perconductivity theory (8). On the one
hand, the attractive pair potential in the
elements corresponds to the usual posi-
tive A (9), and the correlation between
the maximum 7; and softening (hard)
modes is easily explained by the McMil-
lan form (8, 9)

A= Cho* - M

On the other hand, the repulsive effect of
a soft mode in the compounds is in agree-
ment with Allen’s investigation of this
problem (/0). However, since we are in-
terested in the disappearance of super-
conductivity, the conditions of interest
here are T; ~ w, < w,, for which Allen’s
A, may become slightly negative. This
conclusion is also supported by the more
general analysis of Bergmann and Rainer
(11). Indeed, for 7; < w the change of T;
due to a spectral variation becomes in-
versely proportional to w, 87;/802F(w)
which shows that, in the case
T; — 0, the low-frequency part of a®F(w)
determines 7. And since the Coulomb
pseudo-potential u* becomes relatively
more important, a change of sign of
8T,/802F(w) cannot be excluded either.

The last point of our more elaborate
analysis concerns the possibility of an
electron-phonon induced Stoner instabil-
ity. If Iy — ony X° (0, @; k, v) designates
the iteration step in the electron-hole t-
matrix (7, 12) due to phonon exchange,
the contribution to the Stoner factor, av-
eraged over the Fermi surface Sy, is giv-
en by

Ler - oyNO0) = L1 - piX’(p; 3 0, 0)>sF =

o w—l,

2 J dowo?F(w) X

H - EBI—w - (w:uimz}

Neglecting the bandwidth (E; — ), as-
suming a dominant soft and overdamped
phonon, so that the imaginary part, 8, of
the phonon self-energy exceeds the
renormalized frequency w, then
I — pnyN(0) = \. Assuming further that
the Coulomb part of the Stoner factor is
just too weak to produce the instability
we obtain the estimate

L - oyN(0) = L uN©O) — 1=10.5 x 10™*

which is based on the values T, =35 K
and € =0.2 eV for ZrZn, (13). This
shows that X is probably quite small, of
the order of 1074,

With regard to soft phonons it should
be remembered that the most effective
contribution to the phonon density of
states F(w) comes from a quasi one-di-
mensional soft mode, that is, one with a
strong axial anisotrophy, since in this
case F(w) * (o — wg)'?, g, being the lo-
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cation of the soft mode in the Brillouin
zone. In ZrZn, such highly directional
soft modes can be qualitatively under-
stood from the fact that the closed-shell
configuration is Zr**Zn2*Zn®" which
points to a high degree of ionicity and to
strong dielectric renormalization of the
phonon frequencies (8). It is also in
agreement with a narrow d-band (13) and
with a strongly localized spin density
(14).

A general survey of all C 15 com-
pounds of the form ZrM, shows immedi-
ately why ZrZn, is such an exceptional
case. All metals M, with the exception of
Zn, are transition elements, and the re-
sulting compounds are invariably super-
conducting. The effect of Zn in ZrZn,,
which has predominantly s— (instead of
d—) orbitals, is to shield the d-electrons
of Zr and hence leads to a lattice soft-
ening. A confirmation hereof can even be
seen directly in its mechanical softness
and low melting point. In the elements
no such shielding exists so that, because
of the stiffness of the d-electron binding,
the corresponding phonon is a hard
mode. This again is reflected by mechan-
ical hardness and high melting temper-
atures.

The subtlety of our p-state pairing hy-
pothesis is readily shown by the follow-
ing two additional experimental facts.
Replacing Zn, by CuAl a C 15 structure
is again obtained. However, the soft-
ening of the Zn, and therefore the ferro-
magnetism are lost (/5). Finally, gradual
substitution of Zn by Fe destroys the fer-
romagnetism at less than 10 atomic per-
cent Fe (4, 15) whereas, as is well-
known, ZrFe, which has again the C 15
structure is ferromagnetic with a Curie
point far above room temperature.

As was stated at the outset, the only

other compound known to be an itiner-
ant ferromagnet is Sc;In. Since similar
arguments are likely to apply again, the
rarity of this type of compound becomes
evident. Will there ever be a third itiner-
ant ferromagnet? Isostructural and isoe-
lectronic with ZrZn, is only TiBe,. Thus
far we only know that it is not super-
conducting above 1 K.
C. P. Enz
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Jaundice Phototherapy: Micro Flow-Cell Photometry

Reveals Rapid Biliary Response of Gunn Rats to Light

Abstract. Hepatic pigment clearance in rats can be followed continuously with
photometric detectors designed for high-pressure liquid chromatography. This meth-
od showed that light has a fast effect on bilirubin metabolism in homozygous Gunn
rats, even at low doses and intensities. This is consistent with geometric isomeriza-
tion of bilirubin IX« as a primary step in phototherapy.

Phototherapy is an established proce-
dure in neonatal medicine (/). It is used
prophylactically on babies with neonatal
Jjaundice to prevent bilirubin encephalop-
athy, which is caused by deposition of
bilirubin IXa in the brain. Ephemeral
Jjaundice is common during the early neo-
natal period because the liver is function-
ally immature and often unable to clear
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bilirubin IXa from the circulation in the
normal way (that is, by hepatic uptake,
glucuronidation, and excretion). In pho-
totherapy, endangered infants with high
or rapidly rising plasma levels of biliru-
bin are irradiated with blue or white
lights to diminish circulating bilirubin
IXa and reduce the risk of its diffusion
into the brain. Usually, irradiation is
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Fig. 1. Changes in absorbance (470 nm) of homozygous Gunn rat bile in response to two 45-
minute periods of irradiation. Absorbance was measured with an 8-ul capacity, 2.0-mm path-
length flow-cell, and the rat was infused intravenously throughout at 3 ml per hour with an
aqueous solution containing sodium cholate (3.0 X 1072M/), egg lecithin (1.5 g per liter), choles-
terol (1.6 X 107*M), and taurine (3.0 x 1072M). The light fixture contained eight Westinghouse
20-W Special Blue F20T12/BB lamps. These emit one main emission band in the visible region
between 380 and 540 nm with maximum emission at ~ 450 nm. At the rat’s back the spectral
irradiance, measured at the wavelength of peak emission, was 23 uW cm™ nm™?, and total
irradiance from 400 to 520 nm was 0.95 mW cm™.

continued for many hours until plasma
bilirubin concentrations are acceptably
low or hepatic excretion is fully function-
al. The complete mechanism of pho-
totherapy is not known. But it is known
that the treatment causes excretion of in-
tact unglucuronidated bilirubin IXa in
the bile and formation of obscure biliru-
bin derivatives, possibly photooxidation
products, that are excreted in bile and
urine (I, 2). These effects are manifested
clinically by slow blanching of the skin
(3) and a slow decline in the concentra-
tion of bilirubin IXe« in the blood. Since
these signs do not become apparent for
hours, jaundice phototherapy is consid-
ered generally to involve rather slow
photobiological processes. Using a new
sensitive method for measuring hepatic
pigment excretion continuously in the
rat, we have found the contrary. Though
the gross effects of phototherapy may be
slow, the physiologic response to light is
fast.

Homozygous male Gunn rats weighing
300 to 450 g were used. These animals
are genetically devoid of bilirubin gluc-
uronyl transferase and are unable to
conjugate and excrete bilirubin IXa like
other mammals. Consequently, they
have a lifelong unconjugated hyperbili-
rubinemia and provide a useful, unique
animal model for studying phototherapy
of neonatal jaundice (2). When homo-
zygous Gunn rats are illuminated, the
optical density of the bile remains con-
stant from ~ 550 to 800 nm but increases
at shorter wavelengths (~ 360 to 520 nm)
(2) with the largest increase at ~ 420 to
470 nm. We have exploited this effect to
follow the response of these rats to irra-
diation. To do this the absorbance of bile
was measured continuously at 470 nm
(A47) by surgically connecting the com-
mon bile duct with PE-90 tubing (10 cm)

830

directly to a micro flow-cell housed in an
electronic absorption detector (¢). The
flow-cell and photometric detector were
the type used in high-pressure liquid
chromatography detector systems. This
equipment is suitable for measuring ab-
sorbance changes in pigmented neat bile
since the cell path-length is short (2 mm)
and high absorbancies can be accommo-
dated. In addition, the pressure drop
across the flow-cell is negligible so that
there is little impedance to bile flow, and
the cell capacity and total dead space are
small (8 and 143 ul, respectively).

The following general procedure was
used. The rat’s back was depilated and
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Fig. 2. Changes in absorbance (470 nm) of
homozygous Gunn rat bile in response to two
10-minute pulses of light with different in-
tensities. The lower tracing was obtained with
the rat in the dark throughout, the top curve is
the response to irradiation for 10 minutes with
the light at full intensity, and the middle curve
is the response to a 10-minute irradiation with
the light dimmed by reducing the voltage sup-
ply. For the top curve the maximum spectral
irradiance at the rat’s back was 28 uW cm™?
nm™! and total irradiance (400 to 520 nm) was
1.25 mW c¢m™?; for the middle curve the corre-
sponding values were 7 uW cm™ nm™! and
0.30 mW cm™2. The three curves were deter-
mined with the same animal in the sequence
bottom, top, middle. For other experimental
details see Fig. 1.

cannulas were inserted into the common
bile duct and a femoral vein (2). The ani-
mal was then placed in a restraining cage
15 to 19 cm beneath a horizontal fixture
containing blue fluorescent lights. The
restraining cage was constructed so that
most of the dorsal skin surface could be
exposed to the light while keeping the
nape, head, and eyes shielded. The bile
cannula was connected to the flow-cell
situated beneath the rat, and infusion of
a synthetic “‘bile’” replacement mixture
was started through the femoral cannula.
The infusion stabilized bile flow and pre-
vented adsorption of bile pigments on in-
ternal surfaces of the apparatus. The ani-
mal was kept in the ‘‘dark’” under an in-
frared heating lamp for 1 to 2 hours to
allow bile flow rate and A,;, to become
constant. Then the light was switched on
and changes in Ay, were recorded con-
tinuously. Throughout each experiment
bile flow rates, which were approximate-
ly 2 ml per hour, remained constant to
within 0.1 ml per hour.

Figure 1 shows a typical response to
two successive brief periods of illumina-
tion, in this instance 45 minutes each.
During the first dark period A4, of the
bile, arbitrarily set at zero, remained rel-
atively constant for 40 minutes. Ten min-
utes after switching on the light A,;, be-
gan to increase sharply. About 5 minutes
of this 10-minute lag was the time re-
quired for bile to flow from the liver to
the optical detector. Therefore excretion
of pigment into bile actually began within
5 minutes of starting the irradiation.
Conversely, the absorbance began to de-
crease 10 minutes after the light was
switched off, and this decrease contin-
ued until the basal absorbance was
reached again. On reirradiation the same
pattern was observed. The second time
enhanced pigment excretion, after cor-
rection for bile transit time, was detect-
able within 3 minutes of switching on the
light. During the experiment the concen-
tration of bilirubin in the serum was not
measured. But it is unlikely that it would
have shown a significant change, be-
cause in control experiments with the
same light source more than 5 hours of
continuous irradiation was required to
produce a significant decrease, in broad
agreement with previous observations
@, 5.

The sharp, rapid rise in Ay, was read-
ily detectable with much smaller doses of
light. Figure 2 shows the response of a
jaundiced Gunn rat to two 10-minute
pulses of light, one with the light at nor-
mal intensity, the other with the irra-
diance reduced fourfold. The curves are
qualitatively similar to those of Fig. 1,
and for the higher irradiance curve, en-

SCIENCE, VOL. 201



hanced pigment excretion again was de-
tectable 5 minutes after illumination be-
gan.

These results show that the physiolog-
ic response of jaundiced rats to blue light
is mediated via the skin surface without
involving pineal or visual photorecep-
tors. As in vision or phytochrome-medi-
ated processes in plants, the photobio-
logic response is fast even at low light in-
tensities. Pronounced changes in bile
composition are observed in minutes, in
contrast to the hours of phototherapy re-
quired to produce significant changes in
plasma bilirubin concentration. Obvious-
ly, the plasma bilirubin concentration is
not a sensitive or direct measure of the
photobiologic response, and its value in
studying the mechanism and Kinetics of
phototherapy is limited.

The mechanism for the enhanced ex-
cretion of unconjugated bilirubin during
phototherapy is unknown. A current hy-
pothesis cites geometric isomerization
6). Bilirubin IXa, which has two Z-con-
figuration bridge double bonds (7) and
requires conjugation for excretion, is
thought to be converted by absorption of
light to E-Z or E-E isomers that can be
excreted without conjugation. Our ob-
servations are compatible with this theo-
ry and consistent with immediate forma-
tion of a compound in the skin that mi-
grates to the blood, is taken up by the
liver, and is rapidly excreted in bile. Al-
though increased pigment excretion is
detectable very soon after illumination
begins, the response is rather slow com-
pared to the excretion of exogenous an-
ions such as bromosulfophthalein or rose
bengal, which appear in bile less than 1
minute after an intravenous pulse injec-
tion (8). Quite likely, pigment excretion
in phototherapy is delayed somewhat be-
cause the putative bilirubin isomers or
other pigments that are generated photo-
chemically have to pass from extravas-
cular tissues to plasma before they can
be cleared and excreted.

Additionally, these studies show that
high-pressure liquid chromatography
flow-cell detectors, which are readily
available, can be used to monitor pig-
ment concentrations in rat bile continu-
ously and directly. This sensitive tech-
nique has several advantages over the
usual batch-sampling methods and is
valuable for studying the hepatic excre-
tion and metabolism of endogenous and
exogenous pigments (8).

ANTONY F. McDoONAGH
Lort M. RaAMoNAS
Department of Medicine and
The Liver Center,
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San Francisco 94143
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Time-Resolved Resonance Raman Spectroscopy of Hemoglobin

Derivatives: Heme Structure Changes in 7 Nanoseconds

Abstract. Resonance Raman spectra of oxyhemoglobin, deoxyhemoglobin, car-
boxyhemoglobin, and the corresponding myoglobin derivatives have been obtained
with 7-nanosecond laser pulses at 531.8 nanometers. The results suggest that no
transient constraint of the heme group by the globin structure occurs on this time
scale, and thus establish a temporal sequence for the early events that may partici-
pate in the stereochemical trigger mechanism of hemoglobin cooperativity.

We have recorded the resonance Ra-
man spectra of oxyhemoglobin (O,Hb),
deoxyhemoglobin (deoxy Hb), carboxy-
hemoglobin (COHb), and the corre-
sponding myoglobin derivatives, using 7-
nsec excitation pulses at the second har-
monic wavelength (531.8 nm) of an
Nd:YAG laser. In the case of COHb, es-
sentially complete photodissociation of
CO from the heme iron occurs in the first
few hundred picoseconds during which
the laser pulse impinges on the sample.
Therefore, the observed resonance Ra-
man scattering is predominantly due to
photodissociated COHb. Inasmuch as
the protein structural relaxations that
follow photodissociation of COHb are
thought to occur with half-lives of 40
nsec or longer (/), the ““COHb’’ spectra
that we observe are actually spectra of
hemoglobin in which the heme group is
deoxy, but the protein remains pre-
dominantly in its ligated (oxy) tertiary
and quaternary structures. Neverthe-
less, the time-resolved resonance Ra-
man spectra of photodissociated COHb
appear insignificantly different from
those of deoxy Hb. The implications of
this result for the dynamics and statics of
hemoglobin cooperativity are discussed.

The apparatus employed to record the
time-resolved resonance Raman spectra
will be described in detail elsewhere (2).
Resonance Raman scattering was ex-
cited by repetitive (5 to 20 Hz) pulses
from a Q-switched frequency-doubled
Nd:YAG oscillator (Quanta-Ray DCR-
1). This laser is capable of delivering 75
mJ pulses at 531.8 nm; the energy per
pulse used in this study was varied be-
tween 3 and 27 mJ. The measured pulse

width at 531.8 nm was 7 nsec (full width
at half-maximum). Raman-scattered light
from the sample was collected at f/1 us-
ing essentially conventional illuminator
optics, and focused at f/7 into a vidicon
spectrograph consisting of a Spex 187¢
0.5-m spectrograph with a Princeton Ap-
plied Research 12051 detector head in the
image plane. This arrangement allowed
simultaneous detection of a 345 c¢cm™!
segment of the Raman spectrum with
peak positions accurate to within 2cm™.
Spectra were processed by the Princeton
Applied Research optical multichannel
analyzer console and recorded on an X-
Y plotter. Hemoglobin was isolated from
human whole blood by a modification of
the method of Drabkin (3). Resonance
Raman spectra were obtained at 25°C in
aqueous solution, pH 7.0, at a total heme
concentration of 0.5 to 1.0 mM. Oxyhe-
moglobin was observed in air-saturated
solutions and deoxyhemoglobin was
formed by reduction with excess sodium
dithionite. ~ Carboxyhemoglobin  was
formed from the deoxy Hb solution by
addition of CO and was observed under 1
atm of CO. Myoglobin was obtained
from Sigma (type I, from equine skeletal
muscle) and observed under the same
conditions as hemoglobin.

The generally accepted model for he-
moglobin cooperativity proposes that the
‘*stereochemical trigger’ for the change
from the ligated (oxy tertiary and R qua-
ternary) to the unligated (deoxy tertiary
and T quaternary) protein conformation
is the spin-state change of the iron atom
on deligation at the axial site trans to the
proximal histidine ¢, 5). This spin-state
change is accompanied (or followed) by
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