A CIRCADIAN SUSCEPTIBILITY-RESISTANCE CYCLE TO
FLUOTHANE IN MALE B; MICE®

James H Matruews, M D, EcoN MARTE, M D, AND Franz HatBerc, M D t

BECAUSE THE POTENCY and margm of safety of Fluothane are tdpics of current
mterest, we are remvestigating the toxurlty of Fluothane using the mouse and
the method of mdirect periodicity analysis * This paper presents pertinent exper-
mental results

Several earlier studies of F luotharre toxicity 1n the mouse constitute available
background mformation In his first study, Raventds? found the LDj;, of Fluo-
thane vapour m oxygen to be 28 per ceni (=0 34 per cent) during 30 minutes of
exposure In a later article, Raventés and Dee® reported the value to be 3 16 per
cent Krantz, Park, Truitt, and qug4 found a value of 31 pﬁ; cent usmg 5
minutes of exposure and different vaporization techmques Study of Mgrch and
Jobgen’s data® from tests with 10 mjmtes of exposure suggests a higher LD;4 of
between 35 and 40 per cent On the other hand, Jones, Margohs, and Steven®
observed no deaths after the intraoesophageal instillation of 100 per cent Fluo-
thane Because these lines of work were reported without reference to temporal
aspects of tests conditions (discussed elsewhere), it seemed desirable for us to
employ techmques of indirect periodicity analysis for the bio-assay of Fluothane
toxicity

The rehability of bio-assay techniques depends upon many factTrs 8 It increases

with the extent to which one pays attention to vanables such as the genetic
background, sex, and past history of an ammal population, as well as to test
conditions Pertinent factors stem from the physical environment to which
anmals are exposed before and during testing, including still other sources of
variation ranging from diet to infection Some of these parameters of bio-assay
have temporal facets The age of test amimals 15 the most obvigus time factor
Less well known 1s the role in bio-assay of another temporal parameter, the stage
of physiologic rhythms with penods of %)out one day These so-called circadian
(cwrca, dies)”® rhythms can critically
exposure to a varlety of agents 1 10-16
Studies of drug effects done at different times of the day that+do not further
specify conditions of observation may jeem pertinent, although they are not
[

etermime the outcome of a mammal’s

identical i approach 17-1® Actually, an indication of an hour of the clock for
increased or decreased susceptibility 15 meamngful only under standardized

®Condensed from a paper presented at the Western Divisions’ Meeting, |Canadian Anaes-
thetists” Society, held mm Edmonton, Alberta, m March 1962 Supported by grants from the
U S Public Health Service [No H-1983 (C-7) and No 5-K6-GM-13981-03, NB-04531-02],
The Amencan Cancer Society (No E-155E), de the Graduate School of lthe Unmiversity of
Minnesota

tFrom the Departments of Anesthesiology and Pathology, Umversity of Minnesota College
of Medical Sciences, Minneapohis, Mmnesota
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conditions * Those unfamihar with physiologic periodicity analysis should note

that by manipulating the hghting regimen to which cer
are exposed, and by several added
trough of a susceptibility rhythm to any clock hour ¢
reference to the hghting regimen and other factors,” stu
at different clock hours, therefore, are of restricted, if

precautions,” one

tain expermmental ammals
may shift the peak and
if one’s choice 20 Without
idies of drug effects solely
any, value They may, at

times, confuse the 1ssues on hand, and as long as cong
not standardized, the results may be quite vanable

When temporal and other factors in bio-assay are
cerlain extent, as m the present study, the results are s
mice after exposure to 3 5 per cent Fluothane for 7 to
circadian  susceptibility-1esistance cycle The mortal
Fluothane may be as low as 5 per cent o1 as ugh 4
upon the orgamsm’s circadian system phase

MATERIALS AND METHODS

Three expeniments were done on male inbred mice
1 stock (buiefly, B;) This stramn has been maintamned |
for more than 10 years, in the Department of Pathc
Minnestota Medical School The expeirimental mice w

litions of observations are

taken into account to a

urprising  the mortahty of

10 minutes demonstrates a

y from a given dose of
s 76 per cent, depending

of the C;; Black, subhne

oy biother-to-sister mating

logy at the University of
rere kept multiply-housed,

with Purina Fox Chow and tap water freely available {
out the study

One week prior to a given experiment, ammals were transferred to disposable
cages measuring 40 X 32 X 9 cm —6 or 7 muce to a cage The cages were placed
m a room shielded from natural hght and sound, mamtamed at 24 ==1° C A
clock-controlled switch turned the hights in the room on at 0600 and off at 1800
each day

On the day of study, separate groups of ammals were tested at four-hourly
intervals, staiting at 0800 of one day and ending at either 0400 or at 0800 of the
next day A group was composed of 14 to 21 mice The mice constituting differ-
ent groups 1n a given experiment were comparable not only i terms of genetic
background and sex, but also n terms of age

The anaesthetic concentration was prepared using a Heidbrink 660X Kinet o-
Meter® to provide an oxygen flow rate of 4 litres/minute into a Mark II Fluotec
vaporizer,t set at the 35 per cent marking A model 10 Fluothane Monitor} of
the mfrared type served to check the accuracy of the vaponzer

The anaesthetic chamber consisted of an 8 litre desiccator with a wire mesh
platform resting across the glass ledge near the bottom Seveial minutes before
the start of a test 35 per cent Fluothane in oxygen was mtroduced at 4 htres/
minute mto the bottom of the chamber, by rubbei tubing ending below the
platform

Mice from a given cage wete then tiansferred into the chamber Anaesthetic
vapour continued to flow mto the bottom of the chamber during transfer and

rom weaning and through-

*Ohio Chenucal and Surgical Equipment Co , Madison, Wisconsin
}Fraser Sweatman, Inc , Buffalo, New York
{Analyncal Systems Company, Pasadena, Califorma
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throughout the next 10 minutes Excess vapour escaped through a hole 1n the hd
After 10 mmutes of exposure the wire platform holding the mice was hfted out
and placed on a table m room air

The same procedure for anaesthesia was repeated for subgroups of mice from
consecutive cages, at each time-point chosen for study Total test time required
for mice from a group of cages (at least two, but usually three cages) did not
exceed 45 mmutes The anmals were under continuous observation mn the
chamber and thereafter, until death or recovery from anaesthesia Recovery was
judged by return of the nghting reflex The time of death or recovery was fol-
lowed with a stopwatch, started when the mice were transferred nto the desicca-
tor Results were recorded for consecutive one minute intervals

REsuLTS

Figure 1 shows the results of the three experiments Test-time, given 1n clock
hours on the abscissa, 1s roughly the mud-pomt of the total period elapsed from
start to end of testing a group of mice The hghting regimen on which mice were
kept for a week prior to study and up to a minute prior to testing also 1s indi-
cated above the abscissa, black areas denoting darkness During anaesthesia and
thereafter the mice were kept 1n hght at all ttimes The percentage of deaths from
anaesthesia at each test-time 1s shown on Ehe ordmate

In the experiment recorded on the lef 137 mice were used, 147 n that shown
m the middle, and 125 ammals comprise the right-hand graph The mean age in
days (and standard error) of these three sets of mice was, i this order, 83
(=*=1), 116 (=1), and 283 (=2) days, respectively Mice summarized in the

right-hand plot were thus much older than those described on the left or in the
middle

Key Mortalily
80~ "

#——————s Total

o — — — —s  Within 7 of
exposure

P QO0O0I

Martality (/)

Test Times {clock hours)

Ficure 1 Dependence of Fluothane toxicity upon circadian system-phase Three expen-
ments on male B: mice of three age groups Expenment on youngest mice on the left, those
on older amimals on the nght (see text) In each expenment the 10-rmnute exposure of
separate groups of comparable ammals to 35 per cent Fluothane was associated with differ-
ences in mortality as a function of exposure time P values denved according to procedure for
analysing the statistical significance of crests i physiologic time senes ™
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The curves with solid lines show that total mortahty, expressed as per cent of
total tested, vaned from 5 to 76 per cent, according (o test ime and age The

greatest mortality was among older mice—the plot on

the nght Since the three

experiments were done on different days, the age effect awaits further intra-

experimental vahdation
Plots of mortahty mm a given expenment, m thewr

turn, suggest differences

related to test tme These were analysed by a statistical procedure®® described

and proposed earher for indirect periocdicity analysi
statistical sigmificance of the crest in mortality occurri

ment recorded on the left side of Figure 1, a P value

5! From this test of the
ng at 2400 mn the experi-
of 0 07 was obtained For

the data in the middle of the figure the corresponding P value was less than 0 001
An evaluation of the crest in total mortality was not done on the data of the

third experiment At the time of the first exposure (0
the 35 per cent dose of Fluothane was too great for

high percentage of mice of this first group died within

at the outset, 1e, at the first test-time, that the expe

BOO) 1t was observed that
mice of this age Since a
10 minutes, 1t was decided

rmment be continued with

SUSCEPTIBILITY RHYTHM 10 FLUOTHANE
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%
Total number of deaths in a given 24-hour experimental period

irrespective of test time

Ficure 2 Data from Figure 1 re-expressed as percentage of total mortahty

Im a given

expeniment on mice of a given age Transformation reduces effect of differences m level of
susceptibility or resistance to Fluothane as a funchon of age The temporal change in suscept-
bility o1 resistance as a funchon of crcadian system-phase, rather than age, can now be

seen from the pool of data from all three expeniments (see lext)
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10-minute exposures, as origmally planned, but that results be evaluated accord-
mg to the mortahty occurring within the first 7 minutes, rather than during the
entire 10 mimutes of exposuie Analysed on this basis, 1€, in terms of the data
summarized by the dashed lne, the crest at 2400 in the right-hand graph 1s
statistically sigmficant, with a P of 0 002

For comparnson, the deaths occurring withm 7 mmutes of exposure m the
other two expeniments also are shown by dashed hnes Viewing the seven-minute
data as well, 1t can be seen that mortahty at 2400 1s much higher than at other
tumes Note, for instance, that i the expermment plotted on the left, no deaths had
occurred prior to the seventh minute at any time except at 2400

Figure 2 shows mortahty expressed in percentage of total mortahty in a given
experiment For the first two expermments all deaths were included n this com-
putation Deaths occurnng after the seventh minute of exposure mn the last
expermment were excluded from calculation, for the reasons stated above The
three curves are roughly congruent, their mean 1s shown as a dotted hne

SUSCEPTIBILITY RHYTHM|TO FLUOTHANE (POOLED DATA)

.
Mean~~»+}SE

: I

180 -
140 -
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&

20 -

Relative Change (% of Mean)

Test Times {clock hours)

Ficure 3 Conversion of the pooled data i Figure 2 mto “relative changes”*—wnth
estumates of vanability also provided for results from each test-time

The crest in mortality at 2400 1s apparent from this summary presentation as
well as from the solid line in Figure 3, which shows the so-called “relative
change™? m susceptibibity to Fluothane To obtamn the curve m Figure 3, mor-
tality at a given test-time was expressed as a percentage of the average mortality
m a given experiment, with the latter mean equated to 100 per cent Thereafter,
these relative values for each test-ime were averaged to obtain the mean relative
change, plotted in Figure 3
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Discussion

These experiments involving a 7 or 10 mmute exposure to 35 per cent Fluo-
thane mn oxygen demonstrate, first, a circadian susceptibihity-resistance cycle to
this agent Secondly, the data also suggest, but do| not prove, a difference mn
susceptibility among different age groups The location of the crest i suscepti-
bility at 2400 and the mfluence of differences in age were anticipated on the
basis of previous studies using another agent affecting the CNS—Librium
(Fig 4) 1.6

Along the same lne, it 1s mteresting that the”susceptibility of mice to ethanol**
and audiogenic convulsions,® 1! 2° tested under compaiable conditions, 1s highest
at about 2000 (Figs 5 and 6) 2* The location of the ¢rests of these susceptibihity
rhythms shows relatively small, »f any, differences 1n phase Pertinent also are
circadian susceptibihty rhythms with a sumilar tmipg described by Davis for
pentobarbital?* and by Davis and Webb for hexafluorodiethyl ether,?® as well as
a most recent study on Nembutal by Emlen and Kem 2¢ The response of rodents
to all of these agents affecting the CNS thus appears to depend upon a similar
circadian system phase, awarting further definition, Susceptbility rhythms to

Circadion Susceptibihity Rhythm to Librium
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Figure 4 Circadian susceptibility-resistance cycle to Libnum By contrast to Figures 1-3,
data m the left half of this figure are expressed m terms of survival time rather than as per
cent deaths Transformed data on the nght of figure * *
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Ficure 5 Circadian susceptxbihty—resxstance cycle to ethanol Black
columns on top of figure denote mortahity of comparable male C
mice, 4 months =+ 2 weeks of ;ge, m]ecterfr 1p with 08 cc of a 25
per cent solution of ethanol in sahne Ethanol-mduced hypothermia
as well as mortahty from ethanol depends upon circadian system-
phase at mjection time Details of this experiment and of confirmatory
ones are in References 1 and 14

other agents, however, peak at quite different times, as shown 1n Figure 7, sum-
manizing the so-called “hours of changing resistance ™

These predictable physiologic changes in susceptibihty of mammals to drugs
would be important as models for climcal studies if toxic-therapeutic ratios also
can be found to vary depending upon an orgamsm’s circadian system phase For
example, anaesthetics with undesirable cardiovascular side-effects, such as Fluo-
thane, might have a relatively small margin of safety if at a given time the
organism exhibits an mcreased susceptibility to cardiovascular disturbances and
concomitantly a decreased susceptibility to cortical depression In other words,
the same amount of drug might produce the desired effect and hittle undesirable
side reactions at one time (1e, circadian system phase) and at another time
considerable side reactions with hittle desirable effect



MATTHEWS et gl CIRCADIAN SUSCEPTIBILITY—RESISTANCE CYCLE 987

Gght[ 06 00 o (8 00 '8 00; fo 06 QO

60 N 0800

B 2 oo

40

20 -

(o | ' Con ulsio

Ficure 8 Abnormal andiogenic resonses in D mice on two schedules of hght and darkness
ternating at 12-hour intervals Incidence of several types of noise-induced abnormahty differs
t 0800 as compared with 2100 1 mice exposed to light from 1800 to 0600 as compared with
at 1n mce exposed to hight from 06800 to 1800 Note feasibility of phase-shafting of a cr
adian susceptibility resistance cycle Total tested 120 muce about five weeks of age of both
exes *

We must quabfy these mitial experimental data on Fluothane n several ways
First, in speaking of certamn phases of susceptibihty rhythms such as a crest we
mean to refer to circadian system phase rather than to clock hour We do so since
a gwven phase of circadian rhythm can be shifted to any clock hour of ones
choice by mampulating the environment °2?7 We also must refer to a number of
technical problems One of these revolves around the accuracy of the Fluotec
vaponzer This question was resolved for the time being only through verification
of the v ipour concentration provided by infrared analysis and through consistent
use of the same flow rate and vaporizer sethngs Subsequent experiments have
necessitated a more accurate system and one which permats the study of other
anaesthetic vapours and gases

A second technical problem resulted from a small water leak in the periodicity
room but not mnto the cages contaimming the mice represented by the left
hand graph of Figure 1 The effect of the noise from dnpping water remains
unevalu ited

In subsequent studies we are extending the design not only to rephcate the
circadian susceptibiity rhythms but also to test within various experiments the
influence s of age sex stran vanatons i dosage of Fluothane premedication
and other common anaesthetic factors More accurate observation of induction
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SUSCEPTIBILITY RHYTHM O FLUOTHANE (POOLED DATA),
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Ficure 7 The concept of hours of changing resistance can be further documented by data
on Fluothane (¢=———— ) The data of this paper are ahgned with some obtaned on other
susceptibihty-resistance cycles earher This figure should convey the degree of generahty of
changes m response to toxic doses of several drugs as a function of circadian system-phase The
same figure may be used further to suggest that crests and troughs mn susceptibility to different
agents do not all occur at the same time cicadian synchromzation occurs with differences in
phase, some of which are positive or negative, as well as zero (Cold Spring Harbor Symposwa
on Quantitatwe Biology, vol 25, Long Island Biological Association, New York, 1960, p 524)

tumes, anaesthetic levels, and respiratory and cardiovascular responses may help
to clanfy mechanisms of death

The mmportance of these imitial studies to anaesthesiologists may be the demon-
stration that circadian rhythms charactenze the susceptibihty of a mammal to
Fluothane, and the suggestion that circadian periodicity analysis of therapeutic-
toxic ratios may eventually contribute to a better understanding of the lethality
and margin of safety of anaesthetics

SUMMARY

The mortahty of mature, male B; mice upon exposure to 35 per cent Fluo-
thane n oxygen for 10 minutes may be as low as 5 per cent o1 as high as 76
per cent, dependmg upon the oigamism’s circadian system phase, Predictably
perrodic changes 1n susceptibility can be found in test animals of several age
groups, apart from differences in susceptibility as a function of age Further
consideration of the orgamsm’s time siructure, as revealed by its rhythms, may
lead to safer anaesthetic practices
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RiésumM®e

Nous faisons une étude de la toxicité de 'halothane, en nous servant de souris et
de la méthode d’analyse de pérodicité mdirecte Ce travail rapporte des résultats
expérumentaux sur une cycle circadien (circa, dies, un rhythme dont la période
est d’environ 24 heures) dans la resistance d’'un orgam«me vis-a-vis de I'halothane
En tenant compte du facteur temps et de facteurs de techmque biologique expé-
rimentale, la mortahté de souris B, méales—ayant respiré des vapeurs d’halothane
a 35 pour cent dans 'oxygéne durant 7 & 10 minutes- aurat varié de 5 a 76 pour
cent selon la phase du systéme circadien, 1€, la distnbution des temps mternes
de I'orgamsme (fig 3) Ces résultats étaient 2 prévoir d’aprés les études antérieures
sur le hbrium, sur 'éthanol, sur les convulsions audiogémques, sur le pentobarbi-
tal et sur T'éther hexaflurodiéthyhque La discussion de ces travaux souléve la
question de Faméliorahon possible de la pratique de I'anesthésie, s1 ces données
s'appliquent au rapport toxicité/thérapeutique des agents anesthésiques
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