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Fig. 4. Balance velocity profiles down two fast- 
flow features (A and 0) in East Antarctica, the 
Locations of which are shown by the white Lines 
in Fig. 2, B and C. Transects running across each 
flow feature (dashed lines) are plotted with 
scales displayed on the right-hand ordinate and 
the upper abscissa. To avoid including floating 
ice, the profiles stop short of the estimated 
grounding Line positions (23). 

and inland flow represent, therefore, end mem- 
bers of a continuum of flow states within an ice 
sheet. This continuum of flow states is observed 
extensively in East and West Antarctica. It is 
also interesting to note that this type of behavior 
is not seen solely in Antarctica. A recently 
discovered ice stream in northeast Greenland 
(21) shows characteristics similar to those de- 
scribed above, and tributary-type flow is also 
present (12). It is likely, therefore, that former 
large ice masses, such as the Laurentide Ice 
Sheet, also possessed these flow characteristics. 

This evidence challenges the view that the 
Antarctic plateau is a slow-moving and ho- 
mogeneous region. Numerical models of the 
ice sheet have yet to reproduce the pattern 
and the complexity of flow shown in Fig. 2, 
therefore suggesting a limitation of their abil- 
ity to simulate the present-day dynamics and 
future changes in the behavior of the largest 
ice mass on Earth. 
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Density of Phonon States in 

Iron a t  High Pressure 


R. lubbers,' H. F. Crunsteudel,' A. I. Chumakov,' C. Wortmannl* 

The Lattice dynamics of the hexagonal close-packed (hcp) phase of iron was 
studied with nuclear inelastic absorption of synchrotron radiation at pressures 
from 20 t o  42 gigapascals. A variety of thermodynamic parameters were 
derived from the measured density of phonon states for hcp iron, such as Debye 
temperatures, Criineisen parameter, mean sound velocities, and the lattice 
contribution t o  entropy and specific heat. The results are of geophysical in- 
terest, because hcp iron is considered t o  be a major component of Earth's inner 
core. 

The inner core of Earth is composed almost 
entirely of Fe or Fe-rich alloys. This geo- 
physical aspect is one of the many motiva- 
tions to study the phase diagram of Fe with its 
various isomorphs in a wide pressure and 
temperature range (I). The hcp high-pressure 
phase of Fe (E-Fe) is considered the most 
relevant phase for the inner core (2). At am- 
bient pressure and temperature, Fe is magnet- 
ic and crystallizes in the body-centered cubic 
(bcc) structure (a-Fe). The phase transforma- 
tion of a-Fe to nonmagnetic E-Fe at around 
13 gigapascals (13 GPa) occurs over a broad 
pressure range depending on the sample en- 
vironment (3). Although a considerable 
amount of crystallographic data on the pres- 
sure and temperature phase diagram of Fe is 
available (I), there is less experimental infor- 
mation available on the lattice dynamics of 
E-Fe. The sound velocities in the &-phase at 
high pressure and temperature are of partic- 
ular interest, because seismic wave experi-
ments indicate that the sound velocities in 
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Earth's inner core are anisotropic (4 )  
The lattice dynamics of solids is described 

by phonons, which are characterized by their 
dispersion relations and by their density of 
states (DOS). Dispersion relations are con-
ventionally measured with single-crystal 
samples using coherent inelastic neutron scat- 
tering (5). The phonon DOS can be obtained 
after adjusting the dispersion curves with a 
Born-von Karman model ( 6 ) . In special cas- 
es, incoherent neutron scattering can be used 
to determine the phonon DOS of polycrystal- 
line samples (5).Alternatively. the density of 
phonon states of polycrystalline samples can 
be determined with the recently established 
technique of resonant nuclear inelastic ab- 
sorption of synchrotron radiation (SR) ( 7, 8) .  
which employed the 14.413-keV resonance 
of 57Fe. Measurements of the phonon DOS 
in a-Fe (9, lo), Fe clusters (ll),thin Fe lay- 
ers (12). and Fe-containing quasicrystals 
(13) demonstrated the high sensitivity of this 
method. We used nuclear inelastic absorution 
to study a tiny (0.5 kg) Fe sample pressur~zed 
in a diamond anvil cell (DAC) and to mea- 
Sure the phonon DOS of E-Fe. 

The experiments were performed at the 
1D22N at the EurO-

pean Synchrotron Radiation Facility (ESRF), 

~ , 
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in Grenoble, France. The storage ring was The sample, an Fe foil (17) 90 km in 
operated in the 16-bunch mode, yielding a diameter and 10 pm thick, was placed be- 
time window of 176 ns between the SR puls- tween two diamonds, together with ruby 
es. The experimental setup (Fig. 1) allows chips (for pressure calibration with an accu- 
two types of nuclear resonance experiments racy of 5%), inside the hole of a gasket, with 
distinguished by their coherent or incoherent a mixture of methanol, ethanol, and water as 
character, with the latter arising from the a pressure-transmitting medium (18). Impor- 
transfer of energy to or from the lattice. tant factors for this high-pressure study were 

In the first type of experiments, named (i) the large cross-section of nuclear resonant 
nuclear forward scattering (NFS), resonantly absorption, which for the case of 57Fe is 
absorbed 14.413-keV gamma rays are scat- 
tered by the sample strictly in the forward di- 
rection and are detected by the first avalanche 
photodiode (APDl). For this purpose, the high- 
resolution monochromator is tuned to the nu- 
clear resonance energy of 57Fe, and the coher- 
ently forward scattered intensity is registered as 
a function of time with respect to the exciting 
SR pulses (14). This time analog to the classical 
Mossbauer effect allows the measurement of 
hyperfme interactions, used here to monitor the 
magnetic (a-Fe) or nonmagnetic (E-Fe) state of 
the sample (15). 

several orders-of-magnitude larger than cor- 
responding neutron or x-ray cross sections, 
(ii) the use of focusing optics (Fig. 1) that 
concentrated the monochromatized SR beam 
with a bandwidth of about 6 meV and a flux 
of 3 X lo9 photonsls onto an area 100 pm by 
100 pm, (iii) the complete suppression of any 
electronically (nonresonant) scattered back- 
ground from the high-pressure environment 
by monitoring only delayed radiation from 
the nuclear decay, and (iv) the use of beryl- 
lium as the gasket material to allow sufficient 
transmission of the K, . x-rays. 

In the second experiment type, nuclear in- The mea~urements'~were performed at 
elastic absorption spectra are measured by tun- room temperature (294 K) and at ambient 
ing the high-resolution monochromator in a pressure for a-Fe and 20,32, and 42 GPa for 
range of about + 100 meV around the nuclear E-Fe. At 20 GPa and higher, the NFS spectra 
resonance energy and monitoring the yield of a 
secondary radiation, here the Fe K, (6.4 keV) 
and Kp (7.1 keV) x-ray fluorescence, in the 
time window between the SR pulses. The Fe 
x-rays are produced by the internal conversion 
process, which is the dominant deexcitation 
channel in the decay of the 14.413-keV level 
(16). For a given energy transfer, determined 
by the difference in energy of the incident 

revealed the nonmagnetic phase of Fe (15), 
confirming a complete structural transition to 
E-Fe. The normalized energy spectra of nu- 
clear absorption (Fig. 2) consist of a central 
peak originating from elastic absorption and 
sidebands resulting from inelastic absorption 
with concomitant annihilation (left side) or 
creation (right side) of phonons. The spec- 
trum of a-Fe is shown with the corresponding 

radiation and the nuclear resonance, phonon spectrum calculated with the phonon DOS 
states with any momentum allowed by the dis- from neutron scattering (19) and convoluted 
persion relations contribute equally to the ab- with the present spectrometer function (solid 
sorption probability (8, 10). Thus, nuclear in- line in Fig. 2). The two data sets are com- 
elastic absorption provides momentum-aver- pared in absolute scale without any adjustable 
aged information on the density of the phonon parameter, demonstrating agreement between 
states. Because of the incoherent nature of the the two methods. 
absorption process, the Fe x-rays are emitted in The procedure to extract the phonon DOS 
arbitrary directions and are monitored by the from the measured energy spectra of inelastic 
two other detectors (APD2 and APD3), placed nuclear absorption was introduced by 
perpendicular to the beam and near to the pres- Sturhahn et al. (8). The multiphonon contri- 
surized sample by using a specially designed butions and the central elastic peak were 
high-pressure cell with large openings for the subtracted from the measured spectrum. The 
APD detectors. In these measurements, the first remaining spectrum represents the single 
detector (APDl) provides, by the forward-scat- phonon contribution, from which the density 
tered 14.413-keV quanta, the spectrometer of phonon states g o  was extracted (8, 20). 
function. Further details may be found in (10). The resulting phonon DOS of a-Fe at ambi- 

Fig. 1. Experimental setup. SR Source CRL PM HRM FM APD2 
S R  source: storage ring C 
with two undulators tuned 
to 14.413 keV; CRL: focus- APD 1 
ing compound refractive 
lens (33); PM: high-heat 
load Si(l,l,l) doublecrys- APD 3 
tal premonochromator 
with 3-eV bandwidth; HRM: nested high-resolution monochromator composed of two channel-cut 
Si(4,2,2) and Si(12,2,2) crystals with -6-meV bandpass; FM: horizontally focusing Si(1,l.l) crystal pair 
(34); DAC: diamond anvil cell with beryllium gasket; APDI, APDZ, A P D I  avalanche photodiode detectors 
to monitor nuclear forward scattering and nuclear inelastic absorption. 

ent pressure and of &-Fe at.42 GPa are shown 
in Fig. 3. The DOS of a-Fe is again well 
described by the solid line representing the 
DOS derived from neutron scattering (19). 
All spectral features of the DOS of E-Fe are 
shifted to higher energies with respect to 
a-Fe. The resolved high-energy maximum of 
the DOS, originating mainly from longitudi- 
nal acoustic (a-Fe) and longitudinal acoustic 
and optical (E-Fe) phonon branches, is shifted 
from 35 meV in a-Fe at ambient pressure to 
51 meV in E-Fe at 42 GPa. 

The observed changes in the phonon spec- 
tra reflect primarily the reduced volume of 
the unit cell; modifications resulting froni the 
structural transition are small for mono-atom- 
ic lattices (21) and are not resolvable with the 
present energy resolution, which is, however, 
sufficient to derive a set of thermodynamic 
parameters from the integral properties of the 
phonon DOS. The Lamb-Mossbauer factor 
f,,, describing the elastic (recoil-free) frac- 
tion of the nuclear absorption, was calculated 
from the DOS according to (9, 10, 20). The 
results are given in Table 1, together with the 

Relative energy (meV) 

Fig. 2. Energy dependence of nuclear inelastic 
absorption of SR in Fe at different pressures. 
The spectra are 'normalized according to the 
procedure in (8). The intensity of the inelastic 
sidebands is proportional to (1 - f,,); it de- 
creases with increasing pressure by about SO%, 
reflecting the change in the recoil-free fraction, 
f,,, from 0.80 to 0.90 (Table 1). The solid line 
shown in the uppermost spectrum is calculated 
from neutron data of a-Fe (79), convoluted 
with the spectrometer function. 
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Table 1. Thermodynamic parameters of Fe (77) derived from the densities of first line. V/Vo: relative volume obtained from compressibility data of s-Fe 
phonon states (see text), where at. stands for atom. For comparison, the (25) with Vo = 7.093 cm3/mol. The uncertainties given in parentheses 
corresponding parameters derived from neutron data (19) are given in the correspond to  the statistical accuracy of the data on the last digit. 

Pressure 
(GPa) 

v/vo fLM (AX')
A2 

E a ~  
(meV) 

OD(E,")
(K) 

Cv 
(k,lat.) 

'vibr 
(mevlat.) 

*wbr 
(k,lat.) 

Dav 
(Nlm) 

"a,
(kmls) 

0, neutron 1 0.801 4.15 27.2 42 1 2.71 83.6 3.07 173 3.54 
0, present 1 0.802(3) 4.13(7) 28.0(5) 433(8) 2.70(4) 83.4(20) 3.00(5) 185(12) 3.57(10) 

20 0.862 0.882(3) 2.35(7) 36.5(8) 565(12) 2.51 (4) 90.0(20) 2.31 (5) 320(15) 4.82(15) 
32 0.828 0.893(3) 2.12(7) 38.7(8) 599(12) 2.44(4) 91.8(20) 2.12(5) 365(15) 5.00(15) 
42 0.805 0.897(3) 2.03(7) 40.7(8) 630(12) 2.42(4) 93.0(20) 2.06(5) 388(15) 5.1 4(15) 

Fig. 3. Density of phonon states sample, v, = 3.57 -f 0.10 W s ,  is consistent 
g(E) of a-Fe at ambient pressure with v,,, = 3.54 k d s ,  derived in the same way 
(sohd circles) and of E-Fe at 42 using the phonon DOS from neutron data (19).
CPa (open circles) obtained from In addition, the average sound velocity va, can 
the corresponding energy spec- 
tra in Fig. 2. The solid line repre- be compared with results derived, in the Debye 

sents the DOS from neutron approximation, from the longitudinal and trans- 
scattering (79), convoluted with verse sound velocities v, and vs: 3(vJ3 = 
the spectrometer function. The (vp)p3 + 2(vJ3. From tabulated values of vp 
inset shows a plot of the low- and vS for Fe at ambient conditions (27). we 
energy part of g(E) versus E2 up obtained a mean value of vaV = 3.58 -C 0.03 
t o  15 meV in order t o  derive the 
sound velocity. Here, the solid W s .  Our experimental values of vBv in the 

lines represent a linear f i t  o f  the &-phase agree with theoretical calculations (28, 
experimental data. 29) and an elasticity study (30), whereas data 

derived by recent ultrasound and elasticity stud- 
ies (31) deviate by about 20% (Fig. 4B). 

Energy (meV) Finally, our data (for example c>. U,,,,, 
and S,,,,) provide, in contrast to other (e.g., 
calorimetric) measurements, pure vibrational 

O,(E,,,) = 413 EavlkB, where kB stands for parts of the thermodynamic properties. They 
Boltzmann's constant (22). are free of the possible electronic or magnetic 

By integration of the phonon DOS with contributions from the 3d band electrons and 
various energy weights (23), we derived further are therefore useful for testing theoretical 
thermodynamic properties such as the lattice calculations of thermodynamic parameters 
contribution to the specific heat at constant responsible for the equation-of-state (29) or 
volume c,, ,,,,,Uthe internal energy and the the melting temperature of Fe (32) 
entropy S,,,,, as well as the mean force constant 
D,, (Table I). Finally, from the low-energy part 
of the DOS up to 10 (a-Fe) and 15 meV (E-Fe), 
where one can assume a linear relation between 
the phonon frequency o(k) and the lattice k-
vector (19), we derived the average velocity of 
sound v,, (Fig. 3) according to the relation (24): 
g(E) = &, V I ~ T T ~ ~ ~ ~ ? ~ , , .where a = Here, V 
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Inhibition of Experimental Liver 

Cirrhosis in Mice by Telomerase 


Gene Delivery 

Karl Lenhard ~udolph,' Sandy Chang,'s2 Melissa Millard,' 

Nicole ~chreiber-~gus,~ Ronald A. Depinhol* 

Accelerated telomere loss has been proposed t o  be a factor leading t o  end-stage 
organ failure in  chronic diseases of high cellular turnover such as liver cirrhosis. 
To test this hypothesis directly, telomerase-deficient mice, null for the essential 
telomerase RNA (mTR) gene, were subjected t o  genetic, surgical, and chemical 
ablation of the liver. Telomere dysfunction was associated w i th  defects in  liver 
regeneration and accelerated the development of liver cirrhosis in  response t o  
chronic liver injury. Adenoviral delivery of mTR into the livers of mTR-'- mice 
w i th  short dysfunctional telomeres restored telomerase activity and telomere 
function, alleviated cirrhotic pathology, and improved liver function. These 
studies indicate that telomere dysfunction contributes t o  chronic diseases of 
continual cellular loss-replacement and encourage the evaluation o f  "telom- 
erase therapy" for such diseases. 

Cirrhosis of the liver is the seventh leading 
cause of death by disease, affecting several 
hundred million people worldwide (1). In this 
chronic disease, a diverse array of hepatotox- 
ins, ranging from chronic viral hepatitis to 
alcohol, promotes continual hepatocyte de- 
struction that, in turn, stimulates abnormal 
patterns of hepatocyte regeneration and fi- 
brous scamng over many years (2). The re- 
sulting distortion of the liver architecture 
comp~omises hepatocyte function, causing 
systemic life-threatening complications. Left 
unchecked, this pathological process culmi- 
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nates in fatal end-stage liver failure, marked 
by extensive fibrotic replacement and cessa- 
tion of hepatocyte proliferation (2, 3). 

Liver cirrhosis is characterized by the con- 
version of hepatic stellate cells into activated, 
myofibroblast like cells (2). It has been postu- 
lated that hepatocyte destruction itself serves as 
an activation signal for this conversion, possi- 
bly by the release of insulin-like growth factor 
or lipid peroxides from apoptotic cells (2). 
Therefore, factors that govern the survival of 
hepatocytes could potentially influence stellate 
cell activation and fibrogenesis. 

The second key aspect of terminal liver 
failure, hepatocyte proliferative arrest, has 
been linked to several etiologic factors in- 
cluding altered hepatocyte-matrix interac-
tions (2), growth inhibition by abundant 
transforming growth factor-p 1 (TGF-p 1) 
( 4 ) , andor critical telomere shortening. The 
telomere hypothesis is a particularly appeal- 
ing one, because sustained hepatocyte turn-
over accelerates the pace of telomere attrition 
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in the human cirrhotic liver (9,thereby pre- 
sumably activating senescence or crisis 
checkpoints. The ;mportance of telomere 
maintenance in long-term cellular and organ 
homeostasis has been experimentally verified 
in cultured human cells and in telomerase- 
deficient mice (6, 7). These mice lack the 
telomerase RNA (mTR) gene and show pro- 
gressive telomere shortening from one gen- 
eration to the next. In late-generation mice 
(e.g. generation 6), telomere dysfunction and 
genomic instability are associated with im- 
paired proliferation andor apoptosis in organ 
systems with high renewal requirements, 
such as the bone marrow and the gut (8).In 
contrast, the liver is unperturbed and appears 
to function and develop normally even in 
late-generation mTRpl- mice (9). Here we 
use the mTR-I- mice to evaluate the role of 
telomere shortening in chronic liver disease. 
Liver injury was induced in these animals by 
three experimental procedures to gauge how 
telomere shortening influences hepatocyte 
proliferation, survival, and ultimately predis- 
position to cirrhosis. 

The first system, the albumin-directed 
urokinase plasminogen activator (Alb-uPA) 
transgenic mouse, allows investigation of the 
factors governing hepatocyte regenerative ca- 
pacity. Alb-uPA expression has been shown 
to cause widespread hepatocyte death and 
liver failure in newborn mice (1 0). However, 
60% of hemizygous transgenic mice survive 
as a result of spontaneous transgene deletion 
in rare hepatocytes that then clonally expand 
to reconstitute the entire organ by 3 months 
of age (11). To assess the impact of loss of 
telomerase activity and telomere shortening 
on liver regeneration capacity, we monitored 
Alb-uPA transgene transmission as well as 
phenotypic differences in mTRt/+ mice and 
successive generations of mTRpl- mice (12). 
Consistent with previous reports ( l l ) ,  we 
observed transmission rates of 31% for 
mTR+/+ and 27% for second-generation 
(G2) mTR-/- mice (Fig. 1A). Because the 
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