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Since the introduction of ventriculo-cisternal 
perfusion with inulin-containing buffer as a 
technique to measure cerebrospinal fluid 
(CSF) production rates(1) it has become 
possible accurately to determine the effect of 
various drugs and metabolic manipulations on 
CSF formation rate. Using this technique we 
have previously reported on the effects of 
parenteral carbonic anhydrase inhibitors and 
parenteral and intrathecal cardiac glycosides 
on this rate( 2 ) .  In the dog, carbonic anhy- 
drase inhibitors were found to decrease CSF 
formation rate by 40-580%, whereas ouabain 
had no effect(2). In the cat, however, a sig- 
nificant decrease of CSF production was noted 
with intrathecal ouabain ( 3 ) .  To investigate 
further the factors that control CSF produc- 
tion rates the effects of metabolic acidosis and 
alkalosis, and respiratory acidosis and alkalo- 
sis on CSF production were studied in dogs. 

Methods. Mongrel dogs weighing from 8- 
14 kg were lightly anesthetized with intra- 
venous pentobarbital. Their heads were fixed 
in a stereotaxic apparatus, and a 22-gauge 
needle was introduced into the right lateral 
ventricle. A 19-gauge needle was placed into 
the cisterna magna. Ventriculo-cisternal per- 
fusion was then begun with a buffer" contain- 
ing inulin-C14, 1 pc/lOO ml. Perfusion rates 

* NaCl- 123.5 meq/l ; KCI - 3 meq/l CaCI, - 1.3 
meq/l; MgCI, - .8 meq/l; NaHC03 - 25 meq/l; 
NaH2P04 - .$ rneqJl; Na,HPO, - .5 meq/l. 

- 1  

were kept constant for each experiment a t  
0.1 23 ml/minute. CSF production rates were 
calculated by the following formula: produc- 
tion = r (Ci-Co)/Co, where Ci and C, refer 
to inulin concentration in the inflow and the 
outflow and r refers to the inflow rate in ml/ 
minute. I t  can thus be seen that CSF forma- 
tion rates were calculated as a factor of the 
dilution of inulin as it passes from the lateral 
ventricle to the cistern. Studies of Pappen- 
heimer and Halsey( 1) and of Rall at al. (4) 
have shown that less than 1% of such per- 
fused inulin passes either into the blood or 
the extracellular space of brain. Therefore, 
the assumption is valid that the dilution of 
inulin occurring as i t  passes through the ven- 
tricular system is due almost exclusively to 
newly formed CSF. This method allows for 
relatively exact determination of CSF produc- 
tion rates and is independent of brain vascu- 
lar volume. 

Metabolic acidosis was produced by intra- 
venous infusion of 0.1-0.3 N HC1 a t  a rate of 
3-5 meq/kg/hr. Metabolic alkalosis was 
caused by intravenous 0.5 N NaHC03 infused 
at a rate of about 5 meq/kg/hr. The dogs 
were put into respiratory acidosis by allowing 
them to breathe a 5-10% C02/oxygen mix- 
ture. A Jefferson ventilator was used to hy- 
perventilate the dogs with air to produce re- 
spiratory alkalosis. Each experiment consisted 
of a 2-hour control period followed by a 4-5 
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TABLE I. Blood Acid-Base Changes and CSF Production Rates During Metabolic and Respiratory 
Acidosis. 

r Blood \ 

Dog Control Exp Acet Control Exp Acet Control Exp Acet Control Exp Acet 
CSF production, ml/min PH GO2, rnM pco,, mmHg 

Metabolic 
324 .066 ,053 .044 7.39 7.19 7.14 
326 .047 .054 .020 7.36 7.26 7.19 
330 .063 .040 .033 7.55 7.42 7.24 
337 .047 .048 .040 7.38 7.34 7.27 
346 .064 .058 7.42 7.13 
362 .076 ,073 7.38 7.31 
377 -058 .056 7.37 7.29 
369 .037 ,031 7.42 7.38 

Respiratory 
334 .080 .065 7.47 7.23 
336 .056 .071 7.42 7.25 

27.7 19.2 22.5 
24.6 15.9 17.5 
21.0 14.6 16.1 
26.0 19.2 19.1 
23.0 16.8 
25.0 15.0 
25.0 14.0 
28.5 13.4 

27.4 28.7 
27.9 32.6 

45 49 6 4  
43  36 45  
26 23 40 
42  35 42 
35 54 
44 31 
44 33 
45 23 

41 74 
46 78 

All values are avg of Control periods lasted 2 hr, experimental 
periods 4-5 hr. Acetazolamide was given, in doses of 50 mg/kg 2 hr after the end of control period. 

E x p  refers to periods of acidosis, while Acet refers to periods of acidosis and acetazolamide effect. 

hr periods for each expsriment. 

hour period of each metabolic alteration. In  
some of the dogs, 50 mgJkg acetazolamide 
was given intravenously 2 hours after initia- 
tion of acid-base alteration. 

During each experiment blood pH was de- 
termined at  hourly intervals with a Beckman 
expanded scale pH meter on heparinized ar- 
terial blood collected under oil. Total plasma 
C02 was obtained at the same time on plasma 
that had been immediately separated by cen- 
trifugation under oil. A Natelson Micro- 
gasometer was used to determine total C02. 
Plasma C02 tensions were read from a nomo- 
gram based on the Henderson-Hasselbalch 
equation. 

Results. Acidosis: Eight dogs received in- 
travenous infusion of 01.15-0.3 N HC1 after a 
2-hour control period. In  some of the dogs a 
moderate increase in CSF production was 
noted, while a decrease occurred in others 
(Table I). The net rseult was no significant 
change in CSF formation rate during meta- 
bolic acidosis. Four dogs, while in metabolic 
acidosis, received 50 mg/kg acetazolamide in- 
travenously. In  all 4 dogs a decrease in CSF 
production, averaging 3 1 "/o from production 
rates during acidosis alone, was noted (Table 
1). 

A 5101% CO2/oxygen mixture was inhaled 
by 7 dogs. In 2 of these dogs blood pH and 
total C02 were determined, while in the other 
5, done in the same manner, these values were 
not obtained. There was no consistent change 

in CSF production rates in the 2 dogs shown 
in Table I. The 5 other dogs had control CSF 
formation rates of 0.053 t 0.003 ml/minute,t 
while the rate during respiratory acidosis was 
0.58 t 0.004 ml/minute. Thus, here too, no 
significant change in CSF production occurred. 

Alkalosis: Six dogs were made alkalotic by 
infusion of 0.5 N NaHC03 after a 2-hour con- 
trol period. A consistent decrease in CSF 
production rate averaging 23 % occurred 
(Table 11). Three dogs, while alkalotic, re- 
ceived 501 mg/kg acetazolamide intravenously. 
A 45% decrease in CSF production as com- 
pared to the rate during alkalosis alone oc- 
curred (Table 11). In 6 dogs significant re- 
spiratory alkalosis was produced by hyper- 
ventilation. CSF production consistently de- 
creased an average of 46% (Table 11). Two 
dogs received intravenous acetazolamide, 50 
mgJkg, while their respiratory alkalosis was 
maintained. Again, a 62% decrease in CSF 
production occurred as compared to produc- 
tion during alkalosis alone (Table 11). This 
represents an overall decrease of 74.7% from 
control production. 

A summary of the effects of acid-base al- 
terations on CSF production is seen in Table 
111. 

Discussion. It appears that alteration of 
body acid-base balance in the dog has a defi- 
nite effect on rate of formation of CSF. Dur- 
ing metabolic and respiratory acidosis no 

t Data express -+ one standard error of mean. 
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TABLE 11. Blood Acid-Base Changes and CSF Production Rates During Metabolic and Respiratory 

r Blood 3 

Dog Control Exp Acet Control Exp Acet Control Exp Acet Control Exp Acet 

Alkalosis. 

CSF production, ml/min PR GO,, mM pco,, mmHg 

Metabolic 
327 .051 .036 .016 
328 .076 .071 .039 
331 .063 .047 .029 
354 .043 .031 
364 .040 .036 
383 .046 -029 

Respiratory 
536 .051 .024 .004 
538 .049 .034 .021 
535 .071 .036 
534 .063 .045 
530 .055 .022 
529 .053 ,024 

7.28 7.47 7.42 
7.49 7.52 7.44 
7.42 7.57 7.62 
7.42 7.62 
7.42 7.60 
7.39 7.53 

7.42 7.77 7.47 
7.41 7.78 7.52 
7.44 7.65 
7.40 7.53 
7.42 7.71 
7.46 7.82 

24.7 36.7 33.6 
24.4 28.8 26.3 
23.6 33.1 34.3 
24.0 39.8 
26.1 36.4 
22.0 35.6 

26.2 15.9 19.7 
25.4 12.8 18.4 
20.9 13.2 
18.2 8.3 
16.8 11.4 
21.0 12.8 

51 52 53 
34 36 39 
38 39 35 
38 40 
40 38 
35 43 

44 11 29 
44 10 24 
33 13  
32 9 
28 9 
32 8 

All values are avg of yl hr periods for each experiment. Control periods lasted 2 hr, experimental 
periods 4-5 hr. Acetazolamide was given, in doses of 50 mg/kg 2 hr after the end of control period. 

E i p  refers to  periods of alkalosis, while Acet refers to periods of alkalosis and acetazolamide effect. 

significant change in this rate occurred, where- 
as moderate decreases in CSF production 
were noted during metabolic alkalosis, and 
greater decreases during respiratory alkalosis. 

To attempt to explain these results one 
might first consider the mechanism of CSF 
production. It is generally agreed that CSF 
is a secretory product of the choroid plexus. 
The best evidence for this was probably pre- 
sented by de Rougemont et al. (5)  who devised 
a technique for collecting fluid directly as it 
leaves the choroid plexus. They found that 
the electrolyte concentration of such CSF as 
well as fluid collected further along its course 
of circulation could only be explained on the 
basis of active secretion. The factors con- 
trolling this secretion are unclear. Several 

TABLE 111. Summary of the Effects of 

authors have shown (2,6,7) that carbonic an- 
hydrase inhibitors such as acetazolamide de- 
crease the rate of formation of CSF. Quan- 
titation of this effect, however, has shown that 
a t  presumably maximal inhibition of tissue 
carbonic anhydrase only a 50% decrease in 
CSF production occurs. Thus, mechanisms 
other than those dependent on carbonic an- 
hydrase must be involved in CSF secretion. 
Na-K activated ATP’ase, thought to be in- 
volved with active sodium transport has been 
demonstrated in the choroid plexus (8). In- 
hibition of its activity by intrathecal adminis- 
tration of cardiac glycosides has given variable 
results, in that in the dog no effect was ob- 
served(2) whereas in the cat there was a 
dramatic decrease in CSF formation rate (3).  
Acid-Base Changes on CSF Production. 

r-- Blo 0 d -\ 
pCOz, % change 

PH CO,, m M  mmHg CSF production 

Metabolic acidosis alone 7.29 16.0 36 NC 
” with acetazolamide 7.21 18.8 48 3.31 

Respiratory acidosis 7.24 30.6 76 NC 

9 9  

Metabolic 7 9  alkalosis alone 7.55 35.1 41 3.23 
” with acetazolaniidc 7.49 31.4 42 3.45 

9 )  3. 46 
” with acetazolamide 7.50 19.1 27 3.62 

Respiratory alkalosis alone 7.71 12.4 10  

~~ 

Values are avg of data in Tables I and 11. 
NC refers t o  no significant change in CSF production rates. Decreases noted with acetazola- 

mide are percentage decreases of CSF production rates during acid-base alteration alone. 
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Thus the ATP’ase system, in the cat, at least, 
also may be important in regulating CSF pro- 
duction. The role of carbonic anhydrase in 
controlling these secretory systems is the 
speeding of the equilibrium, H2Q + C02 5 
&C03(9). One would thus expect that in a 
metabolic situation where the substrate for 
this reaction, gaseous COz, is decreased, the 
reaction should slow. In our experiments, in 
which the greatest reduction in pC02 occurred, 
namely during respiratory alkalosis, a signifi- 
cant 45% decrease in CSF production was 
noted. During metabolic acidosis, where there 
was only slight decrease in pC02 no consistent 
change in CSF production occurred. There 
also appears to be a pH effect, for during 
metabolic alkalosis, when pH was increased 
but the substrate COZ was present in plentiful 
supply, a decrease in CSF production was 
also noted. 

Other carbonic anhydrase dependent sys- 
tems have been investigated during alterations 
of acid-base balance. In  the kidney, metabolic 
and respiratory alkalosis decreases acid secre- 
tion( 10). In  the nasal salt gland of the sea 
gull metabolic alkalosis had no effect on C1- 
secretion, whereas severe respiratory alkalosis 
and metabolic acidosis resulted in a decrease 
in this gland’s C1-secretory rate(9). I n  the 
stomach metabolic acidosis increases secretion 
of H+, and metabolic alkalosis reduces i t(  11). 
The situation in the pancreas( 12) and the eye 
(13), two other systems controlled by car- 
bonic anhydrase, is similar to that found in 
the nasal salt gland of the sea gull. It appears, 
therefore, that the CSF system does not ex- 
actly correspond to any of the other systems 
cited. This may be due to the rather complex 
nature and control of these various secretory 
processes. However, the effects of acid-base 
alterations on CSF formation seem to be 
roughly similar to those in the kidney, salt 
gland, pancreas and eye in that in all cases 
lowering of pC02 diminishes secretion. 

In studying the response of the eye, pan- 
creas and the gull salt gland to acetazolamide, 
i t  was noted that severe metabolic alkalosis 
“blocked” the effect of this carbonic anhydrase 
inhibitor ( 13,12,9). In  our experiments aceta- 
zolamide was still active in reducing CSF 
formation during metabolic alkalosis, acidosis 

and respiratory alkalosis. Thus we were not 
able to observe this “blocking effect” of meta- 
bolic alkalosis. This may be due to the fact 
that even though the degree of alkalosis pro- 
duced in our experiments was similar, the 
pC02 was considerably higher in the salt 
gland, pancreas and eye experiments. 

Summary. Cerebrospinal (CSF) fluid for- 
mation rates were measured by ventriculo- 
cisternal perfusion with an inulin containing 
buffer during metabolic acidosis and alkalosis 
and respiratory acidosis and alkalosis in dogs. 
Some of the animals also received acetazola- 
mide, 50 mg/kg, intravenously during the 
acid-base alteration. I t  was found that meta- 
bolic and respiratory acidosis had no constant 
effect on CSF production rates. Metabolic 
alkalosis reduced CSF production 23% and 
respiratory alkalosis reduced i t  46%. The 
addition of acetazolamide during metabolic 
acidosis and alkalosis as well as during respira- 
tory alkalosis caused a significant decrease in 
CSF production rates as compared to produc- 
tion during the periods of acid-base altera- 
tions alone. 
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