
that ER-b does not compensate for incom-
petent ER-a in this response. However, a 
proliferation response to strain was con-
ferred on ERa1/1 cells by transfecting them
with a functional human wild-type ER-a
expression vector (pRST7-ER;ref.8) (Fig.1d).

These results obtained in vivo and in vitro
indicate that strain-related responses by 
differentiated cells of the osteoblast lineage
require ER-a activity. This might explain
why postmenopausal women no longer
maintain adequate bone mass — their bone
cells are less responsive to mechanical stimu-
lation owing to decreased ER-a activity.

The oestrogen receptor is the ancestral
steroid receptor9, with one of its possible
early reproductive functions being to induce
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skeletal remodelling to release calcium for
egg-laying or embryonic development. The
strain-sensitive mechanisms that now enable
mammalian and avian skeletons to adapt to
load-bearing might have developed later,
exploiting this receptor’s ability to influence
bone (re)modelling activity.
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Endocrinology

Bone adaptation requires
oestrogen receptor-a

The strain imposed by mechanical load-
ing on bone tissue normally stimulates
a response by bone cells that results in

an adjustment of bone architecture that
enables the bone to withstand reasonable
loads. But it is unclear why this process
should become less effective in some 50 per
cent of postmenopausal women, who suffer
fractures as a result1. Here we show that
bone in vivo undergoes an adaptive response
to loading that is less effective in the absence
of the a-form of the oestrogen receptor (ER-
a) and that osteoblast-like cells require ER-a
to proliferate in response to mechanical
strain in vitro. As ER-a expression in
osteoblasts and osteocytes depends on
oestrogen concentration2–5, a failure to
maintain bone strength after the menopause
might be due to a reduction in the activity of
ER-a in bone cells, thereby limiting their
anabolic response to mechanical loading
and allowing a loss of bone tissue compara-
ble to that associated with disuse.

We investigated bone’s osteogenic
response to loading in mice lacking
functional ER-a. The normal peak
locomotor strains (0.0026; length change as
a proportion of original length) and strain
rates (0.1 s11) in the mouse ulna shaft were
determined from surgically implanted strain
gauges. We then loaded the ulnae of 20–24-
week-old skeletally mature female mice
through their olecranon and flexed carpus
for three days a week for two weeks6. Each
loading session comprised 40 repetitions of
a 3.4-newton axial compressive load, which
engendered peak strains (0.0028) and
maximum strain rates (0.1 s11) within the
high physiological range.

In mice with normal ER-a function
(ERa&/& mice),this loading regimen stimu-
lates sufficient new bone formation on the
periosteal and endosteal surfaces to increase
the cortical area at the midshaft by 850.8%
(P*0.001; Fig. 1a). In their ERa1/1 litter-
mates,however, this response was diminished
threefold (2.450.4%;P*0.001;Fig.1b,c).

A single period of dynamic strain applied
to monolayer cultures of osteoblast-like cells
stimulates their proliferation,a response that
is inhibited by ER blockers and increased by
transfection with additional ER-a (ref. 7).
We derived separate primary cultures of
osteoblast-like cells from the ulnae of
ERa1/1 and ERa&/& littermates and
exposed them to a single 10-min period of
mechanical strain (600 cycles, 1 Hz, 0.0034).
Over the next 24 h, the number of ERa&/&
cells increased by 58534%, P40.050,
whereas the number of ERa1/1cells did not
increase.ERa1/1 mice have fully functional
oestrogen receptors of the b-form,indicating

–40

0

40

80 *

*

d

0

2

4

6

8

10c

a

b

ERα+/+ ERα+/+
Control

ERα+/+

Loaded
ERα–/– ERα–/–
Control Loaded

ERα–/–
+ER-α

ERα–/–
Loaded LoadedLoaded

Increase
in cortical
bone
area (%)

P<0.05

Change
in cell
number
(%)

COMMUNICATIONS ARISING

Metallurgy

Stainless-steel corrosion
and MnS inclusions

The pitting corrosion of stainless steels
that occurs in environments containing
chloride usually initiates at manganese

sulphide particles in the steel. Ryan et al.1

describe the presence of a wide chromium-
depleted zone around MnS inclusions in a
stainless steel (316F grade), suggesting that
pitting could be triggered by an attack on
these chromium-depleted zones instead of
at the MnS inclusions themselves2–4. Here we
investigate several different stainless steels,
including the same 316F sample used by
Ryan et al.1, and find no evidence of chromi-
um-depleted zones in any of them. Further
analysis is evidently needed to clarify the
mechanism of pitting in these materials.

Figure 1a shows a dark-field transmission
electron microscope (TEM) image of a sul-
phide inclusion in the 316F sample used by
Ryan et al. (kindly provided by D. E.
Williams), in which most of the sulphide
inclusions are connected to oxides. The TEM
cross-section was prepared using a focused-
ion-beam tool from FEI Co., and character-
ized using an FEI Tecnai scanning TEM with
a probe size of less than 2 nm and a step size
of about 10 nm. The energy-dispersive spec-
troscopy (EDS) profiles shown in Fig. 1b
(associated with line 1 in Fig. 1a) reveal that
there is a sharp change in composition at the
interface of the MnS inclusion and matrix,
with no evidence of a chromium-depletion
zone around the MnS inclusion.

The linescans shown in Fig. 1b are 
identical to those obtained from sulphide

Figure 1 Absence of ER-a limits bone’s adaptive response to

mechanical loading. a, b, Transverse sections from control (left)

and loaded (right) ulnae from ERa&/& (n47) (a) and ERa1/1

(n48) (b) mice. New bone formation is labelled with fluorochrome

calcein (shown in white), given on days 3 and 12 of the 2-week

experiment. Scale bars, 100 mm. c, In ulnae from ERa1/1 mice,

the adaptive increase in cortical bone area in response to loading

was only one-third of that in ulnae from ERa&/& littermates.

d, Mechanical strain stimulates proliferation in osteoblast-like

cells derived from ERa&/& mice but not from ERa1/1 mice.

Transfecting osteoblast-like cells derived from ERa1/1 mice with

competent human ER-a confers strain-induced proliferative

responsiveness in comparison with non-strained controls (asterisk

denotes P 0.05; in five experiments with three cultures per

experiment, transfection efficiency was 2052% using ‘Effectene’

(Qiagen), as assessed by b-galactosidase expression in 1,057 cells).
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inclusions in several different stainless steels
(results not shown). Line profiles from an
as-cast 316F sample and from a sample of
the cast 316F annealed at 1,100 °C also
showed the same sharp boundaries. The as-
cast and annealed structures should provide
the opportunity for chromium to segregate
to the sulphide and cause depletion in the
matrix5, but this did not occur. Similar
sharp boundaries were also evident at MnS
inclusions in a standard commercial stain-
less steel (grade 304), indicating the absence
of a chromium-depleted zone. Secondary-
ion mass spectrometry (SIMS) mapping
performed at MnS inclusions on polished
surfaces of the 304 alloy and the 316F sam-
ple used by Ryan et al. also revealed no evi-
dence of a chromium-depleted zone.

Figure 1c shows the results of a scan
made along the line labelled 2 in Fig. 1a,
traversing the sulphide, through the oxide,
and then into the matrix. The chromium
concentration is lower in the oxide than in
the matrix, and even lower in the sulphide.
The resulting chromium profile appears to
have a chromium-depleted region, but this
is really the effect of the oxide particle. The
iron content in the oxide decreases more
than the chromium content relative to the
bulk concentration, resulting in a higher
chromium/iron concentration ratio in the
oxide. SIMS measurements at these parti-
cles showed that the Cr/Fe-ion yield ratio
was similar or slightly higher in the oxides
relative to the matrix. We therefore consider
that the depleted zone described by Ryan et
al. cannot be due to the effects of oxides
adjoining sulphide particles.

Figure 1d shows the normalized ratio of
raw EDS data for the linescan from the sul-
phide to the matrix in Fig. 1b. (This is analo-
gous to the SIMS data shown in Fig. 1a in ref.
1.) There is little scatter and no evidence of a
depleted zone near the sulphide (Fig. 1d).
There is a sharp transition to the higher Cr/Fe
ratio inside the sulphide particle.

In contrast to the findings of Ryan et al.1,
our evidence from high-resolution scan-
ning TEM and SIMS mapping has failed to
reveal the presence of chromium-depletion
zones around MnS inclusions in any of the
steels we investigated, at least within a
nanometre-sized region.
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Ryan et al. reply — Frankel et al. find no
depleted zone adjacent to MnS inclusions in
stainless steels, which contradicts our results1

and raises important issues about pitting
mechanisms. We have also used high-resolu-
tion electron microscopy and secondary-ion
mass spectrometry mapping to study these
systems, and our results are similar to those
of Frankel et al., giving a consistently large
scatter in the analysis. With SIMS mapping
in particular, we find that the flux required to
generate a significant signal means that too
much material has to be removed; in addi-
tion, the sputter rate of the inclusion is
higher than that of the matrix, and sulphur
‘smears’ are observed that blur the interfaces.
We conclude that this method is not useful
in these systems.

By using the SIMS probe1, we were able to
analyse 25 inclusions within a reasonable
time –– in contrast to transmission electron
microscopy, which involves complex sample
preparation. Of these inclusions, some
showed a large scatter in the data, and sput-
tering of the inclusion complicated interpre-
tation of the results in a few other cases. Some
20% of the inclusions showed no depletion,
consistent with the observations of Frankel et
al., but over 20% showed the type of deple-
tion we reported earlier1. As with all pitting
studies, there is a strong statistical considera-
tion to be taken into account — although the
initiation of pitting corrosion is confined to
sulphide inclusions, not all inclusions nucle-
ate pits. We are working to develop a method
that correlates inclusions that have chromi-

um depletion with subsequent pit nucleation.
Frankel et al. show an inclusion connec-

ted to an oxide particle. We did not analyse
sites that appeared to be multiple or con-
nected inclusions to avoid complications
arising from such oxide particles2. The
inclusion was always sampled to ensure that
it was a sulphide particle.

As we pointed out1, the final attack on the
steel that leads to an observable pit is triggered
through dissolution of the inclusion. The
mechanism by which this unusual dissolution
occurs is the key step in the chain of events.
There is further evidence indicating that the
interface between inclusion and matrix is crit-
ical3,4, and that there may be several precursor
stages in which the electrochemical current is
small5,6, and we have directly investigated
these aspects of corrosion.
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Figure 1 Analysis of composition near an MnS inclusion by nano-EDS profiling. a, Dark-field image in the transmission electron micro-

scope of a typical mixed sulphide/oxide particle in the 316F stainless-steel sample used by Ryan et al.1. The lines labelled 1 and 2 indi-

cate the locations of the energy-dispersive spectroscopy (EDS) scans shown in b and c, respectively. d, Ratio of Cr/Fe signals from raw

EDS data for the linescan shown in b. The ratio has been further normalized to unity to match the form of Fig. 1a in ref. 1.
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