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Changes in the thermogenesis of S. fkx.zZk cells resulting from the addition of 
cyanide, fiuoride, penicillin, tetracycline, or human serum have been observed using 
isothermaI calorimetry_ The character and extent of the decrease in the thermogenesis 
rate is reproducible and di.&rent for each cytotoxic agent studied. The changes in 
thermogenesis on addition of tetracycline are quantitatively related to the concen- 
tration of antibiotic added to the bacteriaI culture. 

INTRODUCTION 

The rate of heat evolution, or thermogenesis, is a direct measure ment of the 
total metabok vigor of bacterial cek This property of bacterial metabolism has 
long been recognized1 but has been utilized inf~uently until recently2*3_ Microbial 
thermogenesis has been shown to be reproducible for a given medium and microbe 
combination, Quantitative dorimetric studies have been reported using different 

substrates for growing and non-growing yeast or bacteriai ceIIsc7. The ability to 
identify a wide range of bacteria and yeast cell types from the charactetistic thermo- 
genesis curve for each genera has been proposed8-‘o. The ability to directly observe 
the effect of cytotoxic agents on bacterial cells is potentially useful for clinical, 
pharmacological and immunological studies_ Beezer et al.’ have shown that flow 
calorimetry could be used to determine the Ievel of microbial infection in urine 
samples. Flow calorietry has also been applied to bacterial antibiotic sensitivity and 
proposed as a clinical tool by Binford et al. ” but only the qualitative effect of the 
antibiotic (bacteriocidal, bacteriostatic, no effect) was determined for causative 
agents of urinary tract infections_ In this report, data are presented indicating that 

the effect of an added antibiotic (tetracychne) on thermogenesis by a test organism 
(S. faecalis) may. be used to quantitatively measure the level of the drug present in 
normal human semm_ The technique may offer a rapid bioassay which directly 
measures drug activity. 

*Contribution No. 55, 
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IsothelmaI caiorim~‘=-‘4 is a method for measuring directly the rate of 

endothermic or exot&.ermX heat changes in the calorimeter reaction vessel (growth 

&amber) while maintaining a constant temperature and therefore, has the advantage 
of producing a dynamic record (therniogenesis rate vs_ time)_ The calorimetric 
techniques nsed pnWioukIycb ALg-f l have response charaderistics which make it 

impossiiIe to measure short term (minutes) details of @e thermogram_ The time 
response of the instrument used in this study allows the~measurem ent of these 

detaiIs12-14_ The is&thermal calorimetric technique applied to the study cl’ the effect 
of cytotoxic agents on bacteriaI cells has been found to he significantly faster ( c 1 h 
compared to IS-36 h per sample) than present indirect techniques, i-e,, dilution plate 
cozlilt, aIld m o&y small amounts (IOO-25Opl) of cytotoxic samples. The 
calorimetric technique also compares favorabIy with newly developed agar diEusion15, 
disk-pIatex6, and photometric” techuiques in rapidity of measurement and potential- 
Iy is apphcable to the study of any cytotoxi~lIuIar system, More sigu&antiy, for 
tetmcycliue the kiuetic and total effects on the rate of heat evolution by the 
metaboliziug ceIIs are a reproducilble function of the concentration of the cytotoxic 
agent added, Thus, ca.Iorimetry may potentially be used to test the cytotoxic sensitivity 
of bact&al or other cellularsystems’ l, to identify microbe ~traius’?~~ or, as stress& 
inthisrepo*tomeasure levels of cytotoxic agents in sernm or other samples. 

We have used isothermal calorimetry to study the effect of the cytotoxic 
materials KCN, NaF, penicillin ‘G’, tetracycline hydrochloride and normal~humau 
serum on metabolizing S_ faecalis celIs_ (Disk sensitiGty tests using twelve antibiotics 
with the test organism showed tetracycline and penicihin were the mostbacteriocidal)_ 
The e&x% of changes in concentration of the cytotoxic agent and .of the introduction 
of hnman sernm have been studied for tetracycline hydrochloride. The results indicate 
that isothermal caIorinxetryshould be a ns&rl rcseare h tool to: (a) study the reponse 
of bade&l (or other) cells to cytotoxic materiak; (b) desermine concentrations of 
cymtoxic snbstances;~, serum antibiotic concentrations; (c) study cytotoxic sernm 
f&tom: and (6) study o&r celhibx processes that exhibit a-change in: the rate of heat 
producedbygrowingcells. 

&iiml@ 
._ 

AND MEmcms I : 
sbeptococarr fd (BYU Lab’.Strains] cells- were growsi in rich growth 

medium(IOgoftryptone,5gofyeastextmct,5gofK2HPO4,5gofNaCi, 10gof 
gitlCXKeperLiter)_ceIIsWere harve&d from Iog growth culture (6 liters) by centri- 
fpgaton for 10 min at 5ooo xg. The packed cells were resuspended in sterik distilled 
water and cent&&d againfor 5 mire This washing procedure was mpeated three 
~.The&ialcellpelletwasmsuspen -ded in twice its vohnne of phosphate buffered 
s&ne(5gofK2HP04,5gofNaClperliter,pH =.7.2).-.This resting c&I stock was 
storedatO°C~ 

All caIorimetic stud& were made in a Tronac isothermal calorime&~~ Dctaiis 
of equipment operation and data anaIysis have been described’ 3W I*_ The +t growth 

a&ore consisted of 24 ml of the growth medium described above to which wis added 
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Fig. 1. Plot of rate of heat production w. time for the addition of samples to S./arrolir (2S nl of 
4% DikEjO broth). A (- ) the standard curve. Thi arrows indicate the injection of: B (- - -) 
250 fl of 4% DMSO broth, C (---) 250 pl of 0.60 M NaF. D <- - - - - -) 250 fl of 0.63 M KCN. 

’ 

Time (min) 

pig. 2 Pfot of aae of heat. product+ vs. time for & addition of sampks to S. fnccouS (25 ‘A of 
4% DMSO broth). A (- ) @e stat&@ cume T@e arrow indicates the injaxion ofi_B (- --) 
lOOd of 126 m PakiIIiu ‘G’ pa dd. C (-.-- )lOO~ofI.2~tcmcycii1~HCiper3d,andD 
-;----) 100~ 11.8~oftctmcyciineHClpcr& _ 
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Fig 3, Sot of rate of beat painction vs tin& for the addition of sampIes to S. farWis (25 ml-of 
4% DMSO broth). A (- )thestandani &rvcTbcannwindicattstheix&ctionoE B(---) 
ZOOpZofhcat- -- l aihumanscnxzx,C(--)2OO~ofnonnaIhmnansaum andD(--.___) 
zclopIof028peof~ IiCiperplIl0rmalhmnan- 

1 ml of &methylsulfoxide (DMSO), and 0.1 ml of the resting cell suqxnsion. After 
mixing of the growth cuItmq about 15min were required to achieve temperature 
equilibration of the reaction vessel at 37°C An additional 15 min were required to 
establish a stabIe linear increase in the thermogenesis rate. 

Over a two-wtxk period, sampIes of the test growth cultnre produced the same 
thermogenesis rate CuNe (designated curve A in Figs. l-3)_ Following attainment of 
linesaity(~~byLinFig,1),thestandardcurveremainedlinearforatleasta 
9O-min period_ The addition of DMSO (4% by volume) to the rich growth medium 
decreased the slope of the linear portion of the curve by 5%: However, witb added 
DMSO, the tram&ion to the linear region of the curve is ~more apparent and this 
region remains linear for at least twice as long as in the absence of DMSO, thus 
allowing changes in cell metabolism caused by the addition of qtotoxic agents to be 
more readily detected as deviations from the straight line portion of the standard 
CuNe, 

In a lypical cl-0% a small volume (100-250 jd) of a solution of the 
cytotoxic agent jKCN and NaF (reagent grade); Penicillin ‘G’, as the potassium salt, 
-1400 tii per mg, Nutritional Biochemic$s; and tetracycline HCJ (intrav&ous), 
Lederle Laboratories1 in the medium or sexurn was added to the test growth cuIture 
(25 ml) in the calorimeter reaction vessel afIer the straightline portion of the standard 
qrve li@ beenreached: Introductiqn of small volumes (25Ofl.of-DMSO -growth 
e.(& B, Fis-ij to the growth &vironme& did not have ti si@ifi&ant eff@.. 
on the z&&d curve. 
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The changes in the thermopesis rate curve resultmg from addition of F’ 
(curve C) and CN- (curve D) are compared to the standard curve in Fig. 1. In Fig. 2 
the ksults of addition-of penicillin G’ (curve B) and two concentrations of tetra- 
cycline HCl (cnrves C and D) to the test broth are compared to the standard curve. 
Curves for addition of normal human serum (curve C), heated human serum (56°C 
for 30 min) (curve B), and human Serum plus tetracycline HCI (curve D) are shown in 
Fig- 3_ The uncertainty in the rate of heat production, (dQ/dz), given in Figs. 1-3 is 
-+I meal min-’ or approximately l-2% of the measured value. In each ease, the 
response of the test growth cukure to the added cytotoxic agent or sernm sample is 
rapid and reproducibIe_ The overall response of the cells to an added cytotoxic agent 
was different for each agent used. 

DISCUSSOX 

Addition of cyanide ion to the test cuiture resuited in a sharp eda-ease in the 
rate of heat evolution followed by a rapid return tc an almost constant rate of heat 
output. This interesting response indicates that the presence of substrates for 
functional enzymes not afkted by cyanide ion results in a continued constant rate of 
heat evolution at approximately 95% of the level seen before addition of cyanide ion_ 
Fluoride ion had rcIativeIy littIe effect on these ceJ_ls. After the initial response, the 
rate of heat production parallels the standard curve, indicating the bacterial system is 
able, at Ieast partially, to compensate for the effects of fluoride at the concentration 

When penicillin ‘G’ was added .to the test cnhure the rate of heat produced 
became constant at about the same rate as that existing when addition occurred. This 
constant rate ti above that of the cyanide poisoned cc&_ The difference could indicate 
that the initial effect of penicillin on celi wall synthesis does not result in sign&ant 
changes id the majority of enzyme systems which affect bacterial metabolism_ The 
ability to recognize and distinguish between such differences couId provide. a useful 
method to study the extent of the cytotoxic influence of various agents on cells by 
directly following the heat output response of those cells. 

In the case of tetracycline HCI, the difference in antibiotic concentration of the 
material added results in cnrves which differ from each other and from the standard 
curve_ Tetrq&ne at a final concentration of 47 ng fl-’ of 4% DMSO broth 
produces the same fkal response as CN-_ The &al baseline is, however, approached 
in two steps, the first-a rapid reaction which is over in less than 1 min (the response 
time of the instrument used) and the second, a slower response requiring an additional 
4.8 min for the attainment of a constant rate of heat output in the bacterial system. 
At a lower tInal concentration, 4.8 ng ~1’ l tetracycline, the end result is the same, 
however, the approach to the final rate of heat production is slower: Again, two 
distinct effects are seen, the first lasting 27 miu and the second, 40 II&L The initial 
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response of the cells to a final concentration of 2.3 ng/fl-’ tetracycline, added as 
0.2 mI of 284n&d-’ tetracyciine in human serum, was similar to that seen for 
tetracycline in broth, with a total time of 4.8 min for the .response~ Any second 
response to tetracycline in the presence of serum was masked by the effects of the 
- (see Fig. 3, curve D) along with the attainment.of the non-linear portion of the 
StanMcurve. 

The act;onoftetracrcl;leod~faeealis;nvolves atkasttwodistin~*ps_b&h 
of which appear to involve zero-order kinetics. -These steps could be related to 
transport and/or protein inhibitor binding.. The I,,, values~ for the two events, 
summarized in TabIe 1, appear to be related to the tetracycline concentrations within 
the crrcfr Emits of the mcasurcments. The large uncextainties in the sfnauer tIlr values 
rcsuk from lir&tations in the time rLponse of the instrument Measurement~of Z,, 

va?ues could be improved by using a caIorimeter with a faster.response time, such as 
a conventional isoperiiof instrument2 3* ’ *. These t,,= vahes could serve as the basis 
for rapid, quantitative analysis for tetracycline or extended for use with other 
antiiiotics of more significant clinical interest. 

TABLE 1 

CXLCULATED rim VALUES OBT’mED FROM THE DATA IN 
FIGS. 2 AND 3 FOR ME TWO STEP RESPONSE OF S. facdk 
TO TEllbXCYCLINE AT THE INDICATED FINAL CONCENTRATIOti 

Addition of normal senrmtothe~culturecausesareductionintherateof 
heat production by the Ixkteriai cells, but the reduction is only temporary. The titer 
of -toxic serum factors is proportionaI to the displacemekt of the normal semxix 
curve from the&andard ~U.IVC The return of the slope of the curve associated with 
ad&km of normal human serum to a .sIope approximately para%el to that of the 
standard- Curve wouid resuIt from the continued ntirmal metabolism of-the unafkt& 
backrialceIIs. 

production of the bacte%iaI~cek This was possibIy die to the inactivation of hcat- 
labile:c$otoxic factors. It would not be expe&d that tiormal-sermn compIement 
would be- responG%le for the difkrence observed between the efkt .of. normal and 
IkSteci. serum sina%compIemtit does not have a significant backriocidal effed on 
G&m po$k cells. Thus, .the difference &tw&ir the. bacterial heat-production 
responSe tonorm+ and heated serum is probabIy due td non-complemeut heat IabiIe 
senrni ftio+) such ” Iysozyme and/or j3-&sin. * .- y 
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It should be emphasized that even at a serum dilution factor of 1226, calori- 
metry directIy yieIds information about the rapouse of bacterial cells to heat stabIe 
aud heat Iabife &oxi~ agents in serum; Use of a standard viable ceII plate count 
method at such a serum dilution would result in data that are indirect aud not likely 
to be statisticaUy significant. 

When serum with tetracycliue present was added to the test culture a marked 
response in the rate of heat production was observed The observed change is a 
composite result of the action- of the serum factors and antibiotic on the celis. 
However, the initial response to tetracycI.ine is still clearly seen, indicating tetra- 
cycline may be quantitatively assayed in serum samples using the descriid caIori- 
metric response. The fast response of bacterial cells to cytotoxic agcuts and the pattern 
and extent of change in the thcnnogenesis curye should be considered as useful tooIs 

for clinical studies and for basic research in celluktr metabolism. 
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