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It has Jong been known that a dilatation of
vessels of the brain occurs during asphyxia. It
is also well established that an increase in
CO, concentration in the blood produces a
vasodxlahon of the cerebral vessels*2 and an
increase in blood flow through the brain? ¢

However, it was not before 1930 that Wolff
and Lennox ® demonstrated the correlation be-
tween an increase in the CO, content of the
blood and a rise in cerebrospinal fluid (CSF)
pressure. Their findings were further substan-
tiated by many workers who studied animals
breathing high concentrations of CO,.® Draper
and Whitehead ? amplifying an earlier obser-
vation by Volhard® produced in dogs hyper-
capnic acidosis by their technique of “diffusion
respiration,” (called by the present authors
“apneic oxygenation”). They noted with
Goldensohn® a marked and early increase in
CSF pressure.  Similar observations were
made by Small et al.*° who induced respira-
tory arrest with succinylcholine instead of the
overdose of thiopental used by Draper and
Whitehead. A rise in CSF pressure was no-
ticeable after 90 scconds when Pago, had
increased by about 8-10 mm. of mercury.
After 2 minutes of “apneic oxygenation” the
CSF pressure rose an average of 126 per cent.
After 8 minutes and 24 seconds it reached an
average peak of 375 mm. of water. They
further d rated that the cardi

and respiratory effects of CO, are of little
importance in producing changes in CSF
pressure, suggesting that increased intracranial
pressure could result from clinically unde-
tected hypercapnia.
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The purpose of the present expt:nment.xU
was to compare the effects of an organic by
drogen ion acceptor of low toxicity, 2-amino-§

2-hydroxymethyl-1,3-propanediol or tns(h)—
droxymethyl)aminomethane (THAM) on in<
tracranial hypertension of hypercapnic acidosisg
with the effects of other agents used to rclmc@
clevated intracranial pressure.

Materials and Methods

Seventeen adult mongrel dogs weighing 12
16 kg. were used. Ten minutes after subcu2.
tancous injection of atropine sulfate (0.3-043
mg.), the dogs were lightly anesthetized with.
25 mg./kg. of thiopental given mtmvenously._
Their trach were i diately mtubaled'F
with a cuffed endotracheal tube mnmtmnecﬁ
above the carina and no more barbiturate wagy
administered. Lid areflexia was generallys
avoided. Respiratory paralysis was indu
by 0.5 mg/kg. of succinylcholine ndmunsm
tered intravenously and the animals’ lungg
were ventilated with 100 per cent oxygen byS
means of a pressure controlled mechani
ventilator. Paralysis was maintained by addig
tional doses of succinylcholine (average to
dosc of 3 mg./kg.). The ventilator was driverio
at the rate of 16-18/minute with a ratio o
inspiration to cxpiration of 1:2. The endOO
tracheal tube was also connected through onc::
arm of a three-way stopcock to a Bcncdlclo
Roth metabolism apparatus filled with oxygcng
CSF pressure was measured via a 20-gauge
Quincke-Babcock spinal needle inserted thr
the cisterna magna and connected by 2 polys
ethylene catheter to a P 23 BB Statham prese
sure transducer, and a Sanborn Twin-Visg
recorder, Arterial blood pressure was recorded
via a femoral artery polyethylene catheter and\‘
a P 23 AA Statham pressure transducer. In'c
travenous fluid was administered by a mth,\,
eter introduced into the femoral vein.
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Tabte 1, Average Changes in Pressure and Acid-Base Balance in Cerebrospinal Fluid and
Arterial Blood of Dogs after Two 30 Minute Periods of Apneic Oxygenation
Pressure pH HCOs" mi./1L. Pcos mm. Hg
Utine
Hg |mm. H:0 Arterial Arterial Arterial b
“Biood” |"CEE | ‘Ploca | CSF- | “Bicod | CSF Blood CS.F.
Control 17 61 7.54 15.5 19.5 211 313 )
(100-138)*] (40-100) (7':.-7 o) FLA8T.50)| (31221 (12924 ( 141 40.9) ( 255- 47.7)
10. 22 147 6.9 2.3 . i57.0 . 1
el (110-138) | 00-180 | 0. ;{s-ﬁ .02)| (6. 70—7 18)] (21-30.7)] (17,0-24.8)| (133.4-208.43} ¢ 97.1-160.5) 2 10)
LOATIAM (100-150) | ( 0~ ;w) 1.55-7.09) (7.31-7.58)] (13.0-20.0)] (15.6-30.0)] ¢ 157 31.9)| ¢ 258 3000} ¢ 6= 40)
. (105-156) | ( 0= 70 ('.:u 77| G.2i-7.46)| (32552.6)| (15.6-21.7)[ ( 46.1- 77.0)|( 432~ 76.2)] (152-250)
Cootrol 128 36 7.60 7.51 14.2 20.6 15.1 7.1 0
10 { 90-150) (ZT&-IG) (7.55~7.G8). a.m.rm (10',,8-.1;9.1) (lﬂ;'D-zl_’)) [4 ll.I’)- 22.3)| ( 20.6- 32.7), B
h‘h‘ (120-150) | @70-200) (6.86-6.04) .T308 (24.4-31.6) (Iﬂ;.';::."!.l) (116.7-168.1)| (131.8-168.9)| (4~ 10)
2 X 5 . & Y X
110-170) | 0= 20) | (7.48-7.67) (7.21-7.49)] (12.2-22.3)| (16.7-17.9){ ( 11.6= 30.6)|( 26.4~ 47. 2.
A.0.+Tﬂ¢\.\l-Cl( ) (102)(7' )(70.89 )(28.3 ) (¢ y N1 ¢ 0-.30)("01 47.0 ( 12- 18)
(120-116) | (80-110) | (6.95-7.04)| (6.79-7.09)| (26:2-32.1) (17.8-22.3)] ( £9.0-148.6){ ( 90.1-135.0)| (150-210)
* Range

Dunn¢ t.ha second period of A.O. the animals we:

re treated Each fi
rted in the average results (mcmue or decmue) ‘were present in lﬂmdmdunl experiments, C.8.F.:cerebro-

rends repo
npuulﬂunl A.Q.: apneic oxygenation.

urinary catheter was inserted into the bladder
which was emptied at the start of the first
period of “apneic oxygenation” and urinary
putput was recorded throughout the experi-
ment.

At regular intervals during each experiment,
arterial blood and CSF samples were ob-
tained simultaneously and anaerobically. The
volume of CSF withdrawn at any one time
was never more than 0.5 cc., and it was im-
mediately replaced by the same amount of
normal saline; if the CSF was bloody the
experiment was discounted.  Blood and CSF
pH were determined with a model R Cam-
bridge potentiometer and a Sanz micro glass
electrode at 37.5° C. Plasma and CSF CO,
content were determined on the Kopp-Natel-
son microgasometer.t* CO, partial pressure
and bicarbonate ion concentration were cal-
culated with the Henderson-Hasselbalch equa-
tion. All analyses were performed in duplicate.

After one hour of denitrogenation the ani-
mal was submitted to two 30 minute periods
of apneic oxygenation. Thirty minutes of
mechanieal ventilation separated the two pe-
riods of apneic oxygenation. It was estab-
lished in three experiments that animals sub-
jected to this procedure presented a similar
rise in CSF pressure during both periods of
apneic oxygenation. The compound to be
tested was given during the sccond period
of apncic oxygenation. Five series of experi-

a8 indi 4

the average of 3-4 measure-

ments were performed. At 0.3 M solution
of THAM ® was given intravenously to the
first group of dogs at the rate of 1 ml/kg./
minute. The second group received the same
amount of THAM titrated to pH 7.40 by the
addition of 210 mEq/l. of hydrochloric acid.
The third group was treated with 0.8 M p-man-
nitol administered intravenously at the rate
of 1 ml/kg./minute. The osmolarity of this
solution is similar to that of the titrated
THAM. A similar amount of 0.3 M solution
of urea was given to the fourth group. The
fifth group of dogs was perfused with 30 per
cent urea in 10 per cent invert sugar,} at the
rate of 0.3 ml./kg./minute.

Results (Tables 1 and 2)

In all experiments there was a four to five-
fold increase in CSF pressure after the first
period of apneic oxygenation. Mean blood g
pressure rose or remained constant. Arterial 5 g
blood and CSF pH fell below 7.0, while Poo,o
and HCO;- increased in both media. Unnary 3
output was negligible.

In the animals treated with THAM, CSF S
pressure remained within normal limits, blood »
pressure did not change, and arterial blood'c
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Tasre 2. Average Changes in Pressure and Acid-Base Balance in Cercbrospinal Fluid and o
Arterial Blood of Dogs after Two 30 Minute Periods of Apneic Oxygenation g
B
Pressure PH HCOy mM./T. Pcos mm. Hg g’_
Urise @
. Hy H0! Arterial Arteria Arterial s
mm. mm. =2
Blood | "CH.F. | ‘Blood | CS5F | Yfijged | CSF Blood CSF. g
Control 122 44 7.50 7.47 15.7 20, 215 20.9 0 >
(104-144)*| ( 16~ 70)| (7.40-7.62) (7.38-7.59)} (11.9-17.4)] (17.7-22.8)| ( 11.8~ 27.0)|( 21.8- 35.3) =
A.0. 150 z 6.8 [X 21.7 21, . 6 T
Contral (128-182) | (255-200)] G-I8-0.00) (G.75-0.900)] (180:23.7)| (18,0°-20.0)(( 08-4-188.1)} (100.0-167.D) ( 2- 10k
atrol 2| o 3 2 X 10
06-150) {( 10~ 40)} (7.29-7.44)| (7.20-7.38)| (13.9-17.7) (17.2-10.7)] ( 20.9-"35.0)[( 3. .2
A0 Fannitat | CTare | Heg 10} Tgag 4 7359 (agrinnt argenit L M)
(124-188) { (116-188)] (6.59-0.83)| (6.57-6.85)] (20.4-23.7)| (16.8-20.6){ (141.7-225.6)| (121.7-199.8) | (150-280},
Control 165 63 7.43 7.38 30.1 369 0 3
(160-170) } ( 30- 95} (7A1-7.49)} (7.35-7.49)| ( .7){ ¢ 26.5- 33.1)| ( 32.0- 39.4) 3
A0 (1051-'»00) (uls 270) (6 s 84)| (6. 318 80)| 27 13.2)| 208-21.5)| 1818010 143.92180.6)| ¢ 10 143
Control 180 70 )| O 801 05 g S| CoR gl SN (BLE RO RGO LI IR,
(175-190) | ¢ 55= 05)| (7.23-7.45)) (7.16-T36) (17.0-22.3)| (10.5-10.0)[ € 26.2-"55.8)| ( 33,6~ 56.0)} ( 20~ 34
A.0.4Uren 357 [X ¥ 26.8 20. 197, 63
(170-225) | (300-100) (6.66-0.85)] (6.65-6.81)| (26.2-27.4)| (19.5-22.5)| (161.7-242.9) (120.1-198.2){ ( 40- 4B
Control 150 53 739 7.38 14.9 18. 253 37.6 0 2
a0 (143-155) | ( 40~ 80)| (.35-7.41) (.207.50)) (123°17.6) (17.4-200)\( 200- 309 ( T2 do2)) o
) ‘ . (150-210) | (175-320)| (6.54-0.73)| (6.32-6.74)] (22.2-20.4)] (17.0°21.8)] (2043-268.7) (48622000 ( & 17
Control K R g .22 X . [
(1202140 |  15- 50)| 7-28-7.53)| (720-7.20)] (11.8-15.5)] (15.0-16.0)| € 10.1-"25.9){ ( 321-"47.00[  10- 165"
A.0.+4Urea and 2 X X X 21 2 2 o
invert sugar [(170-230) | ( 65-135)| (6.57-6.74)] (6.63-6.94) (23.5-28.4)] (20.4-21.4)[(212.8-276.1)| (105.7-206.6}| { B“E
* Range. i
During the second period of A.O, the animals were treated as indicated.  Each figure represents the average of 3-4 measre-
ments. ds n.-mru\ﬁn the average results (increase or decrease) were present in all individual experimenta, C.8.F.: cerebrox
spinal fluid; A.O.: apncic oxygenation, B
N

pH was maintained within = 0.1 pH unit. A
rise in Paco, was limited by the increase in
plasma HCO;~. In the CSF, pH fell by
about 0.1 pH unit, bicarbonate fell slightly,
and Pco, rose. A marked diuresis started 3
to 3 minutes after the onset of apnea and was
maintained after restoration of mechanical
ventilation and cessation of the infusion of
THAM. .
The animals treated with buffered THAM
and those treated with mannitol presented
similar, though not identical, pictures. There
was a rise in CSF pressure which was less
than in the first apneic control period. This
increase in pressure, however, was not as great
(102 instead of 155 mm. of mercury) in the
dogs treated with titrated THAM, and acid-
base relationships in blood and CSF were less
altered. During the period of apnea urine out-
put was marked in both series and similar to
that of the animals treated with THAM at
pH 10.2. The animals treated during apnea
with a 0.3 M solution of urea had the highest
CSF pressure. They also had hypertension, ar-
rhythmias and hematuria. Urinary output was
well below fluid input. The administration of
urea-invert sugar was accompanied by a three-

1Je

fold increase in CSF pressure instead of a fivi
fold one as in the control period. Diuresigs

output tending to match fluid input.

Discussion

The present scries of experiments confimg
the cffectiveness of THAM in correcting thes
acute intracranial hypertension of hypercapni
acidosis.??- 12 That this correction’ requires a
normal blood pH is borne out by these observa
tions. The administration of THAM titrated
to pH 7.40 is accompanied by a rise in CSK
pressure. This increase, however, is not
great as the increase with 0.6 M mannitk
which completely lacks buffering activity an&
is accompanied by a greater degree of nddosi%
However, the relationship between increase it
CSF pressure and acid-base balance change8
in blood and CSF cannot be closely analysed
in the present experiments, where the sampleg
of CSF were replaced by normal saline, thus:
altering the bicark ration an
acid-base balance in this compartment. It cal®
only be pointed out that, in the presence of
minimal fuid load, a rise in CSF pressure is
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accompanied by a fall in pH and an increase
in Peos, both in arterial blood and CSF. As
- eported previously, there is little correlation
betwecen arterial and CSF pressures.® It is
apparent that THAM acts through both its
ssmotic and buffering properties, since a
THAM solution titrated to pH 7.40 with HC]
pattially corrects the rise in CSF pressure dur-
ing apenic oxygenation. When 0.6 M p-man-
nitol is administered in an t which will
produce a diuresis similar to that of titrated
THAM, but not correct the acidosis at all, the
sise in CSF pressure is more pronounced. A
mixture of urea and dextrose reduces the intra-
cranial pressure to a greater extent than THAM-
chloride or mannitol. Two factors may be re-
. sponsible for this: the much smaller fluid load
(0.3 ml./kg./minute instead of 1 ml./kg./
minute) and the marked increase in blood
osmolality which accompanies the infusion of
urea-invert sugar. Neither titrated THAM nor
itol change blood lality to a simil
extent and it is the difference in osmolality be-
tween blood and CSF induced by urea which
appears to be responsible for the CSF pressure
reduction.!* Furthermore, such a correction
is even better maintained in the absence of
wrinary excretion.*® As THAM is a potent
diuretic, it may have a limited effect on the
relief of intracranial hypertension associated
with brain compression. It is noteworthy that
even a very hypertonic solution such as urea-
invert sugar (5.3 molar, 18 times the osmolar-
ity of the blood) did not completely correct
the intracranial hypertension’ of hypercapnic
acidosis, whereas an isosmolar solution of urea
increased the hypertension and produced hem-
aturia, This rise in intracranial pressure dur-
ing urea-invert sugar infusion could not be
accounted for by the fluid load. An expansion
of extracellular space, as shown by Fishman,®
is a contributing factor in the production of
intracranial hypertension, but in this instance,
after 20 minutes, urine output closely matched
fluid input and fuid load was minimal. The
partial correction of hypercapnic intracranial
hypertension by agents which exert an osmotic
activity could indicate that hypercapnic acido-
sis and ijts resulting cerebral vasodilation may
also be accompanied by a transfer of water
from vascular to cerebrospinal compartments,
or possibly, from extracellular to intracellul:
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spaces. This hypothesis, however, requires
further experimental testing.

These series of experiments indicate that3
the intracranial hypertension of hypermpmcm
acidosis cannot be corrected by agents w}uchm
only have osmotic properties. Such a correc-3
tion requires’the restoration of acid-base bal-3
ance either by THAM administration or hy-=
perventilation.}”

JumoQ
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Summary

Hypercapnic acidosis was produced in 172
dogs by maintaining them in apneic oxygena-
tion for 30 minutes. There was a three to five- >
fold increase in cerebrospinal fluid (CSF)> ;
pressure, while arterial and CSF pH fell by3
0.8 pH unit. During a second period of apneicg
oxygenation, one group of dogs received nnfD
infusion of 0.3 M tns(hydroxymethyl)ammo—:‘
methane (THAM). CSF pressure did notg-
change, marked diuresis was present, arterialg
and CSF pH remained within 0.1 pH unit of5-
control while arterial and CSF P, rose re-2:
spectively from 24 to 58 and 33 to 51 mm.p
of mercury. Two other groups of dogs wereS
given 0.8 M mannitol or 0.3 M THAM titrated}
to pH 740 with HCl. In both instances=
diuresis was maintained and the increase ino
CSF pressure was half that of the control hy-m
percapnic period, while blood and CSF pHOg
and Pgo, changes were the same. When\
0.3 M urea was administered, the increase ing
CSF "pressure was greater than in the control&
apneic period. Marked hematuria was presenti
and blood pressure rose by an average of 30«:
mm. of mercury. When a 30 per cent so]u-
tion of urea in 5 per cent dextrose (5.3 M)o
was administered CSF pressure rose from 333
to 100 mm. of water and blood pressure fromo
130 to 207 mm. of mercury pH and Pco-m
changes were similar to those recorded in theg
control apneic period. Marked diuresis was
present. Intracranial hypertension of hyper-
capnic acidosis cannot be corrected by ngents%
which have only osmotic properties. This cor-
rection requires a restoration of pH to normal, S
which can be accomplished by hyperventxln-
tion or by THAM administration.
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