
tem are slow, as might be expected for a 
rigid tridentate ligand; however, we have 
observed other cases where the rapid ex- 
change limit obtains. In the case of such 
rapid exchange any attempt to achieve 
temporal resolution in the excitation 
spectrum, such as that described below, 
will fail. The excitation experiment thus 
has the potential for yielding qualitative 
and perhaps quantitative information re- 
garding chemical exchange and inter- 
conversion processes. 

In systems with multiple Eu(III) ion 
environments, each with a characteristic 
lifetime, it is possible to record exci- 
tation spectra in a time-resolved mode, 
provided the individual lifetimes are suf- 
ficiently different. The signal from the 
photomultiplier tube, after amplification 
and suitable conditioning, is fed into a 
boxcar signal averager. The boxcar sam- 
ples the decay curve for a preset time in- 
terval and delay following the trigger 
pulse. For example, if the sample con- 
tains two species, one with a short r and 
one with a long r, setting the boxcar 
delay very close to the trigger (coinci- 
dent with the laser pulse) will result in 
luminescence emission from both long- 
and short-lived species being recorded. 
If a longer delay is set, the short-lived 
species will have decayed away before 
the averager is activated and only the 
spectrum of the long-lived species will be 
recorded. This is illustrated for the 
DPA2--Eu(III) system in Fig. IB. At a 
DPA2-/Eu(III) ratio of 1.7 significant 
quantities of both [Eu(DPA)]+ and 
[Eu(DPA)2]- exist in equilibrium. The r 
for [Eu(DPA)]+ (169 tsec) is sufficiently 
shorter than the r for [Eu(DPA)2]- (304 
Ausec) that as the boxcar delay time fol- 
lowing the laser excitation pulse is in- 
creased from 20 to 800 /xsec (ascending 
Fig. 1B), the spectrum of the former ion 
disappears almost completely. Such tem- 
poral resolution experiments may be 
useful for simplifying complex excitation 
spectra that are due to solution equilibria 
or the presence of multiple metal binding 
sites in macromolecules. 

To assess the usefulness of time-re- 
solved Eu(III) excitation spectroscopy 
(TREES) for the study of Eu(III) binding 
to macromolecules, we applied this tech- 
nique to the structurally well-character- 
ized (12) zinc endoprotease thermolysin, 
which binds one Zn(II) and four Ca(II) 
ions in the native state. This enzyme is 
known (13) to bind a Ln(III) ion strongly 
at calcium site 1 of a double site when 
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has been shown (6) by x-ray crystallo- 
graphic techniques that soaking crystals 
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of thermolysin in the presence of Ln(III) 
ions under specified conditions results in 
the isomorphous replacement of Ca(II) 
by Ln(III) at three distinct binding sites 
(sites 1, 3, and 4). The spectrum of ther- 
molysin to which three equivalents of 
Eu(III) are bound was recorded in a 
time-resolved mode and is shown in Fig. 
2. The lowest trace in Fig. 2 was record- 
ed with a short (10 Ausec) delay after the 
laser trigger. It appears to consist of a 
strong peak at a low energy with a fea- 
ture, probably consisting of two peaks, 
at a higher energy. As the delay time is 
progressively increased (ascending Fig. 
2), the high-energy feature becomes pro- 
gressively less and less prominent, and it 
is virtually undetectable at a delay time 
of 1000 /sec. This uppermost trace be- 
longs to a long-lived Eu(III) species and 
is identical to the excitation spectrum 
obtained from samples of thermolysin to 
which less than one equivalent of Eu(III) 
was added; it therefore corresponds to 
Eu(III) in Ca(II) site 1. The short-lived 
peaks at higher energies are consequent- 
ly assigned to Eu(III) bound at sites 3 
and 4. The energies and individual r val- 
ues measured in H20 and D20 solutions 
are recorded in Table 1, along with the 
estimated numbers of coordinated water 
molecules. These results are in reason- 
able accord with the crystallographic 
findings (3) that the Eu(III) ion at Ca(II) 
site 1 has one coordinated water mole- 
cule, while the Eu(III) ions at sites 3 and 
4 have three each. 

These initial results suggest that the 
TREES technique has considerable po- 
tential for elucidating the details of 
Eu(III) binding to macromolecules. 
Questions regarding the characterization 
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The permeability of the inner mito- 
chondrial membrane to thiocyanate and 
perchlorate ions (1) is three to four orders 
of magnitude higher than the perme- 
ability of decane-containing lipid bi- 
layers to these ions (2), even when the 
bilayers are formed from mitochondrial 
lipids (3). This disparity could be due to 
the presence of proteins in the biological 
membrane, which could increase the di- 
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of distinct binding sites, sequential bind- 
ing, the numbers of metal-coordinated 
water molecules, complex equilibria in 
solution, and even chemical exchange 
processes may be addressed by this 
method. The technique should be partic- 
ularly valuable for applications requiring 
selective excitation of ions in specific 
sites-for example, to monitor F6rster- 
type energy transfer from a particular 
bound Eu(III) ion to a bound energy ac- 
ceptor ion (13). 
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electric constant of the lipid bilayer. We 
present evidence that the dielectric con- 
stant of artificial lipid bilayers can be in- 
creased with 1-chlorodecane, and show 
that this increase in dielectric constant 
enhances the perchlorate or thiocyanate 
permeability of lipid bilayers to a value 
commensurate with that of mitochon- 
drial membranes. 

We assume the bilayer to be an iso- 
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its permeability to perchlorate or thiocyanate by a factor of 1000, to a value com- 
parable to that of mitochondrial membranes. 
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Fig. 1. Steady-state conductance of (A) PC- 
chlorodecane, (O) solvent-free PC, and (0) 
PC-decane bilayers in the presence of thio- 
cyanate ions. The vertical bars through the 
points represent the standard deviations of at 
least four measurements. The aqueous solu- 
tions contained 0.1M NaCI and 1 mM 3-(N- 
morpholine) propanesulfonic acid (MOPS) 
buffer at pH 7.5 The lines are drawn with a 
slope of 1. 

tropic slab of hydrocarbon with a dielec- 
tric constant E2 and the aqueous phases 
to be homogeneous media of dielectric 
constant E1. The electrostatic energy, W, 
required for the transfer of a nonpolariz- 
able, spherical, monovalent ion of radius 
a and charge e from the aqueous phase 
into the center of the bilayer is given by 
the Born charging energy (4) 

W a -1)e2 _ _ 

n2d (e + 62 (1) 4rreoe2d 
In 

El+ e2) 

where e0 is the permittivity of free space 
and d is the thickness of the bilayer. The 

permeability, P, of the bilayer to ions of 
either sign is approximately proportional 
to exp(-W/kT), where k is Boltzmann's 
constant and T is absolute temperature. 
Either a decrease in d or an increase in E2 
should increase P. Other factors that af- 
fect the permeability will be considered 
below. 

Lipid bilayers made from diphytanoyl- 
phosphatidylcholine (PC) were formed 
by dissolving 12.5 mg of the lipid in 1 ml 
of either n-decane (dielectric con- 
stant = 2.0 at 20?C) or 1-chlorodecane 
(dielectric constant = 4.5 at 25?C) and 
depositing the mixture on an orifice in a 
Teflon chamber (5, 6). The resulting bi- 
layers retain some of the alkane solvent. 
Essentially "solvent-free" bilayers were 
made by bringing together two monolay- 
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ers of lipid to form a bilayer over a hole 
in a thin sheet of Teflon treated with ei- 
ther squalene or Vaseline (7). Steady- 
state conductance measurements were 
made at 20? to 22?C by applying 10 mV 
across the bilayer. X-ray diffraction mea- 
surements on multilamellar arrays of PC 
and PC-alkane bilayers were performed 
by methods described previously (8). 
Surface potential measurements were 
made with an ionizing electrode by stan- 
dard methods (9). 

In the presence of thiocyanate, the 
conductance of PC-chlorodecane bi- 

layers (Fig. 1, top curve) is three orders 
of magnitude larger than the conduc- 
tance of PC-decane bilayers (Fig. 1, bot- 
tom curve). A linear conductance-con- 
centration relationship was also ob- 
served when perchlorate was the per- 
meant ion (10); the conductance of 
PC-chlorodecane bilayers was 3.5 orders 
of magnitude higher than that of PC-dec- 
ane bilayers. 

The available evidence suggests that 
these large increases in conductance are 
at least partially due to changes in the 
dielectric constant, E2, of the lipid bi- 

layer. The specific capacitance, which is 

porportional to e2/d, is nearly twice as 

large for PC-chlorodecane bilayers (0.73 
/zF/cm2) as it is for PC-decane bilayers 
(0.39 A/F/cm2) (11). This increase could 
be due to either an increase in E2 or a de- 
crease in d. X-ray diffraction experi- 
ments, however, indicate that there is 
little difference in repeat period between 
PC-decane and PC-chlorodecane bilay- 
ers, which suggests that the thickness of 
the two bilayers is similar (12). Further- 
more, the conductance of solvent-free 
PC bilayers is only a factor of 40 higher 
than that of PC-decane bilayers (Fig. 1, 
middle curve), a result consistent with 
the prediction of Eq. 1 (13). It has been 
argued that the dielectric constants of 
decane-containing and solvent-free bi- 
layers are both about 2.1 to 2.2 (14). The 
high specific capacitance of the solvent- 
free (0.70 juF/cm2) compared to the dec- 
ane-containing (0.39 /F/cm2) PC bilayers 
is thus due to their reduced thickness. It 
follows that the large conductance of PC- 
chlorodecane bilayers cannot be due en- 
tirely to a thickness change. 

The possibility that chlorodecane en- 
hances the permeability of bilayers to 
thiocyanate and perchlorate by merely 
producing a more positive electrostatic 
potential in the interior of the bilayer is 
ruled out by two control experiments. 
First, the surface potentials of PC-dec- 
ane and PC-chlorodecane monolayers 
were 498 ? 22 and 468 + 19 mV [mean 
? standard deviation (S.D.), N = 6], re- 
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Fig. 2. Permeability of submitochondrial par- 
ticles (1) and various lipid bilayers to perchlo- 
rate (striped bars) and thiocyanate (open 
bars). 

spectively. The difference between these 
surface potentials is small and in the 

wrong direction to account for the effect 
of chlorodecane on the permeability of 

bilayers to thiocyanate and perchlorate. 
Second, the conductance of PC bilayers 
due to the positively charged nonactin- 
potassium complex is also enhanced by 
chlorodecane. 

It is unlikely, for several reasons, that 
chlorodecane produces an increase in 
the fluidity of the lipid bilayer sufficient 
to account for the increase of three or- 
ders of magnitude in ion permeability. 
For example, the relative increase in 
conductance produced by chlorodecane 
is largest for the smallest ions. Relative 
to PC-decane bilayers, the increase is a 
factor of 1000 to 3000 for thiocyanate and 

perchlorate, a factor of 100 for the anion- 
ic form of 5,6-dichloro-2-trifluoromethyl- 
benzimidazole (DTFB), and a factor of 
10 for both the dimeric form of DTFB 
(6) and the nonactin-potassium complex. 
These results are consistent with chlo- 
rodecane producing an increase in the 
dielectric constant (Eq. 1) but are incon- 
sistent with it producing an increase in 
fluidity (15). Furthermore, the per- 
meabilities of PC-decane and PC-chlo- 
rodecane bilayers to the neutral form of 
DTFB, as determined by the method of 
LeBlanc (16), are the same within exper- 
imental error. 

The permeabilities of the various bi- 
layers were determined from the con- 
ductance data (for example, Fig. 1) by 
means of 

P = GRT/cF2 (2) 

where G is the specific conductance, c is 
the aqueous concentration of the per- 
chlorate or thiocyanate ions, R is the gas 
constant, and F is the Faraday. The re- 
sults are compared, in Fig. 2, with the 
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permeabilities of submitochondrial parti- 
cles to perchlorate and thiocyanate (1). 
The histogram illustrates the large dis- 
parity between the permeability of the 
biological membrane and that of PC-dec- 
ane bilayers to these ions. Differences 
in bilayer thickness may account for 
some of the discrepancy, as shown by 
the permeability of solvent-free PC bi- 
layers. The increased dielectric constant 
of the PC-chlorodecane bilayers, how- 
ever, has a much greater effect on per- 
meability, especially when perchlorate is 
the permanent ion. 

To reconcile the ability of weak acids 
to transport protons across artificial 
phospholipid bilayers with their ability to 
uncouple oxidation from phosphoryla- 
tion in mitochondria, we previously pos- 
tulated (6) that some fraction of the lipid 
bilayer component of the inner mito- 
chondrial membrane has a dielectric con- 
stant greater than 2.2. The data present- 
ed in Fig. 2 are consistent with this pos- 
tulate. 
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in a manner similar to the swelling of egg lecithin 
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lamellar x-ray repeat period increased with in- 
creasing concentration of either decane or chlo- 
rodecane, up to a hydrocarbon mole fraction of 
0.8. The repeat period did not increase further, 
indicating that excess alkane is present when the 
mole fraction of hydrocarbon is greater than 0.8. 
The average lamellar repeat period for PC in ex- 
cess saline is 64 + 1 A, whereas the repeat 
period with PC with excess saline and excess 
(0.9 mole fraction) alkane is 104 ? 6 A for dec- 
ane and 97 ? 3 A for chlorodecane (three and 
four experiments, respectively). Additional evi- 
dence that decane and chlorodecane affect the 
bilayer structure in a similar manner was obtained 
by differential scanning calorimetry. At equal 
concentrations, the two organic solvents had 
similar effects on the dipalmitoyl lecithin phase 
transition: they lowered and broadened the 
transition. 

13. The permeabilities of solvent-free PC and PC- 
decane bilayers to perchlorate, on the other 
hand, differ by less than a factor of 10 (Fig. 2). 
Others have also noted that the dependence of 
permeability on thickness predicted by Eq. 1 is 
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Microwaves: Effect on Thermoregulatory Behavior in Rats 

Abstract. Rats, with their fur clipped, pressed a lever to turn on an infrared lamp 
while in a cold chamber. When they were exposed to continuous-wave microwaves at 
2450 megahertz for 15-minute periods, the rate at which they turned on the infrared 
lamp decreased as a function of the microwave power density, which ranged between 
5 and 20 milliwatts per square centimeter. This result indicates that behaviorally 
significant levels of heating may occur at an exposure duration and intensities that 
do not produce measurable changes in many other behavioral measures or in colonic 
temperature. Further study of how microwaves affect thermoregulatory behavior 
may help us understand such phenomena as the reported "nonthermal" behavioral 
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Reports of "nonthermal" behavioral 
effects of microwaves have contributed 
to debates about the safety of micro- 
waves. There is no question that micro- 
waves can affect behavior (1). Micro- 
waves heat tissue, and heat itself can af- 
fect behavior (2). When microwaves 
increase colonic temperature, con- 
comitant behavioral changes are often 
attributed to the thermal burden (3). 
When microwaves produce no observ- 
able changes in colonic temperature, 
concomitant behavioral changes are 
sometimes attributed to "nonthermal" 
actions of microwaves, especially by So- 
viet and Eastern European investigators 
(4). Numerous biological processes, 
however, are affected by local temper- 
atures that are not highly correlated with 
the core temperature (5); indeed, many 
help ensure its constancy. Thermoregu- 
latory behaviors, those behaviors that di- 
rectly affect, and are often controlled by, 
the thermal environment of the subject, 
generally respond to skin and hypotha- 
lamic, rather than colonic, temperatures 
(6-8). It seems plausible, then, that mi- 
crowaves might alter behavior as a con- 
sequence of thermal stimulation in the 
absence of measurable core temperature 
changes. 
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Current techniques for measuring tem- 
perature changes in animals exposed to 
microwaves are inadequate for several 
reasons: (i) sensitivity is limited to about 
0.1?C; (ii) ongoing thermoregulation 
serves to dissipate heat; (iii) "hotspots," 
that is, localized increases in temper- 
ature, can occur at locations not being 
monitored; (iv) most sensors distort the 
microwave field. Finally, since any ab- 
sorption produces some temperature in- 
crease, it is still necessary to determine 
its functional significance. One way to 
avoid these difficulties is to use the orga- 
nism's behavior as the thermometer, so 
to speak. 

Six male Long-Evans hooded rats (325 
to 450 g) were individually trained to 
press a small lever in order to turn on an 
infrared lamp for 2 seconds. Responses 
made during the 2-second period pro- 
duced no programmed consequences. 
Test sessions, each of approximately 24 
hours, started late in the afternoon. At 
this time, the fur of the rat was clipped, 
and the rat was placed in a chamber (9) 
located in a dark, refrigerated room (see 
Fig. 1). After a few such sessions, the rat 
generally pressed the lever at a nearly 
constant rate for several hours. This per- 
formance provided a baseline for study- 
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