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the rear of the cell. These cells display a range of morphologies
with many cells showing a highly elongated tail (Fig. 2a). Cells
treated with calpain inhibitors often release adhesions with a
sudden snapping motion, and after detachment, large pieces of
membrane may remain on the substratum. Other cells show
minimal movement of the cell body despite normal cell shape
and lamellipodial activity. Cells treated with the other calpain
inhibitors (calpain inhibitor II and BDK) show morphologic
changes similar to those seen with calpain inhibitor I treat-
ment, although they are less extreme (data not shown). The
SHI cells also show morphologic changes similar to CHO cells
treated with calpain inhibitors including an elongated mor-
phology and reduced detachment (Fig. 2a). In contrast, control
cells are generally not elongated unless plated on higher sub-
strate concentrations.

To demonstrate more directly that calpain inhibition affects
release at the cell’s rear, we quantified the rates of rear retrac-

tion for cells migrating in the presence of calpain inhibitors
(Fig. 2b). At a low fibrinogen concentration (0.6 mg/ml), calpain
inhibitors have no detectable effect on the rate of rear retrac-
tion. At an intermediate fibrinogen concentration (2 mg/ml),
which supports maximum migration, calpain inhibitor I shows
a 5-fold inhibition in the rate of rear retraction. Significant
inhibition of the retraction rate is also seen with calpain inhib-
itors I and II and diazomethyl ketone as compared with control
cells at high substrate concentrations. Our results suggest that
treatment with calpain inhibitors blocks migration by specifi-
cally inhibiting cell-substratum detachment at the rear of the
cell.

Because calpain localizes to focal adhesions and destabilizes
many focal adhesion components (5–8), it seems likely that
calpain inhibitors may inhibit rear release by stabilizing cy-
toskeletal linkages (19) and as a result strengthen focal adhe-
sions. We tested this hypothesis by assaying the effects of
calpain inhibitors on focal adhesion organization and stability.
We stained for focal adhesion components in serum-starved
CHO cells ectopically expressing the aIIbb3 integrin plated on
fibrinogen. Cells treated with calpain inhibitor I show fewer
but more prominent, peripherally located focal adhesions than
untreated cells (Fig. 3). Furthermore, SHI cells also show
stronger, more peripheral focal adhesions when plated on fi-
bronectin, directly implicating calpain I in these morphological
changes (data not shown). SHI cells ectopically expressing hu-
man calpain I, on the other hand, show more central focal
adhesions than SHI cells. Thus, reducing calpain activity ap-
pears to stabilize peripheral focal adhesions.

Previous studies using migrating fibroblasts demonstrate
that a substantial fraction of integrin receptors can detach
from the cell and remain on the substratum during rear retrac-
tion (14, 20), suggesting that fracturing of integrin-cytoskeletal
bonds may be an important release mechanism at the cell’s
rear during migration. Because calpain targets and cleaves the
integrin cytoplasmic domain as well as other cytoskeletally
associated proteins (5–8), we hypothesized that calpain severs
the connection between molecules that comprise the integrin-
cytoskeletal linkage at the cell’s rear. We assayed the fate of
integrin at the cell’s rear by using fluorescently conjugated
antibodies to measure the amount of integrin receptor that
detaches from the cell and remains on the substratum (14).
This was performed by determining a ratio of mean fluores-
cence intensity in the retraction area before and after detach-
ment (Fig. 4). We found that the fraction of aIIbb3 integrin

FIG. 2. a, effect of calpain inhibitors on morphology and migration of



receptor remaining on the substratum depends on substrate
concentration. The proportion of integrin ripping from the cell
and remaining on the substratum increases as the fibrinogen
concentration increases in control cells. Treatment with cal-
pain inhibitors significantly reduces the amount of integrin
that remains on the substratum at high fibrinogen concentra-
tions. If the integrin-cytoskeletal linkage is strengthened by
calpain inhibition, the integrin-ECM bond should be more

likely to fracture during rear retraction. This is consistent with
our finding that there is less integrin on the substratum at high
cell-substratum adhesiveness in cells treated with calpain in-
hibitors. At low cell-substratum adhesiveness, where cell speed
is not limited by rear retraction, calpain inhibitors have no
effect on the amount of integrin that remains on the
substratum.

We conclude that a reduction in calpain activity inhibits cell
migration by decreasing the rate of cell detachment and stabi-
lizing integrin-cytoskeletal linkages. These observations sug-
gest a novel calcium-dependent mechanism for regulating in-
tegrin-cytoskeletal linkages and cell detachment during
migration. Interestingly, gradients in calcium concentrations
with higher levels found at the cell’s rear are seen in migrating
eosinophils (21). This asymmetry in calcium concentration
along with localized calcium fluctuations may serve to regulate
calpain activation. Previous studies also support a dissociation
of the integrin-cytoskeletal bond at the rear of a cell as it
migrates (22). These observations are consistent with a possi-
ble calpain-mediated mechanism for weakening the integrin-
cytoskeletal bond at the rear of migrating cells. Our findings
suggest that inhibition of calpain activity is a potential ap-
proach for the treatment of pathologic cell migration such as
tumor metastasis.
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