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TABLE 5

Oxyeex ConsumprioN FroM Tae SwimpLappEr Per Kino
Per Hour, ar 20°C. anp 10°C.

mm CQ. (average) at 20°C.[ 3.8 98 147 185
Average weight, gms.. . .....| 7.0 4.9 3.1 3.2
Average volume of swim-

bladder (Figure V). 0.5 0.35 0.18 0.2

Average mnormal 9 02 in
swimbladder less average
9% O in swimbladder at end

of experiment=A%0,.....| 7.9 10.3 11.9 14.8
ml. Qemsed. . .« oo o v 0.04 0.036 0.021 0.03
ml. O,perkilo............. 5.7 7.3 6.8 9.3
Average time in bottle, hours.| 2.8 2.15 3.83 1.9
ml. O,/kilo/hour. ..........| 2.0 3.4 1.8 4.9

mm CO, (average) at 10°C.| 3.0 | 90 | 109 | 139 | 162 | 181

Average weight, gms....... | 5.6 ;3.1 [3.2 |29 |28 3.3
Aver ¢ volume of swim-

der (Figure V). . .. .. 0.4 (018! 0.2 |0.17(0.16] 0.2
Ay % Ogmsw1mbla.dder 3.7 |1 9.3 8.4 7.7 9.5 10.0
ml. O used . . ...| 0.015( 0.017! 0.017| 0.013| 0.015 0.02
mi. O, per kilo. ... ... ... .. 26 |54 152 |46 | 5.4 6.1
ml. O./kilo/hour. ......... 0.7 1.6 1.1 1.3 2.2 7.1

2. Ezchange of carbon dioxide and oxygen lo and from the
swimbladder .at known lensions of carbon dioxide in the water.

To obtain comparable values for the pressure of carbon
dioxide in the swimbladder at various tensions of earbon
dioxide in the water, the average carbon dioxide pressure for
each group of ecarbon dioxide tensions (Tables 3 and 4) was
divided by the average weight of fish and average time of
exposure to give the earbon dioxide pressure per gram per
hour. These values are plotted in Figure VIA. There is a
definite increase in the rate of entrance of carbon dioxide into
the swimbladder at increased carbon dioxide tensions.

The rate of disappearance of oxygen from the swim-

bladder was obfained by ecalculating the average difference
in oxygen pressure in the swimbladder per gram per hour



GAS BEXCHANGE IN THE SWIMBLADDER OF THE MUDMINNOWS 70
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{Table 6). Differences in oxygen tension of the water are also
plotted in Figure VIB. At both 20° C. and 10° C. the amount
of oxygen taken from the water per gram per hour decreases
ag the carbon dioxide in the water is inereased. Rate of
oxygen utilization from the swimbladder, however, inereases
with inerease in the carbon dioxide tension of the water.
It iz noteworthy that points which are out of line in Fizure
VIB are also out of line in the same direction in Figure VIA.
This indicates that the rate of exchange of carbon dioxide
is related to the rate of exchange of oxygen, a fact which is
apparcent also when the values for rate of entrance of carbon
dioxide are compared with values of rate of disappearance of
oxygen (Fig. VI). All experiments (Fig. II, Tables 3 and 4)
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indicate that the oxygen in the swimbladder is determined to
a greater extent by the requirements of the fish than by the
tension of oxygen in the water. When the carbon dioxide in
the water is high, the necessity for using oxygen in the swim-

TABLE 6

AVERAGE DIFFERENCE IN MM O3 IN WATER AND IN SWIMBLADDER
Per Untr Tmime (Hour) at 20°C. axp 10°C.

mm COQO, (average) at 20°C.| 3.8 98 147 185
Average initial O; in water

(mm.y. . ... .. 153.0 ¢ 124.0 120.0 109.¢
Average final O, m water, '

(mm.) . . R I 1 55.0 60.0 97.0
A mm. O, in water. ... 10L.0| 69.0 60.0 12.0
Average weight in gm ...... 7.0 4.9 3.1 3.2
Average time in bottle (hours) 2.8 2.15 3.83 1.9
A mm. Qzin water per gram

perhour................ 5.1 6.5 5.0 2.0
Average initial mm. 0O, in

swimbladder........ .. ... 116.0 | 116.0 116.0 116.0
Average final mm. 0; in

swimbladder. ... ... ... .. 57.0 39.0 27.0 6.0
A mm. 0;in swimbladder. 59.0 77.0 89.0 ¢+ 110.0
A mm. Q;in smmb]a.dder per] j

gram per hour. . 3.0 7.4 7.1 18.1
mm CO, (average) at 10°C.| 3 90 109 | 139 | 162 ! 181
Average initial O, in water

(111110 R 154.0f 135.0| 123.0] 124.0] 122.0:109.0
Average final O, in water

{mm.).. : coo..| 79.00 111.0 80.0| 8%.0/ 108.0(109.0
A mm, Ozm water. ...| 76.0 24.0/ 43.0 35.00 14.0 0.0
Average welght in gms 56 3.1 3.2 29 28 33
Average time in bottle

{hours) . o 3.9 3.4 4.6 3.6 25 085
A mm. Oyin Wa.ter per gra.m

per hour. . 3.4 23 2.9 3.4 20 00
Average initial mm. 02 in

swimbladder............ 105.0( 105.0 105.0| 105.0; 105.0|105.0
Average final mm. O, in

swimbladder............ 77.0| 35.0; 42.0| 47.0¢ 34.0{ 30.0
A mm. O;in swimbladder. .| 28.0| 70.0{ 63.0] 58.0| 71.0] 75.0
A mm, Q;in swimbladder

per gram per hour. . ... .. 1.3 6.6 4.3 5.5 101 26.8
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bladder early in the experiment becomes great and the lost
oxygen is replaced by carbon dioxide.

The ability of the mudminnow to use oxygen from the
swimbladder even when oxygen uptake at the gills is inhibited
by the earbon dioxide tension of the water may be accounted
for by the fact that the carbon dioxide in the swimbladder
had not increased enough to inhibit oxygen uptake there.
Even in the first set of experiments where asphyxiation was
complete, the carbon dioxide in the swimbladder never exceeded
200 mm., the tension at which earbon dioxide begins o impair
the ability of the mudminnow to extract oxygen from the
water. At the highest carbon dioxide tensions the respiratory
movements were irregular and sometimes stopped completely
when the fish was first put into the bottle. It is conceivable
that the fish was drawing on the swimbladder oxygen at such
times.

3. Use of swimbladder oxygen af various stages of asphya-
ialion.

By examining Tables 3 and 4 it is difficult to ascertain
exactly when, in the process of asphyxiation, the mudminnow
draws most heavily on the oxygen in the swimbladder, In
general, however, about half (or more) of the swimbladder
oxygen has been used within the first hour of the experiment
at both 10° and 20° when the fish is asphyxiated in the presence
of carbon dioxide (90 mm. to 185 mm.). Even though the
mudminnow 1s able, by gill respiration, to use all available
oxygen up to 150 mm. carbon dioxide in the wafer (10° fish
are more sensitive to carbon dioxide than 20° fish), respiration
of swimbladder oxygen at carbon dioxide tensions in the water
of 90 mm., or perhaps even less, indicates that the fish is
conscious of its abnormal environment. However, when the
fish is asphyxiated by lack of oxygen only, the oxygen in the
swimbladder remaing fairly high until the fish has lowered the
oxygen in the water to about 50 mm.
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Further analysis of the course of asphyxiation by dxygen
lack is afforded by comparing the CQ./0, ratio of the swim-
bladder gas of normal fish, derived from Table 1, with the same
ratio for fish in various stages of asphyxiation. This compari-
son is made in Table 7A. The quotient tends to be greater
when the oxygen tension in the water is very low, a result
caused mainly by & decreage in oxygen in thz swimbladder.

TABLE 7A

Tae CQ./0; RaTio oF THE SWIMBLADDER (Gas oF THE MUDMINNOW
Unper NorMaL CoxpiTioNs aNp DuURriNG ASPHYXIATION
BY LACK oF OXYGEN

Average Normal CO,/0; Ratio

L 0.053
19°C. o = v e v 55w soitig 0.120
20°C s = s s 4 3 0.061
Individual Ratios for Flsh at Dacraasmq Oxygen Tensions
Oxygen Tension Swimbladder Gas
of the Water C0,/0. Ratio
mm.
200G« s o o s e 136. 0.141
59. 0.122
28. 0.109
24. 0.184
16. 0.364
10°0. . ... ... 138. 0.128
123. 0.057
116. 0.107
87. 0.027
75. 0.109
31. 0.230
27. 0.175

There is, however, no gradual deerease in the ratio with de-
crease in oxygen tension of the water. This situation indicates
that the use of oxygen from the swimbladder of the mudminnow
is governed largely by the requirements of the fish, rather than
the oxygen tension of the water.

C0,/0; quotients for fish asphyxiated in the presence of
carbon dioxide also increase at the lowest oxygen tensions in
the few experiments at 20° C. At 10° C., however, there is
little correlation between the ratio and the oxygen tensipn
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of the water although the highest quotients are at medium
or low oxygen tensions. In Table 7B the ratios for the average
carbon dioxide and oxygen tensions in the swimbladder are
recorded for each group of carbon dioxide tensions. The higher
quotients at 20° C. are a result of both greater carbon dioxide
-and lower oxygen in the swimbladder, indicating a faster rate
of exchange at the higher temperature.

TABLE 7B

THE C02/0: RaTIO OF THE SWIMBLADDER (Gas CALCULATED FROM THE
AVERAGE PrREssURES FOR EacH GroUP oF CarBoN Dioxinpe
TeNsIONS (TABLES 3 AND 4).

3.4' 90 ' 98 IIOQ 139‘147|162'1811185

Average mm, CO, in H;O

200C.. .. ... ... 0006 12.25 || BB 5
WC.. ..ol ..0.09|1.74)....11.671.64| .. .|2.56/1.53(. ...
SUMMARY

Mudminnows were completely asphyxiated in sealed
bottles of water, cach containing a known tension of carbon
dioxide and at least 100 mm. of oxygen. After all respiratory
movements of the fish had ceased the water in the bottle and
gas in the swimbladder were analyzed for carbon dioxide and
oxygen. The ability of the fish to use the oxygen in the water
was not impaired by carbon dioxide at 19° C. until over 200
mm. were present in the water. In these experiments praec-
tically all the oxygen disappears from the swimbladder even
when the carbon dioxide prevents complete utilization of the
oxygen in the water. The carbon dioxide in the swimbladde-
increases during the experiment and after asphyxiation is
approximately equal to the carbon dioxide fension in the water
at tensions below 200 mm.; above 200 mm. ecarbon dioxide
equilibration was not reached bhefore asphyxiation oceurred.

Another series of experiments was made in which the
hottles containing the fish were opened after different lengths
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of time but in all cases the fish was still alive. When the swim-
bladder gas cannot be renewed by gulping air, as was the
case in all experiments, oxygen consumption per unit weight
and time from the swimbladder constitutes an extremely
small portion of the total oxygen consumption but is grentest
at the highest carbon dicxide tensions, whereas oxygen con-
sumption from the water is least at the highest earbon dioxide
tensions. The rate of exchange of carbon dioxide and oxygen
inereased as the carbon dioxide in the water was inereased,
i.e. more carbon dioxide entered and more oxygen left the
swimbladder per unit time when the carbon dioxide tension
in the water was high. The CO,/0; ratio in the swimbladder
during asphyxiation with and without earbon dioxide tends
to be greater than the normal ratio as a result of increase
in earbon dioxide and loss of oxygen.

These experiments give evidenece of the facility of gas
exchange which makes the swimbladder of the mudminnow
a valuable supplementary organ for respiration.
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