
the velocity of the stapes in the normal 
animal; or, to be more precise, that it 
is proportional to the displacement of 
the basilar membrane, which is propor- 
tional to the pressure at the oval win- 
dow, which is, in turn, proportional to 
the velocity of the stapes. The time dif- 
ference between the square waves in 
the first and third turns reflect the 
traveling-wave delay between these two 
points. In normal cochleas the CM re- 
flects the output of the outer hair cells. 
Thus the output of the outer hair cells 
is proportional to the displacement of 
the basilar membrane, as we proposed 
earlier in this report. 

In Fig. 2b are microphonic record- 
ings from a cochlea of a kanamycin- 
treated animal. At the third turn- 
where both types of hair cell were in 
acceptable condition (Fig. 1)-the re- 
cording was a square wave having the 
appropriate time delay of approximately 
0.9 msec relative to the stimulus peaks. 
This response is virtually indistinguish- 
able from that in the normal cochlea. In 
contrast, the electrode pair at the first 
turn registered a pulse coincident with 
the peaks of the stimulus, and every 
second pulse was of opposite polarity. 
The additional, later peaks are uncan- 
celed remote CM from the intact por- 
tions of the cochlea and are of no sig- 
nificance for our purposes (17). When 
the responses from the normal and 
kanamycin-damaged first turns are com- 
pared, then the latter appears approxi- 
mately proportional to the derivative of 
the former. Thus, inner hair cells pro- 
duce a CM that is proportional to the 
rate of change of basilar membrane dis- 

placement, this in accord with our 
above-mentioned suggestions (18). 

In summary, comparison of CM out- 
put from inner and outer hair cells of 
the mammalian cochlea reveals that the 
two groups of hair cells possess differ- 
ent dynamic properties. The primary 
response of the outer hair cells is pro- 
portional to the displacement of the 
basilar membrane, and that of the inner 
hair cells is proportional to the velocity 
of the basilar membrane. The cause of 
these differences can be found in the 
relation between cilia and the tectorial 
membrane for the two groups. Appar- 
ently, the cilium of the inner hair cell 
is freestanding, and thus its stimulus is 
derived from viscous fluid drag; but 
some cilia of outer hair cells are at- 
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the presence of chloride ions, are not 
very effective contraceptively (2). 

The possibility that systemic toxicity 
may result from copper absorbed 
through the uterine mucosa must be 
considered in view of reports which in- 
dicate that 20 to 25 mg of copper are 
removed from these devices per year 
(3). To investigate this possibility, we 
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inserted radioactively labeled copper 
wire (4) into the uteri of rats and mea- 
sured the concentratiton of the isotope 
in various organs as a function of time. 

Adult Holtzman-strain rats weighing 
200 to 230 g were placed under intra- 
peritoneal barbital anesthesia. The uter- 
us was exposed via a small midline, 
ventral incision under sterile conditions, 
and a copper wire was inserted in the 
left horn as described by Chang, Ta- 
tum, and Kind (2). In experiments 1 
to 3, the animals were allowed 7 to 10 
days to recover from surgery and were 
then mated. The day a vaginal plug was 
found was considered to be the first 
day of pregnancy. The animals were 
killed on the 9th or 15th day of gesta- 
tion and implantations, or embryonic 
resorptions, were counted. 

In experiment 1 we repeated the pro- 
cedures described by Chang, Tatum, 
and Kind (2). In agreement with their 
results, no implanted blastocysts were 
found in any of the uterine horns con- 
taining copper in 18 rats. 

In experiment 2, copper wire was 
coated with semipermeable collodion or 

impermeable enamel before intrauterine 
implantation. Table 1 shows that there 
were no pregnancies in the horn con- 
taining the collodion-coated copper 
wire, whereas enamel coating reduced, 
but did not eliminate, pregnancies. 

In experiment 3, 12 rats were given 
intraperitoneal injections of 0.6-ml por- 
tions of copper sulfate (1 mg of copper 
per milliliter) for 3 days, while a second 

group of 12 matched rats received 0.6- 
ml portions of a 0.9 percent solution of 
sodium chloride daily. All rats were 
then allowed to mate, and those that 
became pregnant (eight from each 
group) were injected for another 5 days. 
Twelve to 18 implants were observed in 
each of 16 rats, indicating that the in- 
jected copper had no contraceptive ef- 
fect. 

In experiments 4 and 5, about 1.5 
cm of 64Cu wire or 67Cu wire, respec- 
tively, were implanted into nonpreg- 
nant rats, which were then killed at in- 
tervals (Fig. 1). Our results, although 
preliminary, afford some insight into 
the mechanism by which copper-con- 
taining intrauterine devices act contra- 
ceptively and indicate that some of the 
metal is absorbed and transported from 
the uterus via the blood. 

Experiment 2 shows that the contra- 
ceptive effect of copper is due to copper 
ions, since it is abolished by coating the 
wire with impermeable enamel, but is 
not much diminished by a coating of 
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Table 1. Comparison of the effects of semi- 
permeable and impermeable coatings of 
copper wires on implants in the rat uterus; 
N, number of rats. The number of im- 
plants is given as the mean plus or minus 
the standard error. 

Number of implants 
Coating N Left Right 

horn horn 

Collodion 10 0 7.4 ? 0.3 
Enamel 8 4.8 - 0.5 7.8 ? 0.4 

collodion, which is permeable to copper 
ions. Furthermore, if a property of the 
wire, such as conductance, were the ef- 
fective contraceptive agent, the marked 
discrepancy in activity between copper 
and other metals (2) would hardly be 
expected. 

A small proportion of intrauterine 
metallic copper was consistently ab- 
sorbed and widely distributed through- 
out the rat within hours after implanta- 
tion. From 18.5 to 96 hours after 
insertion of a 64Cu wire, about 0.4 per- 
cent of the radionuclide was found in 
the serum, liver, kidneys, and broad 
ligaments (Fig. 1). The small amount 
of radioactivity found in the right (con- 
trol) horn probably represented that in 
the perfusing blood; the precise site of 
deposition of the larger amount in the 
left horn, after removal of the wire, was 
not determined. 

Experiment 5 was carried out with 
"7Cu since this has a fivefold longer 
half-life than 64Cu, which permitted us 
to make observations over a longer pe- 
riod. The results of the studies with 
4CCu were confirmed, and, in addition, 

measurements of radioactivity revealed 
no 67Cu present in the carcass. By 8 
days most of the plated 67Cu had prob- 
ably been removed. This may be the 
reason for the smaller amounts of 67Cu 
found in liver, kidneys, and uterus be- 
tween 120 and 192 hours. 

There are no data for humans from 
which we could estimate how much of 
the dissolved intrauterine copper wire 
is lost with uterine secretions or men- 
strual blood and how much, if any, is 
absorbed. Our results indicate that at 
least some of the copper dissolved may 
be absorbed into the systemic circula- 
tion and deposited in several organs. 
The amounts of copper used in the de- 
vices, 100 to 150 mg, are roughly equal 
to the total body content of this metal. 
Sufficient absorption could significantly 
increase the body content of copper, 
particularly if the devices are used for 
a decade or more, although it is unlikely 
that concentrations of copper approach- 
ing those seen in Wilson's disease will 
be reached in women without this dis- 
order of copper balance (5). Such nor- 
mal individuals maintain a zero copper 
balance even when they ingest amounts 
of dietary copper far in excess of the 
usual maximum daily intake of 5 mg. 
There is evidence, however, which sug- 
gests that parenterally absorbed copper 
may not be controlled by the genetically 
transmitted homeostatic mechanism. 
Thus, the hepatic concentration of cop- 
per almost doubled in a patient with 
chronic renal disease who was sub- 
jected to a 2-year period of hemodi- 
alysis in which copper-containing dial- 
ysis membranes were used (6). Since 

64Cu 

M Serum 
Liver 

Ei Kidney 
1E Left horn 
Cl Right horn 

9.9 

* m 

0 

0 

=3 

v 

0 .0 

Time after insertion (hours) 

Fig. 1. Total content of 6Cu and ;7Cu in serum and organs of rats at various 
times after the insertion of a radioactive-copper wire into the left uterine horn. The 
height of each bar indicates the mean content of radioactive copper. 
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copper-containing intrauterine devices 
are of such promise, it is imperative to 
extend studies of the fate of the 
copper before their use can be safely 
prescribed. Novel techniques will be 
required for these studies in human 
beings since, except possibly in rare 
instances, radioactive copper cannot 
be used, and the quantitative estimation 
of whether excess copper accumulation 
occurs in tissues requires chemical, not 
histochemical, analysis of serial biopsy 
samples (7). 
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Hemoglobin Adaptation for Fast and Slow Water 

Habitats in Sympatric Catostomid Fishes 

Abstract. The oxygen equilibria of Catostomus insignis hemoglobins are pH 
dependent. Catostomus clarkii hemoglobins have some components (20 percent) 
whose oxygen equilibria are independent of pH because the alpha chains have 
NH2-termini that are blocked and the beta chains lack the "usual" COOH- 
terminal histidine. Since the Bohr effect is normally a beneficial phenomenon, the 
maintenance of some hemoglobins without a Bohr effect must provide a physio- 
logical advantage that is habitat specific. The intrastream ecological preferences 
of these sympatric catostomids suggest that the hemoglobins without the Bohr 
effect confer an ecological advantage in a swift water habitat. 
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There are 70 species of fish from the 

family Catostomidae. Twenty species of 
one genus (Catostomus) inhabit the 
western montane regions of the United 
States; 14 of these species are members 
of the subgenus Catostomus, while six 

represent the subgenus Pantosteus (1). 
Fishes are distributed so that only one 

species of a subgenus inhabits a given 
geographical region (that is, allopatric), 
although each species of one subgenus 
is usually found living with a member 
of the other subgenus (that is, sym- 
patric) (1). 

360 

There are 70 species of fish from the 

family Catostomidae. Twenty species of 
one genus (Catostomus) inhabit the 
western montane regions of the United 
States; 14 of these species are members 
of the subgenus Catostomus, while six 

represent the subgenus Pantosteus (1). 
Fishes are distributed so that only one 

species of a subgenus inhabits a given 
geographical region (that is, allopatric), 
although each species of one subgenus 
is usually found living with a member 
of the other subgenus (that is, sym- 
patric) (1). 

360 

The subgenera Pantosteus and Catos- 
tomus can be distinguished from one 
another by the presence or absence, re- 
spectively, of cathodal components in 
the electrophoretic patterns of hemo- 
globins at pH 8.6 (2). I expected the 
characterization of the cathodal hemo- 
globins to be important in correlating 
structure and function of the hemo- 
globins with fish ecology. A representa- 
tive pair of sympatric species, Catosto- 
mus (subgenus Catostomus) insignis and 
Catostomius (subgenus Pantosteus) clar- 
kii, were collected and hemoglobins 
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were separated by ion-exchange chro- 
matography (see Fig. 1). Fractions were 
characterized by gel electrophoresis ac- 
cording to the method of Smithies (3, 
4). 

The molecular weights, which ranged 
from 66,300 to 68,600, of single chro- 
matographic components were deter- 
mined by sedimentation equilibrium (5). 
Hence, hemoglobins from either C. 
clarkii or C. insignis have approximately 
the same molecular weight, which cor- 
responds to the tetramer of mammalian 
hemoglobins. The electrophoretic band- 
ing multiplicity, therefore, cannot be at- 
tributed to polymerization through the 
formation of interchain disulfide bonds 
or to dissociation of subunits. 

The ability of hemoglobin to bind 
oxygen is usually modified by the pH 
of its microenvironment. Within physio- 
logical range, the hemoglobin's affinity 
for oxygen is directly proportional to 
pH. Consequently, oxygen affinity is 
higher at the lungs (or gills) and lower 
at the tissues (lactic and carbonic acids 
lower the tissue pH). The dependence of 
hemoglobin oxygen affinity on pH is 
known as the Bohr effect. 

Oxygen equilibria of chromatograph- 
ic components were performed by the 
method of Riggs and Wolbach (6). 
The anodal hemoglobin components 
from C. (subgen. P.) clarkii and C. 
(subgen. C.) insignis had slightly differ- 
ent oxygen equilibrium curves but all 
anodal components demonstrated sub- 
stantial sensitivity to pH changes (large 
Bohr effect). The cathodal components 
from C. clarkii, however, did not have 
a Bohr effect (see Fig. 1E). 

The NH protons in the imidazolium 
ring of COOH-terminal histidine in the 
P3 chains and NH2-termini of the a 
chains are known to be largely responsi- 
ble (75 percent) for the Bohr effect in 
mammalian hemoglobins (7-9). Con- 
sequently, the NH2-termini and COOH- 
termini of the hemoglobin components 
were examined for each of the species. 

The a and f chains of the anodal 
components, fractionated by a method 
similar to that of Clegg et al. (10), 
from both species and the globins of 
the cathodal components from C. clarkii 
(11) were subjected to NH2-terminal 
analysis by a modification of Edman's 
phenylisothiocyanate procedure (12). 
The phenylthiohydantoins of the amino 
acids were identified either by the meth- 
ods of Jeppsson and Sjorquist (13) or 
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