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government procurement operation, the government thereby
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the fact that the government may have formulated, furnished,
or in any way supplied the said drawings, specifications, or
other data is not to be regarded by implication or otherw i se,
as in any manner licensing the holder or any other person or
corporation, or conveying any rights or permission to manufacture, use , or se ll any patented invention that may in any
way be related thereto .

ABSTRACT

Mice singly housed without bedding at 5° C c lear carbon
from th e blood more slowly than animals similarly housed at
25° C. Increasing the time of exposure to cold to 2 , 1 8 or 7 2
hours do es not further alter the rate o f clearance. Bacteria
are also "cleared" uniformly at the tw o temperatures when a
highly virulent strain (SR-11) of Salmonella typhimurium is
injected intravenously, but n ot when one of low virul e nce
(RJA) is used. The RIA strain disapp ears from blood more
slowly in mice at 5° C than in those at 25° C. This was
d emonstrated both b y dilution counts and by lab e ling the
bacte ria with p32 and following the decline in radioactivity
of blood with time . Livers of mice were sampled at times
postinfect ion for radioactivity and for viable bacterial counts.
Housing temperature had no effect on radioactivity changes,
but viable counts were higher and decreased more slowly in
mice at 5° C than at 25° C. These findings are b e lieved to
account, in part, for the greater susceptibility to infection
with RIA that wa s previously seen in mice exposed to cold
compared to t hos e at 25° C.
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EFFECT OF COLD ON BLOOD CLEARANCE OF CARBON
AND BACTERIA OF DIFFERENT VIRULENCE

SECTION 1.

INTRODUCTION

The extent to which environmental stress is capable of modifying an
animal's response to infectious diseases is poorly understood. There are
numerous publications in the literature dealing ~ith various facets of the
problem, but no unifying concept has yet emerged. In a series of publications from this laboratory (IO, 11, 12, 13), it has been observed that mice
singly housed at ~o Care more susceptible than animals similarly housed
at 25° C to experimentally induced mouse typhoid when a strain of Salmonella typhimurium of low virulence is employed, but not when one of high
virulence is used. A similar result was found with low and high virulent
strains of Staphylococcus aureus ( 12).
The basis for the difference between strains cannot be explained, yet
there is reason to suspect that the cellular defense is involved. Not only
has it been shown that virulence in S. typhimurium is at times dependent
upon the ability of the bacteria to survive and multiply within phagocytic
cells (7), a relationship which may be subject to modification through
environmental temperature, but there are also reports indicating that
hypothermia suppresses the cellular defense (9, 18). Evidence for the
latter is based on determinations of both carbon clearance and bacterial
clearance, but conflicting data exist (5, 6).
In view of the uncertainty associated with reports from the literature, a
comparative study of the cellular defense was undertaken in mice, under the
specific conditions where cold exposure did and did not result in altered
survivorship. For this purpose, blood clearance of carbon and of the high
and low virulent strains of S. typhimurium (determined by bacterial counts
and by following radioactiv;-disappearance from the blood after an injection
of bacteria labeled with P 32 ) were included in the study. It was also considered relevant to establish the relationships between various routes of
infection and between different durations of exposure to cold on the response
of mice to infectious challenge.

*

This research was conducted in accordance with the "Principles of
Laboratory Animal Care" of the National Society for Medical Research.

1

SECTION 2.

MATERIALS AND METHODS

Carbon clearance. The method of Benacerraf et al (2) was modified
slightly to comply with the specific requirements of the experiments. The
carbon suspension (manufactured by Gunther Wagner, Hannover, Germany,
and designated Cll/ 143la) contained 10% carbon, 4. 3% fish glue, 1 % carbolic acid and water. The size of the carbon particles was about 200-300
angstroms. The material, diluted 1:4 in nonpyrogenic saline (Baxter
Laboratories), was injected intravenously (O. 2 ml) in the tail vein of mice.
After 10 and 25 minutes, blood from the retro-orbital plexus was drawn into
a 0. 1 ml pipette and transferred to a Coleman cuvette containing 8 ml of
O. l % sodium carbonate. From.a standard curve, the amount of carbon
reniaining in the blood was evaluated following a transmittance reading· at
675 mµ in a Model 14 Coleman spectrophotometer. The phagocytic index
{K) of Benacerraf was .calculated for each mouse from the data obtained but
was not converted to the corrected value (a), since the weights of livers and
spleens were sufficiently uniform to make the calculation equivalent to dividing values by a constant.
Bacterial clearance. Bacterial clearance from blood was determined in
two ways. By one method, dilution counts on a measured volume of blood
at different times postinjection gave a measure of the number of viable cells
present. These cells represented_ either the uncleared bacteria and their
progeny or cells that had returned to the blood after they or their progenitors
had been removed.
In the second method, bacteria were labeled with P 32 ,
and following intravenous injection, changes in radioactive counts on aliquots
of blood were determined at various intervals. In both types of experiments,
two strains of s. typhimurium were employed, virulent SR-11 and less
virulent RIA.
For the first method, cells were grown in brain-heart infusion broth
{BBL) for an overnight period of 18 hours. The culture was diluted in nonpyrogenic saline 1:200 such that 0. 2 ml .contained about 106 cells. This
volume was injected intravenously, and a dilution count was made on each
suspension to make certain of the number of cells administered. Without
exception, about I 0 6 cells were present.
At intervals postinjection, blood was drawn from the retro-orbital plexus,
and dilution counts were made on individual animals. This was considered
preferable to sacrificing a mouse for each determination.
Both strains of S. typhimurium were also grown on Benacerraf's medium
(1 ), with and without radioactive phosphate. In the chemically defined
medium., growth was slower and fewer cells were produced per unit volume

2

of culture. Comparison of growth on each of the two media employed can be
made from the data in Table I. Dilution counts for these results were zn.ade
on both nutrient agar and MacConkey agar with identical results. In all
experiments in which the Benacerr~ medium wa_s used, cultures were
permitted to grow for 24 hours in order to obtai.D. larger cell yields.

TABLE I
COMPARISON OF NUMBER OF BACTERIAL CELLS PRODUCED
AFTER STATED PERIODS OF GROWTH ON BRAIN-HEART
INFUSION BROTH AND BENACERRAF MEDIUM

Number of Bacteria per ml
of S. typhimurium

Hours of Growth
and Medium Used

Strain RIA

Strain SR- I I

1

I8 hours Benacerraf
24 hours Benacerraf

2. 8

x

I8 hours brain-heart

1

X Ic)~~-~

107

l.4Xl0

8

1

1. "'

·~

I

x io9

'

Measurements of turbidity for cultures of each strain were made on a
Coleman spectrophotometer, Model 14, at 490 mlJ.. ·cultures were diluted
accordingly, to contain the desired number of cells for injection into mice.
To produce radioactive cells, the Benacerraf medium was made up to
contain 5 µc of inorganic P 32 per ml. Cultures grown for 24 hours were
centrifuged at 860 X g for ten minutes. The supernatant was· decanted, and
the cells were resuspended in sterile nonpyrogenic saline. After three
additional washings, the final supernate contained less than 1 % of the radioactiv~ty of the original culture.
The bacteria were then resuspended in
saline to the proper turbidity, to give the desired number of cells per ml.
Aliquots were removed for: dilution counts, radioactive counts and
intravenous injection into mice.
Radioactivity measurements. Material to be counted {0. 05 ml) was
spread on filter paper discs (2. 5 cm. diameter) in planchettes. These were
then placed in a standard position in the holder of a Nuclear Scaler, Model
151 (Nuclear Instrument Corp. , Chicago, Ill. ) with thin window Geiger-
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Muller tube. Each sample was counted to at least 10 times the background
(42 ± 2 counts per minute). An aliquot of the suspension of P 32 labeled cells
was counted each time blood samples were counted. This eliminated the
need for correcting for radioactive decay.
Uptake of radioactive bacteria in mice.
The p3Z labeled bacteria in
saline suspension were injected into the tail vein of mice in a volume of
0. 2 ml. At intervals thereafter, blood samples were withdrawn from the
retro-orbital plexus. Two measured samples (0. 05 ml) were withdrawn into
a O. 1 ml pipette and transferred, one to a planchette for radioactive count and
the other to a tube containing saline for a plate dilution count. Results are
expressed as counts per minute (cpm) per ml of blood and as number of
bacteria per ml of blood.
Radioactivity and number of bacteria per liver were similarly determined.
Livers were removed, weighed and homogenized with a volume of saline to
give 3. 0 ml (i.e. , weight of liver in gm + ml saline = 3. O). Samples (0. 5 ml)
were removed for counting. Values are expressed as cpm per liver and as
number of bacteria per liver.
When experimental mice were exposed to cold (5° C), all samples of
blood and liver were removed at that temperature.
Experimental infections. S. typhimurium grown in brain-heart infusion
broth for about 18 hours or inBenacerraf medium for 24 hours were diluted
with nonpyrogenic saline and injected either intravenously or intraperitoneally
in numbers determined by dilution counts. The mice were housed individually
in compartmented cages without bedding but with food and water available at
all times. They were either kept continuously at 5° or 25° C, or transferred back and forth at intervals described below.
Temperature rooms. A walk-in refrigerator maintained at s 0 ± 2° C
was used for cold exposure. The mice were handled as previously described
(12). In essence, they were placed out of air drafts; they were kept dry; and
a time switch insured 12 hours of light and 12 hours of darkness per day. The
25° ± 20 C room was similarly illuminated, and conditions were otherwise as
identical as possible except for temperature.
Mice. CF-1 fem.ale mice (Carworth Farms) were used exclusively in
these studies. Weekly shipments of animals weighing about 18 gm were
received. They were housed 10 per cage, with pine shavings as bedding, for
at least one week in an animal room held at 25° ± 2° C. When they weighed
20 ± 1 gm, they were ready for experimental study. They were fed pathogenfree mouse food (Dietrick and Gambrill, Frederick, Md.) ad libitum, and
water was available at all times.
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SECTION 3.

RESULTS

Carbon clearance. Table II contains the K values calculated for individual mice in each of four experimental groups. The mean value for each
group is given below the individual values, and the significance of differences
between means, as calculated by the rank order test of White (19), are presented at the bottom of the table. It is apparent that an exposure to 5° C for
as little as two hours (Group. 2) lowers the ability of the reticuloendothelial
system (RES) to clear carbon from the blood, compared to that of mice held
at 25° C. Maintaining mice at 5° C for 18 hours has no effect greater than
that seen after two hours on the activity of the RES. In fact, the mean K
values of Groups 2 and 3 are identical. The latter, compared to that of
Group 1, gives a higher level of significance than Group 2, probably because
of the larger sample size. Mice kept at 5° C for 72 hours (Group 4) show
the lowest average K value of any of those studied. This Group compared to
Group 1 is statistically the most significantly depressed in RES activity, but
it is not significantly lower by rank test (19) than the other two groups
exposed to 5° C. On the basis of these findings, it seems perfectly clear
that cold exposure under conditions that result in no significant reduction in
body temperature (12) suppresses carbon clearance in mice.
Clearance of bacteria. The results presented in Table III reveal that
bacteria, in contrast to carbon particles, are not completely removed from
the blood after an interval as long as 24 hours. This may result as much
from reinfection of the circulation as from failure of phagocytic cells to
ingest the microorganisms. The finding of a persistent bacteremia following
intravenous infection is not unexpected, however, in light of the detailed
studies reported by Rogers (15) and Rogers and Melly (16). Apparently, with
certain pathogens the establishment of a more or less steady- state relationship can be anticipated between rate of ingestion of bacteria and rate of
reentry into the blood stream. This is strikingly clear with the virulent
SR-11 strain in mice, at each temperature where a constant bacterern.ic
level exists between 5 and 24 hours postinfection. On the basis of prior
studies, one should anticipate persistence of this level until about 12 to 24
hours before death, when a logarithmic increase ensues (3).
A second interesting finding is the behavior of RIA compared to that of
SR-11 in mice housed at the two temperatures. The strain of low virulence
becomes progressively fewer in number in the blood of mice kept at 25° C
but shows essentially a constant number in mice at 5° C. Possibly this is
tantamount to saying that mice at 5° C are more susceptible to RIA than mice
at 25° C, as they are known to be (12, 10). Temperature has no measurable
effect, therefore, on the bacteremic level of mice infected intravenously by
a highly virulent strain of S. typhimurium, while exposure to low environmental temperature (compared to exposure to room temperature) increases
bacteren.iia in mice infected with an organism of low virulence.
5

TABLE II
THE EFFECT OF LOW TEMPERATURE EXPOSURE
ON CARBON CLEARANCE IN MICE

K Values for Mice

25° C Control

Group 1

2 Hrs Exposure
to 5° C before
Injection
Group 2

18 Hrs Exposure
0
to 5 C before
Injection
Group 3

72 Hrs Exposure
0
to 5 C before
Injection
Group 4

• 027

• 017

. 018

. 026

• 020

• 033

• 022

• 023

• 017

. 016

• 019

• 020

• 025

. 017

. 021

• 036

• 022

. 034

. 027

. 013

. 041

. 021

. 018

. 007

• 015

• 023

. 031

• 028

. on

. 013

• 030

. 019

. 030

. 032

. 020

• 048

• 014

. 018

. 021

. 035

. 035

'!

028

• 019

Mean. 032

Mean. 022

Mean. 022
Groups 1 and 2
p = o. 05

Gr.oups 1 and 3
p = o. 01

Mean • 018
Groups 1 and 4
p = o. 001

Each animal was injected intravenously with O. 2 ml of a suspension containing 5 mg of carbon. Blood samples were taken at I 0 and 25 minutes postinjection, and each value presented was calculated from the formula
K = log C 10 min-log C25 m.ir1 /T, where T =time in minutes between the
two carbon determinations.
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TABLE III
NUMBER OF S. TYPHIMURIUM, STRAIN SR-11 AND STRAIN RI.A,
PER MLOF BLOOD, REMAINING AT SPECIFIED TIMES
FOLLOWING INTRA VENOUS INJECTION OF ABOUT
106 CELLS AT TIME ZERO IN MICE MAINTAINED
AT EITHER 5° C OR 25° C
I

Time PostInjection
(Hours)

Number of SR-11
Remaining in Blood

Number of RIA
Remaining in Blood

Mice
Housed
at 5° c

Mice
Housed
at 5° C

Mice
Housed
at 25° C

6. 1

3

x 1 o3
(9)

5

7

24

I. 5 X 10
(13)

3

I. 4 x io 3
(14)
I. 7

x

10 3

{7)

Mice
Housed
at 25° C

Significance of
Temperature
Difference
For
For
SR-11
RIA

1. 9 X I o3
(11)

<0. 01

1. 0 x 10 3
(12)

3. 1 x 103
(13)

4. 0

1. 4 x 103
(11)

1. 2 x ld3
(13)

2. 4 x 102
(14)

N. S.

<0.001

s x 1 ol

N. S.

<0. 001

1. 5

x

103

I. 0

x
(3)

(9)

103

x

10 2

N. S.

(18)

3.

*

<0. 001

(5)

The va~ues presented are the mean of the number of separate determinations
shown in parentheses. Significance of difference between means ·calculated
by rank test (19).

*

N. S. = Not significant
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.. Influence of temperature on LD50 of S. typhimurium.

The bacteria used

in these experiments were grown in brain-heart infusion broth. Several
important relationships are contained in the data summarized in Table IV.

Infection by either the intraperitoneal (i. p. ) or the intravenous (i. v. ) route
with virulent SR-11 is influenced only slightly by temperature. The increase
in LD50 at 25° C from 7 to 100 cells (i. p. vs. i. v.) is to be expected for
enteric forms. Schewe (1 7) reported the need for approximately a one log
increase iri' number of s. typhimurium required to kill mice in a given time
period by i. v. inoculation compared to i. p. injections. At 5° C, however,
the number required is too small by either route for a difference to be detectable. With the low virulent strain, temperature at which animals are housed
results in a two log difference in LD50 with i. p. infection and a four log difference in animals infected via the i. v. route. At 5° C, the LD50 i. v. is
about one log less than the dose i. p. The reverse was seen at 25° C. At the
higher temperature, the effect appears to be independent ·of the virulence of
the organism. Suppression of the RES of mice by temperature (Table III)
makes infectious challenge more lethal i. v. than i. p._, possibly because of
the greater effectiveness of the cellular defense to which the bacteria are
subjected when the i. p. route is employed. Much work remains to make
this more than a hypothesis.
TABLE IV
THE LD50 DOSE OF TWO STRAINS OF S. TYPHIMURIUM
FOR CF-I MICE KEPT CONTINUOUSLY AT TWO
ENVIRONMENTAL TEMPERATURES FOR THE
DURATION OF THE EXPERIMENT, 14 DAYS

LD5 0 Dose of S.
Route of Infection

Intraperitoneall y

Intra venous! y

Strain SR- 11
Mice
Mice
Housed
Housed
at 25° C
at 5° c
7 cells

<IO cells

7 cells

10

2

cells

typhimurium
Strain RIA
Mice
Mice
Housed
Housed
at 25° C
at 5° c
3.8x10
cells
5. 4 x 10
cells

3

4. 1 x 105
cells

2

7. 8 x 106
cells

Each value is based on results obtained with at least fifty animals.
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Blood clearance of radioactive bacteria. In order to establish that
growth of S. typhimurium in Benacerraf ·medium yields cells of unaltered
virulence, the LD5 0 of the RIA and the SR-11 strains from such cultures was
determined. Based on a total of 70 mice challenged, the Reed and Muench
(14) method of calculating the LD50 yielded values of less than one bacterium
for SR-11 and 5 X 1 o4 for RIA. These values, each determined in mice
housed at 25° C and infected i. p. , are not appreciably different from those
reported in Table IV. It seems permissible, therefore, to make comparisons
between the clearance of S. typhimurium grown in either type of culture
medium.
Since mice housed at---5° C cleared carb~n more slowly between 10 and 25
minutes than those kept;·at 25° C (Table II) and since the low virulent RIA
strain of S. typhimurium disappears from the blood stream more slowly in
mice at 5° C than in those at 25° C, the experiments summarized in Table V
32
were undertaken. In this work the rate of clearance of P
labeled
S. typhimurium, strain RIA, as determined by both radioactive counts and
dilution counts, was compared in mice housed at 5° and 25° C. The clearance of similarly labeled strain SR-11 was also followed at 25° C alone. It
can be seen that neither temperature nor· strain altered significantly the rate
at which the bacteria disappeared from blood within the period of time
involved. It is also apparent that the two methods of evaluation were in
essential agreement.
Liver accumulation of radioactive bacteria. Comparison was made, by
32
radioactive count and by dilution count, of the number of P
labeled
S. typhimurium, strain RIA, accumulated in the livers of mice at different
times postinfection (i. v.) in animals housed at 5° and 25° C. The results
are summarized in Table VI. As judged by the percentage of total radioactivity remaining in the liver, there is a progressive and statistically significant loss in bacteria between 30 minutes and 3 and 5 hours. This occurs
proportionately and equally at 'each temperature. On this basis, the effect
of temperature on the blood stream level of bacteria, as seen in Table III, is
unexplained. On the other hand, dilution counts on livers of mice under the
same conditions show a greater rate of decline than that observed by radioactive determinations. In addition, the numbers of viable bacteria
are
0
greater in livers of mice housed at 5° C than in those kept at 25 C.
Obviously, the animals at the higher temperature seem better able to destroy
the RIA than those in the cold. This is in effect confirmation of what one
should expect from survival data (Table IV).
It is also of interest that the uniform rate of clearance of RIA from blood
of mice at 5° and 25° C (Table V) for a period of 30 minutes is reflected in
an identical radioactive accumulation in liver. On the other hand, while
about 36% of the radioactive bacteria inje·cted are in liver at this time, only
about one-fourth to one-half are viable. This indicates a rapid rate of killing
of the organisms during this first half-hour period postinfection, but greater
bacterial destruction takes place in mice at 25° C than in those at 5° C.
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TABLE V
RATE OF DISAPPEARANCE FROM T~ BLOOD STREAM OF S. TYPHIMURIUM, STRAINS
2 AND ENUMERATED BY RADIOACTIVE COUNT
RIA AND SR-11, LABELED WITH P
AND BY DILUTION COUNT IN MICE HOUSED AT EITHER 5° OR 25° C

Per Cent of Bacteria Injected at Time Zero Remaining
in the Blood Stream of Mice

Experimental Conditions
(Strain, Temperature of
Housing and Inoculum Size)

Radioactive Counts at Times
Postinjection (Minutes)

Dilution Counts at Times
Postinjection (Minutes)

.....
0

1

10

20

30

RIA at 5° C
(3. 2 X 106 bacteria injected)

26
(6)

8.5
(6)

5.0
(6)

RIA at 25° C
(107 bacteria injected)

35
(16)

17
(15)

SR-11 at ~5° c
(6. 7 X 10 bacteria injected)

38
(6)

12
(6)

1

10

20

30

3.3
(6)

38
(6)

13
(6)

5.6
(6)

2.8
(6)

8. 8
(11)

7. 1
(12)

27
(15)

15
{10)

5.2
(11)

3. 5
(8)

5.8
(6)

3.5
(6)

21
(5)

9.5
(6)

5.4
(6)

4.9
(6)

Each value is the mean of the number of determinations shown in parentheses.

TABLE VI
NUMBER OF p32 LABELED S. TYPHIMURIUM, STRAIN RIA, IN LIVERS OF MICE
HOUSED AT EITHER 5° ORZ50 C AND DETERMINED BY RADIOACTIVE COUNT
OR BY DILUTION COUNT AT DIFFERENT TIMES POSTINFECTION

Per Cent of Bacteria Injected at Time Zero and
Present in Liver of Mice

Experimental Conditions
(Strain, Temperature of
Housing and Inoculum Size)

Radioactive Counts at
Times Designated
30 min
3 hrs
5 hrs

.....
.....

Dilution Counts at
Times Designat~d
30 min
3 hrs

.s hrs

RIA at 5° C
(2. 3 X 106 bacteria injected)

36.2
(1 O)

30.6
(9)

27.8
(1 O)

15. 3
(9)

1. 48
(9)

1. 3-i
(1 O)

RIA at 25° C
(2. 3 X 10 6 bacteria injected)

35. 8
(9)

27.9
(9)

24.6
(1 O)

7. 4
(9)

0.58
{9)

0.76
(8)

Each value is the mean for the number of determinations shown in parentheses.

~

SECTION 4.

DISCUSSION

Exposure of mice to a low environmental temperature of 5° C, under the
conditions of the experiments described above, leads to a transitory hypothermia of between 1° and 2° C during the first 4 to 5 hours, but by 18 hours
normothermia is usually observed (12). In the measurements of carbon
clearance, mice held at 5° C for 2 hours before testing were slightly hypothermic, but those exposed t~ 5° C for 18 hours at the time of the determinations were normothermic. The mean values of K were identical in the two
groups. One must assume, therefore, that slight differences in body temperature did not alter the efficiency of carbon clearance from the blood
stream. Of greater significance .was the probable effect of adrenocortical
secretions which are known to suppress the activity of the RES (8).
The contrast in behavior of the high and low virulent strains of
S. typhimurium is most interesting. A relatively constant level of bacterernia
during the first 24 hours postinfection occurred with SR-11 (high virulent
strain) and also with RIA in mice at 5° C. RIA in mice at 25° C progressively declined in number. Animals at the higher temperature survived this
infect~on, while those in the cold succumbed. A persistent bacteremia in
these experiments was observed in mice destined to die. The blood volume
of these mice is no greater than 3 ml (4). Thus, about 3 X 105 organisms per
ml of blood were injected, but the steady- state level was 1 % or less of that
amount. Most bacteria, therefore, were cleared, and the mouse was able to
keep the number low. Apparently it is more the ability to prevent reinvasion
of the blood by ingested pathogens than the capacity for phagocytosis that
determines the outcome of the infection.
In short-term clearances, virulence of the strain is without influence, and
the same is true of temperature. Essentially identical results were obtained
by radioactive counts and· by dilution counts in blood. Liver, by contrast,
shows that temperature exerts an important difference in the handlincf of the
RIA strain. Radioactive counts were identical in livers of mice at 5 and
25° C up to five hours postinfection, a time when blood counts were significantly different (Tables VI and ill). Viable counts were not the same. The
data of Table VI make it quite clear that iivers of mice in the cold sequester
bacteria normally, but killing is impaired. It is this deficiency that may
account for the differential susceptibility to RIA seen in mice housed at 5° C.
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