
Trace amounts of amino sugar were 
present in all the samples. In the fossil 
oolites, the nonprotein amino acid al- 
loisoleucine was present. The ratio of 
alloisoleucine to isoleucine is about 0.05 
which is approximately the same ratio as 
found in fossil shells of comparable age 
(8). 

The Great Salt Lake oolites were 
serially dissolved to sample the outer 
and inner portions of the organic 
matrix. No significant differences in 
composition were detected. The second 
acid treatment of Great Salt Lake 
oolites exposed some nuclei, but they 
were composed entirely of mineral 
grains, mainly quartz. 

In addition to natural oolites, arti- 
ficial oolites, obtained from a water- 
processing plant in Homestead, Florida, 
were analyzed. In cross section they do 
not exhibit the concentric pattern of 
natural oolites and they do not contain 
any amino acids at the 10-10 mole level, 
either free or combined. Only natural 
oolites, therefore, appear to contain a 
proteinaceous matrix. 

Several attempts have been made to 
grow oolites in the laboratory under a 
variety of conditions (9). Evaporation of 
seawater, addition of excess carbonate, 
and bacterial cultures caused precipita- 
tion of CaCOa. These precipitates, how- 
ever, did not resemble natural oolites. 
Bacteria have also served as nuclei for 
precipitation of CaCO3 by concentrating 
calcium ions on their cell surface (10). 
There is no evidence that natural oolites 
formed in this manner. 

Most of the organic matrix in oolites 
consists of uncharacterized organic 
matter which appears to be distributed 
throughout the carbonate phase. Most 
investigators, whether supporting a 
physicochemical or biochemical origin, 
consider the matrix to be an algal 
product (4, 5), probably a cellular secre- 
tion which forms a coating on the oolite 
grain or nucleus. The presence of cal- 
careous algae as one of the very few 
proliferating organisms, and the only 
carbonate-precipitating organism, in the 
Great Salt Lake supports the view that 
algae are the source of the organic 
matter in oolites. Proponents of an in- 
organic origin consider this organic 
matter to be simply occluded or trapped 
in the growing oolite (11). As Chave 
(2) has noted, organic coatings on 
mineral grains may be a common oc- 
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CaCO3. Molluscan shells, bones, and 
other biological hard parts contain pro- 
tein as the substrate upon which the 
inorganic phase is formed (12). The 
organic matrix in these biochemical 
systems causes formation of the mineral 
either by concentrating the appropriate 
ions on charged sites on the protein or 
by providing a set of specific templates 
upon which the mineral nucleates. It 
has been suggested that the acidic amino 
acids in the protein of mineralized 
tissues are important in concentrating 
calcium because of their polar side 
groups (12). 

Artificial oolites, formed by physico- 
chemical precipitation, do not have an 
organic matrix. The presence in natural 
oolites of a proteinaceous matrix with a 
high concentration of acidic amino acids 
strongly suggests that the organic matter 
may influence the precipitation of 
CaCO3 by concentrating calcium ions 
and it may be a prerequisite to natural 
oolite formation. Calcareous algae are 
a possible source of the protein. Natural 
oolites do not appear to form simply as 
physicochemical precipitates. 
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Southwest Center for Advanced Studies, 
Dallas, Texas 75230 

CaCO3. Molluscan shells, bones, and 
other biological hard parts contain pro- 
tein as the substrate upon which the 
inorganic phase is formed (12). The 
organic matrix in these biochemical 
systems causes formation of the mineral 
either by concentrating the appropriate 
ions on charged sites on the protein or 
by providing a set of specific templates 
upon which the mineral nucleates. It 
has been suggested that the acidic amino 
acids in the protein of mineralized 
tissues are important in concentrating 
calcium because of their polar side 
groups (12). 

Artificial oolites, formed by physico- 
chemical precipitation, do not have an 
organic matrix. The presence in natural 
oolites of a proteinaceous matrix with a 
high concentration of acidic amino acids 
strongly suggests that the organic matter 
may influence the precipitation of 
CaCO3 by concentrating calcium ions 
and it may be a prerequisite to natural 
oolite formation. Calcareous algae are 
a possible source of the protein. Natural 
oolites do not appear to form simply as 
physicochemical precipitates. 

RICHARD M. MITTERER 
Geosciences Division, 
Southwest Center for Advanced Studies, 
Dallas, Texas 75230 

Exact location of functional periph- 
eral chemoreceptors that influence res- 
piration in the bird is unknown despite 
the presence of tissue that appears to be 
similar to that in the mammalian 
carotid body (1). Chickens are, how- 
ever, acutely sensitive to changes in 
ventilatory CO2 (2), which suggests the 
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presence of C02-sensitive chemorecep- 
tive tissue. Furthermore, speed of the 
response suggests that the receptor site 
may be near or in the lungs. We, there- 
fore, attempted to locate the rapidly 
responding CO2-sensitive receptors. 

Mature, male, White Leghorn chick- 
ens, secured in dorsal recumbency, were 
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Table 1. Respiratory response to rapid reduction of Pco% in the respiratory system. The re- 
sponse time is a measure of the time between entry of CO2-free gas into the trachea and the 
first indication of an alteration in sternal movements. 

Conditions Response time Birds Trials 
(sec) (No.) (No.) 

Control 0.50 z? 0.20* 34 276 
Extracorporeal loops in brachiocephalic arteries 0.58 ? 0.22 6 127 
Extracorporeal loops in aorta 0.52 - 0.22 3 18 
Lung circulation occluded 0.64 ? 0.22 10 27 
Bronchi cannulated at lung hilus 0.47 ? 0.13 2 17 
Unilateral thoracic vagotomy 0.78 ? 0.32 15 51 
Bilateral thoracic vagotomy 4.5 ? 1.3 15 71 

* Mean ? standard deviation. 
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Receptors Sensitive to Carbon Dioxide in Lungs of Chicken 

Abstract. Receptors responsive to the removal of carbon dioxide from ventila- 
tory gas were demonstrated in the lungs of the chicken. Apnea was induced in 
0.64 second after rapid lowering of respired carbon dioxide in the absence of 
blood flow through the lungs. Afjerent impulses from the receptors are con- 
-ducted centrally in the vagi. 
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anesthetized with sodium pentobarbital. 
Thoracic and abdominal cavities were 
exposed midventrally, and unidirec- 
tional, artificial respiration was begun 
with 94 percent air and 6 percent CO2. 
The unidirectional respirator and water- 
spray humidifier were described pre- 
viously (3). 

Carbon dioxide was added to the gas 
stream at the tracheal cannula. The 
respiratory gas entered the trachea as 
a steady stream, passed through the 
lungs, and exited to the atmosphere via 
the ruptured air sacs. This ventilating 
procedure allowed the bird to alter its 
respiratory movements without altering 
the gas flow through the lungs. Because 
of the unique structure of the avian 
respiratory system, there is essentially 
no anatomical dead space with this 
ventilating procedure. Thus, the prepa- 
ration afforded control of CO2 tension 
(Pco2) at gas exchange surfaces of the 
lungs and, hence, complete regulation 
of blood Pco2 (4), Five to six percent 
CO2 was added to the ventilating gas to 
produce normal blood Pco2 levels and, 
hence, normal respiratory rate and 
amplitude. The rate of gas flow used 
was 4000 ml/min, approximately seven 
times normal minute volume (5). The 
increased flow insured that endogenous 
CO2 would not appreciably alter the 
CO( content in the air passageways of 
the lungs. 

Flow of CO2 was stopped suddenly 
by closing a solenoid valve in the CO2 
line, which deflected the time line of 
the recorder. Due to the residual volume 
of the tracheal cannula (7 ml) beyond 
the point where CO2 entered the gas 
stream, gas free of CO2 was delayed 
from reaching the lungs by about 0.11 
second after the CO2 line was closed, so 
this time was subtracted from the res- 
piratory response times observed after 
the solenoid valve closed. 

Respiratory response to the removal 
of CO2 was measured from changes in 
sternal movements with a strain gauge 
attached to the tip of the sternum (6). 
Time between CO2 removal and begin- 
ning of the response, defined as the 
point on the respiratory curve where 
the slope was unmistakably altered 
from its normal pattern, was taken as an 
indication of the rapidity with which 
the bird sensed and responded to the 
changed stimulus. Blood pressure was 
recorded from the right sciatic artery. 

When CO, was abruptly removed 
from the ventilatory gas mixture, apnea 
began within 0.50 second (Fig. IA and 
Table 1). When CO2 was returned to 
the ventilatory gas, respiratory response 

150) 

was delayed, and the return to 
respiratory amplitude was 
Blood pressure showed a trans 
within 5 seconds after removal 
(7). 

Circulation time in the chic 
been estimated as 2.8 secon 
suggesting blood flow might 
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Fig. 1. Respiratory responses to el 
of C02 from ventilatory gas and 
sion of pulmonary blood flow. Tog 
each record represents respirato 
ments (inspiration up, expiratior 
middle trace is blood pressure; a 
trace is time line in seconds. (A) 
response to C02 elimination. A 
was removed from the ventilator 
C02 was restored to the ventila 
and c, the respiratory response be 
Control response to brief occlusi 
pulmonary vessels. The right p 
vessels were ligated. At o, the 
monary artery and vein were 
and at r, the occlusion was remo 
Response to elimination of C02 
respiratory gas following occlusic 
monary circulation. Symbols are 
as in parts A and B. (D) Res 
elimination of C02 from the v 
gas after bilateral thoracic vagoto 
bols are the same as in part A. In 
the response occurred in 5.9 secc 
CO2-free gas reached the trachea. 

normal enough to enable blood deficient in CO2 
gradual, to reach extrapulmonary chemorecep- 
ient rise tors and account for the rapid response. 
of CO2 To test this idea, we inserted extra- 

corporeal loops of tubing (Clay Adams 
:ken has P.E. 320, 1.6 m in length) into both 
Ids (8), brachiocephalic arteries to effectively 
be fast delay circulation time to all cranial 

structures by from 4.5 to 13.5 seconds. 
If the receptors in question were located 
cranial to the brachiocephalic arteries, 
in the region of the proposed carotid 
bodies, and if they were stimulated by 
chemical changes in the blood, the 
respiratory response to removal of CO2 
should be delayed the same as the in- 
creased circulation time. Placing such 
a delay circuit in the arterial system at 
that location did not retard respiratory 
response to abrupt removal of ventila- 
tory CO2 (Table 1). The respiratory 
response was therefore not caused by 
stimulation of structures cranial to the 
brachiocephalic arteries. 

B[l~iu To determine if the receptors might 
be in the circulatory system caudal to 
the heart, we placed an extracorporeal 
loop in the aortic arch which increased 
circulation time to caudal structures by 
2.5 to 6 seconds. Rapid respiratory re- 
sponse to abrupt elimination of CO2 
was still unaffected (Table 1). These 

dgtl[[I two experiments indicated that the 
response was being mediated by chemo- 
sensitive tissue located somewhere be- 
tween the trachea and the vessels cranial 
and caudal to the heart. 

A more precise localization was 
accomplished by determining the respi- 
ratory response time to removal of 
ventilatory CO2 after temporary, com- 
plete occlusion of the pulmonary arte- 
ries and veins of both lungs. Two meth- 
ods were used to occlude the vessels. 

imination (i) Strings were looped around each 
pulmonary artery and vein, and tension to occlu- 

p trace in was exerted until the decrease in blood 
ry move- pressure indicated complete vascular 
n down); occlusion. This had very little effect on 
ind lower respiratory movements for several respi- 
) Control 
at COr ratory cycles in many birds. In other 
ry gas; b, birds, however, the procedure induced 
itory gas; apnea. (ii) The vessels of the right lung 
,gan. (B) were ligated and the circulation to the 

ulmonoary left lung was temporarily occluded with 
left publ hemostats. This only slightly reduced 

occluded, respiratory amplitude (Fig. IB), which 
ved. (C) usually increased shortly after the occlu- 
from the son 
)n of pul sion 
the same After establishing that transient pre- 
sponse to vention of entry and exit of blood from 
entilatory the lung did not markedly alter respi- 
Mthiy s ratory movements, we abruptly removed i this case 
nds after ventilatory C02 2 to 4 seconds after 

vascular occlusion. This caused rapid 
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apnea (Fig. 1C and Table 1). When 
6 percent CO2 was returned to the res- 
piratory gas mixture before pulmonary 
blood flow was reestablished, respiratory 
movements began to return to the nor- 
mal cyclic pattern. These results indi- 
cated that the receptors sensitive to CO2 
were either in the air passageways below 
the tracheal cannula or in the lungs. 

We eliminated the possibility that the 
receptors were in the extrapulmonary 
air passageways by cannulating the 
bronchi at their points of entry into the 
lungs, thereby eliminating the trachea 
and extrapulmonary bronchi from the 
ventilating gas stream. After this, re- 
sponse to CO2 change remained rapid 
(Table 1), indicating that the receptors 
were not in the extrapulmonary air 
passageways. It thus appears likely that 
the receptors are in the lungs. 

The nerve supply to the C02-sensitive 
receptors was also investigated. Unilat- 
eral thoracic vagotomy on either the 
right or left side at the point of bifurca- 
tion of the recurrent nerve only slightly 
delayed rapid respiratory response time 
to removal of CO2 from the ventilating 
gas (Table 1). Bilateral vagotomy at 
the same level, however, markedly de- 
layed the response time (Fig. 1D and 
Table 1). 

In these tests, the vagi were sectioned 
well below the carotid bodies so their 
nerve supply supposedly remained in- 
tact. Elimination of the rapid response 
to CO2 removal after bilateral vagotomy 
indicates that these nerves contain 
afferent fibers that innervate the CO2- 
sensitive receptors in the lungs. That 
apnea is greatly delayed, but not elimi- 
nated, by bilateral vagotomy suggests 
additional CO2-sensitive areas in the 
chicken. 

Our results support recent evidence 
that respiratory amplitude greatly in- 
creases after administering 15 percent 
CO2 to the separately ventilated, vascu- 
larly isolated left lung of the chicken 
(9). Receptors located in the lungs of 
mammals are sensitive to veratridine 
and associated alkaloids but have been 
identified as stretch receptors (10). 
These receptors are not sensitive to 
changes in carbon dioxide or oxygen 
tensions in blood (11). Attempts to 
establish the existence of stretch recep- 
tors in lungs of the chicken have so far 
been unsuccessful (12). 
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Recent studies of thirst have pro- 
vided substantial evidence for two 
components of regulatory drinking, or 
drinking related directly to body-water 
deficits. This may be contrasted with 
nonregulatory drinking which is in- 
dependent of an animal's hydrational 
state, for example, prandial drinking, 
schedule-induced drinking, and some 
aspects of solution drinking (1). One 
component of regulatory drinking is 
cellular dehydration. The other is ex- 
tracellular hypovolemia or a reduction 
in serum volume (2). These compo- 
nents operate independently and when 
activated simultaneously produce a 
simple additive effect (3). 

This independence makes it unlikely 
that regulatory drinking is subserved 
by a single neuroanatomical substrate. 
There may be a neural system for each 
component. This report shows an ana- 
tomical separation of these systems 
in the rat and it demonstrates that the 
integrity of the frontal pole area (4) is 
necessary for precise control of drink- 
ing induced by cellular dehydration but 
not for drinking produced by a reduc- 
tion of serum volume. 

Fourteen adult female Sherman al- 
bino rats, seven of which had their 
frontal poles bilaterally ablated by sub- 
dural suction (4), served as subjects in 
these experiments. The operated rats 
were not tested for at least 2 weeks 
after surgery; at test time their body 
weights and food and water intakes 
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did not differ from normals. All rats 
were maintained with free access to 
Purina lab pellets and distilled water 
except for the hour before testing (when 
the pellets were removed in an attempt 
to insure water balance at the inception 
of the experiment) and during the 
test period. 

Cellular dehydration was produced 
by an intraperitoneal injection of 1M 
NaCl (2 percent of body weight). Dis- 
tilled water was available immediately 
and the amount drunk was measured 
at half-hour intervals for the ensuing 
6 hours. 

The course of drinking in response 
to cellular dehydration is presented in 
Fig. 1. All of the normal rats responded 
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Fig. 1. Mean half-hourly water intake 
(ml/100 g of body weight) for normal rats 
and rats with removal of frontal cortex and 
subcortical tissue. Cumulative intakes 
(? 1 S.E.) are shown at the right. 
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Separation of Cellular from Extracellular Controls of 

Drinking in Rats by Frontal Brain Damage 

Abstract. Rats that had undergone removal of the frontal portion of the brain, 
including the olfactory bulbs, did not drink, or drank less than controls, when 

subjected to cellular dehydration. These same animals drank normally in response 
to extracellular volume reduction. Rats from which only the olfactory bulbs had 
been removed drank normally in both tests. An essential part of the neurological 
system mediating drinking produced by cellular dehydration, but not by volume 
reduction, therefore lies within the frontal cortex or immediate subcortical tissue. 
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