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the interstimulus interval, the same grating was pre­
sented but remained stationary in order to avoid a 
sudden luminance change, which is known to create 
a transient cortical response exhibiting poor orienta­
tion tuning. We verified by single-unit recordings 
that standing gratings did not evoke cortical activity. 

13. We do not rule out, however, the possibility that a few 
distinct states were mixed in the PCS spatial pattern 
when this procedure was applied, because single cortical 
neurons are known to be selective for more than one 
visual attribute of the stimulus (for example, orienta­
tion, direction, and spatial frequency). 

14. This functional map for orientation preference shown 
in Fig. 1D is defined as a single condition orientation 
map. Thus far such maps could not be obtained due 
to the large noise previously associated with voltage-
sensitive dye imaging. Only the recent technical ad­
vances allowed us to obtain reproducible single con­
dition maps (7). To minimize contributions from the 
intrinsic signals, the data were filtered above 0.6 Hz 
and the maps were computed with frames from 100 
to 150 ms after stimulus onset, much earlier than the 
onset of the slow intrinsic signal. Normally, maps are 
revealed by differential imaging only [T. Bonhoeffer 
and A. Grinvald, J. Neurosci. 13, 4157 (1993)]. The 
single condition map was validated by comparing it 
to the differential orientation maps obtained by us­
ing two stimuli of orthogonal orientations (Fig. 1B). In 
addition, the map was confirmed by imaging based 
on intrinsic signals. The latter two types of maps can 
be obtained with a much better signal-so-noise ratio. 
Therefore, we are confident that the PCS shown here 
corresponds to the relevant functional architecture. 

15. The evident variability in both single-unit and popu­
lation responses could have various sources, including 
the impact of ongoing activity on evoked activity (2) 
and relatively large noise in these single-trial images. 
The values of the correlation coefficients warrant a 
discussion. The fact that correlation coefficients nev­
er reach high values (above 0.6) could manifest the 
mixing of several cortical states in one PCS during the 
averaging, or it could result from the residual noise in 
the recording of instantaneous activity patterns. The 
values of the correlation coefficients should be com­
pared with the highest value that can be obtained for 
two maps derived under the same experimental con­
ditions. The correlation between two maps produced 
by the same stimuli on two independent sets of trials 
was 0.81. 

16. We converted the correlation coefficient between 
the population activity and the neuron's PCS into a 
predicted instantaneous firing, as wil l be explained 
later (Fig. 3). We then generated a Poisson spike train 
using this predicted instantaneous rate. 

17. The average correlation coefficient for all five pairs of 
spontaneous and evoked activity sessions was 0.73 
(range 0.65 to 0.81) from five different cats. 

18. We expect that spontaneous activity of a cortical 
neuron can be predicted by this procedure whenever 
the neuron has response properties that are common 
to many other neurons. In other cases where the 
tuning properties are not that robust, or the neuron is 
a member of neuronal assemblies possessing differ­
ent spatial structures, other types of analysis, such as 
clustering techniques, may be required. 

19. In Fig. 2 we used the neuron's PCS to predict the 
spike trains. In Fig. 1, C and D, we showed that the 
PCS and the map of the functional architecture are 
very similar. Therefore, here we performed the same 
analysis using both the functional map and the PCS. 
The results were very similar. In Fig. 3 we show the 
results based on the functional map. 

20. C. D. Gilbert, Cereb. Cortex 3, 373 (1993); W. Singer, 
Int. Rev. Neurobiol. 37,153 (1994); R. Malach, R. B. H. 
Tootell, D. Malonek, Cereb. Cortex 4, 151 (1994). 

21. A. M. Sillito, J. A. Kemp, J. A. Milson, N. Berardi, Brain 
Res. 194, 517 (1980); M. Tsodyks and T. Sejnowski, 
Network 6, 1 (1995); R. Ben-Yishai, D. Hansel, H. 
Sompolinsky, J. Comput. Neurosci. 4, 57 (1997). 

22. A. M. Thomson and J. Deuchars, Trends Neurosci. 17, 
119 (1994); M. Tsodyks and H. Markram, Proc. Natl. 
Acad. Sci. U.S.A. 94, 719 (1997); L F. Abbott, J. A. 
Varela, K. Sen, S. B. Nelson, Science 275, 220 (1997). 

23. B. W. Connors and M. J. Gutnick, Trends Neurosci. 
13, 99 (1990); B. Ahmed, J. C. Anderson, R. J. 

Douglas, K. A. Martin, D. Whitteridge, Cereb. Cor­
tex 8, 462 (1998); D. Hansel and H. Sompolinsky, in 
Methods in Neuronal Modeling, C. Koch and I. 
Segev, Eds. (MIT Press, Cambridge and London, 
1998), pp. 499-567. 

24. D. J. Felleman and D. C. Van Essen, Cereb. Cortex 1, 1 
(1991); P. A. Salin and J. Bullier, Physiol. Rev. 75, 107 
(1995); S. Ullman, Cereb. Cortex 5, 1 (1995). 

25. D. Amit, Modeling Brain Function (Cambridge Univ. 
Press, New York, 1989); J. Hertz, Introduction to the 
Theory of Neural Computation (Addison-Wesley, 

Diseases of bone loss are a major public 
health problem for women in all Western 
communities. It is estimated that 30 million 
Americans are at risk for osteoporosis, the 
most common of these diseases, and there are 
probably 100 million people similarly at risk 
worldwide (/). These numbers are growing 
as the elderly population increases. Despite 
recent successes with drugs that inhibit bone 
resorption, there is a clear need for nontoxic 
anabolic agents that will substantially in­
crease bone formation in people who have 
already suffered substantial bone loss. There 
are no such drugs currently approved for this 
indication. 

In a search for agents that enhance osteo­
blast differentiation and bone formation, we 
looked for small molecules that activated the 
promoter of the bone morphogenetic pro-
tein-2 (BMP-2) gene. We chose this assay 
because osteoblast differentiation is enhanced 
by members of the BMP family, including 
BMP-2 (2), whereas other bone growth fac­
tors such as transforming growth factor-p 
and the fibroblast growth factors (FGFs) 
stimulate osteoblast proliferation but inhibit 
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osteoblast differentiation (3). To test the ef­
fects of compounds on BMP-2 gene expres­
sion, we used the firefly luciferase reporter 
gene driven by the mouse BMP-2 promoter 
(-2736/+114 base pairs). The gene was 
transfected into an immortalized murine os­
teoblast cell line, which was derived from a 
transgenic mouse in which simian virus-40 
(SV40) large T antigen was directed to cells 
in the osteoblast lineage (4), and the effects 
on the promoter were assessed by luciferase 
activity in the cell lysates. 

We examined more than 30,000 com­
pounds from a natural products collection and 
identified the statin lovastatin as the only 
natural product in this collection that specif­
ically increased luciferase activity in these 
cells. The statins are commonly prescribed 
drugs that inhibit 3-hydroxy-3-methylglutaryl 
coenzyme A (HMG Co-A) reductase and de­
crease hepatic cholesterol biosynthesis, there­
by reducing serum cholesterol concentrations 
and lowering the risk of heart attack (5, 6). 
We also examined the effects of related 
statins simvastatin, mevastatin, and fluvastat-
in in this assay. Each of these compounds was 
maximally effective at 5 |xM and had no 
effects at concentrations lower than 1 |xM. 
The increase in luciferase activity was 
blocked by the immediate downstream me­
tabolite of HMG Co-A reductase, mevalonate 
(7), which suggests that the effects on bone 
formation were causally linked to inhibition 
of this enzyme [although mevalonate may 
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have cellular effects independent of the cho- 
lesterol biosynthesis pathway (8)]. Cultured 
mwine (2T3) or human (MG-63) bone cells 
exposed to statins showed enhanced expres- 
sion of BMP-2 mRNA, as assessed by North- 
em (RNA) blot analysis (Fig. 1). This effect 
appeared to be specific, because the statins 
did not alter expression from the BMP-4 
promoter (Fig. 1) or from promoters derived 
from the gene encoding interleukin-6, the 

gene encoding parathyroid hormone (PTH)- 
related peptide, or from SV40 and cytomeg- 
alovirus. A sandwich enzyme-linked immu- 
nosorbent assay for BMP-2 revealed in- 
creased protein production in MG-63 cells 
incubated with simvastatin (a 2.7-fold in- 
crease with 2.5 pM simvastatin). 

To investigate the biological effects of 
statins on bone, we added them to neonatal 
rnurine calvarial (skullcap) bones in organ 
culture (9, 10). Calvaria from 4-day-old pups 
of Swiss white mice (Harlan Sprague-Daw- 
ley) were explanted, dissected free of adja- 
cent connective tissue, placed in tissue cul- 
ture medium containing 0.1% bovine serum 
albumin (BSA), and incubated with test com- 
pounds for 3 to 7 days. The amount of new 
bone formation was then assessed morpho- 
logically as described in (10) and Table 1. 
Lovastatin, simvastatin, fluvastatin, and me- 
vastatin each increased new bone formation 
by approximately two- to threefold, an in- 
crease comparable to that seen in this assay 
after treatment with BMP-2 and fibroblast 
growth factor-1 (FGF-1). There was also a 
striking increase in new bone and in osteo- 
blast cell numbers at all stages of differenti- 
ation (Fig. 2, A and B, and Table 1). 

We next injected lovastatin and simvasta- 

tin into the subcutaneous tissue overlying the 
mwine calvaria in vivo (11-14). The bone 
cells of the calvaria are responsive to both 
bone-resorbing factors and osteoblast-stimu- 
lating factors (10-15). This technique re- 
quires reproducible placement of small vol- 
umes of factors or compounds adjacent to 
bone. It is minimally invasive, and the cal- 
varial periosteum is not scraped or damaged. 
Male Swiss ICR (Institute for Cancer Re- 
search) white mice, 4 to 5 weeks of age, were 
injected three times per day for 5 days over 
the right side of the calvaria with either ve- Fig. 1. Northern blot 

analyses of effects of 
sirnvastatin on human 
MG-63 osteoblasts. BMP- 
2 rnRNA expression, but 
not BMP-4 rnRNA ex- 
pression, is enhanced by 
sirnvastatin. Control m e  
dia [lane 11 or sirnvasta- 

hicle or the test compound. Each injection 
contained the compound dissolved in 50 p1 of 
phosphate-buffered saline (PBS) with 2% di- 
methylsulfoxide and 0.1% BSA. Mice were 
killed on day 2 1, and calvaria were removed 
for histomorphometric analysis. We observed 
an almost 50% increase in new bone forma- 
tion after only 5 days of treatment, again 
comparable to that seen with FGF-1 (Fig. 3, 
A and B) and BMP-2. However, FGF-1 also 
increases proliferation of cells in the overly- 

tin & added to MC-63 
osteoblasts to a final concentration of 2 pM (lane 2) 
and 5 pM (lane 3), and the cells were then cultured 
for 48 hours Blots were developed simultaneously 
with human BMP-2, BMP-4, and glucose-6 phos- 
phate dehydrogenase (GAPDH). The ratio of 
BMP-2 to GAPDH after culture with sirnvastatin at 
2 pM and 5 pM concentrations was 1.5 and 2.8, 
respectively. The ratio of BMP-4 to GAPDH after 
culture with sirnvastatin at 2 pM and 5 pM con- 
centrations was 0.9 and 1.1, respectively. 

ing subcutaneous tissue, an effect not seen 
with BMP-2 or the statins (Fig. 3). 

To determine whether the statins stimulate 
new bone formation when administered sys- 
temically, we tested their effect on trabecular 

- 
Fig. 2. (A) Effects of different statins (all at 1 pM) on cultures of rnurine 

;espectively. similar effects are seen with rhFCF-1 and recombinant human 
BMP-2 (rhBMP-2) (40 ng/rnl) (panel 6) and (100 nglrnl) (panel 7), which are positive controls in this experiment (8) Effec t s  of sirnvastatin (1 pM) added 
to cultures of explanted rnurine calvaria for 4 or 7 days. Panels 1 and 2 represent bones treated with control media or simvastatin, respedvely, for 
4 days. There is marked cellular proliferation and accumulation of mature osteoblasts adjacent to new bone in the bones treated with rimvastatin. 
Panels 3 and 4 represent bones treated with control media or sirnvastatin, respectively, for 7 days. By this time, there is a more marked inuease in 
the thickness of new bone. 
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Fig. 3. (A) Effect of sim- 
vastatin on new bone 
formation after local 
subcutaneous injection 
over the murine calvar- 
ia. Mice were injected 
daily with vehicle alone 
(panel 1) or with simva- 
statin at 5 mg/kg/day 
(panel 2) or at 10 mg/ 
kg/day (panel 3) for 5 
days, and bones were 
then histologically ex- 
amined at day 21. There 
is a marked increase in 
new bone width in sta- 
tin-treated versus vehi- 
cle-treated mice. Panel 
4 represents rhFGF-1 
(12.5 bg/kg/day) and 
panel 5 represents rh- 
BMP-2 (30 bg/kg/day) 
as positive controls. 
They cause effects sim- 
ilar to those of simva- 
statin. The arrows indi- 
cate the new bone that 
has been formed as a 
consequence of simva- 
statin treatment (B) 
Ouantitative effects of - 

12 5 1 5 10 simvastatin on the 
. > a  [~gkg/dayl [mgncg/dayl width of calvarial bones 

e .. - .  after local injection into 

- -  - - =  the scalp in (A). Total bone area of the right calvaria (the injected side) was 
r----&ZZiZi5-- - - _- measured from the site of muscle implantation to  the suture. The width of 
-7 L , the new calvarial bone formed was measured at four points (at 0.5-mm 

- - intervals), startlng at the muscle implantation site. The mean was calculated 
+ 

. - for each calvaria measured. The effects are compared with those of FGF-1. 

Table 1. Effects of simvastatin (experiment 1) and Lovastatin (experiment 2) on neonatal rnurine calvarial 
bone organ cultures. Explanted bones were cultured for 72 hours, and four bones were in each treatment 
group. Values are means + SEM. 

of PBS (pH 7.2)]. These were administered 
by intraperitoneal injection before killing on 
days - 14 and -4, respectively. We mea- 
sured bone volume, osteoid volume (in plas- 

Simvastatin Lovastatin tic-embedded sections), osteoblast surface, 
osteoclast surface, and osteoclast number 
(16). Recombinant human FGF-1 (rhFGF- 1) 
(experiment 1) and synthetic human PTH 
(amino acids 1 through 34 from the NH,- 
terminal end) (experiment 3) were used as 
positive controls. The statins caused increas- 
es in trabecular bone volume of between 39 
and 94% after treatment. This was clearly due 

Treatment 
New bone area Cells (per 0.3 New bone area Cells (per 0.3 

(per mrn2 X mm of bone) (per mm2 X mm of bone) 

Control 3.4 + 0.8 98 + 7 4.5 + 0.5 84 + 3 
BMP-2 (40 nglml) 6.5 + 0.8* 145 2 5* 7.9 + 0.6* 110 + 3* 
Statin 

0.062 pM 5.3 + 1.1 110+9 4.4 + 0.7 83 + 5 
0.125 pM 8.2 + 0.7* 135 + 4* 7.6 + 1.0 87+ 13 
0.25 pM 14.5 + 1.8* 167 + 17* 10.1 + 0.6* 102 + 5* 
0.5 pM 14.0 + 1.1* 190 + 26* 12.4 + 2.6* 132 + 7* 

*Significantly greater than control (P < 0.01). 

to an anabolic (bone-forming) effect because 
there was a parallel increase in BFRs with the 
use of dynamic parameters (Table 2). There 
was a concomitant decrease in osteoclast 

bone volume in female rats after oral adrnin- 
istration. Because osteoporosis occurs most 
frequently in postmenopausal women, we ad- 
ministered statins to ovariectomized rats as 
well as rats with intact ovaries (Table 2). At 
the completion of the experiment, the rats 
were killed by anesthetic overdose, and the 
right tibia, the right femur, and the lumbar 
vertebrae were removed and fixed in forma- 
lin. The proximal end of the tibia and the 
lumbar vertebrae were embedded in paraffin 

or plastic, and sections were prepared for 
histomorphometric analysis. Bone formation 
rates (BFRs) were measured in paraffin-em- 
bedded sections. Before being killed, all an- 
imals were treated with a fluorochrome label- 

numbers where these were also assessed. 
Recently, it has been shown that certain 

bisphosphonates, which are inhibitors of 
bone resorption and are widely used as ther- 
apy for osteoporosis, also act on the choles- 
terol biosynthesis pathway (1 7-19) by target- 
ing enzymes more distal in the mevalonic 
acid pathway than HMG Co-A reductase. It 
has been postulated that these enzymes are 
required for prenylation of small proteins 
such as Rho and Ras and that interference 

ing regimen that resulted in the deposition of 
double-fluorochrome labels on active bone- 
forming surfaces. This regimen consisted of 
tetracycline [15 mg per kilogram of body 
weight (15 m a g )  in 200 y1 of distilled 
water] and calcein green [20 m a g  in 200 yl 
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Table 2. Effects of simvastatin on trabecular bone volume and bone formation rates. Simvastatin was 
given in doses of 5 to 50 mg/kg/day by oral gavage for 35 days to (i) 3-month-old virgin female rats 
(experiment I ) ,  (ii) 3-month-old virgin female rats that had been ovariectomized within 7 days after the 
start of treatment (experiment 2), and (iii) 3-month-old virgin female rats that had been ovariectomized 
2 months before treatment (experiment 3). In each experiment, the rats were weight matched and 
divided into treatment groups of 10. The rats were lightly anesthetized with isofluorane before 
ovariectomy. Animals were pair fed throughout the experimental period and body weights were 
determined weekly. Values in parentheses are percent change from vehicle-treated controls. BVITV, bone 
volume/tissue volume; Ocl, osteoclasts; BFR, bone formation rate; OVX/veh, ovariectomized rats treated 
with vehicle; hPTH, human PTH; ND, not determined. 

Trabecular bone 
Treatment 

BFR No. of Ocl/mm2 
volume (% BVITV) (pm3/pm2/day) of bone surface 

Control 
Simvastatin (10 mg/kg/day) 
hFCF-I (100 pg/kg/day) 

OVX/veh 
Simvastatin (1 mg/kg/day) 
Simvastatin (10 mg/kg/day) 

OVX/veh 
Simvastatin (5 mg/kg/day) 
Simvastatin (10 mg/kg/day) 
hPTH (80 pg/kg/day) 

Experiment 1 
1 3 . 4 i  1.4 
18.6 i 1.4* (+39) N D 
21.4 i 1.7* (+60) N D 

Experiment 2 
6.9 i .87 0.6 i 0.1 
8.6 + .41 (+25) N D 

13.4 i 2* (+94) 1.2 + . I1  (loo*) 
Experiment 3 

4.6 + 0.58 0.151 i 0.01 
9 i 0.8* (+96) 0.196 i .021* (30) 

8.6 i 0.9* (+87) 0.229 i .034* (52) 
20 i 1.9. (+348) 0.228 + .025* (51) 

*Significantly greater than control (P < 0.01) 

with this process may lead to osteoclast apo- 
ptosis and cessation of bone resorption (18, 
20). We cannot exclude the possibility that 
the statins both inhibit bone resorption and 
promote bone growth, and we did observe a 
concomitant decrease in osteoclast numbers 
(Table 2). However, this effect appeared mi- 
nor in comparison to the effect on new bone 
formation and osteoblast maturation. 

The statins used in our studies and cur- 
rently on the market are not ideal for use 
as systemic bone-activation agents. These 
statins were selected for their capacity to 
lower serum cholesterol, which requires 
targeting to HMG Co-A reductase in hepat- 
ic cells. Thus, the concentration of statin in 
other tissues is much lower than in the 
liver. The most efficacious statins would be 
those that distribute themselves to the bone 
or bone marrow. A preliminary retrospec- 
tive analysis of older women taking lipid- 
lowering agents suggests that statin use is 
accompanied by greater hip bone mineral 
density and lower risk of hip fractures (rel- 
ative risk = 0.30) (21); however, the sam- 
ple size (598 statin users) was too small to 
yield definitive information. 

The most powerhl anabolic agents for 
bone are the peptide growth factors intrinsic 
to the tissue. For example, systemically ad- 
ministered FGF-1 restores trabecular micro- 
architecture and increases bone volume (15). 
However, all of the peptide growth factors 

orally bioavailable and have been safely ad- 
ministered to patients for more than a decade, 
may merit hrther investigation as potential 
anabolic agents for bone. When the doses are 
extrapolated from humans to rats with respect 
to lipid lowering, the statins' effects on bone 
occur at doses similar to the lipid-lowering 
doses used in humans. 
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Linker proteins function as molecular scaffolds t o  localize enzymes wi th  sub- 
strates. In B cells, B cell linker protein (BLNK) links the B cell receptor (BCR)- 
activated Syk kinase t o  the phosphoinositide and mitogen-activated kinase 
pathways. To examine the in vivo role of BLNK, mice deficient in  BLNK were 
generated. B cell development in  BLNK-'- mice was blocked at the transition 
from B220tCD43+ progenitor B t o  B220tCD43- precursor B cells. Only a small 
percentage o f  immunoglobulin M t +  (IgMt+), but not  mature IgMLOlgDhi, B cells 
were detected in the periphery. Hence, BLNK is an essential component of BCR 
signaling pathways and is required t o  promote B cell development. 

Engagement of the BCR activates distinct are required for the generation of second 
families of cytoplasmic protein tyrosine ki- messengers (1). In turn, the coordinate gen- 
nases (PTKs) to phosphorylate enzymes that eration of second messengers is important for 

normal B cell hnction because disruption of 
have disadvantages-they can be mitogenic selected signaling pathways is associated 
to other bone cells and nonselective in their I ; ;  with B cell anergy (2). Linker or adapter 
effects. In addition, the FGFs cause hypoten- 4Howard ~~~h~~ ~ ~ d i ~ ~ l  institute, washington uni- molecules play integral roles in linking the 
sion. which limits their ~otential use in elder- versitv school of Medicine. St. Louis. MO 63110, USA. BCR-activated PTKs with these enzvmes. 
ly patients (22). *To whom correspondence should be addressed. E- One such linker molecule, BLNK (also 

Our results suggest that statins, which are mail: achan@im.wustl.edu known as SLP-65, BASH, and BCA), is phos- 
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