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SOME FACTORS INFLUENCING DISTRIBUTION, METABOLISM
AND ACTION OF BARBITURATES: A REVIEW

R. K. Ricuaros, M.D. and J. D. Tayror, Ph.D.

Since the introduetion of the diethyl barbituric acid, now called bar-
bital, by Fischer and von Mering (1) in 1904, an enormous literature
has appeared on the chemistry, pharmacology and clinical uses of this
drug and its numerous derivatives.The pharmacologie research of the
first quarter century has been reviewed by Kochman (2). In 1939,
Tatum (3) summarized important contributions up to that time. The
rapid progress in biochemistry, analytical chemistry and other basic
sciences in the last two decades has greatly intensified and expanded
our knowledge of the pharmacologic action of these drugs. Their ex-
tensive elinieal use, particularly the introduction of certain members
as intravenous anestheties, has led to numerous clinical investigations.

The authors of this review have made no attempt to present a sur-
vey of all, or even the greater part, of this immense field. Instead
they have confined themselves to a selected and limited area. The aim
was to summarize and critically review, where possible, certain factors
which govern and modify the distribution, metabolism and action of
barbiturates. While by necessity the majority, but by no means all,
of the publications contributing to this field are based on animal ex-
perimentation, the authors have tried to emphasize their obvious or
possible importance for the clinical use of these drugs under a varicty
of circumstances. It is hoped that in this way the data assembled and
reviewed will also contribute to a better understanding of clinical ob-
servations and perhaps serve as a guide in specific situations where
clinical experience may still be meager or absent.

Tn view of the outstanding importance which analytical chemical
procedures play or should play in many studies of this type, a survey
of these methods forms the first part of this review. This is followed
by presentation and analysis of the publications concerning themselves
particularly with the chemical aspeets of distribution and metabolism
of the barbiturates.

Certain biological conditions which cause variations in response are
taken up next, followed by a diseussion of a selected number of papers
which deal with-the modification of barbiturate action by other drugs.
The experimentally and clinieally important question of the role of
the liver and kidneys in the action and metabolism of barbiturates
forms the last part.

Rend in part before the Biennial Western Conference on Anesthesiology, San Franeisco,

California, March 21, 1955, and accepted for publication January 26, 1956. The authors are
in the Department of Pharmacology of the Abbott Lahoratories in North Chieago.
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The authors wish to emphasize that they have not tried to present
a complete blbllogruphy or to discuss all papers bearing on the sub-
jects of this review. On the other hand, the reader will find it under-
standable that certain reports are rcpeutedly discussed at several
places in this review. Such repetition appeared to be occasionally
necessary in the interest of clarity of some topics and to illustrate the
interrelation of various factors.

Generic names of drugs have been used throughout this paper where
possmle. Table 1 lists these generic names in alphabetieal order and

permits reference to trade names and chemieal composition.

CTABLE 1
CHEMICAL NAMES
Generic Name Trade Name ® Chemical Name
Allabarbital Dinl 5,5-diallylbarbituric acid
Amobarbital Amytal 5-ethyl-5-isopentylbarhituric seid
Aprobarbital Alurate 5-allyl-5-isopropylbarbituric acid
Barbital Veronal 5,5-diethylbarbituric acid
Butallylonal Pernoston 5-(2-hromm||\l)-5—sor I)ul\ llmrhllunr acid
Carinamide Staticin acid
Chlorp i h i 2—chlnro-10-('I dimethy): 1)-phenothiazine
Cyelobarbital Phanodorn 5-(1-cyelohexen-1-y! l)ﬁ’rclh\ lhnrlnlunc acid
Dimercaprol BAL 2 3-dimercapto-1-propanol
Diphenhydramine | Benadryl 2—diphcnyl-melhuxy-N‘.\'-dimelhyl-cthylnmiuc
Disulfirnm Antabuse Tetraethylthiurmm disulfide
Hexethal Ortal 5-cthyl-5-hexylbarbituric acid
Hexobarbital Evipnl 5-(1-cy clohexen-1-y1)-1,5-dimethylharbiturie acid
Kallikrein Padutin pancreatic extret, free from insulin, histamine, and
choline
— Megimide 8,6-methyl ethylglutarimide (NPI3)
Mephobarbital Mebaral 5-cthyl-1-methyl-5-phenylbarbituric acid
(or Prominal) | |
Metharhital Gemonil 5,5-diethyl-1-methylbarbituric acid
N-methyl — S-ethyl-1-methyl-5-(1-methylbuty])-2-thiohurbituric
thiopental acid
Pentobarbital Nembutal 5-cthyl-5-(1-methylbutyl)-barbiturie acid
Phenobarbital Luminal 5-cthyl-5-phenyl-barbituric acid
Physostigmine Eserine an alkaloid from I’h _/mlxqma vcnznwmm
Promethazine Phenergan 10- (2-dimethy! thi
Pyrilamine Neo-Antergnn | 2-((2-dimethy’ lnmmot.-(h\ l) (p—me(hox) henzyl) amino)
pyridine
Seeobarbital Seconal 5-allyl-5-(1-methylbutyl)barbituric acid
Serotonin —_ 3-(2-aminocthyl)-5-indolol
(Enteraminc)
Thialbarhitone Kemithal 5-allyl-5-(2-cyclohexen-1-y1)-2-thiobarbituric acid
Thiamylal Surital 5-allyl-5-(1-methylbutyl)-2-thioharbiturie acid
Thioethamy! ‘Thicamytal 5-ethyl-5-isopenty]-2-thiobarbituric acid
Thiopental Pentothal 5-cthyl-5-(1-methy lhut)l)-thmlmrbltunc nclll
Trihexyphenidyl Artane 2-cyclohexyl-2-phenyl-1-piperidi P
Tripel i Pyril: 2-(bcnt\|(" limethy!. thyl): )-pyridine
— Eunarcon 5-(2-bromoally’ l)si-lmpmp\l -1-methy] barbituric acid
— Hydergin hydrogenated eruot. alkaloids:
dihydroe rgm-ummc methane sulfonate
dihydroergoceristine methane sulfonate and
dihyitroergocryptine methane sulfonate
- 1SDh N, N-diethyl-lyrergamide
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MeTHODS

It has been said that the history of a science lies in the history of
its methods. This is also true for the field of drug metabolism because
only since the development of accurate and specific methods have we
begun to understand some of the phenomena associated with the ac-
tions of barbiturates. Because most barbiturates have many prop-
erties in common, they will be discussed as a group rather than as
individuals compounds.

There have been two modern reviews, by Maynert and Van Dyke,
(4) and by Raventos (5), in which the work on methods has been sum-
marized. We have surveyed the most widely used techniques in table
2, with some indication of their limits and specificity.

TABLE 2
Susstary or GENERAL METHODS
Eatimated Limit of

Method Determination (mg.} Specificity
Gravimetric 10 fair
Colorimetric .05 metabolites may interfere
Paper Chromatographic .05 good
Ultraviolet 01 metabolites may interfere
Infrared 1-0.1 8
Radioactive .001 metabolites may interfere

The method of choice shonld (1) be specific for the unchanged drug
but not the metabolites; (2) require only small amounts of hiologieal
material; (3) be accurate, and (4) be simple. To be useful in clinieal
work it should be capable of determining at least 10 micrograms of
barbiturate in 1 to 5 grams of blood or tissue with an accuracy of =5
per cent.

The gravimetric method is the oldest and was used by Fischer and
von Mering (1) in the study of barbital. It has the disadvantage of
requiring a high order of purification, large amounts of barbiturate
(about 10 mg.), and consequently large samples of biological material.
Today its use is largely limited to auiopsy material.

The best known colorimetric method was deseribed by Koppanyi
et al. (6) by which a blue color was formed with cobaltous chloride in
alkaline solution. The method needs special precautions to insure
specificity because many of the barbiturate metabolites contain the
barbiturate ring intact and also give a color. The values obtained
are usually high. It has a limited degree of sensitivity.

Hellman, Shettles and Stran (11) were the first to apply the ex-
ceedingly useful uliraviolet absorption method to the determination
of thiopental in blood. Since then this method has been refined by
Juiler and Goldbaum (12) and has been widely used. These early
procedures had the disadvantage of luck of specificity, heeause it was
later found that some barbiturate metaholites in which the ring was
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intact had absorption characteristics similar to the parent drug. In
most tissues the unchanged drug is responsible for the major part of
the absorption hut, in urine, the ultraviolet ahsorption is mostly caunsed
by metabolites.

Brodie ¢t al. (13) increased the specificity of the method by use of
hexane: iso-amylalcohol mixtures and rigorously controlling the pH of
the extraction. They were able to extract the unchanged thiopental
from tissues and urine, leaving the metabolites behind in the water
phase. A similar method for pentobarbital and secobarbital has also
been described (14). These methods will measure about 10 micro-
grams of barbiturate in 2 to 5 Gm. of tissue or blood. While the prin-
ciple of ultraviolet absorption is mostly used for quantitative work,
Goldbaum (15) has deseribed an adaptation which qualitatively differ-
entiates between the speetra of different barbiturates by their charac-
teristie shift in absorption spectra when measured at two different
pH’s. Maher and Puckett (16) have summarized their results with
this method on nineteen commercially available barbiturates. Their
data cover three years experience with this procedure in routine toxi-
cological analyses in man.

Infrared spectroscopy has been little applied to date for quantita-
tive work, but is becoming more widely used for identification. This
method can be applied to samples as small as 1 mg. with existing com-
mercial equipment. With special adaptation, using the KBr pellet
technique, about 100 microgram is the present limit (Anderson and
Woodall, 17).

The radioactive isotope method is a useful technique particularly
in the study of metabolites. In our hands (Taylor ef al. 8) we were
able to measure as little as 1 microgram of sulfur labeled thiopental.
The sensitivity of the method is largely dependent on the ability of the
chemist to synthesize a product having a high degree of radioactivity.
In fact, getting the compound synthesized with the desired isotope in
the proper position, the special counting equipment and the time needed
are some of the deterrents to working in this field. To date only C**-
pentobarbital and thiopental and S*-thiopental have been studied by
this method. As with the ultraviolet procedure, special precautions
are necessary in measuring the unchanged drug because most of the
metabolites are also radioactive.

Paper chromatography has proven to be a simple method useful for
detecting and identifying mixtures of barbiturates. The lower limit
of sensitivity is about 50 micrograms and is largely dependent on the
reagent used to identify the band. Several references to this method
are given by Raventos (5). For more recent work see Deininger (7)
who gives the Rf values for thirteen barbiturates. This method is par-
ticularly useful in the study of metabolites of radioactively tagged
thiopental (8) and pentobarbital (9, 10).
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The methods used for the isolation and identification of metabolites
are variants of those applied to the parent drug, with the addition of
classical chemical procedures to determine structure. One technique
that has not received the attention it deserves is the use of ion exchange
resins. This will undoubtedly be explored in the near future.

Pentobarbital and amobarbital have been labeled with N** in the
barbiturate ring (Van Dyke et al. 18) and their metabolism studied in
dogs (Maynert and Van Dyke, 19, 20). The results are summarized
by Maynert (21). As a general tool, N’® labeling has not been used by
other investigators of barbiturate metabolism. As a method, N de-
terminations are time consuming, require a mass speectrograph, spe-
cialized synthesis and lack the sensitivity obtainable with radioactive
isotopes.

There is a remote possibility that someone may develop a more
sensitive fluorescent method, using the spectrophotofluophotometer
which has recently come into existence (Bowman ¢f al., 22), but for the
next few years most investigators will probably use the ultraviolet
method of Brodie and his collaborators for measuring barbiturates in
biological tissues and fluids.

Disrrisurion 1x THE Bopy

After administration, barbiturates are soon found in practically
all tissues, the amount depending on the dose and type of the barbitu-
rate and time after administration.

Figure 1 is a generalized diagram showing the major pathways of
distribution and fate of a barbiturate. Entrance into the body may be

INTESTINE
e ——
1 |pLasma ————— BRAIN
2=\ /]
i I PHYSICAL STORAGE
c‘é PLASMA‘_BORM JES N N
2 [PROTEN—> - TISSUES
T \ (FAT, MUSCLE, ETC)
< METABOLIC DISPOSAL
\ (LIVER, ETC.)
Mt B -ENZYMES, MeTABOLITES
URINE T ¥
B M

Fig. 1. A generalized, schematic diagram of the major pathways of the distribution and
excretion of o barbiturate and its metabolites: B = barbiturate; M = metubolites. Arrows in-
dieate direction of movement (adapted from Toman and Taylor, 64).
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cither by way of intestine or parenterally. In the latter case the blood
stream contains most of the dose immediately or soon after the in-
jection and the drug is then rapidly taken up by all tissnes. When
the brain concentration reaches a certain critical level, the animal falls
asleep. The liver, muscles, and so forth, remove the bulk of the bar-
biturate from the blood. In the case of thiopental, 60 to 70 per cent
of the drug in the blood may be adsorbed to the plasma proteins.
During the period when the blood concentration is dropping rapidly
the tissmes may build up a concentration higher than the blood. After
a time, depending on barbiturate and dose, the blood and the tissues
come into equilibrium. From this point on, the decline in blood con-
centration is slow. The rate of decline beyond this point is often taken
as a measure of the rate of metabolism of the drug. The blood and
brain content decline with time until a concentration is reached below
which the animal awakes. Metabolic degradation continues, however,
until the drug is removed——a process that may take hours or even days
after the hypnotic effect has disappeared. It is the rapid removal from
the blood by the tissues that is responsible for the short action of the
so-called ‘“ultra-short’’ acting barbiturates.

With compounds such as N-methylphenobarbital, demethylation
occurs in the liver, forming phenobarbital as the metabolite. This in
turn is distributed throughout the body so that the hypnotic effect is
the result of a combination of the unchanged drug and its metabolite
(Butler, 23). It should be mentioned that metabolites are often fur-
ther metabolized in turn before they can be excreted, so that the urine
may contain several metabolites from a single barbiturate.

Table 3 lists tissue plasma ratios of some barbiturates in the tissues
of the dog three hours after injection. As can be seen, the ratios all
fall within a range that is usually no greater than threefold, except
for fat which will be discussed separately. Data on tissue distribution
of barbital, phenobarbital, pentobarbital, and secobarbital can be found
in the paper by Goldbaum and Smith (24). These drugs do not show

TABLE 3

DisTRiRUTION OF SoME ULTRA-SHORT AND SHORT-ACTING BARBITURATES
1N TuE Tissves or e Doa

Dose—40 mg./kg. (intravenously). Time: 3 hours

Timue/plasma Ratio

Fat Beain Liver Kidney | Muscle Lung Spleen

N-methylthiopental | 245 | 1.7 25 | 25 3.1 — — 25
Thialbarbitone 80 | — 13 | 08 | 08 0.5 — 36
Thiamylal 80 | 07 16 | 09 13 0.9 0.7 36
Thiopental 60 | 12 L6 12 13 08 | o8 6
Hexobarbital 32 | — 13 11 0.9 — - 36

Pentobarbital L1 12 1.9 14 08 06 1.2 14
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a preferential affinity for brain. Because of their partieular impor-
tanee in the pharmacodynamics of barbiturates, plasma, plasma pro-
teins, brain and fat will he discussed in detail.

Prassma

As mentioned previously, the concentration of a barbiturate in
plasma declines rapidly until an equilibrium point is- reached, then
declines more slowly. The time required for this equilibrium point
or steady state to be reached varies both with species and barbiturate
used. With a small dose in small animals (for example, rats and rab-
bits) up to thirty minutes may elapse before this is accomplished.
For man, a large dose may take up to eight hours. With very small
doses and short sleeping time, animals frequently awake before equi-
librium is reached. Because awnkening occurs on a rapidly falling
coneentration curve, anything that will slow down the exchange of the
drug between plasma and tissues will result in a changed sleeping time
—ausually longer. It is this phenomenon, particularly with short-acting
barbiturates, that has caused many conflicting reports on chemical
agents prolonging sleeping time of barbiturates.

If one plots the logarithm of the plasma concentration against
time after this ‘“‘equilibrium’’ has been reached, one usually obtains a
straight line. This straight portion of the curve is used to calculate
the rate of disappearance of barbiturate from the body. In certain
instances (pentobarbital in man) it represents the rate of metabolic
degradation; with barbital, it represents the rate of excretion; with
phenobarbital, it is a combination of both.

Table 4 summarizes the recent literature on the rate of disappear-
anee of individual barbiturates in various species. Many of the values
have been calculated from the straight line portion of published data
and graphs and are considered to he approximations. In some in-
stances the rate expressed as per cent per hour metabolized is the
average of several values. This is not mathematically correct hut
gives a close approximation. The *‘long-acting’’ barbiturates are
slowly exereted, which accounts for their prolonged action, but the rate
of removal from the body of ‘‘short’’ and “‘ultra-short’’ acting ones is
not very different. As explained previously, their short action is de-
pendent more on distribution phenomena than on the rate of metabolic
degradation. Mice, with their rapid basal metabolism, destroy all
harbiturates faster than other species listed here. Man usually shows
the slowest rate of destruetion.

Thiopental and N-methylthiopental (Papper et al. 25) give slightly
anomalous results. In some human patients the thiopental curves
never actually flatten out to give a straight line, so that values calcu-
lated at longer times after injection give slightly lower values. For
example, Brodie’s early work on thiopental suggested 15 per cent per
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TABLE
Rate or REMovan o BARBITURATES rRox Bomes or DirreResT Seecies

Rate
Harbiturate Spwcien s Deme R k Rel.
% hoar 7 ey
Harbita! Do 1 -5 me. kx. 35 a2
Man 4 1.3 Gm./each 23019-2517 80
Phenabarbital Rat 10 47 mg. k. 64 ealal. from datat 208
Dox 1 46 . /kg. 12 24 ealed, fren graph! 23
Rabbit ] 137 mg. ‘ka. 15 30 caled. from dsta! 200
0.73 Gm. ‘each 17414-27) 50
24G h 17 . 66
. 13(14-23) | alter dincontinuance 210
Aprobarbital 48(15-T0) 9
Prntobarbital ealed, from graph 123
whole lnady analyzsed 211
ealed. from data 20
caled, lmm data? 212
211
213
200
21
214
it}
"
68
Serolarhital whaole luxty analyzed g”
211
64
Amobarbital led. foem datat 200
iopwnial 'Imlr hody analyzed 215
(.-hmu) (lvhmumlf) 218
0-4 hours 10/
8-12 hmu- 5% /hour | 26
whale body analyzed
Doe 22 20mx. Lo (3 260
Dog L] 20 mg. k. 13 (approsimate) 218
Dog 4 40 mx. ke. 3 14
Man 3 12 me ke, 5 14
Man b 2 15 13
Man 1 104 {approtimate) 3a
Thiamylal [T o 135 (appruzimate) 218
Man 1 m (approsimate) 36
Ml-rhuw Man 1 m (approzimate) 34
Dog L] 20 me. ks 15 (approximate) na
&-mm‘;yl\—ﬂ-
tenyl)-
--lho!-thnxo
sodium Dog L3 21 mg. he. 5 (approzimate) 218
AMethabartatal Rat 10 H)me. ke. 14 . from datat 208
Dug 1 50 me. ke a5 demethylated to barbital
Bon- thmie a2
Dog 1 19 mg. ‘ka. 5 d?vw'i’lyhlnl 1o pheno- | 23
mrhital
Nexntarhital Moune S 100 mg. ke. w+H whole body snalyrd 153
.| Moure 3 100 mg. ”kn " +e whole hody analysed 153
Mouse L3 200 mg.. 875+35 whale hody snalyzed 132
Rat 3 lm me. 'll. 160 214
[¢ 3 [30me ke 1323-4M) . 214
Man 1 |3 Gm./ench 100 (approtimate) an
N-methylthiopenta! | Dog 3 40 mg./ke. 15 (spprotimate) 2%
Man L3 2-35 Gm. 'rarh 10 (apgwozimate) 24

1 Logarithmic relationship smumed.
lehmblpﬂxmﬂnml with time).

! Mean 4+ standard deviation.

¢ Hame individual

* Average and range.

hour for the degradation rate in man. As he studied longer time pe-
riods this value dropped to an average of 10 per cent per hour. Be-
tween sixteen to twenty-four hours after injection, the value actually
mny be § per cent per hour. The data of Papper ef al. (25) for N-
methylthiopental in man show a break in the plasma concentration
curve at about ten hours after injection. Similar results were obtained
by Shideman cf al. (26), who measured total body destruction in the rat.
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Up to six hours after injeetion the rate of destruection is a straight line
function with time and appears to be about 10 per cent per hour, but
from six to twelve hours it is closer to 5 per cent. The investigators
calculated the average and report it as 7.5 per cent per hour. This
behavior seems to be characteristie for thiobarbiturates, but additional
work on other barbiturates may show that it is a more general phe-
nomenon. This is of importance because it means that one cannot as-
sume the degradation of a drug to be a first order reaction and the rate
of destruction always proportional to its coneentration. The plasma
constitutes about 10 per cent of the total body weight and the level of
barbiturate at any time represents the sum total of several unknown
factors acting simultancously.

TABLE 5
BArBITURATE PLasMAa LEveLs AT AwARING—SINGLE Dose
3 Plasma
HBarhitumte Bpecien Dose Route | N0 of |1 avelat Remarka Ref.
mg./kg. Bubjects Awnking b
/ol

Barbital Man 200 Oml 1 15 approxitnate 217

Man 0.6 gmi./each Oral 1 8 approximate 217

Man ? Oral 1 8 approximate 217

Phenoharbital Man 2 dral 1 12 217

Pentobarbital Mouse 50 | i}4) 40 26 123

Hat 30 P 12 220

Rat P 16 20 212

Rabbit 15 10 101 211

Rabbit | 25 v 5 11 x2 21

Rabbit | 25 ¥ 15 10 &2 211

Rabhit | 30 v 6 12 42 218

Rabhit | 35 ] 12 +04 218

R 20 v ¢ 152 211

R 25 v ¢ 172 211

Man 0.75-1.0 Gm.feach v 1 8 approximate 14

Man 08 ./each Oral 1 8 approximste 217

Man 2.0 Gm./each Oral 1 10 spproxinate 217

Becalarbital Tiabhit 15 5 1041 n

Rabhbit | 25 v 15 8x2 211

Rabbit | 25 v 5 91 11

Doxg 20 v 4] n+1 11

Dog 25 v [ 12x1 11

Man (l .0 G /each Oral 1 8 17

Hexoharbital Rat 100 r 5 41 214

Thiopental Moune 30 v 3 32 {nerum) 20

Mouse 45 v 3 49 (scrum) 20

Mouse 70 P 20 W2 215

fouse v 10 22 estimated from graph | 216

Rabbit 25 v ] 20 X 43 221

Rabbit § 25 v [} 23+£3 33

Rabbit | 27 v 1] 19 %4 a2

Dog 10 v [ 2 entimated from graph 16

Dog 20 v [} 12 405 16

Doz v [ 15 entimated from graph | 216

Dog 35 v 6 18 entimated from graph 16

Dog 25 v 7 17 (serum) 20

" 40 v ? 24 (serum) 20

R{:: gg }. : g same subject 219

3 4

Mo | 87 M 1o name subject 210

::::: 2 ;v } ']"g same subject 219

Man g v 1 26 219

a5 .

Man [ &4 ¥ - same subject FiH

Man 33 v 1 17 219

Thioethamyl Doz 20 v [ 2348 216

Thicamylal Dog 21 v o 9.5+ 06 210

(rmpm?yl-a(

methylpentenyl)-
2-llnol-rlnturltc

sodium Doz 21 v ] 64 £13 216

' Mean o standard dennlmn
¥ Average deviation.
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Data on the relationship between plasma levels of different bar-
biturates and awaking have been previously summarized by Maymert
and Van Dyke (4). Values obtained by the ultraviolet spectrophoto-
metric method have been incorporated in table 5. There would be more
data except for the unhappy tendency on the part of some workers not
to indicate awaking time. As a result, many fine analytical reports in
the literature are useless for correlation studies. With the exception
of the mouse and the rat, all species studied awoke within the sur-
prisingly narrow range of 8 to 17 micrograms per milliliter when
given barbital, phenobarbital, pentobarbital or secobarbital. Also, the
plasma level at awanking was not dependent on the size of the dose.
The data on thiopental showed that species of animals other than mice
and rats awake at levels between 13 to 49 micrograms per milliliter.
Unlike the oxygen analogues, plasma levels at awaking in man were
dependent on size of dose—those receiving high doses awoke at high
plasma levels. It is these data on which Brodie et al. (219) based their
contention that an acute tolerance is developed with thiopental. The
reasons for this are at present unknown.

It is perhaps surprising that there was not a greater range in
plasma values considering the many factors that have been shown to
influence plasma values, such as: (1) the concentration of barbiturate
in arterial blood is slightly higher than in venous blood [Peterson et al.
(27)]1; (2) the relative amount of water in the subject [Taylor et al.
(28)]; (3) hemodilution as with thiopental [Tureman ef al. (29)]; (4)
loss in plasma volume as with pentobarbital [Simpson et al. (30)]; (5)
carbon dioxide tension [Dundee (31), Rayburn et al. (32)]; and (6)
the degree of hinding of plasma proteins [Goldbanm and Smith (24),
Taylor ¢f al. (33)], just to mention a few.

Prasya BiNpine

Plasma values are usually determined on the whole plasma, as a
matter of convenience. However, all barbiturates investigated to date
are bound to a varying extent by the albumin fraction of the proteins.
Of seventeen barbiturates studied in vitro by Goldbaum and Smith
(24), binding to bovine serum albumin was shown to be the least for
barbital (5 per cent) and the greatest with thiopental and hexethal
(65 per cent). The binding is reversible and is dependent on both the
concentration of the albumin and of the drug in the ultrafiltrate. The
chemical structure of the side chain was important with compounds
having longer chains, being bound more strongly than those with short
chains. The sulfur analogues were more strongly bound than the oxy-
gen members. As a rule short-acting barbiturates are more strongly
bound than long acting ones.

The concentration of the unbound drug in the plasma water or
ultrafiltrate is the physiologically active concentration in the blood.
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This was shown by Taylor ¢f al. (33) using thiopental in rabbits.
Twenty-four hours after hilateral nephrectomy, rabbits slept longer
and awoke at a higher fofal plasma level than the controls. However,
an analysis of both groups showed that the concentration of thiopental
in the plasma ultrafiltrate was not significantly different. It should
be mentioned that brain tissue has a greater affinity for secobarbital,
pentobarbital and thiopental (but not barbital and phenobarbital) than
the plasma in the rabbit (Goldbaum and Smith, 24). The significance
of binding by the tissues is not known.

Braix

With the exception of barbital and phenobarbital the equilibrium
between brain and plasma is rapidly established and remains rela-
tively constant thereafter. In one report (26) the brain plasma ratio
in a rat given thiopental was 0.7 at one minute after injeetion and 0.5,
twenty-four hours later. The data from the literature is summarized
in table 6.

It is a well known phenomenon that the short-acting barbiturates,
such as the thiobarbiturates and the N-methyl barbiturates, have a
rapid onset of anesthesia. Butler (34) showed that within one minute
after the injection of hexobarbital into mice, the drug had reached its
maximum concentration in the brain. Thiopental behaves in a similar
manner in rats [Bollman ef al. (35), Shideman ef al. (26)]. Brodie
(36) found thiopental in the cerebrospinal fluid of a dog within a few
minutes after injection into the blood stream [Mark ef al. (37)]. This
indicates that thiopental passes into the brain with great rapidity.
Probably most of the barbiturates having rapid onset of action pene-
trate the brain rapidly.

Phenobarbital and barbital are known for the delay or lag in the
onset of anesthesia even by intravenous administration. Butler (34)
analyzed the brains of mice injeeted with barbital. He found that
brain concentration inereased gradually and was accompanied by in-
creasing neurological effects until sleep occurred at a concentration of
about 0.30 mg. per kg. of brain. Greig and Mayberry (38) also showed
that, after the injection of barbital in mice, an average of sixteen
minutes elapsed before sleep occurred. When physostigmine was in-
jected with barbital, the lag was reduced by one-half. Analyses of the
brains showed that sleep oceurred at the same concentration and that
the barbifal penetrated the brain faster in the presence of physostig-
mine. Thus it would seem that the lag of onset of sleep with barbital
is caused by the slowness with which it penectrates the brain.

The distribution of barbiturates in the different anatomical regions
of the central nervous system has been investigated by several workers:
(1) barbital in dog brain [Maynert and Van Dyke (39)]; (2)-thio-
pental in dog brain [Brodie (36)]; (3) thiopental in cat brain [Taylor
et al. (40)]. These investigators concluded that brain as a whole did
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not preferentially concentrate harbiturates when compared to other
tissues of the hody and that there was no significant difference in the
different regions of the hrain. The work of Hubbard and Goldbaum
(41) is partly opposed to this view. Working with thiopental in the
dog, they found that with an average plasma level of 1.7 mg. per 100 ml.
there was no significant difference in the various regions. However,
when larger doses were given, so that the plasma level was higher than
this figure, then a signifieant difference could be demonstrated.

TABLE 6
BARmTURaTE BRAIN/PLassa RaTios 1x ANIMALS AT Vartovs Tives

Time
DPone
Rarhiturate Bpecien v Minutes Hours Ref.
me./h&.
1 S |1e|20730 (361401 2 (26| 3 4 |24
Barbital Rabbit| 50 0.4 0.7 24
Phenoharbital Rabbit| 33 0.5 209
Rubbit| 30 0.6 0.7 24
Rabbit{ 140 0.8 209
Pentobarhital Rat 60 1.0 1.0 0.8 212
Rabbit| 15 1.7 211
Rabbit 33 L1 200
Rabbit| 50 L7 14 24
Dog 10 12 14
Amuobarbital Rabbit| a3 1.5 209
Secohnrhital Rabbit{ 15 1.6 211
Rabbit KX 1.4 209
Rabbit| 50 L7 1.5 24
Thiopental Mouse | 70! 0.5 215
Rat 15 0.6 [0.6 73
Rat 30 |0.7 0.5 0.6 0.6 0.7 05( 26
Rat 40 0.7 0.7 0.6 0.7 0.7 35
Rabbit| 20 K 40
Rabbit| 50 1.8 0.9 24
Dog 25 1.4 42
Dog 10 1.2% 36
Dog 65 10] 42
Dog v 1.6 13
Thinmylal Dog 40 0.7 R
N-Methylthio-
pental Dog 40 .7 25
tLLP.

? Same animal.

Furthermore, the possibility exists that the sensitivity of various
areas of the brain to a given barbiturate level may be different. There
is, though, at the present time no adequate experimental evidence in
support of such an assumption.

Far
One of the discoveries resulting from the study of tissue distri-
bution of barbiturates is the dynamic inter-relationship between fat
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depots and duration of action. Brodic et al. (13) showed that the fat
of thiopental dogs contained 75 per cent of the dose two and a half
hours after injection. This oceurs in the rat also [Shideman et al.
(26)]. Other barbiturates also display this phenomenon. Table 4
shows some data taken from Brodie et al. (14, 42) in which several bar-
biturates were given in equal amounts to dogs. At the end of three
hours, the tissues were analyzed for the unchanged barbiturates. The
ratio of fat and brain to plasma are listed. The first five compounds
are thiobarbiturates. It can be secen that they have a great affinity
for fat. llexobarbital, an N-methyl barbiturate, also shows this tend-
ency, while pentobarbital had little affinity for fat.

In recent work with several N-methyl thiobarbiturates Swanson and
Chen (43), and Papper ef al. (23) have shown them to be ultra-short
acting in single doses. Their short effect was explained by their re-
markable affinity for the fat depots. At the end of twenty-four hours,
the fat to plasma ratio was 100. Anderson and Magee (44) found that
feeding corn oil before administering thiopental decreased the sleeping
time. Stavinoha and Davis (45) showed that oil feeding of rats two
hours prior to thiamylal (but not pentobarbital) significantly shortened
sleeping time. Hermann and Wood (46) demonstrated that lean rats
slept longer on thiopental than fat rats. We have shown in rabbits of
the same weight and’sex, that length of sleeping time was correlated
with the relative amount of body water—the greater the amount of
water (the less the amount of fat) the longer the sleeping time [Taylor
el al. (28)].

All of this indicates that body fat plays a definite role in the dura-
tion of thiobarbiturate anesthesia by extracting the drug out of the
blood stream, and thus causing the blood concentration to fall below
the level needed to maintain unconsciousness. IHowever, the rate at
which thiopental moves into the fat from plasma is relatively slow as
compared with the speed at which other tissues of the hody take it out
of the blood stream. For small doses of thiopental, causing short
sleeping times, the tissue affinity is probably more important than fat.
Therefore, the tissue hinding is important for the short sleeping time,
but with large or repealed doses the fat plays an inereasingly impor-
fant role in terminating anesthesia.

ExcreTiox

The barbiturates of moderate duration of action owe this property
mostly to their slow rate of metabolism. Because excretion by the
kidney is slower yet, the “long-acting’’ barbital remains in the hody
for a long time. It is exereted to the extent of 90 per cent in the urine
over a period of days. Phenobarbital, diallylbarbituric acid, aprobar-
bital, and methyl phenylbarbiturie acid are excreted unchanged up to
25 per cent of the dose. Maynert and Van Dyke (4) point out that
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barbiturates with less than three carbon atoms in the alkyl side chain
are apt to be excreted unchanged. Barbiturates having longer alkyl
side chains are largely metabolized with only a small per cent of the
unchanged drug excreted in the urine, unless given in very large
amounts.

METABOLISM

As previously mentioned, the physiologieal distribution largely de-
termines the duration of effect of low doses of barbiturates. However,
with high doses the duration of effect may be determined by their meta-
holic degradation. Even after the effect has disappeared, removal of
the drug proceeds for hours or even days. From the point of view of
the body, harbiturates are treated as a forcign substance. Their deg-
radation is largely determined by their chemical structure and physico-
chemieal properties.  Primary metabolites (1) are usually of the same
order of magnitude in moleenlar weight as the parent drug, (2) do not
accumulate to any extent in the body [Giotti and Maynert (47)], (3)
are more water soluble, (4) may be conjugated with glucuronic acid,
and (5) are generally excreted rapidly by the kidney.

The general mechanisms of barbiturate metabolism have been well
classificd by Raventos (3). For our purpose, we will discuss only the
three major mechanisms: (1) side chain oxidation, (2) nitrogen de-
alkylation, and (3) desulfuration of thiobarbiturates. Hydrolysis of
the barbiturate ring has been shown to take place in vivo [Van Dyke
ef al. (18)], but it is not considered a major pathway. A single com-
pound may react to one, two or to all three of these mechanisms. For
example, N-methyl thiopental is demethylated to thiopental, which is
in turn partly desulfurated and in part oxidized on the side chain to
thiopental earboxylic acid.

The most important and most studied pathway is side chain oxida-
tion. Most barbiturates having more than three carbon atoms in the
side chain have yielded metabolites with —OITI, —COOH, or —CO
groups in the side chain.  These metaholites have shown no anesthetic
action quantitatively comparable to their parent drugs. Some of the
metabolites recently studied have heen those derived from thiopental
[Brodic et al. (13)], pentobarbital [Maynert and Van Dyke (48)] hexo-
barbital [Bush ¢ al. (49)], and phenobarbital [Butler (50)]. Recently
there have been attempts to find a short acting barbiturate utilizing the
principle of incorporating an’ casily oxidizable group on the alkyl side
chain. At present there is not sufficient clinical evidence to indieate
their success.

Dealkylation of harbiturates having N-alkyl groups in either the
one or three position has been shown to be an important mechanism
for hexobarbital in animals [Bush and Butler (51)], mephobarbital

. [Butler (23)], and metharbital [Butler (52)]. Of the alkyl groups
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studied, the methyl group is removed at a faster rate than the ethyl
[Butler (53)1; larger groups are scarcely touched. Unlike the oxida-
tion of side chains, dealkylation produces a compound that still has
hypnotic properties.  For example, the removal of the N-methyl group
from mephobarbital produces phenobarbital.  Because this reaction is
more rapid than the elimination of phenobarbital, considerable amounts
of phenobarbital aceumulate in the animal.  This makes it difficult to
assess the hypnotic poteney of the original compound. Tt is of interest
that barbiturates may be methylated, since it has been reported hy
Deininger (54), that nor-hexobarbital ¢an be methylated in the mouse
to hexobarbital.

Desulfuration of thiobarbiturates has been demonstrated for thio-
barbital (Gad, (55), [Bush and Butler (56), Raventos (57)] and thio-
pental [Taylor ef «l. (40)]. The sulfur atom of thiopental was ox-
idized in part to inorganic sulfate in the rat [Taylor et al. (8), Spector
ef al. (58)]. Some thiourea was found, indieating that rving opening
ocenrred as a minor pathway. The intermediates between thiopental
and inorganic sulfate were not investigated heyond the observation
that the sulfur in them is still bound and is not inorganie [Taylor
et al. (8)]. Tn instanees where the corresponding oxygen analogues
have been isolated they have made up only a small portion of the
metaholites. Recently Winters ef al. (59) have shown that rat liver
minee in witro can desulfurate thiopental to produce pentobarbital.
Thioethamyl ean be converted hy the same preparation to secobarbital
|Spector and Shideman (60)]. It will be of interest to see if this
mechanism takes place to any extent in man, or whether it is confined
to rat liver only.

Exzyymartic DestrvcerioN

Tt is hevond the scope of this paper to discuss the inhibition of
tissue enzyme action by barbiturates. Such work has been recently
reviewed by Bain (61) and by Brody (63). However, we wish to men-
tion briefly the metabolism of harbiturates by enzyme systems at the
cellular level.  The literature up to 1952 has been reviewed by Shide-
man (62). Shideman showed that thiopental was destroyed in vifro
by fortified cellular homogenate of rat liver. The destruetion was
enhanced by oxygen and was eonneeted in some way with the oxidative
phosphorylation system. Liver was the chief organ of destruction, Imt
other tissues, sueh as kidney, brain, and musele, were also capable of
destroying the drug.

Brodie and his co-workers (63) explored the enzyme systems in
rabhit liver that destroy a large class of drugs. Side chain oxidation
and N-dealkylation are among the reactions covered by these systems.
They found that these enzyme systems were located in the microsomes
of the liver. Microsomes from other tissues were examined but, in
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general, the activity was found only in the liver. The system consists
of more than one enzyme and was unusual in requiring hoth reduced
triphosphopyridine nucleotide and oxygen. Brodie concluded that it
was likely that the number of the drug metabolizing enzymes was rela-
tively small and that they were unusually specific.

Dyxamic VARIATIONS 1IN RESPONSE

The lnck of consisteney in the response of experimental animals,
and even more so of humans, towards hypuotic drugs is one of the
most complicating and disturbing factors in eritical studies in the field.
The gencral problem of variation of response to drugs has heen re-
viewed by Clark (67). We have tried to attack this problem by de-
termining, in groups of rabbits by means of slow intravenous infusion,
the individual dose in mg./kg. which is necessary to produce respira-
tory paralysis with several barbiturates (68). When this stage was
reached, the animals were revived by artificial respiration and piero-
toxin injections. The experiments were then repeated several times,
allowing rest periods of one week between them. These results per-
mitted us to obtain a good estimate of the range of response, as well
as the caleulation of an average dose for respiratory paralysis from
individual graded rather than quantal responses. Furthermore, the
variation of response of cach animal on several oceasions could he
determined. The results confirmed the suspected large variations in
sensitivity to these drugs, amounting to a spread of about 50 per cent
above and below the caleulated average dose in unselected animals.
It was also demonstrated that a considerable varintion in respouse
existed in the same animals to the snme drug on different oceasions.
However, these variations were significantly smaller than those he-
tween animals. DeBeer ef al. (69) have made an analysis of the
influence of various factors upon the duration of action of hypnotics
in the albino mouse. Over cighteen months, he found periods Insting
for months at a time where a series of similar sleeping time responses
were observed. ITe thought to note correlations with temperature,
barometric pressure and humidity. Nevertheless, the author warns
not to confuse the mere presence of a correlation with a causal rela-
tionship. It may be of interest that we noticed on one occasion a
sudden failure of rahbits to respond to doses of thiopental which had
always proved to produce a definite hypnotic effect in numerous experi-
ments. A check of atmospherie conditions showed that, on this partic-
ular day, the barometrie reading was close to the lowest value ever re-
corded in this nrea. A further attempt to measure experimentally
and statistically the variability of response was made by Clark and
Raventos (70). Carefully designed and executed experiments in mice
with eyelobarbital and hexobarbital were used to test the *“intensity”’
of response (that is, the occurrence or absence of sleep) with a given
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dose as well as the duration of action. This was done both in selected
and unselected groups of animals. The intensity of response of in-
dividual animals showed a fair consisteney. This is in agreement with
the clinical experience that the person who once has had an abnormal
response to a drug is more likely to show a similar reaction at another
oceasion than a person taken at random from an unselected group.
However, duration of responses of individual animals failed to show
signifieant correlation on repeated fests unless the animals were previ-
ously separated into sensitive and insensitive groups. This variation
may be due to actual changes in cfficiency of the body to detoxify or
excrete the drug on different occasions. This view is further sup-
ported by the work of Krautwald (71), and Krautwald and Oettel (72),
who found considerable daily variation in the amount of several bar-
biturates excreted in the urine by dogs, and by Mirsky and Giarman
(73) using spectrophotometric methods for the determination of
thiopental degradation in mice.

TEMPERATURE KFFECTS

Tt is not surprising to find changes in environmental and/or body
temperature an additional complicating factor in determining the
action of barbiturates. Indeed, there ean be little doubt that differ-
ences in environmental temperature are certainly involved in the dis-
crepancy of data regarding toxicity and duration of action. The im-
portance of temperature for drug action has heen ably reviewed by
Fulirman (74). From this survey, as well as from later studies, it is
obvious that no general agreement exists on the subject. Tt is fairly
c¢lear, however, that in mice and rats lowering of body temperature
usnally results in a prolongation of sleep following barbiturate admin-
istration. However, the dosc-cffect relations under different tempera-
tures seems to he subjected to a number of complieating factors leading
to unpredictable results. For instance, Shaw and Shankly (75), using
a series of different dose levels of pentobarbital, showed that the dura-
tion of action of this drug is greater at high hody temperatures with
low doses and at low {emperatures with high doses. However, it is not
clear from their paper whether or not the animals which did not sleep
at the low doses were included for the caleulation of average sleeping
times. Raventos (76) found that the sensitivity of mice decreased
with lower body temperature towards hexobarbital and increased
towards phenobarbital. Tt is interesting to speculate {o what degree
here the great difference in speed of detoxifieation between the two
drugs and the tendeney of hexobarbital to accumulate in fat depots
may account for the opposite behavior of the two barbiturates. Accord-
ing to Fuhrman (77) the duration of action of phenobarhital, but not
of barbital, is affected by temperature changes. This anthor explains
this difference by the fact that the former, hut not the latter, is sub-
jected to temperature sensitive metaholic degradation in the body.
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There is no parallelism beween the influence of temperaturce upon
the minimal hypnotic dose or duration of action on one hand, and
modification of the LD:, on the other. Thus Raventos (76) noted no
change of the LD., of hexobarbital in mice between 20 and 30 C. of
environmental temperature, while phenobarbital was more toxic at
90 . In contrast, Richards (78) found a progressive lowering of the
toxicity of thiopental in mice when the temperature was decrensed
from 38 to 33, to 30 and further to 22 C., though the differences became
small towards the lower temperatures. Using frogs, Richards (78)
found the lowest toxicity in a temperature range from 10 and 38 C.
to lie at a 20 degree environmental temperature, while an increased
toxicity was noticed at higher and lower temperatures. This phe-
nomenon does not seem to be necessarily confined to poikilothermic
animals, because Shaw and Shankly (75) found in rats the lowest mor-
tality to a given dose was at 38.5 C,, with an inerease of toxicity at hoth
higher and lower body temperatures. 1t should be noted that Richards
mensured environmental, and Shaw and Shankly body temperatures.
It can hardly be considered surprising that the optimal, that is, the
lowest, toxicity temperature is considerably higher in the warm
blooded animal as compared with the poikilotherms.

One can at least speculate in an attempt to reconcile some of these
diverging observations. Obviously the mechanism of acute death is
different from conditions which govern the duration of action of
these drugs. The rate of detoxifieation is of only limited importance
in experiments designed to determine acute toxicity when large doses
of the drug enter the circulation rapidly. Especially under extreme
conditions of temperature it becomes quite important if the drug sud-
denly depresses the respiration in an organism which has nn increased
need for oxygen at high temperature, or if the depressant action of
large drug doses adds itsclf to the already critically slowed metabolism
at very low temperatures. Tt should not be forgotten that barbiturates,
especially in higher doses, lower the temperature and make particularly
small animals more nearly poikilothermic.

On the other hand, increased temperature tends to speed destrue-
tion of the drug if given in non-fatal amounts and decreased tempera-
ture diminishes the need for oxygen. Furthermore, extreme tempera-
ture changes may affect the absorption speed of drugs given by a
route other than intravenous, or perhaps intraperitoneal, injection.
It is easy to see how, dependent on circumstances, these various fac-
tors may lead to apparently contradictory results.

Assuming then that the duration of nction of most bharbiturates is
governed largely by enzymatic destruction, Q,, should lic between
2 and 4, which figure is also realized according to Fuhrman (77). On
the other hand, for the LD., Richards (78) found a Q,, of 1.4 to 1.7
for frogs. for the 22 to 35 C. interval, and 1.3 and 3.09 for the 22 to
35 C. and the 35 to 38 C. interval, réspectively, for mice with thio-

20z Iudy 91 uo 3sanb Aq Jpd°G0000-000$0956 L-Z¥S0000/LL9E LT/ 7L ¥/€/ L1 4Pd-01o1n1e/ABO|0ISOUISBUE/WOD JIEUYDIDA|IS ZESE//:d}}Y WO} papeojumoq



432 R. K. Ricuarns axp J. D. TayrLor

pental. This in a way also supports the assumption that the tempera-
ture factors controlling duration are not identical with those determin-
ing acute toxicity.

Reflecting for a moment on certain modern clinical trends, especially
the use of so-called ‘‘hibernation’’ procedures involving both physical
cooling, and the use of drugs which affect body temperature, the probh-
lem of analyzing the mutual effects of temperature and drug actions
appears a formidable one. This realization points clearly to the need
for more eritical research in this field.

ToLERANCE

The possibility of tolerance to repeated administration of various
Larbiturates has heen studied repeatedly. Tatum (3) in 1940 reviewed
earlier work on this problem. Because of the great differences in
technique, route of administration, eriteria and species of animals used,
it is difficult to reconcile some of the divergent results. However, a
review of published data indicates clearly that tolerance, though to a
variable degree dependent on the above factors, can be demonstrated
in experimental animals. For example, Kinsey has shown that in
rabbits (79), rats (80), and guinea pigs (81) tolerance to pentobarbital
develops rapidly, resulting in n marked reduction of sleeping time after
the first few daily injections. From then on, a lower relatively stable
response develops which is subject to some irregular variation. Other
authors have obtained comparable results. Ettinger (82) noted that
the sleeping time in dogs dropped to about one half of the initial value
on repeated injections of allobarbital or pentobarbital, hut remained
stable on further repetitions. Masuda et al. (83) reported the develop-
ment of tolerance in rabbits with pentobarbital, butallylonal and ame-
barbital, but not with hexethal or hexobarbital. Newer study and
review of this phenomenon was undertaken by Gruber and Keyser (84).
Their paper includes also a discussion of previous reports on this sub-
ject. They could produce tolerance, as evidenced by marked deerease.
of sleeping time, in dogs, rats and rabbits to various barbiturates, but
no inereased resistance to the fatal dose resulted. To obtain tolerance
to hexobarbital, it was necessary to give two injections daily, which
may explain Masuda’s negative results with this drug. Cross toler-
ance could be developed (84, 85). Krautwald and Octtel (72) found
a reduction of depth and duration of anesthesia with barbital and
phenobarhital in dogs, and noticed an increased reflex activity during
tolerance formation to barbital. Of interest was the absence of exag-
geration of these symptoms on withdrawal. It is evident from most
studies that tolerance, once established, disappears in a number of days.
Kinsey (79) noticed in his experiments that rabbits once made tolerant
reacted with increased sleeping times (that is, decreased tolerance)
when only one injection was given every four days, and then with
shorter ones as soon as more frequent injections were made. How-
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ever, depending on species, drug and circumstances, tolerance may per-
sist for longer or shorter periods.

There have béen few studies into the mechanism of tolerance, and
the theories offered ure not very satisfactory (Dundee, 86). Masuda
et al. (83) claimed that amobarbital disappeared at a somewhat faster
rate in tolerant rabbits. Krautwald and Oettel (72) studied several
barbiturates in this respeet and found increased excretion during the
tolerance period only with barbital. Hubbard and Goldbaum (87)
produced tolerance to thiopental in mice by daily intraperitoneal injec-
tion of 30 mg./kg., which resulted in a 50 per cent decrease of sleeping
time within a few days. No faster destruction of the drug was noted
in this state and the authors conclude that an adaptation to higher
tissue levels may be the cause of the lessened suseeptibility, Dundee
(86) agrees with this interpretation. The reviewers have the impres-
sion that no convincing evidence exists at the present time for a faster
destruction of barbiturates in the tolerant state.

The possibility of rather acute tolerance formation to thiopental
in man is presented in a brief report by Davies (88) who observed the
need for increased amounts of this drug for induction, though not main-
tenance, in a patient subjected to seven thiopental anesthesias in about
three weeks.

Brodie ef al. (219) determined the plasma level of thiopental at
the time of awaking and found this level te be higher when large doses
of the drug were given than with small ones, which the authors also
interpret as evidence for an acute tolerance formation. In a certain
contrast to this stands the report of Lous (89), who studied serum
levels of patients with severe barbiturate poisoning and noticed no
difference in the values on awaking between individuals who had taken
very large amounts as compared with smaller ones. Ginrman ef al.
(90) likewisc feel that, in mice, a critical level exists for thiopental in
the brain which determines sleep or wakefulness.

Fraser and Isbell (91) treated dogs for 180 to 195 days with various
barbiturates. On withdrawal, mild abstinence symptoms developed
after the short-ncting drugs. When barbital was withdrawn after
211-239 days, severe weakness, delirium and convulsions developed in
these animals. Some prior studies on this subject which failed to
produce definite ahstinence symptoms can probably he explained by a
too short treatment period.

The excellent studies of Ishell ef al. (92) in volunteers gave fairly
conclusive evidence that a considerable tolerance to short-acting bar-
biturates can be developed by chronic administration, though to a
lesser degree than to the opiates. One of us (RKR) came to the same
conclusion in observing a patient’s behavior while taking 0.5 to 1.5 Gm.
of pentobarbital daily. The dangerous delirium tremens resembling
symptoms and occurrence of convulsions following acute withdrawal
can here only be mentioned.
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AcE, WEIGHT AND SEX

The effeet of age upon the susceptibility to pentobarbital in rats
has been investigated by several authors. Homburger ¢f al. (93) have
reviewed this subject and showed that, while the newborn is more
susceplible than the adult, the older heavier group becomes again some-
what more susceptible. These authors again draw attention to the
reciprocal relationship hetween metabolie rate and narcotic effect and
suggest that the metabolic rate of the brain is the determining factor.
While the brain metabolism of the young rat is much lower than that
of the adult, this is not the case for internal organs like liver or kidney.
DeBoer (94) found both very young and very old dogs more sensitive
to thiopental. According to Carmichael (95), thiopental is slightly less
toxic in old than in young guinea pigs, while the difference was prob-
ably not significant in rats. This paper also contains references to
similar studies with pentobarbital.

Dundee (96) tried to correlate weight and dose for thiopental in
man, Hxeept with the extremes the correlation was poor, perhaps due
to the great variation of body fat, which is of great importance as a
depot for this barbiturate. e could show, however, that males were
more resistant to this drug than females; furthermore, persons below
25 vears of age needed larger doses and those above 46 years, less.

Another observation of basic interest is the greater resistance of
male rats, apparently confined to this species, to several short-acting
barbiturates, though not towards the long acting group or thiopental
—but note the just mentioned observation by Dundee. This was first
described by Holek and Kanan (97) and confirmed and elaborated on
by other authors, as for example by Moir (98) and by Streicher and
Garbus (99). Castration, and the injection of estrone or testosterone
propionate have been shown to modifiy this response (Holck ef al,
100). Crevier et al. (101) elaim that the former hormone slows, and the
Iatter aceclerates, the destruction of pentobarbital in the liver of rats.
Further support for this has been brought forward by Quinn and co-
workers (102) who showed that testosterone administration to female
rats decreased their sensitivity to hexobarbital and inereased the
enzyme activity of liver microsomes. '

Druas ENHANCING THE ACTION OF BARBITURATES

Theoretical interest in the possibility of retarding or accelerating
the normal rate of metabolisin of barbiturates, as well as the practieal
desire to control the duration of clinical barbiturate effects by phar-
macologic means, has led to numerous studies of this problem. A wide
variety of substances and procedures has been employed in these
attempts. Since it is impossible to mention or discuss all of them in
detail, we shall confine ourselves in this review to representative
investigations involving various drug groups.
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The terms *‘ prolongation,’” ¢ potentiation,”” *‘ restoration of sleep,’’
senhancement,” and the like have been used rather loosely, nnd some-
times promiseuously, for various phenomena. Essentially the papers
referred to helow report experiments describing the following observa-
tions:

1. Prolongation of barbiturate sleep beyond the control value by
use of a second drug.

2. Lowering of the minimal effective (MED) and/or minimal lethal
dose (MLD) by a second drug.

In 1 or 2 above the additional drug may have been given prior to,
with, or after the injection of the barbiturate.

3. Restoration of sleep by the injection of a second drug when the
animals awoke from the sleep caused by the barbiturate.

In principle such effects can be brought about by one or more of
the following modes of actions:

A. Slowing of the metaholic degradation or exerction of the bar-
biturate. Drugs acting in this manner will prolong sleep, but will not
necessarily change the MED and MLD of the barbiturate. In order
to meet this definition, such actions should be specifie and not secondary
to a general toxie effect resulting in a decrease of total metabolic rate
and temperature of the animal.

B. “‘Potentiators,’” in the strict sense, act by decreasing the brain
threshold of the barbiturate necessary to induce or maintain sleep.
Given at the end of the barbiturate action they may restore the hypnotic
effect. Potentiatory actions will often result in a lowering of the MED
and/or MLD of the barbiturate. Here, too, results obtained by giving
the modifying drug in doses causing severe toxic effects of their own
must be excluded.

C. Changing the distribution of the barbiturate in the body or in-
creasing-the permeability of the blood-brain barrier. Without blood
and tissue level determination of the barbiturate, these actions may be
indistinguishable from B.

The possibility for other mechanisms exists, It is obvious that a
combination of pharmacologic and biochemical procedures is neeessary
to determine the mode of action involved in modifying barbiturate
effects. These include ‘the determination of barbiturate levels in
plasma, brain and other tissues as required by the specific investigation.
In eertain instances in vifro studies or the isolation and identification
of excretion products may be helpful. The conditons of the experi-
ments, criterin for “‘sleep’’ and its duration, should be well defined
and adequate control experiments performed. Since only a minority
of the papers reviewed satisfy these requirements, it was not possible
to group the experimental resulls according to ‘‘modes of action.”
This forces the present reviewers to confine themselves often to report-
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ing the observations only, and at best to speculate regarding the
interpretations.

With few exceptions we have omitted reference to synergistic effects
eaused by the combined use of a barbiturate with other drugs produc-
ing marked depression or sleep in experimental animals, such as
alcohols, opiates, bromides and other hypnotic agents.

SvnroxaMipes axp CHesmicanLy Revaten Compouxns

Shortly after the introduction of sulfanilamide and its congeners
it was observed by Adriani (103) and Butler ef «l. (104) that animals
pretreated with large doses of these drugs became much more sus-
ceptible to barbiturates, resulting in longer sleep and decreased toler-
ance. This was especially the case with thiobarbiturates. However,
further experimental investigation within more therapentic levels of
these chemotherapeutic agents [Lorhan et al. (105), Richards (106)]
as well as clinical experience proved that this phenomenon appears to
be outside of practical range [Papper (107), Wainwright (108)] unless
sulfonamides were given to the point of elinical ¢yanosis [Lundy and
Adams (109)]). A more recent experimental paper by Koerner (110)
showed that animals given daily doses of barbiturates, and especially
thiobarbiturates, became more sensitive to sulfa drugs and penieillin.
The reviewers doubt that Koeerner’s data are relevant outside the range
of extreme dosage.

A compound bearing some chemical relationship to the sulfonamides,
namely carinamide, was reported by Goldbaum and Hubbard (111) to
prolong the action of secobarbital, pentobarbital and thiopental in mice
in proportion to the dose of this drug given. Urine and total body
analysis of miee showed that the disappearance of pentobarbital was
retarded under the influence of carinamide; this was a metabolic action
rather than an effect upon exeretion. The prolonging effect of sulfon-
amide type drugs which we have reviewed above has not been studied
from this viewpoint, probably because the interest in sulfonamides
had already decreased before improved analytical methods for the
study of the barbiturates were developed.

DisuLriram

Recently the question of affecting the action of barbiturates was
raised with respeet to disulfiram (Antabuse®). Graham and his co-
workers (112) reasoned that this compound, because of its inhibiting
effeet upon aldehydedehydrogenase, may prolong the duration of bhar-
biturates since depression of acetaldehyde breakdown is thought to he
an important phase of the action of pentobarbital (Persky et al. 113).
Greig (114) contests the validity of Persky’s data. Graham and his
co-workers found that rats and guinea pigs given disulfiram orally
twice prior to the injection of eyclural or phenobarbital slept con-
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siderably longer. Ginrman and his associates (115) subjected mice
to repeated administration of disulfirnm and reported a 600 per cent
prolongation of the effect of thiopental. However, these investigators
tried to explain this observation by the inhibition of xanthine-oxidase
by disulfiram, which they believe to be of importance in the destruction
of thiopental. No analytical proof for this assumption was given.
Winters ef al. (116), in cooperation with the reviewers, failed to con-
firm these findings in mice and dogs but saw some effect in rats; how-
ever, no significant influences on plasma thiopental levels were noted.
Gruber ef al. (117) were able to produce this phenomenon, though to
a lesser degree, in rabbits and mice and pointed out that the time
interval between the administration of disulfiram and the injection of
the barbiturate is rather eritical and this may have been responsible
for some of the discrepancies. They failed to demonstrate an effort
of disulfiram upon urcthane, ether or chloral hydrate. However,
Winters and Shideman (118) as well as von Proosdij-Hortzema and
de Jongh (119) saw also prolongation of barbital, urethan, chloroform
or ether anesthesin. Winters and Shideman explain the effect of
disulfiram chiefly on the basis of its own depressant effect upon the
central nervous system. This view is supported by the finding of
Johnston ef al. (120) who could prolong hexobarbital anesthesia by
administration of earbon disulfide, which is known to be set free in the
body from disulfiram. In the opinion of the reviewers the effect of
disulfiram is probably largely explainable by such mechanisms. In
a recent paper, Mirsky and Giarman (73) have been unable to re-
produce their earlier data in mice in spite of varying the time intervals
between disulfiram administration and thiopental injection. A moder-
ate effect was seen in rats. While inhibition of thiopental degradation
by rat liver slices in vifro was noted, the authors now seem also in-
clined to attribute the main action to the depressant effect of disulfiram
itself. Of practical interest is the report of Jepson and Korner (121)
who saw no difference in the effect of thiopental in patients who were
under the influence of disulfiram as compared with untreated persons.

Orner MeTABOLIC INHIBITORS

Stimulated by the work of Bain (60) who showed that barbiturates
may exhibit an uncoupling effect on the oxidative and phosphorylating
processes in the liver similar to dinitrophenol, Edson and Carey (122)
studied the effect of the related dinitro-orthocresol upon the action of
six barbiturates in rats. Only with toxie doses of dinitro-orthocresol
occurred a significant degree of intensification and prolongation of
barbiturate action. This was most evident with thiobarbiturates and
least with hexobarbital. Brody (65) has recently again discussed the
“uncoupling”’ effect of harbiturates. .

Kahn (123) explains his observation that dimercaprol prolongs
pentobarbital anesthesia in mice on the basis of the antagonism of
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the active sulfhydryl groups of this compound against the oxidative
destruction of this barbiturate. e could confirm by blood level studies
significant retardation of the disappearance of the barbiturate in
dimereaprol treated animals.  Giarman and Flick (124) use essentially
the same theory to explain the prolongation of thiopental action by the
administration of large doses of dehydroascorbie acid (which forms
ascorbic acid in the hody), and to a lesser degree by ceysteine-cystine.
Lowever, no actual blood level studies to support this presumptive
mechanism of action were submitted.

ANTIHISTAMINICS

Drowsiness or even sleep is known to be a frequent clinical side
action of many antihistaminic drugs, in fact this ‘‘side effect’’ is
now used for therapeutic purposes. llowever, pharmacologists have
found it very diffieult to produce sleep by antihistaminies in experi-
mental animals, although ataxia and a moderate depression of reflexes
has been observed.  The present writers were unsuccessful in causing
sleep even in the monkey, by gradually increasing to toxie levels the
dose of diphenhydramine—a drug having clinically rather potent seda-
tive effeets.  However, that the depressing effeets are only masked by
the more overt stimulating action of these drugs in animals has been
shown by Winter (125). This author demonstrated that premedication
with tripelennamine, pyrilamine, or diphenhydramine, and the like
ereatly prolonged the effect of hexobarbital anesthesia in mice. This
has been confirmed by most investigators under variously modified
conditions, Such work has been reviewed by Lightstone and Nelson
(126) who failed to find a relationship between the degree of clinically
observed depressing action of the antihistaminies and their prolonging
effeet upon pentobarbital anesthesia in rats. They noticed that the
level of the barbiturate in the brain was always higher when anti-
histaminies were administered. 'We would appear to be dealing, then,
with an effeet upon permeability of the blood-brain barrier. This ob-
servation seems well worthy of confirmation. Apparently the success
of such potentiation experiments depends not only on the drugs used
(van Neer and Zwaan, (127), but also on the sequence and time in-
tervals between administration. However, in the experience of the
reviewers in somewhat similar experiments, some relationship between
prolongation of barbiturate action in animals and the oceurrence of
depression in humans scems fo exist, at least as far as the centrally
more potent antihistaminies are concerned.

Among the phenothiazines typified by promethazine, an antihis-
faminic with a potent depressing action, there lhave recently been
developed agents such as chlorpromazine in whieh the depressant ef-
feets upon the central nervous system have become of primary interest.
Although these drugs were originally introdueed for the purpose of
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so-called ““potentiated anesthesia,’ their action appears to be in part
additive and will not be further discussed here (see Dundee, 128). For
the same reason, the synergistic action of the muscle relaxant, mephene-
sin, with barbiturates need only be mentioned (Berger and Lynes, 129).

ATROPINE-LIKE SUBSTANCES

Among the drugs having some distant relationship to atropine, a
prolonging effect upon barbiturate anesthesia has been described by
Maxwell ef al. (130) with SKF-525A (a-diethyl aminoethyl diphenyl-
propylacetate), by Everett (131) with the related P-19 (Abbott) (di-
ethylaminoethyl a,a diphenyl-propionate), and by Fouts and Brodie
(132) with compound 18947 (Lilly) (2,4-dichloro 6-phenyl-phenoxyethyl
diethylamine). These drugs have no signifieant central nervous sys-
tem action if given alone, even in fairly high doses. However, it was
found that in mice they greatly prolonged the effect of many bar-
biturates which are known to undergo in vivo metabolic degradation.
Curiously, according to Cook ef al. hexobarbital (133), hut not thi-
ethamyl and thiopental (134), were affected by SKIF-5254, whereas
Achor and Geiling (133) noticed definite prolongation of sleep and
retardation of thiopental degradation in mice with SKF-5254, as did
Everett with P-19 (131). Mirsky and Giarman (73) found SKF-
525A effective in prolonging thiopental action in mice and rats and
explain their disagreement with Cook on the basis of the difference in
the time permitted to elapse between the administration of the po-
tentiator and the barbiturate. Neubert and Herrken (136) produced
prolongation of hexobarbital action by a similar compound, namely the
phenyldiallylacetic acid ester of diethylaminoethanol and related esters
and amides. They believe that this drug affects chiefly those bar-
biturates which are degraded by oxidation of the side-chain. While
these ‘‘inhibitors”’ thus seem somehow to interfere with the normal
metabolism of these drugs (Axelrod et al. 214), the exact mode of action
has not yet been determined. In the meantime our own group and
others have observed similar, though less marked, effects with certain
drugs possessing clinical anti-Parkinson activity, such as trihexy-
phenidyl and atropine. French authors (137, 138) have recently re-
ported prolongation of the hypnotic action of several barbiturates in
rats by a series of new smooth-muscle antispasmodics, some of them
being chemically related to the above mentioned drugs. However,
since this effect was also observed with barbital, the mechanism of
action is not clear and the authors do not offer an explanation. SKF-
5954 and Lilly 82947 do not reinduce sleep when injected in mice
recovering from barbiturate anesthesia (132). Thus their effect could
be explained entirely on the basis of their inhibitory action on the rate of
barbiturate degradation. In contrast, P-19 (Abbott) will restore sleep
under similar conditions (131). Unfortunately, here, as in many other
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experiments of this type, plasma level determinations of the barbiturate
are not given. Consequently, an exact differentiation regarding the
mode of action as *‘potentiation’’ or ‘“metabolic inhibition’” (or hoth)
—ecunnot be undertaken for P-19.

MisceLLaxeous Drucs

Substances closely related to barbiturates have also been studied.
Wenzel and Keplinger have recently reported (139) some prolongation
of hexobarbital sleep in mice by pretreatment with uraeil and related
oxypyrimidines. They propose the occurrence of a competition of
these compounds for the same enzymes which also destroy barbiturates.

Of clinical interest is the peculiar barbiturate hypersensitivity of
persons suffering from porphyrinuria. Severe toxie effects, such as
paralysis, may result from the use of barbiturates, especially intra-
venous thiopental, in such individuals (Dundee and Riding, 140).

Goldin ef al. (141) found that isonicotinic acid hydrazide (INA) and
some related compounds prolonged the action of pentobarbital in miee.
This barbiturate antagonized the central nervous system stimulating
actions of INA.

Prolongation of barbiturate sleep in experimental animals has also
been produced by caleium and strontium (Cole, 142), iodides, glycerine,
sucrose and sorbitol (Krantz and Farrel, 143), phenylborie acid
(Caumolle ef al., 144), and nitrates and nitrites, the latter two possibly
due to vasodilating action (Wooster and Sunderman, 145). Werle and
Lentzen (146) found that various vasoactive drugs, including Kal-
likrein, acetylcholine, adenylic acid, vasopressin and epinephrine, af-
fected the duration of Eunarcon® and hexobarbital anesthesia in a
manner which could not be related to their vascular effeets.

According to Brooks and associates (147), small non-adrenolytic
doses of hydergine did not affect significantly the depressant action
of barbiturates, including secobarbital or pentobarbital, upen oxygen
consumption unless these barbiturates were given in hypnotic amounts.
Starkenstein and Weden (148) have shown that cholesterol prolongs
barbital sleep, presumably by promoting the entrance of the drug into
the brain. Their experiments were confirmed by de Farsouche ef al.
(149) for thiopental. It appears possible that the quicker onset of
barbital anesthesia following the injection of certain surface aetive
agents (Cole et al., 150) is likewise due to increased permeability of
the blood-brain barrier. The same chemieal prolonged thiopental sleep
in mice somewhat, which was due at least in part to slowing of its
degradation. There oceurred, likewise, a moderate prolongation of
pentobarbital sleep. Giarman et al. (90) at one time suggested that
prolongation of thiopental action by the administration of a-tocopherol
phosphate is due to a change of the diffusion rate in and from the
brain. - However, in a later paper,Mirsky and Giarman (73) de-empha-
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size this view in favor of a metabolic inhibition of thiopental degrada-
tion and a slight direct depressing action of a-tocopherol phosphate.
Konzett (151) sees changes of brain permeability as the cause for the
ability of certain dyes, such as methylene blue and neutral red, to make
subthreshold doses of hexobarbital and phenobarbital effective. Pro-
longation as well as re-induction of pentobarbital and thiopental sleep
hy procaine in guinea pigs has recently been deseribed by Maynert
and Kalow (152), apparently without affecting the metabolism of the
barbiturates. The reviewers must again point out that direet measure-
ment of cerchral concentrations of barbiturates is the ohvious pro-
cedure for testing such hypotheses.

Of considerable theoretical interest are a series of observations by
Brodie and his associates. These authors have shown (153, 156) that
reserpine produces its prolongation of barbiturate and ethyl aleohol
sleep without any evident effect upon the metabolism of the hypnoties.
This is also true for chlorpromazine. A similar effect can be ohtained
by combining serotonin (5-hydroxytryptamine) with such hypnoties.
The administration of lysergic acid diethyl amide (LL.SD) resulted in a
marked reduction of the potentiating aetion of reserpine, while LSD
alone did not modify the barbiturate effect.  This, together with evi-
denee that reserpine depletes the serotonin content of the brain, has
led to the claim that certain central effects of reserpine, such as the
prolongation of harbiturate action, may be due to the release of
serotonin.

Tue “Grucost Errect’’ axp Revaten PueNoMENA

A chance observation by Lamson and associates (157) has led to a
series of investigations of another modification of harbiturate effects.
These authors reported that the injection of glucose solutions in dogs
which were just about to recover from barbiturate sleep caused im-
mediate return to the hypnotic state; however, a ““wide variation’ in
the response of the dogs was noted. Guinen pigs awaking from hexo-
barbital or pentobarbital anesthesin were put to sleep again by
small amounts of glucose or certain of its metabolites, sueh as Iactate
and fumarate, but not by sodium chloride or sucrose. The authors
believed that they had excluded osmotic effeets. In their hands sub-
cutaneous injection of glucose or sodium lactate (2 ce. of a 50 per cent
solution) greatly reduced the effective dose of hexobarbital. In Iater
papers (158, 159) this group reported an increased rate of penetration
into 1he brain by barbiturates in the presence of glucose metabolites,
but not glucose itself. The return to sleep induced by glucose metab-
olites could be blocked hy acetylcholine or, in case of lactate, also by
adrenergic blocking drugs. Acetylcholine also prevented the faster
penetration rate of the barbiturate into the brain. Curiously, Greig
and Mayberry presented evidence in another paper (38) that phy-
sostigmine actually increases the rate of penetration of barbital into
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the brain of mice and shortens the interval hetween injection and onset
of nnesthesin. Epinephirine re-induced sleep in awaking guinea pigs,
mice or dogs. ‘The hypnotic dose of barbiturates was lowered by epi-
nephrine (159). Reinhard (160) had observed prolongation of hexo-
barbital sleep in mice pretreated with epinephrine or insulin, whereas
Westfall (161) reported the opposite effeet with these two agents in
rabbits. Richards and his associates (162) had repeated and essen-
tially confirmed the basic phenomenon reported by Lamson ef al. with
thiopental, hexobarbital and pentobarbital. However, they found that,
in guinea pigs or rabbits, sleep was also often re-induced by the injec-
tion of sucrose, sodium acetate, sodium malonate, sodium butyrate,
urea, sodium chloride, sodium sulfate, plain water and other materials.
Even mere withdrawal of blood or its intracardiac injection restored
sleep in guinea pigs. Not all drugs were effective in both species,
and some were more cffective when given intravenously or intra-
cardially, others by the intraperitoneal route. In rabbits, no change
in the plasma thiopental levels occurred upon successful restoration of
sleep.

Stuhlfauth and Englhart-Golkel (163) actually shortened the effect
of small doses of thiopental in rats by prempt injection of fructose
or glucose. With higher amounts of the barbiturate, no cffeet upon
the duration was observed.

Lasagna (164) succeeded in re-inducing sleep in guinea pigs awak-
ing from hexobarbital anesthesia by the injeetion of potassium chloride.
This salt lowered also the minimal effective dose of hexobarbital.
Sodium chloride did not reproduce these effects. While the author
drew attention to the known actions of barbiturates upon blood potas-
sium and also certain interrelationships between glucose metabolism
and potassium, he refrained from drawing too far reaching conclusions
from his observations. Bester and Nelson (220) deseribed prolonged
action of pentobarbital or return to sleep by the injection of 50 per
cent glucose LP. but not by sodium citrate, lactate, succinate, pyruvate
or acetate. The level of the barbiturates in the brain was higher fol-
lowing glucose injection. This seems to disagree with claims by Lam-
son that, not glucose, but its metabolites accelerate penetration into
the brain. According to Bester and Nelson (22) an inverse relation-
ship exists between liver glycogen formation and clearance of the bar-
hiturates from the blood. These authors engage in a highly speculative
explanation for the observed prolonged barbiturate effect which the
reviewers find difficult to accept.

It is our opinion that, at the present time, the assumption of a
specific action of glucose and its metabolites in producing such effects
as described by Lamson and associates and others appears hardly war-
ranted. Certainly, osmotic effects, permeability changes, and the like
may play a role in these phenomenon, but it appears difficult to find a
common -denominator on the hasis of available data,
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COMMENT

It is evident from these reports that prolongation of barbiturate
anesthesia, restoration of sleep and lowering of the minimal effective
dose can be produced by various procedures. In view of the great
variations in technique, criteria of sleep, drugs and doses used, and the
like, it is not surprising that controversy exists regarding the outcome
and interpretation of experiments which in some aspects appear com-
parable. The difference in reaction to hypnotic agents, as well as to
the drugs used together with them, among the various species used, is
considerable. For similar reasons the possible eclinieal significance
of many of these observations remains problematieal. The state de-
serihed as ““sleep”’ in animal experiments is more often better termed
“anesthesin®® in the clinieal sense. In this short review, space has
not permitted us to present details of the experimental procedures and
the reader is urged to consult the original papers whenever necessary.

As already indicated in the beginning of this chapter, a review and
serutiny of the papers discussed above makes it clear that the eriteria
neeessary for analyzing the mode of action involved in these observa-
tions have been satisfactorily fulfilled only in a limited number of these
studies. This is in part due to the fact that adequale analytical pro-
cedures for barbiturates have only relatively reeently become avail-
able. However, satisfactory data on plasma and tissue concentrations
are often lacking in some of the more recent publications.  As a result,
the reviewers must leave the reader with a eertain feeling of dissatis-
faction which they were unable to resolve for themselves by means of
the data at hand.

Procepures Tnat Snortex Barsrrorate AcTioN

Attempts have not failed to shorten barbiturate action and to
counteract toxic overdosage. We shall not eoncern ourselves here with
the pharmacologic antagonism between analeptic drugs and bar-
biturates, but confine ourselves to presumptive metabolic actions.
Recently a new drug, 8,8-methyl ethylglutarimide (NP13 or Megimide®)
has been introduced as an allegedly specific antagonist to barbiturates
on the basis of structural resemblance. Ilowever, the data published
{225) do not give satisfactory evidence for a specific action. Experi-
ments in this laboratory (226) in which the action of NP13 is being
studied against hypnotics of various structure, strongly indieate that
this drug is an unspecific central stimulant and convulsant rather than
a ““specific’’ barbiturate antagonist.

Cutting and Koppanyi (165) were able to shorten barbital anes-
thesia in dogs or rats by massive glucose or saline infusions. This bar-
biturate is excreted almost completely unchanged. The explanation
offered by these investigators that faster exeretion, and possible redis-
tribution of the drug away from the central nervous system, are
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responsible for this effect is likely to be correet. However, in clinical
barbiturate poisoning we agree with those who warn against excessive
use of fluids, especially sodium chloride, in view of the ever present
danger of pulmonary and cerebral edema. More recently, several
aftempts have been made in experimental animals and also clinically
to remove barbiturates from the body by the use of the artificial kidney
or by peritoneal lavage. The latter method did not seem to he suceess-
ful in dogs, since it did not shorten recovery time (227). However,
“considerably more promising results were obtained experimentally and
clinieally by means of the “artificial kidney.””  Alwall et al. (228) could
reduce the phienobarbital blood level in rabbits by exchange ultrafiltra-
tion procedures hy 68.6 per cent in 6 to 7 hours. This was far superior
to foreed diuresis. In two patients a similar procedure reduced the
blood level by 60-75 per cent in 6 to 7 hours. This work has been
confirmed and extended by others (228). An interesting ohservation
by Soskin and Taubenhaus (166), namely reduction of sleeping time in
rats under pentobarbital or amobarbital anesthesia by large doses of
sodium succinate, was explained by these authors by the ability of
brain tissue in vifro to utilize succinate in the presence of barbiturate,
Larson and his associates (167) could antagonize the depression of
oxygen consumption eaused in vifro by pentobarbital brain slices with
sodium suceinate. Unfortunately the great majority of the experi-
mental investigators were unable to corrohorate the in vive results
[Beyer and Latven (168), Corson ef al. (169), Lardy ef al. (170), Pin-
sechmidt ef al. (171), Larson ¢f al. (172), Sehack and Goldbaum (173),
Giarman ef al. (174)]. An antagonistic effect of this salt against the
depressing action of large doses of barbiturates on gastric secretion
and motility was reported by LaBarre and Ians (175). Westfall
(161) studied also the effect of pyruvic acid and found it to shorten
pentobarhital sleep in rabbits.

Clinically, sodium sucecinate has been tried as an antidote against
barbiturate poisoning. Barreft (176) has reported favorable results.
However, one of the reviewers (RKR) has been disappointed with
its clinical value and no other advoeates for its use seem to have
come forward. Aside from its highly questionable effectiveness, one
would douht the advisability of infusing large doses (15 to 30 Gm.)
of a sodium salt in patients already in the danger of pulmonary
and cerebral edema.

Tueei (177) and his associates have reviewed the experimental data
and conducted controlled studies of the effect of sodium suceinate in
humans in thiopental anesthesia. The authors emphasize the great
variations in response to thiopental itself and the difficulty in evaluat-
ing the effeets of drugs of the type of sodium succinate. They did not
arrive at any definite conclusions regarding the possible merit of this
drug. Brody (65) has drawn attention to the interesting fact that
while oxidation of succinate is not inhibited by harbiturates, the un-
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coupling of phosphorylation (that is formation of high energy honds)
from oxidation, a characteristic action of the barbiturates (Bain, 61}
is nlso present at the suceinate step of the Krebs eyele. This may be
one reason for the failure of succinate to affect materially the duration
of barbiturate action in vivo.

A physical method for the treatient of prolonged barbiturate coma
lhas heen suggested by Robie (230, 231 232). He has treated such
patients by prolonged electro-stimulation through the head with the
Reiter stimulator. Sometimes using higher currents than necessary
to enuse convulsive seizures in normal individuals, he produced museu-
lar contractions and inereased respiratory movements in the comatose
patient.  This author bhelieves that the duration of comn may he sig-
nifiecnntly shortened by this procedure, which can he used in combina-
tion with other suitable management.

Blachly and Brookhart (233) have conducted a careful study of
this method in dogs. According to their vesults, the stimulation of
respiration and circulation is of a reflex nature and ean bhe obtained
likewise if the electrodes are applied to extremities.  While temporary
arousal could he produced, no permanent awakening or protection
against lethal effeets could be nehieved.  These authors suggest that,
clinieally, clectro-stimulation should be applied peripherally rather
than centrally, sinee the beneficial effects would be equally good and
obtained with lesser risk of damage.

NvrurrioNan Facrons

Some nutritional conditions which modify barbiturate action should
be briefly mentioned. That extreme inanition, anemia or other severe
metabolic derangements lead in general to a greater sensitivity towards
drug action is well known, for example, starving rats for 48 fo 110 hours
greatly prolonged sleeping time and decreased resistance to thiopental
(DeBoer, 178). This was unaffected by the administration of thia-
mine. The same author reported also a marked inereased effect of
thiopental in dogs which had lost 10 to 20 per cent of their normal
weight (179). Blackberg and Hrubetz (180) observed likewise pro-
longed sleep in starved rabbits injected with thiopental. Higgins and
Mann (181) showed in well-controlled experiments that rats placed on
diets deficient in vitamin B complex slept much longer after a standard
dose of pentobarbital. Levy ef al. (182) demonstrated, in mice, that
thinmine deficiency alone did not cause increased sensitivity to thie-
pental and the most pronounced effect was obtained when niacin defi-
ciency was produced by a low grade protein diet. This is in agreement
with Burstein and Tui’s (183) observations of a much lower resistance
of hypoproteinic rats towards thiopental.

Richards ef al. (184) demonstrated that guinea pigs placed on a
vitamin C. deficient diet became significantly more susceptible to
pentobarbital, but not to thiopental or barbital. Inanition could be
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excluded as a cause. The failure of barbital to give similar results
can probably be explained by the absence of metabolic degradation of
this drug. Why the duration of thiopental effeet was not influenced by
vitamin C deficiency is not easily understood.

Green and Musulin (183) produced essentially the same effects
using pentobarbital and phenobarbital in vitamin C deficient guinea
pigs. Greig (186) has shown recently that ascorbic acid ean counter-
act depressing action of pentobarbital on eertain enzymes.

RoLe oF Liver axnp KinNey

The importance of the liver as the main place of inactivation and
degradation of most of the short-acting barbiturates has heen estah-
lished for some time. The earlier literature on this phase and the
effect of the barbiturates on the liver has been reviewed by several
authors [Tatum (3), Richards and Appel (187), Hugill (188), Maynert
and Van Dyke (4)]. For several years the role of the liver in the
metabolism of thiopental remained unsettled. It was first assumed
that this thiobarbital would be destroyed in the liver, like its oxygen
analogue pentobarbital. Iowever, Scheifly and Higgins (189) did not
ohserve a prolongation of thiopental sleep in rats with partial hepatee-
tomy, and Richards and Appel (187) failed to find an increased action
of this drug in rats subjected to mild diffuse liver damage caused by
carbon tetrachloride administration. Experiments by Masson and
Beland (190) were in agreement with these findings.

Beginning in 1947, however, Shideman and his co-workers (191)
reinvestigated this problem. They demonstrated that mice subjected
to extensive liver damage by carbon tetrachloride and rats with sub-
total hepatectomy or Eck fistulas slept seven to eleven times longer
after a standard dose of thiopental and two other thiobarbiturates
than untreated controls. A similar, though less extensive, prolonga-
tion of sleeping time with thiopental was found by Walker and Wynn
Parry (192) in partially hepateetomized rats. These authors noticed
a tendency of the return to normal sensitivity as the liver parenchyma
regenerated with time. Meyers and Peoples (193) confirmed that seri-
ous interference with the normal blood supply of the liver greatly
delayed recovery from thiopental anesthesia in animals. Richards and
Kueter (unpublished data) compared the prolongation of sleeping
time with hexobarbital and thiopental when groups of rats were treated
with carbon tetrachloride for one, two, or three days, respectively.
In spite of considerable variation of response it appeared that pro-
longation of hexobarbital sleep oceurred earlier than with thiopental,
that is, a more severe degree of liver damage was necessary to inhibit
thiopental destruction than hexobarbital. Such factors may well have
played a part in the negative results of the experiments of the earlier
investigators.
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The clinical observations on the effeet of thiopental in patients
with liver damage are far from uniform. Lundy (194), Ruth et al.
(195), as well as Anderson (196), did not notice a prolonged effect,
wherens Miller and Tovell (197) and Shideman ef al. (198) encountered
a difference in such patients. This subjeet has been well reviewed by
Dundee (199), who also studied the effect of this drug in patients with
various degrees of liver impairment. He found that mild degrees of
damuge did not significantly change the response to thiopental; this
was the case, though with more advanced damage. These elinical
results are in good agreement with the just mentioned experimental
finding of Richards and Kueter. Shideman (198) estimates that the
active liver tissue must be reduced to about 30 per cent hefore impair-
ment of thiopental detoxifieation becomes evident. In a later paper,
Dundee (200) analyzes the effect of thiopental on the liver and warns
agninst the use of very large doses of this drug in patients with liver
dysfunction.

Walton ef al. (201) noted the absence of liver damage in dogs after
anesthetic doses of thiopental. Tn their experiments recovery of nor-
mal liver function in dogs treated with chloroform was not delayed by
subsequent thiopental injections if oxygen was administered during
anesthesia. This emphasizes again Hugill’s (188) statement that an-
oxin plays an important part in liver damage caused by anesthetic
agents. Present data do not always permit a satisfactory separation
of anoxic liver damage from true hepatotoxic cffeets.

Earlier reports (Masson and Beland, 190) (Martin ¢t al., 202)
deseribed the kidney as of no importance in the destruction of thio-
pental.  However, more recent studies by in vitro and in viro methods
indieate that this organ possesses the ability to degrade this bar-
biturate, though fo a more limited degree than the liver (Dorfman
and Goldbaum, 222) (Shideman and Gould, 203). A new aspeet of the
importance of the kidney for the action of barbhiturates was evolved by
Richards and associntes (204, 205) who studied the effect of azotemia
following removal of both kidneys or ligation of the ureters in experi-
mental animals. Under these conditions an inereased sensitivity to
and prolongation of action of thiopental, but much less of hexobarbital,
was noticed in nephrectomized rats and rabbits which paralleled the
time elapsed after this operation and the concomitant rise of the NPN.
Dundee and Annis (206) have confirmed the existence of a correlation
between degrees of uremia and prolongation of sleeping time in dogs

for some other barbiturates. ~Acute azotemin eaused by injection of an
artificinl NPN solution in nephrectomized animals gave similar results
(204). Nephreetomized animals were shown to degrade thiopental at
a slower rate. Further studies revealed a decrease of the albumin-
globulin coefficient in the plasma of nephrectomized rabbits, which
resulted in a lower binding of thiopental in the plasma with a higher
portion of the drug remaining unhound and physiologically active
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(33). This was not evident by determination of the total barbiturate
plasma level. When a series of barbiturates were studied in nephree-
tomized animals, those strongly bound on plasma proteins were more
prolonged in their action. Hexobarbital belongs to the group which is
relatively little bound and is also little affected by the post-nephrectomy
state. These factors play a part in the prolongation of the action of
certain barbiturates under these eonditions. They are, however, not
the only ones. Changes in scnsitivity and other factors are undoubht-
“edly involved (Taylor et al., 28).

One of us (RKR) had the oceasion to ohserve a patient who had
undergone a prostatectomy in an advanced state of prostate hyper-
trophy under thiopental anesthesin and remained in deep sleep for
nearly twenty-four hours, but made afterwards an uneventful recovery.
A more extensive study of the clinical aspeets of this phenoménon was
reported by Dundee and Richards (221). Carefully controlled ob-
servations showed that azotemia artificially induced in normal in-
dividuals by the ingestion of large doses of urea or oceurring in
patients due to urinary obstruection leads regularly to an inereased
sensitivity to thiopental, as evidenced by the amount needed for indue-
tion and especially maintenance of anesthesia. Thus, clinieal experi-
ence substantiates the above reported studies in animals, drawing
attention to the importance of metabolic disturbances subsequent to
the removal or impairment of an organ.

With this thought in mind, one wonders how much of prolongation
of barbiturate action observed after extensive liver damage in some
experiments may have been due to the absence of the detoxifying organ
and how much to a change of sensitivity or the like, ecaused by the
general metabolic derangement subsequent to liver dysfunction. The
work by Sandberg (207) is a case in point. This author studied the
action of eertain barbiturates in rats sixteen and twenty hours after
hepatectomy or bilateral nephrectomy, respectively. However, he
concludes without reservation that the changes in sleeping time must
be due to the removal of the organs as the sites of drug detoxification.
In the light of the above consideration this may be only a part of
the story.

CoxcLusiox

The authors would like to restate their hope that the information
contained in this review will be of help to the experimental investigators
as well as to the clinical anesthesiologists who may be looking for the
experimental background for clinical observations or research.

Like all reviews, the present one will be overtaken in due time
by new advances. We believe that, as previously, progress will be
largely paced by further development of research methods. The re-
cently accelerated progress in the study of the interaction between
cellular enzymes and drugs is bound to contribute greatly to our basic
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understanding of drug action. Knowledge gained from such work
and the diligent applieation of known and coming analytical methods
will help to provide much needed clarification of the mechanism of
action underlying ohservations of ‘‘prolongation’” or ‘‘abbreviation”’
of barbiturate effects which we have discussed earlier. It would be
surprising if after further evaluation some of the experimental findings
would not prove of clinical usefulness. Simplifications and refine-
ments of quantitative methods for the determination of barbiturates in
plasma and tissues should greatly intensify their application to clinical
anesthesiology. Physiological and neurophysiological techniques will
likewise contribute to an increasing degree to the understanding of the
pharmacelogy of barbiturates-in man. The use of the eleetroenceph-
alograph during clinieal barbiturate anesthesia (223, 224) is cited
just as an example. It is this mutual ‘‘feed-back’’ between experi-
mental and elinical research which here, as in many other areas of
medical seience, will provide problems and answers in future research.

REFERENCES

1. Fischer, E., and von Mering, J.: Ueber Veronal, Ther, d. Gegenwart 45: 145 (April) 1904,

2, Kochmann, M.: Hefter's Handbuch der Experimentellen Pharmakologie, vol. 2, Berlin,
Julius Springer, 1936,

Tatum, A. L.: Present Status of Barbiturate Problem, Physiol. Rev. 18: 472 (Oct.) 1939.

Maynert, E. W., and Van Dyke, H. B.: Metabolism of Barbiturates, Pharmacol. Rev. 1:
217 (Aug.) 1949.

5. Raventos, J.: Distribution in Body and Metabalic Fate of Barbiturates, J. Pharm. &
Pharmacol. 6: 217 (April) 1954,

6. Koppanyi, T., Dille, J. M., Murphy, W. 8, and Krop, 8.: Btudies on Barbiturates:
Contribution to Methods of Barbital Rescareh, J. Am. Pharm. A. 23: 1074 (Nov.) 1934,

7. Deininger, R.: Papierchromntographischer Nachwein der Barbitursauren, Arzneimittel-
Forschung 8: 472 (Aug.) 1955,

8. Taylor, 1. D,, Richards, R. K., and Tabern, D. L.: Metabolism of 83 Thiopental (Pento-
thal): Chemical and Paper Chromatographic Studies of 833 Exerction by Rat and
Monkey, J. Pharmacol. & Exper. Therap. 104: 93 (Jan.) 1852,

9. Roth, L. J., Leifer, E., Hog J. R., and Langh W. H.: Metabolism of Radioactive
Pentobarbital in Mice, J. Biol. Chem. 178: 963 (Jan.) 1952,

10. Titus, E., and Weiss, H.: Use of Biologieally Prepared Radionctive Indicators in
Metabolie Studiea: Metabolism of Pentobarbital, J. Biol. Chem, 214: 807 (June) 1855.

. Hellman, L. M., Shettles, L. B., and Stran, H.: Quantitative Method for Determination

of Sodium Pentothal in Blood, J. Biol. Chem. 148: 293 (May) 1943.

12, Jailer, J. W., and Goldbaum, L. R.: Studies on Plasma Concentration and Tissue Dis-
tribution of Sodium Pentothal (sodium ethyl (1-methyl butyl) thiobarbiturate), J. Lab.
& Clin. Med. 31: 1344 (Nov.) 1946.

13, Brodie, B. B., Mark, L. C,, Papper, E. M., Lief, P. A, B in, E., and R

E. A= Fate of Thiopental in Man and a Method for Its Estimation in Biological
Material, J. Pharmacol. & Exper. Thernp. 88: 85 (Jan.) 1950,

14. Brodie, B. B., Burns, J. J., Mark, L. C, Lief, P. A., Bernatein, E,, and Papper, E. M.:
Fate of Pentobarbital in Man and Dog and Method for Its Estimation in Biologieal
Material, J. Pharmacol. & Exper. Therap. 109: 26 (8ept.) 1953,

5. Goldbaum, L. R.: Determination of Barbiturates: Ultraviolet Spectrophotometric Method
with Diffcrentiation of Several Barbiturates, Anal, Chem. 24: 1604 (Oct.) 1952,

16. Makher, J. R., and Puckett, R. F.: Identification of Barbiturates by Ultraviolet Absorp-
tion, J. Lab. & Clin. Med. 45: 806 (May) 1955. .

17. Anderson, D. H., and Woodall, N. B.: Infra-red Identifieation of Materinl in Fractional
Milligram Range, Anal. Chem. 25: 1906 (Dec.) 1953.

bl ad

20z Iudy 91 uo 3sanb Aq Jpd°G0000-000$0956 L-Z¥S0000/LL9E LT/ 7L ¥/€/ L1 4Pd-01o1n1e/ABO|0ISOUISBUE/WOD JIEUYDIDA|IS ZESE//:d}}Y WO} papeojumoq



450

R. K. Ricrarns axp J. D. Tavror

18. Van Dyke, H. B, Seudi, J. V., and Tabern, D, L.: Exeretion of N® in Urine of Dogs after

22,

21,

24,

26.

28,

a2,

346,

37,

a8,
19,

40,

4

-

42,

43,

Administration of Labelled Pentobarbital, J. Pharmacol. & Exper. Therap, 80: 364
(Aug.) 1947

. Maynert, E. W, and Van Dyke, IL B.: Metabolie Fate of Pentobarbital: Tsotope Dilution

Experiments with Urine after Administration of Labelled Pentobarbital, J. Pharmacol.
& Exper. Therap. 98: 174 (Feb.) 1950,

Maynert, E. W,, and Van Dyke, H. B.: Metabolism of Amytal Lahelled with Ni5 in
Dogs, J. Pharmacol. & Exper. Therap. 98: 180 (Feh.) 1950.

Maynert, E. W.: Distribution and Fate of Dialkyl Barbiturates, Fed. Proc. 11: 625
(June) 1952,

Bowman, R. L., Caulficld, P. A,, and Ulenfriend, 8.: Spectrophotofluorometric Asway in
Visible and Ultraviolet, Science 122: 32 (July) 1955,

Butler, T. C.: Quantitative Studies on Metabolic Fate of Mephobarbital (N-methyl
phenobarbital), J. Pharmacol. & Exper. Therap. 108: 235 (Oct.) 1952,

Goldbaum, L. R., and Smith, P. K.: Interaction of Barbiturates with Serum Albumin
and Its Possible Relation to Their Disposition and Pharmacological Action, J.
Plarmacol. & Exper. Therap. 111: 197 (June) 1954,

Papper, E. M., Peterson, R. C., Burny, J. J., Bernstein, E., Lief, P., and Brodie, B. B.:
Physiologieal Disposition of Certain  N-alkylthiobarbiturates, Anesthesiology 18:
544 (July) 1955,

Shideman, F. E., Gould, T. C., Winter, W, D., Peterson, R. C., and Wilner, W. K.: Dis-
tribution and In Fivo Rate of Metabolism of Thiopental, J. Pharmacol. & Exper, Therap.
107: 368 (March) 1953,

. Peterson, R. C., Gould, T. C., and Shideman, F, E.: Plasma Levels as Means of Comparing

Poteney and Toxicity of Thioharbiturates in Body, J. Pharmacol. & Exper. Therap.
98: 25 (Jan.) 1950 (abst.).

aylor, J. D, Davin, J. C., and Richards, R. K.: Correlation between Total Body Water
and Action of Repeated Thiopental Injections in Rabbit, Fed. Proc. 13: 410 (March)
1954,

Tureman, J. E., Maloney, A. 1L, Booker, W. M., and Ratliff, C. M.: Changes in Blood
Volume during Prolenged Pentothal Ancsthesia, Fed. Proe. 8: 340 (Mareh) 1948.

Simpson, A. M., Ezrow, L., Vidt, D. G., and Sapirstein, L. A.: Blood Volume Changes
during Anesthesin with Pentobarbital Sodium, Fed. Proe. 13: 138 (March) 1954,

Dundee, J. W.: Method for Determining Duration of Thiopentone Narcosis in Dog, Brit.
J. Anacsth, 25: 291 (Oct.) 1953,

Rayburn, C. J., Whitchead, R. W,, and Draper, W. B.: Influence of Respiratory Acidosis
on Plasma Levels of Thiopental and Depth of Anesthesia, Anesth. & Analg, 32: 280
(Nov.-Dee.) 1953.

Taylor, J. D., Richards, R. K., Davin, J. C, and Asher, J.: Plasma Binding of Thiopental
in Nephreetomized Rabbit, J. Pharmacol. & Exper, Therap, 112: 40 (Sept.) 1954,

Butler, T. C.: Rate of Penctration of Barbituric Acid Derivatives into Brain, J.
Pharmacol. & Exper. Therap., 100: 219 (Oct.) 1950,

5. Bollman, J. L., Brooks, L. M., Flock, E. V., and Lundy, J. S.: Tissue Distribution with

Time After Single Intruvenous Administration of Pentothal Na (sodium ethyl(l-methyl
butyl)) and Pentothal §3% Thioharbiturates, Anesthesiology 11: 1 (Jan.) 1950,

Brodie, B. B.: Physiological Disposition and Chemical Fate of Thiobarbiturates in Body,
Fed. Proc, 11: 632 (March) 1952,

Mark, L. C.,, Burns, J. J., Campomanes, C. 1., Nagai, S. H., Trousof, N., Papper, E. M,
and Brodie, B. B.: Passage of Thiopental and Other Barbiturates into Brain, Fed. Proe.
14: 366 (April) 1955,

Greig, M. E., and Mayberry, T. C.: Relationship between Cholinesterase Activity aml
Brain Permeability, J. Pharmacol. & Exper. Therap, 102: 1 (May) 1851,

Maynert, E. W., and Van Dyke, H. B.: Absence of Localization of Barbital in Divisions
of Central Nervous System, J. Pharmacol. & Exper. Therap. 98: 184 (Feb.) 1950.

Taylor, J. 1., Richards, R. K., and Tabern, D. L.: Distribution of Radioactive S35
Thiopental in Rabbit and Cat, Anesth. and Analgesia 28: 101 (March-April) 1850.

. Hubbard, T. F., and Goldbaum, L. R.: Distribution of Thiopental in Central Nervous

System, J. Lab. & Clin. Med. 36: 218 (Aug.) 1950.
Brodie, B, B, Bernstein, E., and Mark, L. C.: Role of Body Fat in Limiting Duration of
Action of Thiopental, J. Pharmacol. & Exper. Therap. 105: 421 (Aug.) 1852,
Swanson, E. E, and Chen, K. K.: Ultra-short-acting Thiobarbituric Acids, Proc. Soe.
Exper. Biol. & Med. 82: 212 (Feb.) 1953,

20z Iudy 91 uo 3sanb Aq Jpd°G0000-000$0956 L-Z¥S0000/LL9E LT/ 7L ¥/€/ L1 4Pd-01o1n1e/ABO|0ISOUISBUE/WOD JIEUYDIDA|IS ZESE//:d}}Y WO} papeojumoq



Facrons 1x DistriBuTioN oF BARBITURATES 451

#4. Anderson, E. G., and Magee, D. F.: Effeet of Feelding Fat on Duration of Thiopental
Anesthesin, Proe, Soc. Exper. Biol. & Ml 83: 110 (May) 1853,

5. Stavinoka, W, B., and Davia, J. E.: Effect of Prior Fat Feeding on Duration of Thiamylal
Anesthesia, Fed, Proc. 14: 388 (March) 1955,

46, Hermann, G., and Wood, H. C.: Influence of Boedy Fat on Duration of Thiopental
Anesthesia, Iroe. Soc, Exper. Biol. & Med. 80: 318 (June) 1952,

47. Giotti, A., and Maynert, E. W.: Renal Clearance of Barbital aml Mechanism of ita
Reabsorption, J, Pharmacol, & Exper. Therap. 101: 296 (March) 1951,

48. Maynert, E. W, and Van Dyke, IL B.: Inolation of Metabolite of Pentobarbital, 8cience
110: 661 (Deec.) 1949,

9. Bush, M. T., Butler, T. C., and Dickison, H. L.: Metabolic Fate of 5(1-cyclohexen-1-¥1)
1,5-dimethylbarbiturie acid (Hexobarbital, Evipal) and of 5-(1-cyclohexen-1-y1) 5-methyl
Varbiturie acid (‘‘nor-Evipal’’), J. Pharmacol. & Exper. Therap. 108: 104 (May) 1953. -

50. Butler, T. C.: Metabolie Oxidation of Phenobarbital to p-Hydroxy-phenoharbital, Beience
120: 494 (Sept.) 1954,

51. Bush, M. T., and Butler, T. C.: Metabolic Fate of Evipal, J. Pharmacol. & Exper. Therap.
69: 277 (Aug.) 1940, .

52, Butler, T. C.: Quantitative Studies of Demethylation of N-methyl barbital (metharbital,
Gemonil), J. Pharmacol. & Exper. Therap. 108: 474 (Aug.) 1953.

53. Butler, T. C.: Further Studics of Metabolie Removal of Alkyl Groups from Nitrogen
in Barbituric Acid Derivative, Proe. Soc. Exper. Biol. & Med. 84: 105 (Oet.) 1953,

54. Deininger, R.: Uber den Papicrochromatographischen Nachwein der Methylierung von
Nor-Evipan zu Evipan In Vivo, Verhandlungen der Deutschen Pharmakelogischen Gesell-
schaft, Saurbrucken-Homburg, (Oct.) 1954,

55, Gad, Inger: Die Diathyl-thiobarbitursaure ihre Chemischen Eigenschaften und ihr Ver-
halten im Organismus, Arch. exptl. Path, u. Pharmakol. 189: 449, 1942,

56. Bush, M. T., and Butler, T. C.: Metabolic Fate of Thiobarbital, Fed. Proe. 8: 313
(March) 1947,

57. Raventos, J.: Method for Estimation of Barbituric and Thiobarbituric Acids in Biologieal
Material, Brit. J. Pharmacol, 1: 210 (Sept.) 1946.

58. Spector, E., Wallach, D. P, Winters, W. D, and 8hid. ¥F. E.: Metaboli of
Thiopental 835 by Rat Liver Minee, Fed. Proe. 14: 388 (March) 1955,

59. Winters, W. D., Spector, E., Wallaeh, D. P., and Shid , F. E.: Metabolism of Thio-
pental-835 and Thiopental-2-C14 by Rat Liver Mince anl Identifieation of Pentobarbital
as Major Metabolite, J. Pharmacol. & Exper. Therap. 114: 343 (July) 1955.

60. Spector, E., and Shideman, F. E.: Metabolie Conversion of Thiamylal to Secobarbital by
Rat Liver Minee, Am. Soc. Pharmacol. & Exper. Therap. Mectings (8ept.) 1955.

61. Bain, J. A.: Enzymatic Aspects of Barbiturate Action, Feid, Proe. 11: 653 (June) 1852,

2. Shideman, F. E.: In Fitro Metabolism of Barbiturates, Fed. Proc. 11: 640 (March) 1952,

63. Tirodie, B. B., Axclrod, J., Cooper, J. R., Gaudette, L., LaDu, B. N.,, Mitoma, C., and
Udenfriend, S.: Detoxication of Drugs and Other Foreign Compounds by Liver
Microsomes, Scicnee 121: 603 (April) 1955,

¢4, Toman, J. E. P., and Taylor, J. D.: Mechanism of Action and Metabolism of Anti-
convulsants, Epilepsia 1: 31 (Nov.) 1952,

65. Brody, T. M.: Uncoupling of Oxidative Phosphorylation as Mechanism of Drug Action,
Pharmacol. Rev. 7: 335 (8ept.) 1955,

66, Goldbaum, L. R., Fazekas, J. F., Koppanyi, T, and Bhea, J.: Stuldy of Effeet of Over-
doses of Pentylenc Tetrazole and Barbiturate Combinations in Human Subjects, J.
Pharmacol. & Exper. Therap. 113: 23 (Jan.) 1955 (abst.).

67. Clark, A. J.: General Pharmacology, Handbuch der Experimentellen Pharmakologie,
Herausgegeben von A. Heffter, vol. 4, Berlin, J. Springer, 1920.

68, Kohn, R.: Studies on Barbiturates with Reference to Individual Susceptibility, Aneath.
& Analg. 17: 218 (July~Aug.) 1938,

69. De Beer, E. J., Hjort, A. H., and Faasett, D. W.: Analysis of Relationships between
Environmental Changes and Duration of Anesthesia in Albino Mice, J. Pharmacol. &
Exper. Therap. 88: 241 (June) 1939.

70. Clark, A. J., and Raventos, J.: Dynamic Variation in Reaponse to Barbiturates, Quart. J.
Exper. Physiol. 80: 187 (April) 1940.

71. Krautwald, A.: Wirkung und Verhalten von Phanodorm und Noetal. bei chronischer
Zufuhr, Arch, f. exper. Path. u. Pharmakol. 186: 513 (8ept.) 1937. -

72, Krautwald, A., and Oettel, H.: Wirkung und Verhalten von Veronal und Luminal bei
chronischer Zufuhr, Arch. f. exper. Path. u. Pharmakol, 188: 498 (8ept.) 1937,

20z Iudy 91 uo 3sanb Aq Jpd°G0000-000$0956 L-Z¥S0000/LL9E LT/ 7L ¥/€/ L1 4Pd-01o1n1e/ABO|0ISOUISBUE/WOD JIEUYDIDA|IS ZESE//:d}}Y WO} papeojumoq



452 R. K. Ricnaros axp J. D, Tavion

74, Mirsky, J. I, and Giarman, N. J.: Studies on Potentiation of Thivpental, J. Pharmacol,
& Exper. Therap. 114: 240 (June) 1945,

74. Fuhrman, F. A.: Effect of Body Temperature on Drmg Action, Physiol. Rev. 26: 247
(April) 1946,

75. Shaw, F. H., and Shankly, K. IL.: Factors Affecting the Duration of Nembutal Aneathesia
in Rats, Australinn J. Exper. Biol. & M. Sc. 28: 481 (Nov.) 1948,

76. Raventos, J.: Influence of Room Temperature on Action of Barbiturates, J. Pharmacol. &
Exper. Therap. 64: 355 (Dee.) 1938,

77. Fubrman, F. A.: Effect of Body Temperature on Duration of Barbiturate Anesthesia in
Mice, Seienve 105: 387 (April) 1947,

78. Richards, R. K.: Toxicity of Iiypnoties as Affected by Temperature, Thyroxin and
Adrenalectomy, Ancsthesiology 2: 37 (Jan.) 1941,

79. Kinsey, V. E.: Use of Sodium Pentobarbital for Repeated Aneathesia in Rabbit, J. Am.
Pharm. A. (Scient., Ed.) 20: 292 (July) 1940,

80. Kinsey, V. E.: Use of Sodium Pentobarbital for Repeated Anesthesia in White Rat,
J. Am. Pharm. A. (Scient. Ed.) 28: 387 (Scpt.) 1940.

81. Kinsey, V. E.: Use of Sodium Pentobarbital for Repeated Anesthesia in Guinea Pigs, J.
Am. Pharm, A. (Scient, Ed,) 29: 342 (Aug.) 1940,

82, Ettinger, G. I.: Duration of Anesthesin Produced in Dog by Repeated Administration of
Dial and Nembatal, J. Pharmacol. & Exper. Therap. 83: 82 (May) 1938,

83. Masuda, J., Budde, R. N., and Dille, J. M.: Investigation of Aecquired Tolerance to
Certain Short-Acting Barbiturntes, J. Am. Pharm. A. 27: 830 (Oct.) 1938.

84. Gruber, C. M., and Keyser, G. F.: Study of Development of Tolerance and Crons Tolerance
to Burbiturates in Experimental Animals, J. Pharmucol. & Exper. Therap. 86: 186
(Feb.) 1946.

. Gluckman, M. 1, and Gruber, C. M.z Development of Toleranee and Cross Toleranee by
Mephobarbital, Proe. Soc, Exper. Biol, & Med, 78: 87 (Jan.) 1952,

86. Dundee, J. W.: Acquired Tolerance to Intravenons Thiobarbiturates in Animals, Brit. 1.

Anesth. 27: 165 (April) 1955,
Hubbard, T. F., and Goldbaum, L. R.: Mechanism of Tolerance to Thiopental in Mice,
J. Pharmacol. & Exper. Therap. 97: 488 (Dee.) 1949,
88. Davics, R. M.: Case of Repeated Administration of Pentothal Sodium, Brit. M. J. 2: 450
(Oct.) 1940,
80. Lous, P.: Harbituric Acid Concentration in Serum from Patients with Severe Acute Poison-
ing, Acta pharmacol. et toxicol. 10: 261, 1954,
90, Giarman, N. J., Bower, G. N., Jr,, Quie, P. G., and Hampton, L. J.: Potentiation of
Certain Barbiturates by o-Tocopherol Phosphate, Arch. internat. pharmacodyn. 87:
473 (April) 1954,
91. Fraser, II. F,, and Isbell, H.: Abstinence Syndrome in Dogs after Chronie Barbiturate
Medication, J. Phurmacol. & Exper. Therap. 112: 261 (Nov.) 1954.
2. Isbell, H., Altsehul, 8., Korntsky, C. H., Eisenman, A. J., Flanary, H. G., and Frawr,
H. F.: Chronic Burbiturate Intoxieation, Arch. Neurol. & Psychiat. 64: 1 (July) 1950.
93, Homburger, E., Etsten, G., and Himwich, H. E.: S8ome Factors Affecting Buseeptibility of
Rats to Various Barbiturates: Effect of Age and Sex, J. Lab. & Clin, Med. 32: 540
(May) 1947,
94. DeBoer, B.: Factors Affecting Pentothal Anesthesia in Dogs, Anesthesiology 8: 375
(July) 1947,
95. Carmichael, E. B.: Median Lethal Dose (LDw) of Pentothal SBodium for Both Young
and Old Guinea Pigs and Rats, Anesthesiology 8: 589 (Nov.) 1947,
96, Dundee, J. W.: Jufluence of Body Weight, Sex and Age on Desage of Thiopentone,
Brit, J. Anesth. 28: 164 (May) 1954,
Iiolck, H. G. O., and Kanan, M. A.: Sex Difference in White Rat in Tolerance to Certain
Barbiturates, Proe. Soc. Exper. Biol, & Med. 82: 700 (Feb.) 1935.
Moir, W. M.: Influence of Age and Sex on Repeated Administration of Sodium Pente
_barbital to Albino Rats, J. Pharmacol. & Exper. Therap. 58: 68 (Jan.) 1937.
99, Streicher, E. and Garbus, J.: Effect of Age and 8ex on Duration of Hexobarbital Anew
thesia in Rats, J. Geront, 10: 441 (Autumn) 1955.

100. Holek, H. G. 0., Mathieson, D. R., Smith, E, L., and Fink, L. D.: Effects of Testosterone
Acetate and Propionate and of Estradiol Dipropionate upon the Resi of the Rat
to Evipal Sodium, Nostal, Pernoston and Pentobarbital Sodium, J. Am. Pharm. A
(Beient. Ed.) 31: 116 (April) 1842,

=
o

®
=

2

9

P~

98.

®

20z Iudy 91 uo 3sanb Aq Jpd°G0000-000$0956 L-Z¥S0000/LL9E LT/ 7L ¥/€/ L1 4Pd-01o1n1e/ABO|0ISOUISBUE/WOD JIEUYDIDA|IS ZESE//:d}}Y WO} papeojumoq



Facrons 18 DisTrisuTioN oF BARBITURATES 453

a 1,

101. Crevier, M., Torio, A. d’, and Robillard, E.: Infl des Gland sur In
Desi ication du P Larbital par Je Foie, Rev, canail. biol, 8: 336 (Nov.) 1950.

102, Quinn, G. P., Axelrod, J., and Brodie, B. B.: Species and Sex Differences in Metaholism
and Duration of Action of Hexobarbital (Evipal), Fed. Proe. 13: 395 (March) 19734,

103. Adrinni, J.; Effcets of Anesthetie Drugs upon Rats Treated with Sulfanilamide, J. Lab, &
Clin. Med. 24: 1066 (July) 1939,

104. Butler, T. C., Dickison, 1. L., Govier, W. M., Greer, C. 3., and Lamson, P. D.: Effect of
Sulfanilamide and Some of Its Derivatives on Reaction of Mice to Anesthetics, J.
Pharmacel. & Exper. Therap. 72: 298 (July) 1941.

105. Lothan, P. I., Guernscy, G., and Pugh, A. E.: Determination of Dosage-Mortality Ratio
of Pentothal Sodi with Sulfanilamide, J. Lab, & Clin. Med. 27: 740 (March) 1942.

106. Richards, R. K.: Sulfapyridine Overdosage-Antidotal Action of Hypnotics in Animals,
J. Lab, & Clin. Med. 26: 1256 (May) 1941

107. Papper, E. M.: Anesthesia for Burned Patient, Surgery 17: 116 (Jan.) 1945,

108. Wainwright, G. A.: Experiences with Pentothal During First 100 Days Following the
Normandy Invasion, Canad. M.°A. J. 53: 484 (May) 1945.

109. Lundy, J. 8., and Adams, R. C.: Pentothal Sodium Intravenous Ancsthesia, Army M. Bull,
63: 90 (July) 1942,

110. Korner, F.: Die Wirkung von Sulfonamiden und von Penieillin auf die Toxicitat Einiger
Intravenosen Narkosemittel, Anaesthesist 1: 70 (Aug.) 1952

111. Goldbaum, L. R., and Hubbard, T. F.: Effect of Carinamide (3’ Carboxyphenylmethane
Sulfonilamide) on Metabolism of Thiopental in Mice, J. Pharmacol. & Exper. Therap.
89: 366 (July) 1950,

112, Graham, W. D., Carmichael, E. J., and Allmark, M. G.: In Vivo Potentiation of Bar-
biturates by Tetracthylthiuram Disulphide, J. Pharm, & Pharmacol. 3: 497 (Aug.) 1951

113. Persky, H., Goldstein, M. 8., and Levine, R.: Enzymatic Mechanism of Barbiturate Action,
J. Pharmacol. & Exper. Therap. 100: 273 (Nov.) 1950,

114. Greig, M. E.: Failure to Find n Reversal by BAL of Pentobarbital Inhibition of Brain
Metabolism, J. Pharmacol. & Exper. Therap. 108: 25 (Sept.) 1952,

115. Giarman, N. J., Flick, F. H., and White, J. M.: Prolongation of Thiopental Anesthesia in
Mouse by Premedication with Tetracthylthi Disulfide (*‘Antabuse’’), Science
114: 35 (July) 1951,

116, Winters, W. D., Shideman, F. E., Richards, R. K., and Taylor, J. D.: Influence of
Tetracthylthiuram Disulfide (Antabuse) on Duration of Action of Thiopental, Proc. Soc.
Exper. Biol. & Med. 81: 576 (Dee.) 1952,

7. Gruber, C. M., Jr., Lashichenko, Z., and Lee, K. 8.: Effect of Orally Administered
Antabuse on Sleeping Time of Mice, Rats, and Rabbits given Barbiturates, Ether,
Chloroform, Urethane, Chloral Hydrate, Alcohol, or Acetaldehyde by Injeetion, Arch.
internat. pharmacodyn. 87: 79 (Feb.) 1954,

118. Winters, W. D., and 8hideman, F. E.: Mechanism of Potentiation of Barbiturate Depres-

sion in Rat by Disulfiram (Antabuse), Fed. Proe. 13: 417 (March) 1954,

119. Proosdij-Hartzema, E. G. van, and Jongh, D. K. de: Influenco of Tetraethylthiuram
Disulfide (T.T.S.) on Duration of Action of Thiopental in AMice, Arch. internat,
pharmacodyn, 96: 97 (Oet.) 1953,

120, Jobnston, C. D., Harkness, W. D,, and Woodard, G.: Role of CS8, in Antabuse-Induced

Potentiation of Barbiturate Action in Rat, Fed. Proe. 12: 333 (March) 1953.
Jepsen, N. P., and Korner, B.: Thiopental Anesthesia and Antabuse (Disulfiram), Aeta
pharmacol. et toxicol. 8: 418, 1952,

122, Edson, E. F., and Carey, P. M.: Putentiation of Barbiturate Anesthesia by Dinitro-ortho
cresol, Brit. M. J., p. 104 (July) 1955.

123, Kahn, J. B., Jr.: Effccts of Dimereaprol on Metabolism of Pentobarbital in Mice, J.
Pharmacol. & Exper. Therap. 108: 202 (Nov.) 1953.

124, Giarman, N. J., and Flick, F. IL: Influence of Certain Oxidation-Reduction Systems on

Thiopental Anesthesia in Mice, Anesth, & Analg. 30: 336 (Nov.—Dec.) 1951,
. Winter, C. A.: Potentiating Effeet of Antibistaminie Drugs upon Sedative Action of Bar-
biturates, J. Pharmacel. & Exper. Therap. 84: 7 (Sept.) 1948,

126, Lightstone, H., and Nelson, J. W.: Antihistamine Potentiation of Pentobarbital Anes-
thesia, J. Am. Pharm. A. (8cient. Ed.) 43: 263 (May) 1954, .

127, Neer, F.,C. van, and Zwaan, C.: Antihistaminies and Barbiturates, Areh, internat,
pharmacodyn. 84: 360 (July) 1953.

1

121,

12

&

20z Iudy 91 uo 3sanb Aq Jpd°G0000-000$0956 L-Z¥S0000/LL9E LT/ 7L ¥/€/ L1 4Pd-01o1n1e/ABO|0ISOUISBUE/WOD JIEUYDIDA|IS ZESE//:d}}Y WO} papeojumoq



454
128,
129,
130.
131.

132.

133.

138.

139,
140.

14

-

142,

143,

144,

145,

146.

147,

148.

R. K. Ricuarps axp J. D. Tavror

Dundee, J. W.: Review of Chloropromazine Hydrochloride, Brit. J. Ancsth. 28: 357
(Sept.) 1954,

Berger, ¥. M., and Lynes, T. E.: Effect of Mephenesin on Barbiturate Anesthesia, Arch,
internat. pharmacodyn. 100: 401 (Jan.) 1955,

Maxwell, J. M., Cook, L., Davis, G. J., Toner, J. J,, and Fellows, E, J.: Effeets of g-
dicthylaminocthyidiphenylpropylacetate Hydrochloride (SKF No. 525-A) on a Series of
Hypnoties, Fed. Proc, 12: 349 (March) 1953,

Everett, G. M.: Pharmacologieal Properties of Diethyluminoethyl-a,q-diphenylpropionate
HCL (P-19); Potentiating Agent, Fed. Proc. 12: 319 (March) 1953.

Fouts, T. R., and Brodie, B. B.: Inhibition of Drug Metabolic Pathways by Potentiating
Agent 24-dichloro-G-phenyl-phenoxyethyl diethylamine, J. Pharmacol. & Exper. Therap.
115: 68 (Sept.) 1955.

Cook, L., Toner, J. J., and Fellows, E. J.: Effect of g-diethylaminoethyldiphenylpro-
prlacctate Hydrochloride (SKF No. 525-A) on Hexebarbital, J. Pharmacol. & Exper.
Therap. 111: 131 (June) 1954,

Cook, L., Macko, E., and Fellows, E. J.: Effect of g-dicthylaminoethyldipkenylpropyl-
acetate Hydrochloride on Action of Series of Barbiturates and CNS Depressants, J.
Pharmacol. & Exper. Therap. 112: 382 (Nov.) 1954,

Achor, L. B, and Geiling, E. M. K.: Effect of SKF Compound 525-A on Excretion of
Pentothal -835 in Mice, Proc. Soc. Exper. Biol. & Med. 87: 261 (Oct.) 1954.

. Necubert, D., and Herken, H.: Wirkungsteigerungen von Schlafmitteln durek den Phenyl-

diallylessigsaure Ester des Dicthylaminoethanols, Arch. exper. Path. u. Pharmakol. 225:
453, 1055,

Buchel, L., Lazard, L., and Levy, Jeanne: Sur quelques Phenomenes de Synergie. 1V,
Associations d’un Barbiturique a un Cyele Potentiel et de Quelques Types de Substances
Douees de Proprictes Spasmolytiques, Comp. Rendus des Seances de la Soe. de Biologie,
et de ses filinles 148: 326 (Feh.) 1855,

Buchel, L., Lazard, L., and Levy, Jeanne: Sur quelques Phenomenes de Synergie. IL
Associations d’hypnotiques de d’un Spasmolytique, le Cyclohexyleyelohexaneearboxylate
de 2-piperidinoethyl, Comp. Rendus de Sceances de la Soc. de Biologie et de ses filials
149: 261 (Feb.) 1955.

Wenzel, D. G., and Keplinger, M. L.: Central Depressant Properties of Uracil and Related
Oxypyridines, J. Am. Pharm. A. (Scient. Ed.) 44: 56 (Jan.) 1955.

Dundee, J. W., and Riding, J. E.: Barbiturate Narcosis in Porphyria, Anesthesia 10: 55
{Jan.) 1955,

. Goldin, A., Dennis, D., Venditti, J. M., and Humphreys, 8. R.: Potentintion of Pento-

barbital Anesthesia by Isonicotinic Acid Hydrazide and Related Compounds, Science
121: 364 (March) 1953,

Cole, V. V.: Effect of Calcium and Strontium Salts on Action of Sedium Pentobarbital,
J. Pharmacol. & Exper. Therap. 73: 335 (Nov.) 1941,

Krantz, J. C., Jr., and Fassel, M. J.: Effcct of Todides on Phenobarbital Narcosis, J. Am.
Pharm. A. (Scient. Ed.) 40: 511 (Oct.) 1951.

Caujolle, F., Gayrel, P., and Roux G. Moscarella, C.: Phenylboric Acid and Hypnotic
Activity, Bull. acad. nat. med. 135: 314, 1951. Abstracted in Exeerpta Med., Sec. II
5: 134 (Jan.) 1952.

Waooster, H. A., and Sunderman, F, W.: Prolongation of Pentobarbital Sodium Ancsthesia
by Nitrates and Nitrites, J. Pharmacol. & Exper. Therap. 87: 140 (Oct.) 1949,

Werle, E.,, and Lentzen, J.: Uber die Beeinfl g der Injekti kose durch Kreis-
laufaktive Stoffe, Arch. exper. Path. u, Pharmakol. 190: 328 (Scpt.) 1938,

Brooks, W., Griffith, W. B., Porter, G. A., and David, N. A.: Hydergine Potentiation of
Barbiturate Depressant Effects in Rat, Fed. Proc. 14: 346 (Mareh) 1955,

Starkenstein, E., and Weden, R.: Zur Physiologie und Pharmakologic der Sterine. IV.
Der Einfluss des Cholesterina Auf die Wirkung der Hypnotica und Narkotica, Arch,
exper. Path. u. Pharmakol. 182: 700 (Oct.) 1936.

Farson, de C. B., Carr, C. J., and Krantz, J. C., Jr.: Ancsthesin, Effect of Cholesterol
on Pentothal and Ether Ancsthesia, J. Pharmacol. & Exper. Therap. 89: 222 (March)
1947.

Cole, V. V., Hulpicu, H. O., and Hopper, 8. H.: Effect of Some Burface Active Agents
on Action of Barbiturates, Proc. Soc. Exper. Biol. & Med. 78: 554 (April) 1950.

Konzett, H.: Forderung von Schiaf und Narkose durch Farbstoffe, Arch. exper. Path. u.
Pharmakol. 188: 349 (Jan.) 1938,

20z Iudy 91 uo 3sanb Aq Jpd°G0000-000$0956 L-Z¥S0000/LL9E LT/ 7L ¥/€/ L1 4Pd-01o1n1e/ABO|0ISOUISBUE/WOD JIEUYDIDA|IS ZESE//:d}}Y WO} papeojumoq



152,
153,
134,
135.

156,

160.
161.
162,

163.

167.

168,

169.

170,

172,

173.

174,

175,

178,

177,

. Soskin, S., and Taubenhaus, )

Facrors 1x DisTRIBUTION oF BARBITURATES 455

Maynert, M. 0., and Kalow, W.: Experiments on Animals in Combined Action of Procaine
and Barbiturates, Canad. Anesth. Soc. J. 2: 109 (April) 1955

Brodie, B, B., Shore, . A, and Silver, 8. L.: Potentiating Effect of Chlorpromazine and
Reserpine, Nature 178: 1132 (June) 18

Shore, P, A., Silver, 8. L, and Brodie, B. B.: Interaction of Renerpine, Serotonin and
Lysergic Acid Dicthylamide in Brain, Science 122: 284 (Aug.) 1955,

Pletscher, A, Shore, P. A., and Brodie, B. B.: Serotonin Release as Possible Mechanism
of Reserpine Action, Science 122: 374 (Aug.) 1955,

Shore, P. A., Silver, 8. L., and Broedie, B. B.: Interaction of Berotonin and Lysergic
Acid Diethylamide (LSD) in Central Nervous System, Experientia 11: 272 (July) 1955.

7. Lamson, P. D., Greig, M. E.,, and Robbius, B, H.: Potentiating Effect of Glucose and

its Metaholie Products on Barbiturate Ancsthesin, Science 110: 680 (Dee.) 1049.

Lamson, P. D., Greig, M. E.,, anid Hobdy, C. J.: Modifieation of Barbiturate Anesthesia by
Glucose, Intermediary Mctabolites and Certain Other Substances, J. FPharmacol &
Exper, Therap. 103: 460 (Dee.) 1951,

Lamson, P. D., Greig, M. E., and Williams, L.: Potentiation by Epinephrine of Aneathetic
Effect in Chloral and Barbiturate Anesthesia, J. Pharmacol. & Exper. Therap. 108: 219
(Qet.) 1952,

Reinbard, J. F.: Prolongation of Hynosis by Epincphrine and Insulin, Proc. Soc. Exper.
Biol. & Med. 58: 210 (March) 19435,

Westfall, B. A.: Pyruvic Acid Antagonism to Barbiturate Depression, J. Pharmacol, &
Exper. Therap, 87: 33 (May) 1946.

Richards, R. K., Berteher, E. L., and Taylor, J. D.: Effect of Various Solutions upon
Barbiturate Anesthesia, Arch. internat. pharmacodyn. 89: 463 (May) 1952,

Stuhlfauth, K., and Englhardt-Golkel, A.: Uber dic Becinflussung der Schlafzeit nach
Pentothal-Natrium bei Normalen und Nebennierlosen Ratten durch Glucose und Fruetose,
Arch. exper. Path, u. Pharmakol. 221: 328, 1954,

Lasagna, L.: Effects of Potassium on Guinea Pig after Barbiturate Administration, Proe.
Soe. Exper. Biol. & Med, 80: 568 (Aug.-Sept.) 1952.

. Cutting, R. A,, and Koppanyi, T.: Effect of Massive Intravenous Infusions on Course of

Barbiturate Narcosis, Arch. internat, pharmacodyn. 80: 395 (Dee.) 1938,

: Sodium Suecinate as Antidote for Barbiturate Poison-
ing and in Control of Duration of Barbiturate Ancsthesia, J. Pharmacol. & Exper.
Therap. 78: 49 (May) 1943,

Larson, E., Wynn, M. F., and Adams, J. P.: Sodium Succinate in Pentobarbital Depres-
sion of Cerebral Cortex and Medulla Oblongata, Ancsthesiology 16: 239 (Mareh) 1955,

Beyer, K. H., and Latven, A. R.: Evaluation of Influence of Succinate and Malonate on
Buarbiturate Hypnosis, J. Pharmacol. & Exper, Therap. 81: 203 (June) 1944,

Corson, 8. A., Koppanyi, T., and Vivino, A. E.: Studics on Barbiturates; effcet of Sue-
cinate and Fumarate in Experimental Barbiturate Poisoning, Anesth. & Analg. 24:
177 (Sept~Oct.) 1945.

Lardy, H. A., Hansen, R. G., and Philipps, P. IL: Incffectivencas of Sodium Succinate
in Control of Duration of Barbiturate Anesthesia, Proc. Soe, Exper. Biol. & Med. 85:
277 (April) 1944,

Pinschmidt, N. W., Ramsey, H., and Haag, H. B.: Studies on Antag inm of Sodi
Succinate to Barbiturate Depression, J. Pharmacol. & Exper. Therap. 83: 45 (Jan.)
1945.

Larson, E., Wynn, M. F., and Adams, J. P.; Studics of Pentobarbital Depression, Anes-
thesiology 15: 537 (Sept.) 1954,

Schack, J. A., and Goldbaum, L. R.: Analeptic Effeet of Sodium Sueeinate in Barbiturate
Ancsthesia in Rabbits, J. Pharmacol. & Exper. Therap, 96: 315 (July) 1949,

Giarman, N. J., Rowe, . P., and-Young, J. F.: Effeet of Sodium Succinate and Some of
its Derivatives on Thiopental Anesthesia, Ancsthesiology 18: 122 (March) 1954,

La Barre, J., and Hans, M. J.: A Propos des Substances Antagoni des Hypnotiques
de la Berie Barbiturique, Arch. internat. pharmacodyn. 80: 169 (July) 1952

Barret, R. HL.: Bodium Sueeinate: Analeptic for Barbiturate Poisoning in Man, Ann.
Int. Med. 31: 739 (Nov.) 1949,

Tueci, J. H., Brazier, M. A, B,, Miles, II. H. W, and Finesinger, J. E.: Study of Pentothal
Sodium, Anesthesia and Critieal Tnvestigation of Use of Succinate as Antidote, Anes-
theniology 10: 25 (Jan.) 1949.

20z Iudy 91 uo 3sanb Aq Jpd°G0000-000$0956 L-Z¥S0000/LL9E LT/ 7L ¥/€/ L1 4Pd-01o1n1e/ABO|0ISOUISBUE/WOD JIEUYDIDA|IS ZESE//:d}}Y WO} papeojumoq



456
178,
179.

180.

181.

et

182.
" 183,

184.

18G.

187,

188,
189,

190,

191,

192,
193.

194.
195,

196,
197,

198,

200,

R. K. Ricuarps axp J. D. TayLor

De Boer, B.: Effects of Thiamine Hydrochloride upon Pentobarbital Sodium (*‘Nem-
butal’?) Hypnosis and Mortality in Normal, Castrated, and Fasting Rats, J. Am. Pharm,
A. (Scient. EiL) 37: 302 (Aug.) 1948.

De Boer, B.: Factors Affecting Pentothal Anesthesia in Dogs, Anesthesiology 8: 375
(July) 1947. :

Blackberg, 8. N., and Hrubetz, C.: Factors Influencing Pentothal Ancsthesia, J. Lab. &
Clin. Med. 22: 1224 (8ept.) 1937,

Higgins, G. M., and Mann, F. C.: Relation of Vitamin B to Duration of Anesthesia
Induced by Pentobarbital Sodium, M. Clin. N. America 23: 1205 (Aug.) 1943.

Levy, H. A., Di Palma, J. R., and Alper, C.: Effects of Nutritional Deficiency on Response
to Thiopental, J. Pharmacol. & Exper. Therap, 109: 377 (Dee.) 1953,

Burstein, C. L., and Tui, C.: Relationship between Hypoproteinia and Toxicity of Anes-
thetic Agents, Anesth. & Analg. 27: 287 (8ept~Oct.) 1948.

Richards, R. K., Kueter, K., an? Klatt, T. J.: Effect of Vitamin C Deficiency on Action
of Different Types of Barbiturates, Proc. Soc, Exper. Biol. & Med. 48: 403 (Nov.) 1941,

Green, M. W., and Musulin, R. R.: Studies on Barbiturates; effect of Vitamin C Level
on Barbiturate Depression in Guinea Pigs, J. Am. Pharm. A, (8Scient. Ed.) 30: 613
(Dee.) 1941.

Greig, M. E.: Effect of Ascorbic Acid in Reducing Inhibition of Brain Metabolism
Produced by Pentobarbital In Vitro, J. Pharmucol. & Exper. Therap, 81: 317 (Dee)
1947,

Richards, R. K., and Appel, M.: Barbiturates and Liver, Anesth, & Analg. 20: 64 (March-
April) 1941,

Hugill, J. T.: Liver Function and Ancsthesia, Anesthesiology 11: 567 (Sept.) 1950.
Scheifley, C. H., and Higgins, G. M.: Effect of Partial Hepatectomy on Action of Cer-
tain Barbiturntes and Phenylurea Derivative, Am. J. M. Se. 200: 264 (Aug.) 1940.
Mnsson, G. M. C., and Beland, E.; Influence of the Liver and Kidney on Duration of

Anesthesin Produced by Barbiturates, Ancsthesiology 6: 483 (Sept.) 1945,

Shkideman, F. E., Kelly, A. R., and Adams, B. J.: Role of Liver in Detoxication of
Thiopental (Pentothal) and Two Other Thiobarbiturates, J. Pharmacol. & Exper.
Therap. 81: 331 (Dec.) 1947.

Walker, J. M., and Wyen Parry, C. B.: Effects of Hepatectomy on Action of Certain
Ancsthetics in Rats, Brit. J. Pharmacol. 4: 93 (March) 1949,

Meyers, H., and Peoples, D.: Positive Role of Liver in Rapid Metabolism of Thiopental,
Anesthesiology 15: 147 (March) 1954,

Lundy, J.: Clinieal Anesthesia, Philadelphia, W, B. Saunders Company, 1942.

Ruth, H. 8., Tovell, R. M., Milligan, A. D., and Charleroy, D. K.: Pentothal Sodium.
I its Growing Popularity Justified?, JLAM.A, 113: 1864 (Nov.) 1939,

Anderson, B, M.: Observations on Use of Pentothal Sodium in Presence of Hepatic
Damage, A.M.A. Meeting, Chieago, June 25, 1948,

Miller, L. J., and Tovell, R, M.: Pentothal Sodium—Its Field of Usefuluess, J. Maine M.
A. 31: 298 (Nov.) 1940,

Shideman, F. E., Kelly, A. R., Lee, L. E, Lowell, V. F.,, and Adams, B. J.: Role of
Liver in Detoxification of Thiopental (Pentothal) in Man, Anesthesiology 10: 421
(July) 1949,

Dundee, J. W.: Thiopentone Narcosis in Presence of Hepatic Dysfunction, Brit. J.
Anacsth. 24: 81 (April) 1952,

Dundee, J. W.: Thiopentone as Fuaetor in Production of Liver Dysfunction, Brit. J.
Anacsth. 27: 14 (Jan.) 1955.

Walton, C. M., Uhl, J. W., Egner, W. M., and Livingstene, 1. M.: Use of Thiopental
Sodium Intravenously in Presence of Hepatic Damage, Arch. Surg. 60: 986 (May) 1950.

Martin, 8. J., Herrlich, H. C,, and Clark, B. B.: Effect of Various Tissues on Detoxifica-
tion of Evipal in Dog, Anesthesiology 1: 153 (Sept.) 1940.

Shideman, F. E., and Gould, T. C.: Studies on Tissue Distribution and Rate of Metabolism
of Thiopental, J. Pharmacol. & Exper. Therap. 103: 361 (Dec.) 1951.

Richards, R. K., Kueter, K., and Taylor, J. D.: Kidney Funetion and Ultra-Short-Acting
Barbiturates, Fed. Proe. 8: 310 (Mareh) 1950.

Richards, R. K., Taylor, J. D., and Kueter, K. E.: Effect of Nephrectomy on the Duration
of Sleep Following Administration of Thiop 1 and Hexobarbital, J. Pharmacol. &
Exper. Therap. 108: 461 (Aug.) 1953.

Dundee, J. W., and Annis, D.: Barbiturate Narcosia in Uraemia, Brit. J. Anaesth, 27:
114 (March) 1955.

20z Iudy 91 uo 3sanb Aq Jpd°G0000-000$0956 L-Z¥S0000/LL9E LT/ 7L ¥/€/ L1 4Pd-01o1n1e/ABO|0ISOUISBUE/WOD JIEUYDIDA|IS ZESE//:d}}Y WO} papeojumoq



Facrors 1x Distmisurtioy oF BARBITURATES 457

207, Sandberg, F.: Effect of Hepat y and Nephreetomy on Anesthetic Activity of Bome
N-substituted Barbiturates, Acta. physiol. seandinav. 28: 1 (Mareh) 1953,

208. Butler, T. C., Mahafee, D., and Mahafee, C.: Role of Liver in Metabolie Disposition of
Mephobarbital, J, Pharmaeol. & Exper. Therap. 108: 364 (Nov.) 1952,

209, Goldbaum, L. R.: Ultra-violet Spectrophotometric P: d for Determination of Bar-
biturates, J. Pharmacol. & Exper. Therap. 84: 68 (Sept.) 1948.

210. Butler, T. C., Mahaffee, C., and Waddell, W, J.: Phenobarbital: Studies of Elimination,
Accumulation, Tolerance, and Dosage Schedules, J. Pharmaeol. & Exper. Therap. 111:
425 (Aug.) 1954.

211. Taylor, J. D., Swenson, E. M., Davin, J. C., and Richards, R. K.: Comparative Sleepink
Time and Rate of Destruction of Pentobarbital and Sccobarbital in Animals, Am. Soe.
Pharmacol. and Exper. Therap. Meetings (Sept.) 1955,

212. Kahn, J. B,, Jr.: Studies on Radionctive Pentobarbital, Anesth. & Analg. 20: 273
(8ept.~Oct.) 1950.

213. Nelson, J. W., and Bester, J. F.: Glucose Potentiation of Pentobarbital Anesthesia, Canad.
Pharm. J, 85: 218 (March) 1952,

214. Axelrod, J., Reichenthal, T., and Brodie, B. B.: Mechanism of Potentinting Action of
B-diethylaminoethyl Diphenylpropylacetate, J. Pharmacol. & Exper. Therap. 112: 49
(Bept.) 1954,

215. Goldbaum, L. R., and Hubbard, T. F.: Effccts of Picrotoxin on Thiopental Metabolism and
on In Vitro Respiration of Brain Tissue in Mice, Anesthesiology 11: 733 (Nov.) 1950.

216, Kelly, A. R.: Studies on Sites of Metabolinm, Distribution and Tolerance Development to
Certain Thiobarbiturates, Doctorial disscrtation series, Publication number 8324, Uni-
versity of Michigan, Microfilm, Ann Arbor, Michigan, 1954,

217. Fisher, R. 8., Walker, J. T, and Plummer, C. W.: Quantitative Estimation of Bar-
biturates in Blood by Ultra-violet Spectrophotometry ; Experimental and Clinieal Results,
Am. J, Clin. Path. 18: 462 (Junc) 1948,

218. Goldbaum, L. R., and Schack, J. A.: Blood Level of Sodium-l-methyl butyl harbiturie
acid, and Duration of Anesthesia in Rabhits, Proe. Soc. Exper. Biol. Med, 72: 96
(Oct.) 1949,

219. Brodie, B. B., Mark, L. C,, Lief, P, A., Bernstein, E., and Papper, E. M.: Aeute Tolerance
to Thiopental, J. Pharmacol. & Exper. Therap. 102: 215 (Aug.) 1951,

220. Bester, J. F., and Nelaon, J. W.: Study of Potentiation of Pentobarbital Anesthesia by
Glucose and Tts Metabolities, J. Am. Pharm, A, (Scient. Ed.) 42: 421 (July) 1953,

221, Dundee, J. W., and Richards, R. K.: Effect of Azotemia upon Action of Intravenous Bar-
hiturate Anesthenin, Aneathesiology 15: 333 (July) 1054,

222. Dorfman, A., and Goldhaum, L. R.: Detoxification of Barbiturates, J. Pharmacol. & Exper.
Therap. 850: 330 (Aug.) 1947,

223. Kiersey, D. K., Bickford, R. G., and Faulconer, A.: Electroencephalographie Patterns
Produced by Thiopental Bodium During Surgieal Operations: Description and Clarifiea-
tion, Brit. J. Anaesth. 23: 141 (July) 1951,

224. Bickford, R. G., Faulconer, A., 8cm-Jacobsen, C. W., Petersen, M. C., Dodge, H. W., and
Schnugg, F. J.: Some Effcets of Barbiturnte Anesthesia on Depth Electrogram, Proe.
Btaff Meetings of Mayo Clinie 28: 162 (March) 1953,

225. Shulman, A., Shaw, F. IL,, Cass, N. M., and Whyte, H, M.: New Treatment of Barhiturate
Intoxication, Brit. M. J. 4824: 1238 (May) 1955.

226. Kimura, E. T., and Richards, R. K.: Manuscript in Preparation.

227. Lackey, R. W, Railey, H. A, and Goth, A.: Usc of Peritoneal Lavage in Treatment of
Experi al P harhital Poisoning, Texas Reports on Biol. & Med., 12: 1 (8pring)
1954,

228. Alwall, N,, Lindgren, P., and Lunderquat, A.: Artificial Kidney; Treatment of Severe
Phenobarbital Poisoning in Rabbits, by Means of Forced Polyuria, Exehange Ultrafiltra-
tion and Dialysis, and Preliminary Report on Dialytie Treatment of Barbiturate Poison-
ing in Patients, Acta Med. Seandinav, 143: 4, 1952,

229. Hemodialysis in Treatment of Barbiturate Poisoning, Editorial, J.AM.A. 152: 9
(June) 1953,

230. Robie, T. R.: Immediate Treatment of Barbiturate Poisoning, J. M. Soe. New Jersey 47:
370 (August) 1930,

231. Robie, T.'R.: Treatment of Acute Barbiturate Poisoning by Non-Canvulsive Eleetro-
stimulation, Postgrad. Med. 8: 253 (Mareh) 1951,

20z Iudy 91 uo 3sanb Aq Jpd°G0000-000$0956 L-Z¥S0000/LL9E LT/ 7L ¥/€/ L1 4Pd-01o1n1e/ABO|0ISOUISBUE/WOD JIEUYDIDA|IS ZESE//:d}}Y WO} papeojumoq



458 R. K Ricuarps axv J. D. TavLor Vol. 17

232, Robie, T. R.: Electrostimulatory Therapy as Immediate Antidote for Barbiturate Poison-
ing, J. Nerv. & Ment. Dis. 113: 352 (April) 1951,

233, Blachly, P. I, and Brookhart, J. M.: Studics on Analeptic Action of Electrical Stimula.
tion in Barbituratc Poisoning, Ancsthesiology 18: 151 (March) 1955,

ACKNOWLEDGMENT

We are indebted to Bettie Ann Flinn, Jeanne €. Davin and Eleanor M. Bwenson for
their valuable help in the production of this work.

ANNUAL MEETING OF THE AMERICAN
MEDICAL ASSOCIATION

Cicaco, IuniNois
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