THE ROLE OF CARBON DIOXIDE IN THE NERVOUS SYSTEM

Dixox M. Woonsuny, PiD,, axo Ravent Kanier, PaD.

Craxces in P, in an organism are capable
of producing marked alterations in the fune-
tioning of the central nervous system.  The
gross actions of CO, upon central nervous
system activity, however, are not simple be-
cause they include Doth depression and ex-
citation, ranging from anesthesia to seizures.
Carbon dioxide is not the only gas capable
of affecting the activity of the central nervons
system, but CO, is of speeial interest and im-
portance because it is one of the principal end
products of metabolism,

The mechanism of action of CO, on the
nervous system s not understood; however,
the gas participates in several reaction SYS-
tems.  The most recognized function of CO,
is in the principal buffering system of the
Lody; changes in P, result in changes in
acid-base balance.  Some of the significance
of physiological variations in plI is probably
derived  from  the dependence  of  enzyme
activity on hydrogen jon concentration, and
hence changes in pH can influence the rates of
various metabolic reactions,

Carbon dioxide may also serve as a me-
tabolic substrate in such known reactions as
“CO.-fixation” and carbamate formation, The
rate of incorporation of CO, is at least partially
dependent upon P, therefore, any situation
altering P, could conceivably affect the kinet-
ies of such reactions.  The significance of these
reactions js not understood, exeept in the case
of carbaminohemoglobin formation.

Carbon dioxide is not chemically or physi-
ologically inert; consequently, the maintenance
of a constant level of CO, is an important
physiological function. The steady-state level
of CO, in tissue depends upon two factors:
(1) the rate of its metabolic production, and
(2) the rate of its elimination.  Any condition
which influences cither one of these factors
can change the level of CO, and hence can
produce profound functional alterations.

Numerous substances are capable of influ-
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encing cither the rate of production or f
climination of CO,. This review will presert
evidence that such substances exert a pro-
found effect on the nervous system due to
the fact that they alter the concentration «f
CO, in the brain.  The brain is particularly
sitive 1o changes in CO, concentration an.
slight variations produce marked neuroph
ological, neurochemical, respiratory, and vag
cular responses.  Only neurophysiological and
neurochemical responses will be discussed in
this paper.

Ry

Tue Errects oF Exocesovs Carsox Dioxin:
oN Braix Furxcrion

NevnornysioLocical  Ervects: Effects of
Various Concentrations of Carbon Dioxide on
Brain  Excitability.  The cffects of various
concentrations of CO, on brain excitability as
measured by the threshold for electrically-
and chemicallv-induced  seizures have  been
tested.  The effects on eleetroshock  seizure
threshold (EST) are shown in figure 1.0 The
EST of both mice and rats was elevated by
increasing the concentrations of inhaled CO,
until a peak was reached at 12,5 per cent
CO, for mice and 15 per cent CO, for rats.
Thereafter the EST declined until at 30 per
cent CO, it reached the pretreatment level.
In mice, a concentration of 40 per cent CO,
lowered the EST. In rats approsimately 30
per cent CO, induced seizures and hence the
EST could not be determined.  The seizures
produced by moderate concentrations of CO,
first appeared at @ concentration of 23 to
30 per cent, reached a peak incidence at 35
per cent, and thereafter rapidly declined con-
comitant with the marked central depre:
which occurred at higher CO, concentrations
The animals exposed to concentrations of -0
per cent CO, appeared to be anesthetized.

The experiments on the effects of variou:
concentrations of CO, on EST and overt activ
ity indicate that with regard to excitability of
the nervous em CO, exerts a triphasic
effect which can be explained as follows: The

ssion:
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Ji i phase. that of decreased  cortical exeit-
ability, appears to be due to direct cortical
dopression and occurs with low  concentra-
tins of the gas; cortical excitability  pro-
wossively decreases with inereasing coneen-
ttions of CO,. The sccond phase, that of
itereased  cortical excitability, appears to be
die to the activation of subcortical centers
b CO,. Gellhorn and co-workers * 3 have
o monstrated that cortical excitability can be
cnhanced by stimuli which activate the hypo-
thalamic-cortical system, a part of the reticular
activating system ' involved inarousal mech-
anisms and activation ol the EEG. It thus
appears likely that CO, stimulation of the
hy pothalamic-cortical system enhances cortical
@itability to the extent that localized clonic
seizures occur.  Although the concentrations
of CO, required for activation of subcortical
centers are higher than those necessary for
cortical depression,® the stimulation seems to
be sufficiently intense  to  overcome  mild
cortical depression and to produce seizures.
The hyperescitability in this phase is ap-
parently  enhanced by the release of  epi-
nephrine and of adremal cortical hormanes
of the cortisol type as a result of CO -induced
stimulation of the hypothalamus.  Previous
work has shown that both of these classes of
Lormones enhance excitability of the cortex.*
The third or anesthetic phase in response to
CO, inhalation is attributed to the marked
cortical and subcortical depression caused by
bigh concentrations of the gas. The inhibi-
tion of subcortical centers by high CO, em-
centrations is probably due to inhibition of the
contral reticular activating system in a manner
similar to the blockade produced by barbitu-
r.tes and certain other anesthetic agents.**
Other evidence for an cffect of CO, on
e.citability is provided by the fact that low

¢ neentrations of this gas abolish the tonic
¢ tensor phase of the maximal electroshock
s izure (MES) pattern in experimental ani-
n s (mice, rats, and rabbits) + 11 and in
1.ant®  This can be adduced as evidence for
4 decrease in excitability (first phase of CO,
& tion). In addition, low concentrations of
(0, protect against chemically-induced  sei-
v wwes produced by such agents as pentylene-
t trazol,2® ¥4 16 strychnine,® 17 insulin,'$: ¥ pic-
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Fic. 1. Effeet of inhalation of various con-
centrations of CO, on electroshiock seizure thresh-
old (EST) of mice and rats.t  Ordinate is per-
centage change in EST referred to control values.
Abscissa is inhaled CO: concentration in per cent.,
Sce text for discussion,

rotoxin, ™ comphor,!® coriamyrtin,® and ab-
sinthe.ts

Effects on the EEG.  Inhalation of CO, in
low concentrations usually results in an in-
creased frequency of cortical potentials and
can interrupt petit mal seizure discharges as
well as the clinical seizure.?™ 2t On the other
hand, deereased Py, (induced by hyper-
ventilation) results in slowing of frequeney
with the appearance of high voltage, slow-
wave discharges particularly in the frontal
leads.  Exposure to high (anesthetic) con-
centrations of CO, usually caunses flattening of
the EEG in man and in experimental ani-
mals.’ 17 For example, in rats, 30 per cent
CO, sharply depressed the EEG activity, and
produced flattening of the normal waves. In
contrast, when 30 per cent CO, was inhaled
the EEG record showed intermittent bursts of
high-voltage discharges. These bursts were
of short duration and coincided with the
episodes of overt clonic seizure activity which
characterizes the hyperexcitable phase in-
duced by €O,.' Thus the triphasic effect of
CO, on the nervous system is also evident
from the EEG measurements.
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Effeets on the Spinal Cord. “The effects of
€O, inhalation on spinal cord aclivity and on
polysynaptic and monosyiaptic pathiwa
been studied by a number of investigators,
Inhalation of 10 per cent CO, abolished the
kneesjerk reflex of intact but not of spinal or
decerebrate animals, and hence the inhibitory
effeet was thought to be of cerebral origin.=*
However, a direet effect of CO, on the cord
itsell has been demonstrated by other workers.

s lave

Carbon dioxide in a concentration of 8.9 per
cent induces
syoaptic than of polvsyiaptic spinal reflexes.®
This observation was confirmed and extended
by Esplin ¢t al** who found that low con-
centrations of CO, or acctazolamide, in strik-
ing contrast to other known depressant drugs,
selectively depress monosynaptic (2N) path-
ways in the spinal cord of eats.  With 10
per cent CO,. 2N spike was reduced about 60
per cent, whereas polysvnaptic response area
was reduced only 5 per cent. In spite of their
marked  depressant cffect, these agents are
without influence on synaptic recovery, and
they depress post-tetanic potentiation (PTP)
only slightly.  These data have been inter-
preted # to mean that CO, (and acetazola-
mide) affects some neuronal process which is
more critically concemed in the spinal cord
monosynaptic pathway than in pn])'synﬂptic
circuits.  The most outstanding difference be-
tween the component synapses of these two
systems is that the safety factor with which
transmission occurs is lower for monosyuaptic
than for polvsynaptic pathways. It was
tentatively  suggested. therefore, that CO,
(and acetazolamide) decreases the safety
factor of transmission, and that depression
would be produced by this drug at all synapses
in which the safety factor is low, as it is in
the spinal monosynaptic pathways.

Carbon Dioxide-Withdrawal Seizures.!  Rats
exhibit clonic seizures usually within one min-
ute after removal from anesthetic concentra-
tions of CO, (33 per cent or higher). These
seizures involve the face, jaw, and foreleg
muscles and are accompanied by salivation,
lacrimation, and often piloerection. The sei-
zures appear to result from the fact that on
withdrawal from anesthetic doses of CO, the
rats pass through the hyperexcitable (middle)
phase of CO, effect, and exhibit scizures. Such

greater depression o maono-
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prevented by anticonvulsa i
agenls like phenobarbital, trimethadione, ard
ac
hydantoin in low dosc

Mueranouic Evrects or Exocesovs Canues
Dioxme:  Effects on Electrolytes and  Acil-
Base Balance.  Inhalation of @ concentration of
. (125 per cent) which clevates EST
(first phase) results in the following chang s
in brain clectrolyte and  acid-base  compo-i-
tion.s™ There is a decrease in intracellular
concentration (increase in ratio of extracellulr
to intracellular Na, N, Na.) and an inerea ¢
in intraccllular - K concentration.  Cellulr
HCOy concentration  increases;  however,
H.CO; concentration increases to a greater
extent and hence brain cell pH  decreases,
Such changes are consistent with the decrease
in excitability which is observed in the ani
mal exposed to this concentration of CO,,
and add additional support to the observa-
tions previously deseribed (see Woodbury and
Esplin # for summary) of a direct correlation
between brain exeitability and the Na, Na,.

When rats were exposed to 30 per cent CO..
there were changes in clectrolite and acid-
base balance in the brain.-*  There was a
decrease in brain intracellular Na and K (in-
erease in Na,/Na,. and decrease in K. /K,.),
and a cellular acidosis (pIl 6.41) resulted

seizures  are

zolamide, and are enlanced by diphent [

which was characterized by a large increase in
both HCO,- and H,CO.. The total cation
(assumed to be Na plus K) content in the
brain cells was decreased. probably as a con-
sequience of the reduction in organic anions
resulting from the intracellular acidosis pro-
duced by CO,.  Nonbicarbonate, organic
polyvalent anions (assumed to be total cation
minus bicarbonate) deercased markedly in the
brain of rats exposed to 30 per cent CO.
The deerease in organic anions is probably du»
to a shift in the ionization of the cellulir
proteins toward the acid side of their jse-
electric point as a result of the acidosis.  Fur-
thermore, additional observations from oir
Iaboratory have demonstrated that 50 per ceit
CO, decreases the brain concentrations «f
glitamic and  aspartic acids  (see Dbelow .
Thus less total anion is present, necessitatin 1
a decrease in cation in order to mainta
clectrical neutrality.

Thirty scconds after abrupt withdrawal «f
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r.3s from an atmosphere of 50 per cent CO,,
ti o lowered intracellular brain Na concentra-
tim inereases rapidly, but K concentration
romains decreased;  seizures appear at this
tine. Thus there is a markedly increased Na
jiilux into brain cells associated  with the
rpid loss of CO, and the occurrence of
sizures.  The rapid loss of CO, is associated
with an increase in pH of the brain cells to
tl e level of that in the cells of rats exposed to
anly 30 per cent CO, (pH 6.76). In ad-
dtion to the Na change which occurred on
withdrawal from 30 per cent CO,, there were
changes in H,COy and HCO,~ concentrations.
The values for HCO,~ and H,CO, in plasma
dvereased below those observed in rats ex-
posed to 30 per cent CO,,. and the brain intra-
cellular H,CO; and HCO, concentrations fell
into the same range of values as observed in
the animals exposed to 30 per cent CO..
The intracellular HCO,~ concentration in the
withdrawal animals was increased over that
seen in the rats exposed to 50 per cent CO..
Sinee rats exposed to 30 per cent CO, and
those abruptly withdrawn from 350 per cent
CO, exhibit seizures, and since the acid-base
and presumably the clectrolyte changes are
similar in the two groups of rats, it is tempt-
ing to ascribe the seizures to cither the electro-
Iste changes or the acid-base changes, or both.
The seizures in the COwithdrawal animals
are thus associated with a rapid influx of Na
and probably HCOz~ into brain cells and
consequently a deerease in brain Na ratio.
This influx of Na into the brain appears to
be of sufficient magnitude to precipitate the
seizures and may be presumed to be the same
process that renders the peripheral nerve axon
rnstable; the passage across the membrane of
safficient charge explosively increases permea-
Iility to Na and an action potential is gen-
crated.  In the brain, where millions of neu-
rms are involved, seizure activity might be
tie consequence.

The cause of the influx of Na into the brain
curing CO,-withdrawal is unknown, but the
!llowing hypothesis can explain the results.
“he sudden and marked loss of CO, from the
cell is unaccompanied by an equal loss of
ICO,~ because the cell membrane is less
s ermeable to HCOy- than CO,; as a result,
i ellular pH increases. The increase in cellular
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TABLE 1

T oor INtanavrion or Vanioes (o
tarioNs oF CarnsoN DIOXIDE 0N Fr
AnviNo \r 1 LEvELs 1IN CEREBRAL

Glutanioe

Trestinent N m‘n\g‘:x"‘]) e | “(I-l;:ll‘.\
('unlrnl~ i HH-LIf HEESyy ‘ 47
2.5 CO:2 11026 T0x£9 0 89l
(X5 | i
0 €O, SOEIS D 485 st 0 2
10.02) : :
Withdrawal! 581 ' 424 186 19
from 50€¢ (0.01) !

CO.

* From unpublished observations of Woedbury,
D. AL, Vernadakis, A, and Timiras, P8

T Values are mean £ standard error. Numbers
in parentheses are 2 values for significance of treated
animalz from the controls.

pH probably deercases the ionizable calcium
of the cell; such a decrease is known to en-
hance the permeability of the cell to Na.
Therefore Nu pours inte the cell as the pH
increases in order to satisfy the increase in
anions resulting from the excess HCO,~ in the
cell and the increase in the anion charges on
the protein.  Evidence for a role of calcium in
precipitating the seizures is provided by the
fact that administration of calcium chloride to
rats protects against both withdrawal sejzures
and 30 per cent CO,-induced seizures (un-
published observations).  Also, Carey and
Schaefer = have shown that the plasma Ca
level markedly  decreases immediately  after
withdrawal of rats from an atmosphere of
30 per cent CO,.

Effects of Carbon Dioxide on Carbohydrate
and Amino Acid Mctabolism.  The effects of
inhalation of various concentrations of CO, on
free amino acid concentrations in brain of rats
are shown in table 1. Inhalation of 12.5 per
cent CO, resulted in a slight increase in
glutamic acid, a marked increase in aspartic
acid, and a slight decrease in glutamine con-
centrations.  In addition, the concentration of
v-aminobutyric acid (GABA) was increased
considerably but the data are insufficient to
establish the level of significance of this
change. The increase in glutamic acid plus
aspartic acid is consistent with an increase in
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total cation found it the brain of rats treated
with 125 per cent CO,.  However, this ac-
counts for only part of the increase in cation
the remainder is due to the marked inerease in
HCO,; concentration®®  Thus quantitatively
the increase in cation content of the cell is
accounted for mainly by (or is a consequence
of) an increase in the labile anions (glutamic
acid, aspartic acid, bicarbonate).

In contrast to the animals receiving 12.5 per
cent CO,. the rats exposed to 30 per cent
CO, showed a marked decrease in glutamic
acid, a small decrease in aspartic acid, a slight
decrease in glatamine, and an increase in
GABA coucentrations.  The decrease in glu-
tamic acid plus aspartic acid concentrations
counterbalances the marked increase in HCO,-
concentration = induced by this concentration
of gas. However, the decrease in total cation
was accompanied by a marked cellular acidosis
(pH 7.04 to 6.41) which would result in a
decrease in polyvalent anion, consequently
maintaining clectrical neutrality.

On abrupt withdrawal from 350 per cent
CO, there was a slight increase in glutamic
acid, a slight decrease in aspartic acid and
glutamine, and a striking decrease in GABA
concentrations.  Since the withdrawal animals
were killed and the values measured just prior
to the onset of seizures, the values for GABA
would be expected to decrease even more as
the seizures develop.

The values for GABA in the different ex-
perimental situations correlate fairly well with
the level of excitability of the animals in the
same situation.  Both 125 per cent and 50
per cent CO, decrease cexcitability and jn-
crease GABA concentration, but the increase
in GABA is greater in the 12.5 per cent CO,
group which is the more exeitable of the two
groups.  On withdrawal from 350 per cent
CO.,. excitability increases markedly and the
animals exhibit scizures, at which time the
GABA  concentration  decreases  markedly.
Therefore, in all three of these experiments
there is a rough inverse correlation between
the level of excitability and the GABA con-
centration in the brain.  These data are con-
sistent with additional observations by us
and others (sce Tower ! for summary) which
suggest the same correlation.

It is evident from these data that CO, has
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a profound influence on the amino acd
metabolism of the brain, and that such effects
are related o the electrolyte and acid-la e
metabolism of the brain and ultimately to tle
level of excitability of the nervous em.

Since sclective electrolyte accumulation o
cells has been shown to be an active process
which requires energy, and since CO, affects
clectrolyte metabolism, it is likely that CO,
exerts an influence on reactions yielding or
transferring energy. It is of interest in this
regard that Bain and co-workers have
shown that inhalation of CO, (10 to 30 prr
cent) in normal cats resulted in lowered brain

lactate and pyruvate levels with little or 1o
effeet on glucose concentration and on levels
of high-energy phosphate.  However, in cats
undergoing  electroshock  seizures  during the
inhalation of CO,, the expected rise in brain
lactate, pyruvate, and inorganic  phosphate
concentrations was limited; the expected fall
in high-energy phosphate level was prevented,
and a rise in brain glucose concentration oc-
curred.  The  brain plasma glucose  ratio,
nevertheless, remained the same.  These re-
sults might be interpreted to mean that CO,
inhibits the utilization of glucose by the brain,
with a consequent decrease in brain pyruvate
and lactate concentrations.  Inhibition of a
major energy-vielding process would  delay
recovery from an energy-consuming  proce
such as occurs during a maximal Lh‘dmsh()d
seizure. It is of interest that CO, does indeed
delay recovery from MES in mice. The fact
that the ghitamic acid decreases markedly in
rats exposed to 50 per cent CO, s also con-
sistent with the hypothesis that CO, inhibits
glucose utilization because glatamic acid can
be used as a substrate for oxidative metabolism
in the brain. It is likely that, under con-

ditions which inhibit glicose oxidation, glu-
tamic acid substitutes for glucose and thereby

maintains cellular respiration and brain fune-
tion.

Can-
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Duues Whicn InFLuesce Expocexo
Box Dioxine Merasorsy: Taemr EFe

ox Braix Fuxcrion

Duucs Wuict INncrease Cansox Dioxin:
Provuction: Further evidence for a role o
carbon dioxide in regulating the excitability ¢
the nervous system is provided by the use o
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agents which influence the endogenous produc-
tion of CO,. For example, salicylates enhance
both the oxygen uptake and the carbon dioxide
production of the body as a whole and of vari-
ous tissues (see review by Smithi 3¢}, The in-
crease in CO, output is generally accompanied
by a stimulation of respiration which more than
compensates for the increased production and
lowers Pega. As a result, a respiratory alkalosis
develops.  However, if the dose of salievlate is
Lirge. respiratory depression soon follows and
P, increases since CO, production exceeds
the capacity of the resp stem to elim-
ittte the excess COL. Asa rl‘sull. a respiratory
acidosis develops. It was of interest, therefore,
to study the acute effects of sodium salievlate
o1 the central nervous system during the state
« respiratory alkalosis when the P, was low
a.d during the state of respiratory acidosis
vhen the P, was high. If the CNS effects
e related to the Py, then such effects should

Pillow changes in endogenous Py,.. The ex-
1 riments were carried out in rats given an
ID,,. of Na salievlate (1.4g./kg.). The EST

vas ln(‘.l'ﬂlrcd and electrolyte and acid-base
v tlues were determined at various times after
i traperitoneal administration of the salicyvlate.

and acid-base balance of rats at various
tion.  Ordinates on left are blood pH
referred o pretreatment control value
concentrations in mEq./1

ues and percentage
on right, plasma
Abscissa is time in minutes.

The results are shown in figure An initial
respiratory alkalosis developed within 2 min-
utes and lasted for 9 minutes; this was followed
by a respiratory acidosis which was severe at
15 minutes when seizures followed by death
accurred.  Consequently, the seizures appeared
during the stage of respiratory acidosis, not
during respiratory alkalosis.  The EST de-
creased in the alkalotic p increased in the
acidotic phase and decreased  suddenly just
prior to the onset of seizures.  The changes in
EST paralleled changes in plisma (and brain
cell) carbonic acid concentration.  The results
from the salicvlate experiments indicate that a
lower than normal P.,. increases brain excit-
ability, whereas a higher than normal Py, de-
creases brain excitability up to a certain point
and thereafter inereases it to the extent that
seizures occur.  Thus the curve for the EST
changes produced by salicvlate. after the initial
excitatory phase due to the low Py.,.. resembles
exactly the first two stages of the effect of
exogenous CO, on EST as shown in figure 1.
These data, therefore, suggest that the EST
changes associated with high doses of salicvlate
are secondary to the changes in carbonic acid
concentration in plasma and brain cells. In
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addition, with the doses of salicviate used,
there is also some inhibition of brain carbonic
anlivdrase  (impublished  observations), and
this cffect tends to enhance the accumulation
of CO, in the brain.

Other drugs which increase CO, production
also have effects on the nervous system.  2,4-
Dinitrophenol (DNP) produces central nervous
system depression in rats but does not produce
spontaneous  seizures even in lethal doses.
DNP also lengthens the tonie flexor phase and
shortens the tonic extensor phase of the MES,
facts indicative of anticonvulsant activity. Ap-
parently DNP possesses the first phase of the
CO, triphasic response (unpublished observa-
tions); however, in combination with other
drugs which alter CO, metabolism, DNP pro-
duces more profound CNS effects (see nest
section).

Dnvas AFrecTING Carsoxy DioxipeE RELEASE
Frost Brary (CARBONIC ANHYDRASE INHIBI-
tons): Neurophysiological Effccts.  Although
carbonic anhydrase is found in the central
nervous system* jts precise role in this tissuc
has not been elucidated.  However, the fact
that carbonic anhydrase inhibitors, such as
acetazolamide, have marked effects on central
nervous system function suggests that this
enzyme is involved in the regulation of brain
excitability.

Thus, acetazolamide has been shown to be
a potent anticonvulsant agent, both in Iabora-
tory animals and in epileptie patients. In ex-
perimental animals, acetazolamide abolishes
the tonic extensor component of the MES in
mice and rats,’> 37-19 and potentiates the cffects
of CO, on MES.3  The anticonvulsant action
of acetazolamide is not abolished by nephrec-
tomy and hence this action is independent of
the systemic acidosis which results from the
inhibition of carbonic anhydrase activity in the
kidney.

In addition, acetazolamide, in higher doscs
than are necessary to modify MES, clevates
EST about 16 per cent. But still higher doses
diminish the elevation in EST, thus indicating,
as is the case with moderately high concentra-
tions of CO,, an excitatory component of ac-
tion.”® However, acctazolamide even in ex-
tremely large doses does not produce seizures
as do moderate concentrations of CO,, but the
drug does produce seizures when combined
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with small doses of CO, (sce below).,  Fil.
briard and Gangloff #1 studied the effects of
acetazolamide on the threshold voltage for
stimulation of the cortex, diencephalon, a.ad
rhinencephalon in rabbits.  They observed that
there was a slight decrease in the excitabil ty
of the cortex and a marked decrease in the
excitability of the diencephalon.  Thus ace-
tazolamide, like CO,. exhibits effects on cor-
tical and subcortical centers.  The drug has
also been reported to obtund  audioger.ic
seizures.t?

A number of reports attest to the cfficacy of
acctazolamide against various types of cpi-
lepsy. The drug was first introduced for the
therapy of epilepsy by Bergstrom et a3 and
subsequent reports 147 confirmed its effective-
ness in all types of epilepsy (grand mal, petit
mal, and psychomotor scizures).

In addition, acctazolamide, like CO,, pro-
tects against seizures evoked by various phar-
macological agents. It reduces the intensity
of spinal discharges induced by convulsive
doses of strychnine (Esplin, personal communi-
cation), and it antagonizes pentylenctetrazol-
induced seizures, although only to a limited
extent (umpublished  observations).  Finally,
acctazolamide protects against seizures pro-
duced by inhalation of 30 per cent CO, or hy
withdrawal from 30 per cent CO It is
evident from the comparative observations that
acctazolamide and CO, possess a wide and
similar spectrum of anticonvulsant action on
the CNS. .

Further evidence that the action of acetazol-
amide on the CNS is identical to that of CO,
is derived from the influence of the drug on
spinal cord activity.  As discussed previously,
acctazolamide produces exactly the same effect
on the spinal cord as does CO,. and potentis-
tion occurs when it is given in combination
with CO,.** Thus acetazolamide, like CO.,

selectively depresses monosynaptic (2N) path-
ways in the spinal cord without affecting
synaptic recovery or post-tetanic potentiation.

There is much experimental 13.3%. 18 and
clinical 4% ¢ evidence that tolerance develops
to the anticonvulsant effects of acetazolamid..
If the anticonvulsant activity of acetazolamice
is due to 2 localized increase in Py, in neuron.d]
cells, it follows logically that the tolerance
which is known to develop to the anticonvu -
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s ut effect of acctazolamide should be accom-
p.nied by tolerance to the anticonvulsant of-
fiet of CO,. That this assumption is correct
w.as demonstrated by Koch and Woodbury who
feamd that tolerance developed to the repeated
acministiation of acetazolamide and that cross
tolerance  concurrently  developed to CO,.13
These data provide further strong evidence for
a common mode of action of CO, and acetazol-
aride.

Since nitrate ion (NO,) in rather high con-
contrations (24 mEq./L) has been shown by
Roughton and Booth ' to inhibit carbonic
anhydrase in cvitro. it was of interest to test
the anticonvulsant effeet of this fon which is
chemically unrelated to acetazolamide. M car-
bonie anhydrase inhibitors are acting by caus-
ing accumulation of CO, in brain cells, then it
follows that such agents should be effective
anticonvulsants and toleranee should develop
to the anticonvalsant effect on repeated admin-
istration.  Such is the case for NO,7; it protects
awainst MES in mice and rats in the same ratio
as does CO, (3.7) and tolerance develops to
its anticonvulsant cffect.??

Millichap 5t and Millichap and co-work-
ers 2 have presented convineing evidence that
carbonic anhydrase is of functional significance
in the development of the electroshock seizure
pattern in developing rats and guinca pigs.
They suggested that this enzyme is important
in the development of the ability to exhibit
maximal tonic convulsions, in which a general-
ized spread of the scizures discharge is prob-
ably involved, but that the enzyme probably
is not involved in the capacity to exhibit clonic
s izures, which involve loealized neuronal dis-
charges.  This suggestion is supported by their
observations that the hyperkinetic behavior
itrduced by electroshock in rats 10 days old or
less is refractory to acetazolamide, that the
clmic seizures induced by electroshock in 10
te 20-day old rats were abolished only by very
li-ge doses of this drug, and that the tonic
t:pe of seizures scen in 2l-dayv or older rats
was abolished by low doses of acetazolamide.

Further evidence that carbonic anhydrase
i: involved in the spread of discharges was pre-
s nted by Davenport #2 who observed in rab-
1ts treated with a carbonic anhydrase in-
1 bitor, thiophene-2-sulfonamide, that local
« imulation of the cerebral cortex did not affect
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the general electrical activity of the stimulated
area.

Carbonic anhydrase inhibitors other than
acetazolamide have also been shown to have
effects on the nervous system.  Sulfanilamide
abolishes the tonie extensor component of the
MES in experimental animals 33 and possesses
a weak antiepileptic effect in man.#% 5 Meth-
thazolamide and ethoxzolamide, congeners of
acetazolamide, exhibit anticonvulsant activity
in experimental animals *» 1 and in man.®
Various other substances which are carbonic
anhydrase inhibitors in titro or in vive have
also been demonstrated to possess anticonvul-
sant activity. These inclnde salicvlate. NO,-,
I-, and Br-,*% but it is vet to be established con-
clusively that they exert their CNS activity
through inhibition of this ¢enzyme.

Metabolic Effects of Carbanic Anhydrase
Inhibitors.  The observations of Millichap
et al7% have established that there is a direct
relation between anticonvulsant effect and in-
hibition of brain carbonic anhydrase in mice.
They compared the activity of acetazolamide
with that of sulfanilamide, a much less potent
inhibitor, and found that acctazolamide was
approximately twice as potent as sulfanilamide,
both as an anticonvulsant and as an inhibitor
of brain carbonic anhydrase.  In addition, the
time of maximum degree of enzvme inhibition
produced by these two drugs corresponded
with their time of peak anticonvulsant effect.

These data support the hypothesis that car-
bonic anhydrase is integrally involved in regu-
Iation of CNS excitability. If this is the case,
then inhibition of the enzyme should cause
metabolic changes which are related to CNS
activity.  The following data show that this
assumption is correct and lead to a theory of
the mechanism of action of acetazolamide.

The evidence presented above indicates that
the CNS cffects of acetazolamide are mediated
through CO, accumulation. Hence treatment
with acetazolamide should increase the con-
centration of total CO, in the brain. The data
presented in table 2 show that this drug does
indeed elevate the CO, content of brain. In
high doses, however, the CO, level is lowered
and this is consistent with the lower EST of
rats given high doses of acetazolamide.’
Therefore, it appears from these data, and
from those of the effect of salicylate on EST

20z ludy g1 uo 3sanb Aq ypd-z1.000-0001 1096 1-Z¥S0000/S682 | 9/989/9/ | 2/}Ppd-81o11e/AB0|0ISOUISBUE/WOD JIEUYDIDA|IS ZESE//:d}}Y WOI) papeojumoq



694

TABLYE 2

Errect or AcETazoramipe ox Torar, (0.
CONCENTRATION IN CEREBRAL
CortEx oF Rars

) Intr: ular
Treatment COzinmM ke, | Referenee
Cell 110
Adults

control : 147 27
acetazolamide 17.3

20 myg ke
1256 €O, 2.7

Tatal CO.
inmV/kg !
wet hrain

24 day old

contral 186 : 53
acetazolamide 2.7
Adults

control
acetazolamide
(10 mg. kg ! !
acetazolamide
200 mg. /kg)

Heninger and
Wandbury,
unpiblished
observations

presented previously, that the excitability of
the brain as measured by EST is inversely pro-
portional to the CO, level in the brain.

Inasiuch as exogenous CO, profoundly in-
fluences electrolyte metabolism of the brain
and the resulting changes in electrolytes are
correlated with brain excitability, it was of in-
terest to determine the effects of acetazolamide
on brain electrolytes.  The results 7 will be
only briefly summarized here. The effects of
acetazolamide on brain electrolytes were stud-
ied in nephrectomized animals in order to
eliminate all renal effects of the drug. There
was a significant decrease in the concentration
of intracellular brain Na and an increase in
brain cell K; hence both the Na./Na, and
K./K, ratios were increased. These effects are
the same as those produced by inhalation of
12.5 per cent CO, (see above). Animals
rendered tolerant to acetazolamide showed an
increase in both cellular Na and K concentra-
tions and were hyperexcitable. These data
fend support to previous observations that
there is a correlation between Na,/Na, and
brain excitability (see references 6, 25, and
27 for summary).

In order further to analyze the effect of
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acctazolamide on cellular Na, the influence f
the drug on the rate of uptake of isotopic Ma
was studied in nephrectomized rats.®”  Aceta.
zolamide decreased the uptake of Nas2 Ly
brain tissue as compared with the contros,
The finding of an increased Na,/Na,. coupl d
with a decreased rate of Na turnover has heen
interpreted to mean that acetazolamide do.
creases the rate of Na influx into brain cell,
ic., decreases the permeability of the el
membrane to Na (sce Koch and Woodbury =
for evidence and review of literature).  The
relation of this effect of acetazolamide on brain
cell Na metabolism to its mechanism of action
is discussed Dbelow, after the role of carbonic
anhydrase in the nervons system has been
considered.

An impressive body of evidence has been
collected which indicates that the neurophysin-
logical and neurochemical effects of acetazol-
amide are mediated through CO, accumula-
tion. This evidenee will now be summarized,
(1) Acctazolamide and CO, have the same
spectrum of activity on experimental seizures
and on the spinal cord. In addition, the cffcets
of acetazolamide on the MES and on spinal
cord synaptic transmission are potentiated by
CO.. (2) The chunges in brain excitubility
induced by various concentrations of CO, are
enhanced by acetazolamide (fig. 2). " (3)
Seizures induced by agents which enhance
CO, production by brain cells (salieviate,
DNP) are enhanced by acetazolamide. (1)
Acetazolamide increases the total CO, con-
centration in brain cells.  (3) Acetazolamide
produces the same effects on brain electrolyte
concentrations as does CO,. (6) The ecffects
of acetazolamide and CO, on brain amino acid
concentrations are similur.  (7) Rats which de-
velop tolerance to the anticonvulsant effect of
acetazolamide on MES are also tolerant to the
anticonvulsant effect of CO,.

CoxBiNaTIONS OF Drucs WricH INCREasz
Carpox Dioxme Propuctiox or Ixumsit Ins
ReLEASE: THEIR EFFECTS oN Braix Funcrion:
Further support for the concept that salicylat-,
DNP, and acetazolamide alter brain function
through their influence on CO, metabolism ‘s
provided by experiments in which variois
combinations of these drugs were tested for
their effect on CNS activity, The results «f
these experiments are summarized in table i
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Tl ¢ effects of the drugs, alone or in combina-
tic 1, were tested on the MES pattern and on
th - development of clonic seizures similar to
thse produced by 30 per cent CO, as de-
sc:ibed above.  When either salicylate, DNP,
or acetazolamide was combined with CO, there
was a marked potentiation of the anticonvul-
st effect of CO, on MES. The drugs were
combined with CO, in doses which by them-
selves had very little effect on the MES (table
31, In addition, the drugs when combined in
subconvulsive  concentrations with a subcon-
vulsive concentration of CO, (15 to 20 per
cent) produced severe clonic seizures (table
3). Thus both the anticonvulsant effects of
lIow CO, concentrations and the seiznre-pro-
ducing effects of moderate doses of CO, are
enhanced by salievlate and DNP, both of
which increase CO, production, and by aceta-
wlamide which inhibits CO, climination from
brain cells.

The combination of salicylate and DNP also
enhanced the anticonvulsant effect of either
one of the drugs given alone, and DNP also
enhanced the scizures produced by salicylate.
Acetazolumide and DNP are similar in the re-
speet that cither agent by itself is only ca-
pable of praducing depression and not seizures.
The combination of acetazolamide and DNP
in low doses results in an enhancement of their
ru\pccli\'o anticonvulsant effects; in coutrast,
the combination in high doses results in the
production of mild clonic seizures.  The rats
receiving this combination were identical in
all their responses with those of animals re-
ceiving salicylate alone  { ation, diure
pitocrection, scizures).  Since the combination
of DNP and acetazolamide produces effects
identical with those of salicylate, and salicyvlate
cthances CO, production and also inhibits
brain carbonic anhvdrase, it appears that the
CNS effects of these drugs are mediated through
C), accumulation. The reason salicylate pro-
drces powerful effects on the CNS is that it
prssesses both the ability to increase CO,
p:oduction and to inhibit CO, release.

It might be argued that the enhanced effect
or the CNS produced by DNP, salicvlate, or
acctazolamide in combination with CO, is due
te the acidosis produced by the gas and not the
P .. The resultant acidosis would reduce the
¢ arge on the drugs which are weak acids; con-
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sequently, a higher percentage of the molecules
would be in the noncharged form. It has been
demonstrated  (see Brodie and Hogben *s for
summary) that uncharged molecules penetrate
the brain more readily than do charged ones.
Therefore, the acidosis would increase the con-
centration of DNP, salieylate, or acetazolumide
in the brain and thereby enhance the CNS
cffect of CO,. Although this may occur to a
certain extent, it cannot be the explanation of
the findings shown in table 2. When a degree
of acidosis comparable to that caused by CO,
was produced by ammonium chloride (NH,Cl),
only equivocal effects were produced on MES,
and no seizures appeared.  When NHCI was
combined with salievlate iu a dose which pro-
dnced the same degree of acidosis as does the
combination of CO, and salievlate, neither the
anticonvulsant nor the convulsant effect of sali-
evlate was enhanced. Tt seems evident. there-
fore, that it is the CO, and not the H* con-
centration which produces the CNS effects of
salicylate, DNP, and acetazolamide. In addi-
tion, the enhancement of effects produced by
the combination of DNP with salicylate and

TABLE 3
CENTRAL NEROUVS SysTEM FF or Drias
Wiien Exuasce Carpox Dioxine Pro-
preTiox or Inmeir ITs Ry 2
rroM Braix Creris

Anti- Effeet on NS aetivity
" convalsant (TTigh Doses)

Drug Treatinent ot

Clonie

Helzures

! Depression

b 1

ENRES

{very high
does pro-
duer some
i exeitation)

70l
Acetazol

A
DXNP

z

!

i -
ibies |

1

I

|

! T
amide | (reserubles
; o salieylate)
NILCI ; ES I -
| | fonlyin
' Ioextremely
! large doses) !
NHL + ; + + -
Salicyl

late i

Do niees y 1o produce an acidosis equivalent to that

.
prorduced by COz

20z ludy g1 uo 3sanb Aq ypd-z1.000-0001 1096 1-Z¥S0000/S682 | 9/989/9/ | 2/}Ppd-81o11e/AB0|0ISOUISBUE/WOD JIEUYDIDA|IS ZESE//:d}}Y WOI) papeojumoq



P
se.cures inducedty
L0, Aime

-, cemp

Fic. 3. Effect of CO., alone and in combina-
tion wi acetazolamide, on brain  excitabilit;
Ordinate is change in excitability on an arbitrary
seale.  Abscissa is inhaled CO.” concentration in
per cent, Sec test for discussion,

by the combination of acetazolamide with sali-
cylate or DNP cannot be due to acidosis be-
cause there was no appreciable change in
plasma pH when these experiments were per-
formed.

Finally, the observation that a combination
of DNP and acetazolamide causes clonie sei-
wures indistinguishable from these produced
by salieylate or CO, cannot be explained by
increased penetration of DNP or acetazolamide
into the brain as a result of an acidosis pro-
duced by one of these agents. DNP by itself,
in doses as high as an LD, . causes only mild
depression, as is indicated by its anticonvulsant
effect on MES as well as by the overt signs
and  symptoms  (unpublished  observations).
Also acetazolamide causes only depression, ex-
cept in very large doses which produce some
excitatory phenomena.  In the doses used in
the combination experiments, only depression
would have been expected even if three times
as much DNP or acetazolamide had entered
the cell as a result of an acidosis caused by
either of these agents. However, since sei-
zures rather than depression occurred, it ap-
pears that these two drugs increased the CO,
level of the brain sufficiently to put the animals
into the second or hyperexcitable phase of
CO, effect.

Further evidence for a role of endogenous
CO, in regulating CNS function is provided
by experiments in which acetazolamide is com-
bined with various concentrations of CO,.
These data are summarized in figure 3. The
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ordinate is brain excitability in arbitrary ur its
and the abscissa is per cent CO,. It can be
seen from this figure that acetazolamide pot: n.
tiated the anticonvulsant effect of a low crn.
centration of CO, *7; but, when given to ris
which were exposed to 15 per cent CO, the
drug caused seizures. Ilowever, when acetazal-
amide was administered to rats exposed to 30
per cent CO, the scizures were prevented, an
indication that the animals were elevated to the
third or anesthetic phase of CO, effect.  Thus
the addition of acetazolamide appears to be the
equivalent of exposing animals to & CO, cen.
centration about 10 per cent higher than the
actual concentration.  These data provide con.
vincing evidence that acetazolamide and
have the same mode of action.

It appears from  the available”

that
agents which enhance CO, production can af-
feet CNS excitability if the rate at which the

data

CO., is produced exceeds the rate of elimination
of the gas from the brain cells, thus resulting
in a net accumulation of CO,. It has been
shown that accumulation may occur by at least
three mechanisms: (1) decreased rate of elim-
ination of the CO, from the lungs secondary
to respiratory depression; (2) deereased rate of
release of CO, from the brain cells; and (3)
rate of CO, production exceeding the normal
excretory

acity of the respiratory svstem
for CO.. Examples of the first mechanism are
effects produced by barbiturates, trimethadione,
and morphine which depress respiration and
cnhance the toxicity of salievlate and DNP.
Salievlate  (unpublished  observations)  and
DNP* have also been reported to enhance
barbiturate-induced sleep time,  This is prob-
ably due to CO, accumulation as a result of
increased CO, production coupled with re-
spiratory depression. Examples of the second
mechanism are the effects produced by cur-
bonic anhydrase inhibitors, such as acetazola-
mide, sulfanilamide, etc. Examples of the
third mechanism are effects produced by coa-
binations of two drugs, such as salicylate and
DNP, each of which enhances CO, production.

RoLE oF CARBONIC ANHYDRASE IN THE
CENTRAL NERVOUS SYSTEM

In the previous sections of this discussivn
some of the cffects of CO, on the central ner.-
ous system were reviewed., It is clear that

zese//:dny woly papeojumoq
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&1y experimental condition which changes the
€0, tension in the brain is also capable of
i fecting brain function.  The nature of the
n-echanism by which a change in CO, tension
i produce changes in function remains ob-
sure.  The cffects of carbonie anhydrase in-
hibitors upon the central nervous system dem-
vastrate that carbonic anhydrase is important
in regulating CO, tension in the brain. An
waderstanding of the role of carbonic anhydrase
iv brain may yield some information on the
baochemical role of CO, in the central nervous
system.

The following discussion of the role of car-
honie anhydrase in the central nervous system
involves a fundamental assumption that the
euzyme  catalyzes
which include the hydration of CO, and the
dehydration of carbonie acid.  In a physiolog-
jcal medium this equation is generally repre-
sented as follows:

only one set of reactions

Carbonie
Anhydrse
(0: + HO —=——=1

L.CO-,

It must be remembered that the assumption of
speeificity of action of carbonic anhydrase may
not be a valid one; however, at present the hy-
dration and dehydration of CO, are the only
reactions known to be catalyzed by carbonic
auhydrase, and therefore they are the only ones
which can be considered.

In discussing a reversibly catalyzed set of
reactions one must consider which direction
the steady-state condition will favor; the diree-
tion depends solely upon the fate of the reac-
tion products and the concentration of the
substrate.  For example, in the lung. CO,
escapes the pulmonary vascular system, and
henee this favors the generation of CO, and
E,0. However, the direction is reversed in
bood at the tissue level because CO, cannot
e-cape and the resulting high CO, tension in
red blood cells drives the reaction in the direc-
tim of H,CO, and HCO,~. Similarly, in or-
g s which secrete H* or HCO_~, such as kid-
n:y or pancreas, carbonic acid formation can
I ‘edominate.

The reactions, reversibly catalyzed by car-
Eonic anhydrase, are somewhat unique among
t.e enzyme-catalyzed systems in that they pro-
¢ed at an appreciable rate in an uncatalyzed
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medium.®  The fact that the uncatalyzed rate
is significant is important because it implies
that the inhibition of carbonic anhydrase in a
sequence of reactions cannot completely block
the sequence, but the resulting reduction in
the rate may render the carbonic anhydrase
catalyzed step a rate-limiting one.  This is an
important point to consider in evaluating the
role of carbonic anhydrase in a physiolegical
svstem,

It is relatively easy to appreciate the essen-
tiality of carbonic anhydrase in activities asso-
ciated with blood and other organs such as kid-
ney and pancreas, but in brain a role for the
enzyme has not been completely defined.  In
general, two functions for carbonic anhydrase
are possible: one is the dehydration of carbonic
acid to CO, and the other is the hydration of
CO. to carbonic acid.  The immediate ques-
tion with respect to the brain is which of these
reactions is utilized? In tissue as complex as
brain. it is also possible that both functions are
of equal importance, as in blood. In any event,
the role of carbonic anhydrase in the brain re-
valves around the relation of the enzyme to
endogenous CO, and H,CO,. the substrates of
the enzyme.

CHARACTERISTICS OF CARBONIC ANHYDRASE
Actvery ¥ Bran: Influence of Aging. The
influence of aging upon carbonic anhydrase
activity in 2 to 38 day old rats was studied by
Millichap et al.** 1. %2 who reported an increase
in activity in developing animals. They ob-
served an inverse relation between enzymatice
activity in brain and excitability as measured
by an electroshock method.  An additional
study of the relation of age to carbonic an-
hydrase activity has indicated that the activity
in cerebral cortex continuously increases with
increasing age from newborn rats to animals
over two years old.s* The relation between
brain excitability and the progressive increase
in enzymatic activity remains to be determined.

Intracellular Distribution. A study of the
intracellular distribution of carbonic anhydrase
has added another consideration to the prob-
lem of the role of the enzyme. In cerebral
cortex 5° and other parts of the brain (unpub-
lished observations) the enzyme is present in
two subcellular fractions, mitochondrial and
supernatant.  As the total enzymatic activity of
the tissue inereases with age so does the activ-
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cellular distribution of carbonic anhydrase in rat
cerebral cortex, Perfused cortex homogenized in
0.25 M sucrose solution (1:10) and the mito-
chondrial fraction separated from the supematant
by centrifuging 10,000 < ¢ for 25 minutes a
homogenate which had  previously been centri-
fuged for removal of the nuclear fraction. Car-
bonic anhydrase activity was measured by a
modification_of the manometric method of Mel-
drum and Roughton.  Acctazolamide dose was
20 mg./ke. intraperitoneally, and animals were
sacrificed 4 hours after drug administration.

ity in the two subcellular fractions.st  The pres-
ence of the enzyme in different subceellular com-
ponents introduces the problems of the role of
the enzyme in each locus and of the functional
relation between the two enzyvme loci.

Effcct of Acctazolamide. A study of the
effect of acetazolamide upon the intracellular
distribution of carbonic anhydrase activity
demonstrated that low doses of the drug in
vivo preferentially inhibited the supernatant
over the mitochondrial fraction of the enzyme.
An example of the results of such an experi-
ment is given in figure 4.

In-titro experiments have indicated that
acetazolamide is capable of inhibiting both cel-
lular fractions containing carbonic anhydrase.
As vet, there is no explanation for the greater
vulnerability in cice of the enzyme in the
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supernatant of the evtoplasm compared to that
in the mitochondrial fraction. It is possibl:
that the mitochondrial membrane in vivo 5
relatively impermeable to the drug; no informa-
tion, however, is available on this point.  Ar-
other possibility may lic in the biochemicil
nature of the two cellular enzymes.  For e
ample, it is not known if the enzymes in th:
two cell fractions are identical. The onl:
biochemical characterization which has beea
made on these enzymes was a comparison f
their - activity-concentration  curves,  Thes:
curves have identical characteristics which pr-
vide some evidence that the enzymes are iden-
tical (unpublished observations).  With re-
spect to the problem of selectivity of druy
action, one important biochemical characteriza-
tion which is needed is the dissociation con-
stants for the two enzyme-drug complexes. A
difference in these constants could account for
the preferential inhibition of one enzyme frac-
tion over the other.

Sovnce axp Nature or Carsox Dioxios
Propucep 1x Tissves: The prineipal source of
CO, in tissues is probably the decarboxylation
reactions associated with the tricarboxyvlic acid
cvele.  The enzymes involved in the tricar-
boxylic acid eyele are generally considered to
exist intracellularly within mitochondria; there-
fore, the mitochondrin are probably the major
site of CO, praduction in cells.  The presence
of carbonic anhydrase in the mitochondrial
fraction may indicate that there is an intimate
relation between the enzyme and metabolically
produced CO,,.

Another known source of CO, in cells arises
from the decarboxylation of amino acids. In
the central nervous system, the decarboxyla-
tion of glutamic acid to y-aminobutyric acid is
an example of such a reaction.  Information
on the intracellular localization of amino acid
decarboxylases is meager; however, at least
some of them are associated with the soluble
fraction of cells. A qualitative study of glu-
tamic decarboxylase in brain showed that it is
also present in the soluble fraction (unpul:-
lished observations). It is again interestin:
to note that the intracellular distribution «f
carbonic anhydrase corresponds to a majo-
site of CO, production.

Nature of Mctabolically Produced Carhoa
Dioxide. The customary biochemical repre-
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ntation of CO, produced during metabolism
nveys the impression that CO, is split off di-
ctly from the decarboxvlated product. It is
ae that, due to its volatility, CO, is an ulti-
ate producet of respiration, whether it is meas-
:ed in the whole organism or in biochemical
weparations; however, because of the kineties
o the hydration-dehydration reactions it is not
Lsown whether CO, or a hydrated product
(earbonie acid or hicarbonate) is initiallv pro-
duced in metabolic reactions.

Attempts have been made to determine the
inal nature of the CO, liberated by de-
carboxvlating enzyme systems by measuring
the rate of CO, production in the presence
and absence of carbonic anhvdrase.  On
e basis of such experiments, Krebs and
tonghton %3 concluded that reaction systems
wtilizing veast carboxylase or urease produce
€O, as the initial product.  Conway and
O'Malley #t confirmed these results with re-
speet to.the urease system; however, with re-
spect to the carboxyvlase system they main-
tained that the original nature of the CO,
varied, being cither the gas itself or H,CO.,
depending upon experimental conditions,

Another approach to the study of the forma-
tion of CO, in enzymatic reactions was pre-
sented by Rothberg and Steinberg ¢ who em-
ploved Olabelled water in reaction systems
containing various bacterial amino acid decar-
hoxylases.  They observed that the CO, pro-
dneed was essentially free of O™ and concluded
that these pyridoxal-catalyzed decarboxylations
were nonhydrolytic; consequently CO, was the
initial product. The results support a mech-
anistic model for pyridoxal-dependent decar-
boxylase reactions proposed earlier by Metzler
¢ als

The above-cited studies on the nature of
€O, produced by decarboxyvlation reactions
were necessarily restricted to isolated enzyme
s:stems as opposed to tissue slices or homo-
g-nates because it was not technically possible
t measure directly rates of CO, production in
a respiring system. Ultimately, it is necessary
t:: study the problem in respiring systems be-
4
<

e e oA

wse they are closer to the situation in tico.
ime indirect studies of the effect of carbonic
ahydrase inhibitors on the rate of CO, pro-
¢ tetion in intact tissues have been reported.
Shanes % suggested (on the basis of a hydro-
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gen-potassium exchange hypothesis) that the
increase in potential produced by sulfanilamide
could be explained if H and HCO,™ were the
first products of decarboxylation rather than
o,

Koch and Woodbury #* observed that the
total CO, content in the cerebral cortex of
acetazolamide-treated animals was higher than
normal values (table 2). They concluded that
the inhibition of carbonic anhydrase reduced
the rate of CO, escape from the tissue, an in-
dication that CO, is derived from carbonic
acid. It is of interest to note that the experi-
mental conditions of these experiments were
similar to those discussed earlier which demon-
strated that the soluble fraction of brain car-
bonic anhydrase activity was selectively in-
hibited over the mitochondrial enzyme activity.
The increase in total CO, content of cortex
produced by acetazolamide. consequently, ap-
pears related to inhibition of carbonic anhy-
drase activity in the supernatant fraction of
cells.

We have extended the study of the origin
of CO, produced during respiration by em-
ploving a completely different system utilizing
an infrared CO, analyzer. With a CO, an-
alvzer it is now possible for the first time to
record continuously the rate of CO, production

control

Time (Min)

C0; Cencentration

Fie. 5.
on the rate of CO: production in rat brain_homo-

Inhibitory influence of acetazolamide

genate.  Study conducted in a standard Warburg
vessel at 38 C. Respiratory system contained 3.0
‘ml. of a 0.25 M sucrose homogenate (1:5) of
brain, 0.6 ml. of 0.25 M glucose solution, and
0.4 ml. of cither H.O (control) or 10-% M acetazol-
amide solution: final acetazolamide concentration
equalled 10-3 M. This figure represents a photo-
graph of the actual recording with the ordinate
as time and the abscissa as CO: concentration.
Note that rate of CO: production in the control
systemexceeds that of the system to which
acetazolamide has been added.  For example,
the CO: concentration in the control
system at 10 minutes attained in the
acetazolamide  inhibited until  approxi-
mately 15 minutes.

system
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in tissue homogenates of brain during acrobic
metabolism. Examples of such recordings are
shown in figure 5. These recordings illustrate
that the rate of CO, production decreased fol-
lowing the addition of acctazolamide. Fur-
thermore, it was shown that the decreased rate
of CO, production was not due to a deereased
respiratory rate because oxygen consumption
was unaffected by the concentrations of ace-
tazolamide used. The fact that the apparent
rate of CO, production decreased following
the addition of acetazolamide supports the con-
cept that respiratory CO, is derived from car-
bonic acid.

It is interesting to compare the relation of
the depression of CO, production to the de-
gree of carbonic anhvdrase inhibition.  The
degree of depression in CO, production was
approximately the same in the presence of
cither a 10% M or 10-7 M acetazolamide soln-
tion: however, a 10-% M solution completely
inhibited the carbonic anhydrase, whereas a
10-7 M solution inhibited only 10-15 per cent
of the total tissue enzyme activity.  Reactions
containing a 10-* M solution are comparable
to the concentrations used in the in tivo ex-
periments discussed earlier which demonstrated
an increase in total CO, and selective inhibi-
tion of the supernatant carbonic anhydrase ac-
tivity. The equal inhibition of CO, produc-
tion obtained by widely different degrees of
enzyme inhibition remains to be explained.

The studies on CO, production which have
been made with the CO, analyzer were per-
formed on whole tissue homogenates.  How-
ever, since the major sites of CO, production in
tissue are probably mitochondrial and super-
natant fractions, it is important to study the
nature of the CO, produced in these two iso-
lated cellular fractions in order ultimately to
understand the intracellular relationship of the
carbonic anhydrase function in these two frac-
tions. Such studies are now being carried out
in our laboratory.

MECHANISM OF ANTICONVULSANT ACTION OF
Canrsox D1oXIDE oN THE NERVOUS SYSTEM

A hypothesis for the mechanism of anticon-
vulsant action of CO, on the CNS has been
presented by Koch and Woodbury and will
only be summarized here. The cffect of giving
exogenous CO, or acetazolamide is to increase

D. M. WOODBURY AXND R. KARLER

Anesthesiols gy
NoveDee. 104
the steady-state concentration of H,CO, in
brain cells.  In the case of acetazolamide, the
inhibition of carbonic anhydrase reduces te
rate at which metabolically derived CO,, which
is produced as H,CO._. is dehydrated.  Because
H.CO, is much less diffusible than CO,, tue
inhibition of carbonic anhydrase results in - n
increase in the steady-state concentration of
H,CO, in the brain. The increased H,CO,
concentration, produced by CO, and acetazcl-
amide, reduces the permeability of the clt
membrane to Na probably as a result of un
increase in ionizable calcium which ocerrs
from the local inerease in acidity induced by
H,CO,. Increased amounts of caleium ion are
known to decrease cell permeability to N
Inasmuch as Na-pump activity is not affected
by H,CO,, the decreased Na influx results in
a lower steady-state concentration of Na within
the cells and a higher ratio of Na across the
membrane.  The deercase in permeability of
the membrane to Na would be predicted to
raise the threshold of firing of neurons and re-
duce, to some estent, the height of the prop.
agated impulse. A very slight elfect of this
nature would be difficult to detect along the
major portion of an axon, hut could exert a
marked effect on the posthmetional elements of
a synapse.®s  Ience, carbon dioxide would he
expected to block the abnormally high number
of impulses impinging on the dendrites of cen-
tral neurons and thereby to rednce consider-
ably the probability of successful  synaplic
transmission.  As a consequence, activity from
an epileptogenic foens would tend to remain
a localized phenomenon instead of progres-
sively spreading to involve the whole cerebral
cortex.,

Suarnanry

It I]ﬂS l)L’Cl] S]l()\\'n t]lflt various concentra-
tions of CO, exert inhibitory and excitatory
effects on the central nervous system (CNS).
In addition, several drugs which mimic the
effects of CO. on the CNS possess this activity
by virtue of their ability to alter the tissue
level of CO,. The mechanism of the CNS
action of CO, appears dependent upon speci‘ic
clectrolyte and amino acid changes.  These
studies have also demonstrated that carboric
anhydrase is important in the regulation of
the Ievel of brain CO, and excitability ard
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t.at the role of carbonic anhydrase in brain is
vtimately concerned with the conversion of
n etabalically produced H,CO, to CO,. Iur-
ti.ermore, this functional rele of the enzyme
aopears associated with the soluble fraction
o the cell.
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