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Abstract. The beautifully orchestrated regulation of cell view shows the latter to be a continuing source of
shape and volume are central themes in cell biology angroundbreaking work on tension-sensitive SAR, but is
physiology. Though it is less well recognized, cell sur- principally slanted to animal cells.

face area regulation also constitutes a distinct task for

cells. Maintaining an appropriate surface area is no aUKey words: Mechanosensitive — Cytomechanics —
tomatic side effect of volume regulation or shape changepmembrane traffic — Membrane skeleton — Vacuole —

The issue of surface area regulation (SAR) would begxocytosis — Endocytosis — Protoplast — Neuron —
moot if all cells resembled mammalian erythrocytes inStretch — Osmotic

being constrained to change shape and volume using
existing surface membrane. But these enucleate cells are
anomalies, possessing no endomembrane. Most cellEension Hypothesis for Surface Area
use endomembrane to continually rework their plasmaRegulation (SAR)
membrane, even while maintaining a given size or shape.
This membrane traffic is intensively studied, generallyNeurons and guard cells have been especially informa-
with the emphasis on targeting and turnover of proteingive about mechanosensitive SAR. Their biology makes
and delivery of vesicle contents. But surface area (SAstrong demands on SAR and their large shape/volume
homeostasis, including the controlled increase or dechanges facilitate the studies. During neuronal arboriza-
crease of SA, is another of the outcomes of trafficking.tion, the tractile tension exerted by any neurite deter-
Our principal aims, then, are to highlight SAR as amines whether that neurite will extend (high tension) or
discrete cellular task and to survey evidence for the idedetract (low tension). In a leaf, changing ambient condi-
that membrane tension is central to the task. Cells cantions repeatedly drive guard cells to swell then shrink,
not directly “measure” their volume or SA, yet must and in doing so to open and then close the stomata for gas
regulate both. We posit that a homeostatic relationshigxchange. These and many other situations require these
exists between plasma membrane tension and plasntadically different cytomechanical objects to perform
membrane area, which implies that cells detect and remechanosensitive SAR. Is there a common thread?
spond to deviations around a membrane tension set point.  Stated minimally, a tension hypothesis of SAR is:
Maintenance of membrane strength during membrandVhen membrane tension goes high locally, SA is added
turnover, a seldom-addressed aspect of SA dynamics, wiecally from widespread, mechanically accessible endo-
examine in the context of SAR. membrane reserves. When tension goes low locally, ex-
SAR occurs in both animal and plant cells. The re-cess SA is retrieved locally.
For idealized cells experiencing isotropic forces
(i.e., nonadherent, spherical cells), plasma membrane
- tension changes would be uniform, so “locally” could be
Correspondence tdC.E. Morris dropped from the hypothesis. But for most celissitu
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(i.e., adherent irregular-shaped cells), localized forcegable 1. Membrane tension and mechanical quantities

and hence localized tension perturbations would be the . . .
norm Force, tension, pressure units, seen in the context of membranes

. L (and apples):
For freely behaving cells, monitoring membrane " 1 Newtonis an enormousorce, [L0**2fold greater than

tension is difficult. Cells can be inflated or patches of needed to pull a membrane tether
membrane aspirated and Laplace’s |asgTable) relat- 1NDO= 100g (... apple in Earth’s gravity)
ing transmembrane pressure and membrane tension ap_l l\tl)ewton/meteris a largetensionthat would easily rupture a
H H H H H memprane
plled, but these are invasive and/(_ar mechanically disrup- 1 Nim = 10° dynefem (.. (1 apple dangling from a
tive gpproac_hes. Membrane tension changes can now he. ... banner)
monitored via laser tweezer tether force, an approach 1 newton/square meteris an unmeasureably smaitessureif
developed by Sheetz and colleagues (Dai et al., BP95 applied via a micropipette
Dai, Ting-Beall & Sheetz, (1997) examined membrane 1 N/m? = 1 Pa= [0.0001 mmHg (.. [1L apple per coffee
traffic in rat basophilic leukemia (RBL) cells, looking for table)
dependence between rates of exocytosis and endocytosj&mbrane tensions*
and levels of membrane tension. As this introduce.12 mN/m—resting tension, plant protoplast membraeeKell
many issues, it is a useful starting place. & Glaser, 1993)

In RBL cells, hypotonia (50%) causes membrane0-003 mN/m—resting tension growth cones of chick neurons
tension to increase. After a sometimes unmeasurablg (Hochmuth etal., 1996)

. . . .04, 0.12, 0.02 mN/m—tensions in normal, swollen and

overshoot ('Fhe tweezers lose their hold) tension isub3|des,reshrunken molluscan neurons (Dai et al., 1998)
over 20 min, to a lower subcontrol level. Simulta- m mN/m—activation of mechanosensitive channelseSachs &
neously, endocytosis decreases (monitored over 20 min Morris, 1998)
in a cell sorter, using a fluid phase uptake indicator).3—4 1 mN/m—lytic tension of large lecithin bilayer vesicles (Kwok
With stimulated secretion, <10 sec after using a serotonin & Evans, 1981)

secretogogue (release measured radioisotopically), merﬁ-ngg;_'yt'c tension for plant protoplass¢ekell & Glaser,

brane tension falls dramatically. Subsequently (by 55 g mN/m—lytic tension for mast cells inflated under whole cell
min) a compensatory increase in endocytosis is detect- clamp (Solsona et al., 1998)
able and is sustained during 20 min stimulation. Bearingl2 mN/m—lytic tension skeletal muscle membrane (Nichol &
in mind the complex factors (in-plane bilayer tension, Hutter, 1996) _ _ _ _
adhesion of cytoskeleton, bending stiffness) coming be- *NB—‘_‘ln—pIane” tension (not interfacial surface tension, though
tween tether force values and membrane tension esti- 1¢ U are the same). . .

. L The spring constant (elasticity or stiffness) of Hooke’s Law, like
mates, Dai et al. (1997) conclude that their findings sup- (ension, has the units of N/m.
port the hypothesis that membrane tension regulates _ _
plasma membrane SA via tension-altered rates of endd-orces** (for referencesseeDai et al., 1998; Sachs & Morris,
cytosis and exocytosis. They caution, however, tha% 1998) )

. . . . pN ... force generated by myosin molecule

along with direct SA/tension feedback effects, nontrivial 7 o . force to pull membrane tether from a neuron
second order effects arise. For instance, membrane skele—20 pN . . . calculated force for activation of a “typical” MS
eton changes accompanying secretion (e.g., Zhang et al.,channel
1996; Valentijn, Gumkowski & Jamieson, 1999) inevi- 20 pN ... actin-gelsolin bond
tably alter the intensity of bilayer/membrane skeleton®0 PN . . . force to pull erythrocyte membrane tethers
. . . 30,000 pN ... carbon-carbon bond
interactions that profoundly affect membrane tension.

Tension was monitored, too, (Raucher & Sheetz, **Sometimes, forces are loosely referred to as “tensions” (the
199%) during mitosis. As Hela cells enter mitosis, magnitude of a force exerted, say, via a string) but a “tension”
membrane tension rises and endocytosis decreases andat counteracts a force is a force.
vice versa when they exit mitosis. This timing, plus evi- pressure Conversionfsee alsoTable 1 in Sachs & Morris, 1998)
dence that amphyphilic compounds decrease tension and\/n? = 1 Pa, 1 kPa= 7.5 mmHg, 100 mmHg= 13.3 kPa=
increase endocytosis, suggests that tension directly regu-133 mbar, 1 bar= 100 kPa
lates endocytosis rates, possibly via the assembly of en-mmHg = 1.36 cm HO, 760 mmHg= 1 atmosphere= 101.3
docytic machinery. kPa

Membrane tension is “continuous” over the plasma
membrane, a point crucial to membrane tether workLaplace’s Law:governs the tension of a ideal thin-walled sphere:
In other words, pulling a tether perturbs the tension of all Tension = Pressure x radius of curvature %
contiguous plasma membrane. For small cells like RBLsIhus, thg more curved a membrane, the less 'tension expgrienced
and fibroblasts, continuity is experimentally observable " given transmembrane pressure, (€.g., in an osmotically

. . . swelling cell, microvillar bilayer feels less tension than adjacent
when any point of the accessible (nonadhgrent) surface is g, membrane)
tested (Raucher & Sheetz, 1399 Does this mean that

1 mosmol= 18 mmHg
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“local tension” Eeethe tension hypothesis) is a nonad- cell SA affects metabolic load, since the quantity of
missible term? Does continuity imply, say, that deform-“pump” energy needed to recharge cellular batteries after
ing a neuron terminal in a human toe alters bilayer tencapacitative discharge depends on the absolute number
sion a meter away near the spine? In practice, n@f ions pumped. Thus, a large SA/volume ratio aids fa-
(though it is a thought to give comfort to reflexologists!). cilitated transport (e.g., gut epithelia) but imperils high
The plasma membrane is not an idealized (Hookeanjrequency electrical signaling in small caliber fibers
spring and a local step tension perturbation is not felihence dendrites are short and axons smooth, with ca-
instantaneously over the entire plasma membrane. Aacitance further reduced by myelination).

tension perturbation propagates at a finite speed, creating  The high lateral diffusivity of bilayer molecules and

a spreading front. With distance, cumulative effects ofthe ease of bulk lipid flow in the plane of the membrane
thermal noise would swamp out evidence of a transieniefine the lipid bilayer as a two-dimensional fluid; this
perturbation. In effect, tensjon continuity exhibits a fluidity figures in SAR as the means by which in-plane
length constant. Moreover, if plasma membrane operensjon re-equilibrates following a local perturbation
ates a tension-SA feedback system, compensatory Sﬁe.g., Monck et al., 1991: Dai & Sheetz, 1%95; Hoch-
changes will cancel the initial perturbation, even for a,in et al., 1996). Equilibrating flows occur as tethers
step change rather than a tension transiémavided that 516 nylled from the plasma membrane (hence the obser-
machinery for tension-SA feedback is homogeneouslyaion that membrane tension is continuous) or when
available, a local tension perturbation will yield local yjjaver flows out over a cytoskeletal protrusion (e.g., an
compensatory SA adjustmentBhis is akin to injecting F-actin bundle). Freely diffusible bilayer components

inward current into a tetrodotoxm-_pmsoned axon: cur-_ . aptly regarded as “two-dimensional solvent’” mol-
rent flows to ground across the entire axonal membrane

S o . cules in which any fixed or adherent components are
but current density is greatest at the injection point andE y P

o : . ‘solutes” (e.g., tethered integral membrane proteins, an-
will elicit there the biggest negative fe.edback (OUtWE.irdchored lipids, adherent membrane skeleton, adherent ex-
current through homogeneously available depolariza; .
. . - tracellular matrix). The solutes generate a so-called
tion-activated channels) to counter the original perturba-

tion. Likewise, continuity of membrane tension is con- membrane osmotic pressure (Dai & Sheetz, H)9%n

sistent with the idea ofocally acting tension. Indeed, cytoplas_m (3-D), aqueous (?smolytes o_Ieter_mlne water
locally acting SA/tension feedback requires it. distribution. The 2-D bilayer’s solutes, likewise, deter-

mine the equilibrium distribution of solvent—i.e., diffus-

ible bilayer molecules (Discher, Mohandas & Evans,
SAR and Bilayer Properties 1994). Accordingly, to pull a bilayer tether from the

plasma membrane, one component of the pulling force is

SAR cannot just piggyback on volume regulation pe-that used in overcoming 2-D osm(_)tl_c pressure. When
cause a cell surface is not the outer limit of a volume butmémbrane skeleton disassembly eliminates “osmotically
a topologically and biophysically distinct entity. By vir- active” bilayer molecules from the 2-D system, the pull-
tue of the plasma membrane’s lipid bilayer the surface igng force should decrease. Indeed, cytochalasin, which
governed by discrete rules. This bilayer is the cell’'s de-Promotes F-actin depolymerzation, has this effect (Dai &
fining osmotic barrier, across which swelling and shrink- Sheetz, 1999). Unnatural everted tethers like those
ing forces are exerted and the selective permeability baPulled by tweezers, lack membrane skeleton, as do mem-
rier across which electrochemical gradients developbrane blebs (Dai & Sheetz, 1999). But living cells regu-
Donnan effects associated with these gradients yield hylarly make “inverted tethers”: surface invaginations like
drostatic pressure. This, along with local bilayer defor-pinosomes or retrieval vacuoles (Dailey & Bridgman,
mation and curvature effects, is a principal determinanfl993). For these stable invaginations (i.e., stable com-
of bilayer tension. pared to the ephemeral spontaneous invaginations of
Its thinness makes the bilayer an effective capacidarge liposomes (Lipowsky, 1991)), bilayer/membrane
tor. Determinations from inflated spherical cells give 0.5 skeleton interactions (Fujimoto & Ogawa, 1989; Herring
wF/cnt as the specific capacitance for plasma membranet al., 2000) are almost certainly mandatory. Inverted
(Solsona, Innocenti & Fernandez, 1998), half the “text-tethers would form whenever membrane skeleton was
book” value of 1uF/cnt and close to 0.fuF/cn? ob-  drawn towards the cell interior (either actively by motor
tained for membrane patches imaged at high resolutioproteins or passively by retracting cytoplasmic struc-
(Sokabe, Sachs & Jing, 1991). A cell's capacitancetures), taking with it osmotically obliged bilayer con-
scales linearly with its plasma membrane area, and so SAtituents.
determines both the rate at which transmembrane voltage Plasma membrane bilayers have “rafts” of sphingo-
can change and the absolute magnitude of ionic fluXipid and cholesterol-rich domains that exist as phase-
needed for any given voltage change. Consequently: (iseparated liquid-ordered regions (Brown & London,
cell SA affects the speed of electrical signaling and (ii()1998). Since the mechanical properties of such deter-
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gent-insoluble rafts must differ from those of the moredicts the leaky 2 and 20.m liposomes would have in-
purely liquid bilayer regions, they may prove important plane membrane tensions [@.1 mN/m (= 0.1 dyn/cm)
for tension-sensitive SAR. Tension continuity effects,and 1l mN/m respectively. 1 mN/m is perilously close
for instance, would be quantitatively different for lipids to lytic for biological bilayers (Table); these liposomes
in rafts vs. more fluid regions of bilayer. Levitan et al. might “survive” this seemingly inconsequential (1 mos-
(2000) report variations in the activation of volume- mol) osmotic perturbation but only because leak dissi-
sensitive anion channels with membrane cholesterol sugsated most of the potential energy.
gesting that cholesterol increases the deformation energy  Protection of the bilayer would have been provident
for the channeld.f. Okada, 2000). from the earliest stages of cellular evolution. Procaryote
Fluids, by definition, have neither elasticity nor ri- (and plant cell) plasma membranes rely on heavily
gidity. Since a lipid bilayer has a degree of both, it is in crosslinked load-bearing walls. Large hydrostatic pres-
some respects a soliddeLipowsky, 1991, 1995; Dai & sures (turgor) transfer perpendicularly through the essen-
Sheetz, 1995, Hochmuth et al., 1996). Artificial bilay- tially noncompressible bilayer, generating tension not in
ers and biological membranes stretch elastically untithe bilayer itself, but in the closely apposed wall. In
their area increases by?—3% then, atfl-12 mN/m  animal cells, the primary strategy for keeping plasma
tension (their elastic limit) they rupturedeTable, which  membrane tension sublytic (02 orders of magnitude
provides some context for mechanical units). Addition-e.g., Hochmuth et al., 1996; Dai et al., 1998) is to pump
ally, a bilayer is a solid in that, in a manner dependent orand leak osmolytes as appropriate. Also, the ubiquitous
its molecular constituents, it resists bending and takespectrin-actin-myosin membrane skeletos qortical
preferred shapes (its spontaneous curvature). Finally, eytoskeleton), typically0.05-0.1um thick (Zhelev et
bilayer’s two leaflets can shear past each other; shearingl., 1994) modulates bilayer stress, but “how” needs
of domains is a property of solids. All the solid proper- work.
ties of the bilayer come into play during SAR, though the
elastic limit (or tensile strength) is perhaps the most dra-
matic. Membrane Skeleton Strength
For fibroblasts, some maximum length of bilayer
tether can be pulled from the cell surface using a fixedThough membrane skeleton can be extracted essentially
force (Raucher & Sheetz, 1989 this, it is argued, iden- intact from some cells (e.g., erythrocytes, Ursitti &
tifies the magnitude of a small bilayer reservoir, amount-Wade, 1993; sea urchin zygotes, Walker, Kane & Bur-
ing to 0.3—1% of the total surface area. This reservoirgess, 1994) this has not produced data telling us how
could buffer minor increases in membrane tension andesponsibility for plasma membrane strength is appor-
until depleted, obviate a need for tension-sensitive SARtioned between bilayer and membrane skeleton. Further
The nature of the reservoir is ill-defined, but interactionsin situ studies on the mechanics of skeleton proteins
between membrane-associated proteins and bilayer coulésing mutant and recombinant forms (e.g., Mencke &
foster micro-undulations that flattened as tension in-Jockusch, 1991; Glogauer et al., 1998; Dai et al., 1999;
creased. How this might operate for cells whose memWeber, Niewohner & Faix, 1999) should illuminate the
brane (unlike the “dorsal” surface of cultured fibroblasts)role of the extensible, dynamic, contractile mesh of
is predominantly adherent, is open to question. Thenembrane skeleton proteins in membrane strength (Hitt
buffer effect relies on continuity of tension, and how & Luna, 1994; Discher et al., 1994).
continuity operates across, say, a tight junctional zone or  Lytic tensions reported for artificial bilayers and for
into cell-cell contacts such as neuromuscular junctions, iplasma membranes overlape€Table). Unfortunately,
unknown. conditions used in determining plasma membrane tensile
strength damage the membrane skeleton. For skeletal
muscle membrane, for example, Nichol & Hutter (1996)
Size Matters, Curvature Matters used large blebs shed into a high KCI bath. They con-
cluded that any membrane skeleton remaining did not
The bilayer’s limited tensile strength dictates a need foraugment tensile strength (lytic tension was 12 mN/m)
SAR and, where bilayer is not highly curved, a need forbeyond what could be imputed to the bilayer. Thisis less
mechanoprotection. To illustrate, consider two sphericathan compelling grounds for discarding the idea that
liposomes, 2 and 2(m diameter, in a salty pond. Rain membrane skeleton is mechanoprotective for the bilayer.
dilutes the pond byl mosmol. If they are perfect os- Mechanoprotection is evident when, in renal cells, pro-
mometers, the liposomes experience 2.4 kPa of hydrogressive membrane skeleton disassembly makes aspira-
static pressure (24 x fON/m®> = 1 mosmol = 18 tion of blebs progressively easier (Doctor, Zhelev &
mmHg; seeTable for conversions). For liposomes that Mandel, 1997). Terakawa & Nakayama (1985) showed
leak solutes, less pressure is felt: arbitrarily, say 0.13 kP#hat, exposed directly to KCI (but not KF), squid giant
(=1 mmHg). Laplace’s LawT = Pr/2;seeTable) pre- axon membrane skeleton “dissolves”, as seen by scan-
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ning EM. Perfused with KCI (but not KF), axons show strength”, then membrane skeleton contributions to bi-
reversible stretch-induced impairment of ion channellayer mechanoprotectioim situ are unresolved. If con-
function. Evidently, intact membrane skeleton protectscerted passive + active contributions are included, then
bilayer components (including integral membrane pro-membrane skeleton is unquestionably mechanoprotec-
teins like channels) from tension. Patch-clamp recordiive, though it might be more appropriate to refer to
ings also point to membrane skeleton integrity as themembrane resilience” (the generalized ability to with-
major determinant of whether, during membrane stretchstand mechano/osmotic insults). High precision cytome-
mechanosusceptible channels will feel tension via thehanical investigations such as are possible for erythro-
bilayer (Hamill & McBride, 1997; Wan, Juranka & Mor- cytes (e.g., Discher et al., 1995) elude more complex
ris, 1999; Tabarean, Juranka & Morris, 199@e also Cells (e.g., Mencke & Jockusch, 1991; Hutter, 1992;
Glogauer et al., 1998). Glogauer et al., 1998) but it is abundantly clear that

How much passive load-bearing the membrane Ske|bilayer/membrang .skelet.on interactions (Raucher et al.,
eton does remains unanswered. The issue is comple@@oo) y|eld a resilience |mp055|ble.for a bilayer alone.
since active “off-loading” of tension from the bilayer by Returning to SAR, we take as a given that membrane
active membrane skeleton components (cortical actoSk€leton is mechanoprotective in living cells.
myosin (Dai et al., 1999)) may contribute. If this creates
a b|,!ayer reservoir (Raucher & Sheetz, 1a}am!s “ac— The Membrane Skeleton During SAR:
tive” buffer could also enhangeassivestrength via “cor- SA Ex :

- . . ; . pansion
rugation” (decreasing the bilayer’s average radius of cur-
vature). Microvilli are the epitome of passive bilayer
strengthening. Consider, for example, the microvilli-rich
exteriors of molluscs, where provision of transport SA is
surely of minor importance. Instead, in this mechani-
cally challenging environment, the maximized tensile
strength of the highly curved bilayer would seem critical.

“Membrane strengthin situ depends, thus, on pas-
sive and active factors and there is no standard approa
for quantifying this strength. Global (bioassay) mea-minimized while new membrane is incorporated? If the
sures such as osmotic fraglhty continue tp be used. DySg bmembranous actin web disaggregates (e.g., Czekay,
trophic muscle cells, with thglr comprormsed membranéyinne-Saffran & Kinne, 1993), this seems particularly
skeletons, are more osmotlcqlly fragile than Con,trqlsimportant. Fig. 1 depicts various options for SA expan-
(Menke & Jockusch, 1991). With extreme hyposmia ingjon. A naked mechanically vulnerable zone of bilayer
neurons, rupture occuist-fold sooner with cortical con-  ~quld be formed as iA1 or B2. It could be formed then
tractility blocked (Wan, Harris & Morris, 1995). With  fortified with new membrane skeleton as A8, B3 or,
hyperosmia inDictyostelium(Kuwayama et al., 1996; prefortified endomembrane could be added in a single
Zischka et al., 1999), surface contractility in shrinking step as irC or D. Substantial evidence exists fal and
cells generates a spheroid shell rigid enough to ensurgy, albeit for contexts where the plasma membrane is not
retention of cytoplasmic water. An exciting but appar- considered to be at elevated tension. For some of the
ently unexplored possibility is that membrane strengthother steps and options, evidence is only circumstantial.
changes could be altered by hydration-sensitive protein Al is like presynaptic zone exocytosis (e.g., Bern-
conformation changes (Zimmerberg, Bezanilla & Parse-stein, DeWit & Bamburg, 1998) and like cortical granule
gian, 1990; Colombo, Rau & Parsegian, 1992; Grazi efusion in sea urchin eggs (Chestkov et al., 1998) (though
al., 1995) that cause membrane skeleton cross-linkage®mt embryos). Such fusion of naked vesicles to naked
(and hence passive and active membrane strength) {glanar bilayer may be safe where surrounding structures
vary adaptively when subsurface water activity fluctu- predictably offer mechanical support. In one class of fu-
ates. sion events, fortifying new SA is not an issue because

Walled eukaryotes—fungi and plants—also possessesicle bilayer is retained around a solid lumenal matrix
membrane skeletons with spectrinlike proteins (Bisikir-and retrieved after the diffusible contents are discharged
ska & Sikorski, 1997), spectrin’s anchor protein, ankyrin (Angelson et al., 1999). If, however, the plasma mem-
(Davis & Bennett, 1990), and F-actin (Mulholland et al., brane acquires new bilayer while under tension (steps
1994; Braun et al., 1999) which contributes to mem-A2, B2), new membrane skeleton will be required (step
brane trafficking, but their involvement in membrane 3). The steps for remodeling a continuous membrane
strength here is even more speculative than in animaskeleton mesh are not known but probably involve add-
cells. ing new filaments and exploiting the extensibility (Ursitti

If “membrane strength” is taken as “tensile & Wade, 1993) of the existing mesh. The mesh could

If membrane skeleton fortifies the plasma membrane and
tension is a sensor/effector for SA expansion, then the
dynamics of membrane skeleton are critical to SAR.
With membrane skeleton intervening physically between
the surface bilayer and endomembrane, how can fusion
occur? Another conundrum: when plasma membrane is
nder unremitting tension (e.g., during osmotic inflation,
ct;l!\fowth, imposed stretch) how is the danger of rupture
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lysosomal pathway except just prior to exocytosis when
both the vacuolar coat and the cortical cytoskeleton lo-
cally dissolve, allowing for fusion.

Option C is a straw man, to contrast against option
D. While no experimental evidence establish& &nd
not C”, it seems impossible that prefortified endomem-

) stretch brane could fgse to the_ membrgne skeleton-lined plasma
o membrane without a bilayer—bilayer contact structure.
¢ Option D, then, predicates a contact structure. Me-
chanical continuity between reserve and plasma mem-
stretch branes could be established via bilayer tethers supported

by fusion pore type structures (Lindau & Almers, 1995),
a bilayer groove, or merely an area(s) where cell stretch
could induce direct bilayer—bilayer apposition at gaps in
the membrane skeleton. The contact would electrically
isolate the reserve membrane from the surface.
Wherever cell stretch routinely presages a need for
SA expansion, optio® would be particularly appropri-
ate. Preparations worth revisiting include bladder epi-
Fig. 1. Adding endomembrane to the surface in the face of a swellingtheljum, where stretch reversibly recruits membrane
or stretching force. (A) Membrane skeleton-free endomembrane f”sifLewis & de Moura, 1982, 1984), alveolar cells, where a
to a surface zone that lacks membrane skeleton. (B) Naked endomem-. ! " ' P
brane adds at membrane skeleton-lined surface; the intervening men%Ingle stretch markedly stimulates exocytpS|s (WII’tZ &
brane skeleton must disassemble to allow fusion. Naked surface bilaydP?0bbs, 1990), and neurons, where a neurite’s outgrowth
is then refurbished with membrane skeleton. (C) Membrane skeletontate depends on the magnitude of traction forces exerted
linked endomembrane fuses with membrane skeleton-lined plasm@y the growth cone (Lamoureux, Buxbaum & Heidmann,
membrane—this seems topologically untenable. (D) Membrane skel1998). Since growth cone advance requires no local in-

eton-lined bilayer invaginations are in contact (via a high series reSiSﬂux of calcium (Cam enot & Draker 1989) tension
tance) with membrane skeleton-lined plasma membrane. The invagi- P ’ ’

nations open out under tension and surface area increases without diQ—rOdUCG{d by the growth Cone,.s traction mlght.trlgger.SA
rupting membrane skeleton integrity. Endomembrane which does noEXpansion, not calcium-driven exocytosis. Active
contact the surface bilayer (two examples depicted) not participate. Iigrowth conesn situ (chick optic tectum, fast-frozen to
contrast, during step8l1 or B1, stretch might hasten fusion, but the capture endomembrane structure for electron micro-
surface membrane would be unprotected till after s&spor B3. SCOpiC reconstructions (Cheng & Reese, 1987)) show
stacks of flattened vacuoles separated by a filamentous

relax passively over “bald spots” or be actively drawn r)etwork (pla_u_sibly, spectrin)_. The outermost of these
and knitted together by a surface motor. Cibert et allined (prefortified?) vacuoles is juxtaposed to the plasma
(1999) postulate that myosin Il may knit rips in the eryth- membrane and, on fusing, leaves the next filament-lined
rocyte membrane skeleton. Because SA expansion is glement poised for incorporation. Other observations
obligate component of neurite outgrowth and becausd00, suggest that SA expands directly under tension. In
neurites are under tension, growth cones may be ideal foholluscan neurons, capacitance increases during swell-
examining these issues. Calpain, a protease for spectriig are ascribed to mechanically accessible endomem-
and other membrane cytoskeleton elements, must be abrane (Wan et al., 1995), possibly the subsurface cister-
tive for successful growth cone extension (Gitler & nae evident in High Voltage EM and putatively de-
Spira, 1998), consistent with the view that membranescribed as hot spots of mechanically accessible
skeleton remodeling precedes incorporation of newmembrane (Fejtl et al., 1995). At mammalian growth
membrane, as in stef3 (or stepB2). cones (Dailey & Bridgman, 1993), HVEM images cap-
OptionB steps 1,2 is like chromaffin cell exocytosis. ture fleeting retrieval and fusion events involving vacu-
There, cortical F-actin represents a negative control omlar membrane; the vacuoles are a major component of
secretion and is locally disassembled under the enzymagrowth cone traffic, as shown by analysis of high reso-
ic control of a gelsolin enzyme, thereby allowing exocy- lution DIC movies taken prior to fast-fixing for HVEM.
tosis to proceed (Zhang et al., 1996). Mast cell degranuin sensory cells (Baumann, 1998), immuno-EM reveals
lation (Norman et al., 1996) too requires disassembly osSubmembranous cisternae to be spectrin-lined. Direct
the F-actin barrier, though it is not the rate-limiting step.evidence that spectrin-fortified vacuolar membrane
In Dictyostelium(Rauchenberger et al., 1997) excretion moves to and from the plasma membrane comes from
occurs by exocytosis of postlysosomal endomembranéyperstimulated secretory cells (Fujimoto & Ogawa,
vacuoles. These are F-actin coated along the entire post989), from vacuolar myopathies (De bleeker, Engel &

’
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Winkelmann, 1993) and from the invagination of surfaceThis led to the following tension/SA hypothesis (Wolfe
membrane in shrinking muscle (Herring et al., 2000). et al., 1985): Hyposmia causes water influx and elevated
Surface-coating proteins, clathrin and caveolin, me-membrane tension, resulting in incorporation of mem-
diate traffic of submicron endocytic vesicles. Thoughbrane material into the plasma membrane. Under hyper-
not covered in Fig. 1, these proteins are like a dynamicosmia, water efflux causes decreased tension and re-
short-range, short-term membrane skeleton. Their asmoval of membrane material from the plasma mem-
sembly and disassembly rates and other aspects of thayrane.
interactions with trafficking molecules, one would antic- Insights into tension/SA changes have recently been
ipate to be sensitive to bilayer tension. This could me-gained by high resolution whole cell patch-clamp capaci-
diate mechanosensitive endocytosis and exocytosis, as tAnce measurements of guard cell protoplasts (Homann,
stretched epithelia (Lewis & de Moura, 1982; Fink & 1998). Osmotically driven swelling and shrinking is in-
Cooper, 1996), axons (Dai & Sheetz, 189and circu-  geed associated with incorporation and removal, respec-
latory cells (Dai et al., 1997). tively, of membrane material, witiSA/dt dependent on
osmotic potential. This supports the hypothesis that
membrane trafficking is modulated by membrane ten-
sion. Hydrostatic pressure also led to changes in SA in

. these protoplastgérsonal observation). Homann) as
Turgor pressure in the range of 1 MR&.0 atmospheres) o 4 in barley aleurone protoplasts (Zorec & Tester,

'preve.nts plant cell p'aS”.‘a membrane from maintaininglg%); in both cases tension-modulated exo- end endo-
infoldings that could provide excess SA. Since plant Ce"cytOSiS was calcium-independent.

protoplasts are fully distended in their “resting” state, The large tension-driven changes in SA raise the

their need for SAR is obvious. Indeed, they provided the . fth iqin of b duri li
first evidence that SA and membrane tension are Comgues_tmn of the ongin of new membrane during Swetling
and its fate during shrinkage and net loss. Fluid phase

ponents in a regulatory feedback loop. We therefo.reuptake experiments on onion epidermal cell (Oparka,
cover the state of the art for plants, then resume Wltr\:’rior & Harris, 1990), protoplasts from (non-cold-

animal cells. acclimated) rye leaves (Gordon-Kamm & Steponkus,
1984a), Chenopodium albunsuspension culture cells

Adjustment of Plant Protoplast SA in Response to  (Wartenberg et al., 1992) andicia fabia guard cells

Osmotic Imbalances (Diekmann et al., 1993) reveal that shrinkage results in
formation of large endocytotic vesicles (or “vacuoles”)

Early interest in plant cell volume and SA changes de0f [0-3-1.5pm. Except for theChenopodiumproto-
veloped from attempts to understand freezing injury.Pl@sts, however, this vacuolar membrane is not readily
Protoplasts cooled at 0 to —10°C shrink in response tdeincorporated into expanding plasma membrane upon
osmotic potentials created by extracellular ice formationréswelling, but remains in the cytoplasm. Thus, retrieval
When subsequent warming reverses the process, sweff membrane material during large hyperosmotic stimuli
ing can rupture the plasma membrane. Protoplasts df not demonstrably reversible in most preparations.
cold-acclimated plants swell without rupture to about  After osmotic shrinkage, electronmicrographs show
twice the volume of those from nonacclimated plantstethered spherical extrusions or surface polyps on cold-
(Wolfe, Dowgert & Steponkus, 1985). Plants also gen-acclimated but not control protoplasts (Gordon-Kamm &
erate osmotic potentials, using the attendant cell volumé&teponkus, 1989). These are reversible on return to iso-
changes to do work like moving leaves and regulatingtonic conditions. Thus, in cold-acclimated protoplasts,
gas exchange. The latter involves control of the stomataho irreversible loss of membrane material occurs. The
pore aperture by specialized epidermal guard cells. Acdifferential behavior of acclimateds. nonacclimated
cumulation of potassium salts and subsequent water irprotoplasts during shrinkage may be consequent on
flux swells the guard cells, opening the stomatal poreplasma membrane lipid alterations that protect against
The reverse process closes the pore. Going from open toeeze-thaw rupture by providing an SA reserve to ex-
closed, guard cell volume can differ by a factor of two trude during shrinkage thereby preventing lysis on re-
(Raschke, 1979). swelling (Lynch & Steponkus, 1987; Steponkus et al.,
To address mechanisms of plasma membrane SA988). Tethered extrusions are also observed in shrink-
change, Wolfe & Steponkus (1983) studied mechanicalng guard cell protoplasts (Lambrechts, Schroeder &
properties of rye leaf protoplast plasma membrane via/erbelen, 1992). The relationship, if any, between
micropipette aspiration. They reported a resting tensiorshrinkage-induced extrusions and invaginations
of (0.1 mN/m and an area elastic modulus of 230 mN/m.(Wartenberg et al., 1992) is unknown; neither has been
Given that the membrane lyses at 4-6 mN/m, they estiexamined in the presence of the cell wall.
mated intrinsic elastic expansion to be limited to 2—3%. In guard cell protoplasts, the importance of exo- and

SAR: Evidence from Plant Cells
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endocytosis of small vesicles during osmotically driven
SA changes is confirmed by recent confocal imaging of
the fluorescent membrane marker FM1-43 and by patch- . wall .
clamp capacitance measurements. During shrinkage§ material
FM1-43 labeled membrane (Kubitscheck, Homann &'g
Thiel, 2000) was retrieved from the plasma membraneg
and internalized. Protoplast shrinkage was occasionally
associated with formation of largé®g pm) FM1-43 la-
beled endocytotic vacuoles. But since SA decrease was|
always correlated with diffuse fluorescent labeling of the
cytosol it was concluded that endocytosis of small
vesicles is an obligatory process by which guard cells
accommodate an osmotically driven decrease in SA.
This is supported by patch-clamp measurements (Hom-
ann & Thiel, 1999) where the fusion and fission of single
vesicles with the plasma membrane could be resolvedig. 2. Plant cell exocytosis: schematic diagram of the two indepen-
Under hypo- and hyperosmotic conditions exo- and endent pathways. One exocytotic pathway is calcium-dependent and re-

docytosis, respectively, of vesicles with a median diam-Ccruits membrane from a small pool. The other calcium-independent
’ : pathway is stimulated by increased membrane tendigf &nd draws
eter of(B00 nm could be detected. membrane from a larger pool. In growing plant cells calcium-

stimulated exocytosis may be involved in secretion of cell wall material

. whereas tension driven exocytosis may account for incorporation of
SA Changes During Plant Cell Growth new membrane material.

As they mature, plant cells may enlarge 10-1,000-fold in
volume. To do so, they loosen their wall (wall stressSutter & Homann, 2000). One is stimulated by calcium
relaxation), take up water and expand (for revisee and recruits membrane from a small pool. The other is
Cosgrove, 1997). The large volume increase requires aalcium independent and osmotically driven and draws
corresponding SA increase and thus delivery of mem-membrane from a much larger reservoir. Calcium stimu-
brane material to the plasma membrane. In additionlated exocytosis is proposed to be a key element in hor-
new cell wall material has to be synthesized and secretednone stimulated cell growth (Thiel, Rupnik & Zorec,
How plant cells coordinate cell growth, wall synthesis 1994), but the osmotically evoked increase in SA (Thiel
and secretion and incorporation of new membrane maet al., 2000) suggests that tension-driven exocytosis also
terial into the plasma membrane is poorly understoodplays a role in cell elongation. During cell expansion,
Several studies implicate calcium in controlling polar- wall stress relaxation and subsequent water influx may
ized growth, where elongation is restricted to specificcreate plasma membrane tensile stress sufficient to
zones. Tip growth in pollen tubes (for revieseeHep-  stimulate incorporation of new membrane material. We
ler, 1997), root hairs (Felle & Helper, 1997; Bibikova, speculate (Fig. 2) that delivery of compounds for cell
Zhigilei & Gilroy, 1997) and rhizoids fromFucus  wall synthesis occurs via a calcium-dependent pathway,
(Brownlee & Wood, 1986) is coupled to calcium influx whereas insertion of new membrane material involves
and a steep tip-focused calcium gradient that may diredtension-driven exocytosis. Two exocytotic pathways
secretory vesicles (Brownlee et al., 1999) to the site oimay be necessary because vesicles delivering cell wall
cell elongation, where calcium then promotes fusion.material may be inappropriate as plasma membrane ma-
An apical acid domain (Feijo et al., 1999) may also fa-terial. In coleoptile cells, transient fusion of vesicles
cilitate vesicle movement and exocytosis. with the plasma membrane has been reported (Weise et
Calcium-controlled secretion is not, however, theal., 2000); during transient fusion the vesicular content
whole story. Comparisons of vesicle productiws.  may be released while the vesicular matrix is retained for
plasma membrane turnover in growing pollen tubes (Picre-use in a subsequent cycle (Albillos et al., 1997), pro-
ton & Steer, 1983) and elongating coleoptile cells (Phill-viding an economic mechanism for secretion of wall
ips, Preshaw & Steer, 1988) reveal a mismatch betweenompounds, while tension-driven exocytosis accommo-
the vesicle membrane delivered to the cell surface andated SA increase.
that required for cell elongation. Mos&65%) of the
delivered membrane must recycle to the cytoplasm, since
fusion and retention of all the secretory vesicles wouldSAR: Evidence from Cultured Neurons
exceed the membrane material requirements for SA in-
crease. Work on maize coleoptile cells provides evi-We now return to animal cell SAR, using findings of one
dence for two independent exocytotic pathways (Thiel,of the authors (CM), mostly ohymnaeaneurons, as a
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focus for discussions. Molluscan neurons are large,
readily cultured. Some re-arborize extensively, others
remain spherical (Sigurdson & Morris, 1989) and each
configuration is needed for certain experiments. Our
original interest was in their stretch channels (Morris &
Sigurdson, 1989) but two startling observations drew our
attention to SAR in these neurons. Trying to maximally
stimulate the stretch channels, we used distilled water
(2 mosmol) and astonishingly, most neurons were un- earlier
ruptured at 1 hr (Wan et al., 1995). That was observation
1. Observation 2 was that on return to normal mediumFig. 3. Membrane tension and morphogenesis in the CNS. Any widely
the hugely bloated neurons immediately vacuolated (Reta_lmify_ing neuron, whether inan ancifent sponge or a modern vgrtebrate
uzeau et al., 1995). “Everybody knows” cells rupture (ikewise a branching phloem cell in a plant), would benefit from
instantly in distilled water and everybody knows shrink- Ssion-sensitive SAR. During morphogenesis of the CNS, neurites
. ) . embedded in an enlarging tissue mass will stretch and need to gain SA
ing cells should not have rapidly expanding VaCUOleSfapidIy, while simultaneously, those in diminishing masses will go
These pieces of conventional wisdom, however, ar&ilack and need to retrieve SA (or they may retract after failing to adhere
“erythrocytocentric” and need revamping. Epithelial andto any target). No global directive to the whole cell could organize
skin cells routinely handle extreme swell/shrink chal- SAR, but tension-sensitive SAR would automatically organize plasma
|enges: drinking a tall glass of water, for instance, is notmerr_\brane add_ition_ a_\nd retrievgl at rate_s_commensurate with th_e chal
dangerous, nor is eating a spoonful of sugar. Addition-ension. The simplicity of tension-sensitive SAR may be crucial in

, . . . allowing morphogenetic forces to optimize CNS wiring (Van Essen,
ally, neurons’ reputation as osmotically and mechan|-1997)_
cally fragile is unwarranted. Vertebrate neurons, for ex-

ample, arborize vigorously in culture medium diluted to 1998). Unarborized neurons can sweB-fold without

0 g
fon/oi nr?rrbna;L(Briliy hetrall., ﬁggél)\l Sarr:d, :arnfrortr)l a}/c,)['dl'n? rupture (Wan et al., 1995) but this may exceedithsitu
ension, both peripheral a eurons absolutetly _ecapacity, since during isolation, endomembrane reserves
quire tension for outgrowth (Lamoureux et al., 1989;

Chada et al., 1997). may have been augmented by retraction of neurites. As-

What makes neuronal membrane so robust and wh uming a smooth plasma membrane surface, 5-fold
. X . L elling requires SA to increase to 300% its original
explains the dramatic vacuolation of shrinking neurons

. ‘value. Elastic bilayer expansion could account for
Work summarized below shows that neurons are rupture- Y b

: . o only 2—3% and a “tension buffer reservoir” (Raucher &
resistant not because their plasma membrane is inord

S 0 - -
nately tough but because it responds to changing me$heetz, 1999 for at most 1%. The much-inflated neu

chanical stress with changes of area. Shrinkage-induc fons are fully viable since, rewimed to normal saline,
S 9 L a9 - they shrink, retrieve SA, and over the next day, can

vacuolation is one consequence of this tension sensitiv- .

) ) o .~ ‘re-arborize.

ity. During neural development, an ability to adjust

plasma membrane area according to prevailing tension i

probably indispensible (Fig. 3) and in adults it would SA CaNGES DURING VOLUME CHANGES

allow for SA adjustments during physiological and voltage-clamped and made to swell then shrink over tens
pathological volume and shape changes. Tensionof minutes as their diameter and capacitance are moni-
sensitive SAR would be deployed when “membranetored, unarborized neurons do not maintain a fixed SA.
tone’—dependent on subsurface actomyosin (e.g., WaRather, they add and subsequently retrieve plasma mem-
et al., 1995; Dai et al., 1999; Raucher & Sheetz,prane, exhibiting apparent (based on spherical geometry)
199%)—failed to keep bilayer stress at a safe level. Thega increases then decreasesbf7 pF/cn? (Wan et al.,
emerging picture of mechanosensitive SAR in neurons|gos) geeFig. 4a). In these experiments extracellular
makes no reference to the abundant mechanosusceptilighs were held constant (extracellular sucrose was var-
potassium channels of neurons (molluscan and Mammaed) and cytoplasmic integrity was preserved via perfo-
lian; Vandorpe et al., 1994; Patel et al., 1998) whichrated patch clamp. The SA changes are consistent with
seem not to be physiological mechanotransducers (Molthe tension theory of SAR postulated at the outset,
ris & Horn, 1991; Wan et al., 1995, 1999). though the nature of SA sources and sinks is not re-
vealed.

EXTREME SWELLING
SWELL/SHRINK-INDUCED SA CHANGES ARE NOT

. . ) CaLcium DEPENDENT
Live cell confocal microscopy of isolated cultured neu-

rons using bath and bilayer dyes reveals no evidence ofhese swell/shrink-induced SA changes occur whether
deep infoldings amplifying the SA (Mills & Morris, 0.5 um or 3.5 mv extracellular calcium is used (Wan et
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elegant than dissipating ion gradients (e.g., calcium) in
an already-compromised cell. High tension could be
both signal and potential energy source for incorporation
of new membrane. Low plasma membrane tension
should facilitate most known or conceivable SA retrieval
mechanisms. Compared, say, to relying on stretch-
activated calcium-permeant channels to trigger exocyto-
sis, direct tension-induced addition of endomembrane
should be fail-safe. Thus, both evidence amdriori
reasoning converge on membrane tension as the sensor/
effector for osmomechanically driven SA changes in
neurons.

VACUOLE-LIKE DILATIONS IN SHRINKING CELLS

Shrinking neurons retrieve their excess plasma mem-
brane as invaginations of the substratum-adherent sur-
face (Fig. 5). The initially tubular L pm diameter)
invaginations dilate, yielding, within minutes, a collec-
tion of ballooned-out structures (some branched) up to
10 wm across and penetratiné pm into the cytoplasm
(Reuzeau et al., 1995). Shrinkage in hyperosmotic me-
dium elicits this response. However, with swelling-
followed-by-reshrinkage (in which case shrinkage occurs
in normal medium), substantially more bilayer is re-
cruited to the invaginations. Evidently, swelling aug-
ments SA and, accordingly, more excess SA is invagi-
nated upon reshrinking. The invaginations—vacuole-
like dilations (VLDs)—have a lumen initially contiguous
with the bath solution and VLD bilayer is contiguous
with plasma membrane bilayer (Mills & Morris, 1998).
Neurons show an upper limit to the number of VLDs that
can form, and the longer a cell swells the closer it gets to
its limit, as tested by the subsequent shrink-step (Re-
uzeau et al.,, 1995). Also, using more abrupt osmotic
perturbations increases the effectiveness of milder (i.e.,
less hyposmaotic, less prolonged) swelling stimafi Re-
uzeau et al., 1995s. Dai et al., 1998).

Not all cells types form VLDs. Mammalian neurons

BAPTA-loaded neurons is demonstrably invariant during and after(S€€Fig. Ga): glia (C.E. Morris and L. M”'SUnPUb"Sh_ed
swelling in 50% saline. Nevertheless, VLDs form in these neurons justobservatiof and myotubes do so, but undifferentiated

after the swell stimulus (i.e., as the neurons reshrink in normal salinemyoblasts in the same cultures as the myoblasts do not

(from Herring et al., 1998).

al., 1995) (Fig. 4). Conventional exocytosis might un-

(Herring et al., 2000). Likewise, undifferentiated neuro-
blastoma swell and reshrink without forming VLDs
(C.E. Morris,unpublished observatign

derlie the SA increases if swelling released calcium from
stores but Fura2 signals show that swell/shrink episode€eLL-MEDIATED SHRINKAGE ALSO ELiciTs VLDs

negligibly alter intracellular calcium. Moreover, clamp-
ing cytoplasmic calcium below 50mwith BAPTA (Fig.

Spontaneous vacuole-like structures occur (infrequently

4b) does not abolish swell/shrink-induced membrane recompared to shrinkage-induced VLDs) in molluscan
organization (Herring et al., 1998). If calcium does notneurons (Herring et al., 1999) but their trafficking dy-
drive swelling-induced SA increases, physical effects in-namics are unknown. In sympathetic neurons, however,
volving high plasma membrane tension seem plausiblethe dynamics of small spontaneous vacuolés15-1.5
From the viewpoint of cellular energy economy, using um) interacting directly with the surface have been ana-
osmomechanical potentials to mediate SAR seems morgzed and shown to be important in SA retrieval (Dailey



C.E. Morris and U. Homann: Mechanosensitive Surface Area Regulation 89

Fig. 5. VLD formation and early stages of recoverg—) Confocal fluorescence images of a live Dil-staingannaeaneuron forming VLDs f
simultaneous phase contrast imagedprin panela the neuron is swollen in hyposmotic medium, in all others it is in normal sdiiradi are

Dil images taken within moments of each other, bus at the substratum (where it is evident that some VLD mouths are already closing or
constricting) whereasis 2.5.m up in the dilated part of the VLDs. (from Mills & Morris, 1998) Scale bard,1 p.m (with e zoomed 1.5x) and

bar forf—i, 10 wm. () A neuron, fixed within 1-2 min of initiating VLDs, stained for F-actin. Scale barpb0 (from Herring et al., 1999).k§

A rat myotube, fixed with 3 min of initiating VLDs, immunostained for spectrin. Scale baj.rh0(from Herring et al., 2000).

& Bridgman, 1993). If shrinkage-induced VLDs are ex- swell more sluggishly than othdrymnaeacells, as if
aggerated versions of such retrieval vacuoles, then VLDsinder some braking influence (Morris et al., 1989). Dur-
would be expected during cell-mediated shrinkage.ing prolonged (15-60 min) hyposmia, they develop small
Regulatory volume decrease (RVD) is a form of cell-dynamic VLDs (Reuzeau et al., 1995) when cell-
mediated shrinkage whereby cells suddenly exposed tmediated shrinking/retraction of lamellipodia begins
hyposmotic medium regain normal volume. Mammalian(Herring et al., 1999). Arthropod neurons, too, make
kidney cells exhibit a strong and rapid RVD responseVLDs (Grau & Cooke, 1992).

and indeed, exposed to hyposmotic medium, they form

multiple extracellular-fluid-filled “vessicles”, i.e., VLDs

(Czekay et al., 1993) (Fig. 7). Ovéb min, their well VLDS ARE REVERSIBLE AND REPEATABLE

characterized RVD (the result of regulated sorbitol loss)INVAGINATIONS OF SURFACE MEMBRANE INITIATED

is accompanied by the invagination of surface memAT DISCRETESITES

brane, revealing what appears to be coordinated adjust-

ments of volume and SA. Thoudlymnaeaneurons ex- VLDs repeatedly form/reverse at their previous sites
hibit no RVD (as determined by cell body diameter) theywhen shrink/swell cycles are repeated (say, every 2-3
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Fig. 6. Hippocampal neurons and snail neurons: cell-mediated VLD recovegy(ivi), a hippocampal neuron at 37°C swells in 50% saline (ii),

forms VLDs (iii-iv) and recovers (v-vi), all within 3 min (normal saline except in ii). In a second round, just after vi, VLDs formed at the same
sites as in iv (from Dai et al., 1998). m(top to bottom) dymnaeaneuron with newly elicited VLDs (just previously, there had been a brief swell

in distilled water) undergoes recovery in normal saline over a period of 135 min. Some VLDs shrink and disappear, others first fuse then disappear
(from Reuzeau et al., 1995). This cell-mediatedoverydiffers from mechanically drivemeversal: had the neuron been made to reswell in
hypsomotic medium just after the top panel, VLDs would have disappeared by reversal in tens of seconds. On return to normal saline, the neuron
would again have formed VLDs, using the same sites, as illustrated in Reuzeau et al. (1995). Whatever it is that defines VLD sites survives both
reversal and, as mentioned fayfast recovery. Scale bar, 6 and gén for a andb, respectively.

min). Some substratum-adherent membrane structur@Reuzeau et al., 1995), phase contrast, fluorescent aque-
evidently survives the turmoil, providing a morphologi- ous bath dyes or membrane dyes (Mills & Morris, 1998))
cal “memory”. Similar reversibility and repeatability is all reveal VLDs forming repeatedly at discrete loci. In
reported for VLDs in frog muscle t-tubule (Krolenko et neurons fixed just as VLDs are initiated, VLD membrane
al., 1995, 1998). The basis for the memory is unknownskeleton (F-actin, spectrin) is seen at flilepm invagi-

but in neurons VLDs form in reduced adhesivity zonesnations (Fig. $andk) (Herring et al., 1999, 2000). Per-
which are, presumablyotwhere endoplasmic reticulum haps spectrin skeleton specializations define the “sites”.
links to substratum-adherent plasma membrane, sinck any case, when VLDs are generated repeatedly;ithe
both DiO fluorescence and enhanced DIC show the repm invagination starts at precisely the same location
ticulum surviving perturbations that elicit VLDs (C.E. (Mills & Morris, 1998). As a VLD invaginates and di-
Morris, unpublished observatiowith C. Cohan and L. lates, it takes in bath dye, and when VLDs are made to
Mills). Live-cell confocal microscopy of Dil-stained bi- reverse by reswelling the neuron, dye is expelled to the
layer (Fig. 56-i); Mills & Morris, 1998) shows VLDs bath. Under no condition does dye disperse through the
originating as invaginating plasma membrane and, dureytoplasm. In renal cells, VLDs that form during RVD
ing swelling-induced reversal, returning to the substra-are like neuronal VLDs in that they, too, reverse (indi-
tum plane. Live cell observations (Hoffman modulation cated by dye loss) with reswelling of the cell. In plant
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5 min iso, ' Since VLDs can form without F-actin (Reuzeau et al.,

A 1995; Herring et al., 1999) are VLDs “inverted blebs"?
o Presumably not, since normally they have a healthy F-

:?‘qf actin skeleton. They seem more akin to spectrin (“fo-

* !? i drin”)-positive macrovacuoles that enlarge in fibroblasts
e when cytochalasin impairs actin-dependent membrane

3 A reprocessing (Brett & Godman, 19&kEeReuzeau et al.,
1995). In cells fixed < 2 min into VLD formation, VLDs
are lined with both spectrin and F-actin. We examined
F-actin in neurons by phallotoxin staining and (for live

Fig. 7. Cell-mediated shrinkage and SAR. During regulatory volume neurons) by m,]eCtmg ﬂuor(_ascent G-actin (Hemn_g et al'_’
decrease (hypotonic medium, right) in rat inner medullary collecting1999). Spectrin we examined in myotubes, using anti-
duct cells, bath dye (black) becomes incorporated into vesiclesitgl  bodies for muscle spectrin/fodrin (Herring et al., 2000)).
invaginated from the surface. The process occurs in control cells (isoThe spectrin lining of VLDs is essentially uniform
tonic medium, left) but is less pronounced than in shrinking cells. Scale(though very large VLDs may have naked patches) and
bar, 8pm (excerpted from Czekay et al., 1993). indistinguishable from the plasma membrane spectrin
skeleton. All VLDs also have an F-actin skeleton which,

cells, large shrinkage-induced bath fluid filled endocyticWhen VLDs are first evident aSll um invaginations

vesicles also reverse on reswelling (Wartenberg et al(Fig. 3), is relatively uniform. But within minutes F-
1992). actin dynamics yield extreme VLD-to-VLD differences

(Fig. 8). Whether existing F-actin filaments rearrange
or de novopolymerization occurs is unclear. Neverthe-
less, before 5 min (Fig. 8, some VLDs are heavily
invested with F-actin while others (some immediately
adjacent) have but a light coating. VLD-associated F-
actin motility is discussed below.

]
-
v
L g

SAR IN RELATION TO ADHESIVE CONTACTS

Except at VLD sites, the adherent footprint of cultured
neurons is remarkably stable over multiple VLD cycles
(Mills & Morris, 1998). Insofar as VLDs represent SAR,
SAR forgoes involving the entire cell surface, occurring
instead at special low-adhesion lo¢n situin the CNS,  Mechanisms FORVLD | NITIATION AND
this could be nontrivialgee below;SAR in the CNS”). v/ D ENLARGEMENT

MECHANICAL FORCESDRIVE VLD FORMATION VLDs appear inflated, as if water exiting the shrinking
AND REVERSAL cell via nascent VLDs creates local hydrostatic pressure.
) _ ~ This may also explain the formation of frog t-tubule
VLDs form as cells shrink, whether shrinkage is via ay| ps (“reversible vacuoles” in the terminology of Kro-
normal-to-hyperosmotic step or a hyposmotic-to-normalenko et al., (1995, 1998)). Transient hydrostatic pres-
step (Reuzeau et al., 1995). Since absolute osmolarity ig e may drive VLD enlargement (dilation), but envis-
irrelevant, chemical aspects of an osmomechanical petsging how it couldinitiate invagination in neurons is
turbation (other than net water movement) are not whatrickier, and transient hydrostatic pressure would not sta-
elicit VLDs. Mechanical forces associated with shrink- pilize VILDs once formed. Confocal microscopy with a
ing initiate the invagination of a tubule of surface mem- hath dye shows that, prior to a shrink step, dye has full
brane and subsequently dilate it to yield a VLD. Acto- access (except at actual contacts) to the narrow space be-
myosin motor forces are not involved since VLD forma- yyeen neuron and substratum. At this stage, Dil stained
tion is not blocked by cytochalasin or NEM (N- pjjayer gives no hint of where VLDs will be initiated
ethylmaleimide) Reuzeau et al., 1995; Herring et al.,Reuzeau et al., 1995; Mills & Morris, 1998). Just after
1999). The same applies for VLD reversal: swelling me-gprinkage (i.e.[11-2 min), agueous bath dye in VLDs is
chanics (not chemistry) is responsible (Reuzeau et alyot detectably dilute: there is no apparent diffusion bar-
1995) and like VLD formation, reversal is unaffected by iy (Mills & Morris, 1998). Moreover, on bath washout,

cytochalasin and NEM. most VLDs lose dye, so the “mouths” of new-made
VLDs are open to the bath. Local inflationary pressures

VLDs HAVE A SPECTRIN AND F-ACTIN must dissipate almost as quickly as they develop. Con-

MEMBRANE SKELETON tinuous monitoring of nascent VLDs might reveal as-yet-

undetected rapidly changing bath-to-VLD-lumen dye
Failed bilayer-membrane skeleton interactions promotegradients. Given the complexity of osmotic flux in re-
“blebbing” (Doctor et al., 1997; Dai & Sheetz, 1999). stricted cellular spaces (Pohl, Saparov & Antonenko,
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Fig. 8. F-actin reorganizes where plasma membrane invaginates in response to membranea&tretaair ©0f enhanced DIC images taken 3 min
apart showing motile leading edge (lamellipodia and filopodia) at the mouth of a Ma-B) Fluorescence images (black actin stain). o)
Composite confocal image of phalloidin staining, 5 min after initiation of VLBisafhdbii are sections from the bottom and middle, respectively,
of the composite).d) High resolution epifluorescence image at the substratum, similar treatmeni asljriHigh resolution epifluorescence image
showing VLD leading edge at the substratum in a live neuron previously injected with fluorescent G-actin. Scale bar 12, 10,#hafat 46d,
respectively (modified from Herring et al., 1999).

1997), it seems tenable that hydrostatic pressure traret al., 1999) but other spectrin-linked structures may do
sients do the work of dilating VLDs. As outlined below the job (Herring et al., 2000). Spectrin-lined retrieval
(seeFig. 10), in the CNS, restricted extracellular spacesvacuoles occur in diverse contexts (Brett & Godman,
might support transient dilation-producing pressures ail984; Fujimoto & Ogawa, 1989; De bleeker et al., 1993;
sites where water exits shrinking neurons. Herring et al., 2000) and ankyrin, which connects spec-
In neurons treated with cytochalasin or NEM, VLDs trin to membrane proteins, is implicated in surface mem-
persist indefinitely (Reuzeau et al., 1995) so dilation rep-brane invagination (Michaely et al., 2000). Whatever the
resents a plastic not an elastic change of cell structuranolecular specifics, pulling creates high tension in the
Their “ballooned” look notwithstanding, VLDs do not invaginating bilayer, causing a net flow of more bilayer
“deflate” when osmotic equilibrium is reattained. material to the invagination point. The flowing bilayer
Rather, VLD disappearance demands cell-mediated workf nascent VLDs may be inordinately water permeable
(seenext two sections). (water permeability increases with membrane fluidity;
A working hypothesis for VLD formation, therefore, Lande, Donovan & Zeidel, 1995). If so, the following
is as follows: At discrete low adhesion sites on otherwisepositive feedback can be expected as a cell abruptly
adherent plasma membrarig] um tubules invaginate shrinks: at the inflowing bilayer of the invagination
where shrinking cytoplasm pulls inward on the mem-point, water exits the cell at an abnormally high rate,
brane skeleton (Fig. 9). F-actin is not the puller (Herringcreating hydrostatic pressure that further increases VLD
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VLD FORMATION (cell volume =say, 0.7)
invaginates — membrane skeleton (F-actin, myosin, spectrin)
and dilates I 3 a

until equilibrium
is attained

g B \ / shrinking
: AN~ S (cell volume = 1) J/
leading edge of VLD (circular) growth cone leading edge
(cell volume =say, 0.7)  (cell volume =say, 0.95 ...etc) (cell volume = 1)

....and early during VLD RECOVERY

VLD membrane skeleton contraction b e ’ ot ')
expels VLD contents & reduces tension
thereby promoting/endocytosis?
zone of g ? Fam 3 centripetal movement of
endo sis? % - | VLD leading edge
ke N, o N - internalizes VLD membrane

Fig. 9. Working model for how VLDs form and how they undergo Fig. 10. A VSAR model for neuronsn situ. If shrinking neurons
recovery. The diagram highlights similarities in the characteristics ofmutually pulled away from each othes)( synapses would be under
leading edge at VLDs and at growth cones. mechanical stress and, at the extreme, synaptic contacts would fail.

Alternately @), if shrinking forces generate transient VLDs at discrete
extrasynaptic sites, cytoplasmic volume could decrease while cell vol-

bil . . dditi Lfl  bil h ume was maintained. The dilated pseudo-intracellular compartment
llayer tension, causing additional flow of bilayer to the could later collapse as cytoplasmic volume was restored.

invagination. Water exits to the VLD lumen across an
ever-enlarging area of flowing, high-water-permeability,

high-tension bilayer. Hydrostatic pressure (which dissi-tance decrease of shrinking neurons (Fi).@an et al.,
pates, but not instantaneously) sustains VLD inflation1995: Dai et al., 1998). In secretogogue-stimulated pan-
until osmotic equilibrium is attained. The extensible creatic acinar cells (Valentijn et al., 1999), ultrastructural
SpeCtrin skeleton Uniformly lines the dIIatlng VLD; this evidence points to actin_dependent SA Compensatory en-
reconfiguration of bilayer and spectrin is plastic and doesjocytosis that, presumably, coincides with endocytic
not passively “recoil” at equilibrium. mechanisms identified in secretory cells by capacitance
measurements. Specifically, high resolution capacitance
in chromaffin cells shows that post-exocytotic endocy-
tosis occurs mostly via a compensatory recycling form of
endocytosis (quantum size, 6 fF) but there is another
VLDs disappear not passively but by a cell-mediatedform (quantum sizé#0x greater; associated with cla-
process termed VLD recovery, which is actomyosin-thrin-based endocytosis) seemingly for “excess” mem-
dependent and Brefeldin A sensitive (Reuzeau et alprane (Smith & Neher, 1997). Such “excess mop-up”
1995). In normal saline, recovery requires <3 min or asmight well contribute to (cytochalasin- and Brefeldin-
much as 3 hr depending on cell type, temperature andensitive) VLD recovery.
severity of osmotic insultsseeFig. 6a, andb). Submi-
cromolar external calcium impairs recovery. Some re-
covering VLDs pinch off as vacuoles made of retrievedLEADING EDGE: F-ACTIN DyNAMICS AT VLD's
SA (Mills & Morris, 1998). Where pinching fails, the
membrane is eventually flattened by actomyosin-The process that constricts VLD mouths corresponds
generated forces. Inhibition by Brefeldin A implicates with the building of a rim of F-actin-rich leading
endocytosis and regions of intensely Dil-stained VLD edge—a mix of lamellipodia and filopodia—at the VLD
membrane seen during recovery may be undergoing emnouth (Herring et al., 1999). Except that VLD leading
docytosis (Mills & Morris, 1998). edge is circular and advances centripetally, it is remark-
Constriction of VLDs mouths is evident a few min- ably like growth cone leading edge, even advancing at
utes into recovery. One manifestation is that duringthe same average speed as growth cone leading edge.
washout, some VLDs retain bath dye, even while theirDuring recovery, motile VLD leading edge can be seen
immediate neighbors may not (Mills & Morris, 1998). by DIC time lapse (Herring et al., 1999) (Figa)3 Dil
Time-course imaging with Dil during recovery (Mills & fluorescence (Mills & Morris, 1998) (Fig.H, fluores-
Morris, 1998) geeFig. 5) and fixed cell images of VLD cent actin in live neurons (Fig.a3 Cytochalasin pre-
membrane skeleton (Herring et al.,, 1999) also showents both VLD recovery (Reuzeau et al., 1995) and
VLDs internalized as vacuoles. Membrane retrieval byVLD leading edge formation like that in Fig. 8 (Herring
this means, plus endocytosis, may underlie the capackt al., 1999). VLD recovery is also blocked by the strong

VLD RECOVERY RETRIEVESSA
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myosin ATPase inhibitor NEM and it requires a sourceChubb et al., 2000), so the undershoot probably also
of calcium (Reuzeau et al., 1995). Convoluted VLD bi- reflects reconfiguration of F-actin (from the subsurface
layer distal to the VLD leading edge may reflect endo-network to VLD leading edges).
cytosis (Mills & Morris, 1998). Macropinocytosis and The tension of swollen neurons is intriguingly low.
pagocytosis are actin-dependent and resemble VLD cor-or cells in 50% medium to maintain a low tension is
striction expect the latter requires adhesion to a substrezonsistent with SA recruitment whenever tension ex-
tum. ceeds some threshold, as suggested by the capacitance
During VLD recovery, NEM/cytochalasin-sensitive data. Additionally, any counter-contraction by cortical
writhing “kneads” VLDs as they progressively diminish actomyosin would help keep bilayer tension sublytic, an
in size (Reuzeau et al., 1995). VLD actomyosin is likely idea backed by the observation that a myosin inhibitor
responsible, and VLDs with particularly intense F-actin (NEM) renders neurons osmotically fragile (Wan et al.,
staining (Herring et al., 1999) may be particularly con-1995). Interestingly, irDictyostelium,myosin Il shows
tractile. As VLDs contract, VLD lumen contents are osmosensitive phosphorylation and is osmoprotective
probably expelled to the bath (Mills & Morris, 1998) past (Zischka et al., 1999) and myosin | (used in pseudopod
the constriction, since with rare exceptions, even VLDsformation and macropinocytosis) generates measurable
retaining dye after bath washout eventually shrink (overcortical tension (micropipette aspiration; Dai et al.,
tens of minutes) and lose dye to the bath (C.E. Morris,1999).
unpublished observatign VLD contraction would Monitoring tether force dynamically during osmotic
lower VLD bilayer tension, thereby facilitating endocy- perturbations is difficult. The observations available in-
tosis 6eeDai & Sheetz, 1997). This could explain the dicate that tension is not monotonic as swelling gets
zone of convoluted VLD bilayer distal to the leading under way. Irregular force oscillations in the first min-
edge during recoveryséeFig. 9 bottom). These events, utes of neuronal swelling (Dai et al., 1998) may reflect
seen as mediating SAR, resemble the picture emerginglasma membrane tension-SA homeostasis: the cell
for acinar cell amylase secretion, where F-actin depenswells, membrane tension increases, mechanically acces-
dent expulsion of vesicle contents and actin-dependergible membrane is recruited, tension decreases. More
endocytosis are both implicated (Valentijn et al., 1999).work is needed and in particular, capacitance of swelling
neurons (Dai et al., 1998) needs to be correlated tempo-
rally with membrane tension. A critical test of the ten-
PLASMA MEMBRANE TENSION ESTIMATED BY THE LASER  sjon-SA homeostasis will be to determine if, during
TWEEZERS TETHER METHOD swelling, tension increases precede capacitance in-
creases, with a latency inversely related to the swelling
Freely diffusing bilayer molecules adhere to appropri-rate.
ately coated beads which can then be captured by laser Although neurons with intracellular calcium
tweezers and pulled. From the force needed to hold &lamped below 60m by BAPTA are osmotically fragile,
tether of bilayer thus drawn from a cell surface, plasmatheir resting tension is indistinguishable from normal
membrane tension can be estimated (Hochmuth et al(Dai et al., 1998). Either the contribution of cortical con-
1996). For molluscan neurons, a steady-state tension dfactility to resting tension can be maintained in this cal-
0.04 mN/m prevails and after swelling in 50% medium, cium range, or else it makes a negligible contribution.
tension is 0.12 mN/m (Dai et al., 1998). In spite of the Likewise, calcium-driven membrane traffic is not impor-
major osmotic shock, this tension—0.12 mN/m—is com-tant for resting tension. With swelling, however,
fortably below lytic levels. On return to normal saline BAPTA neurons show tether force excursions exceeding
(which elicits VLDs), tension (0.02 mN/m) undershoots the range of the laser tweezers (“escaped” tethers draw
the control level as it does in reshrinking RBL cells (Dai back into the plasma membrane). Such excursions may
et al., 1997). result because with BAPTA, swelling-induced tension
Plasma membrane is not a simple Hooke’s Lawincreases go uncountered by cortical contractility. With
spring so what do these estimates mean? Tether fordension measurements truncated on the upswing, it re-
depends on in-plane bilayer tension but also on “mem+mains unknown if tension peaked then descended i.e.,
brane osmotic pressure” (principally, adhesion of bilayerwhether tension was oscillating as predicted if the high
to membrane skeleton (e.g., Dai & Sheetz, 1999). Thisnembrane tension excursion recruited more membrane.
labile contributor obviates simple interpretations of
post-swelling “undershoot”. One explanation is bilayer pmay Rebuce THE NEED FORSAR
flaccidity resulting from recent osmolyte loss. But di-
verse cellular structures compete for limited actin-Membrane skeleton is passively and actively a variable-
binding proteins (Gerisch, Maniak & Neujahr, 1999; strength mechanoprotector for the in-parallel bilaysee(
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Sachs & Morris, 1998). This is evident in molluscan egate SAR to a second line of defense against swelling or
neurons, the susceptibility of whose TREK-type chan-stretch transients.
nels to stretch provides a useful “report” on the mecha-
noprotective status of the membrane skeleton. Sundry
membrane skeleton disruptors (cytochalasin, NEM, osCytomechanical Stimuli
motic swelling, calcium ionophores, mechanical trauma)
increase the ease by which stretching the plasma mentor both plant and animal cells, anisosmotic volume
brane stresses the bilayer enough to activate channethanges are experimentally useful but, we emphasize,
(Wan et al., 1999). In shrunken neurons, by contrast, th@ot interchangeable with mechanical stimuli. Hyperto-
channels show below-normal susceptibility stretch. nia e.g., inhibits clathrin-mediated though not fluid-
During SAR, mechanoprotection of the bilayer nec-phase endocytosis (Novak et al., 1988; Synnes et al.,
essarily has to be updated wherever surface changes o0t999) whereas decreased membrane tension should favor
cur. F-actin is recruited to rapidly invaginating mem- both. Extreme hypertonicity stimulates exocytotic syn-
brane (Fig. 8; Herring et al., 1999). Likewise, growth aptic transmitter release of (apparently) docked secretory
cone membrane subjected to pulling forces recruits Fvesicles (Rosenmund & Stevens, 1996) and exocytotic
actin (Fig. 9). In both cases, this may strengthen vulnerfusion in turn stimulates endocytosis (e.g., Smith & Ne-
able expanses of plasma membrane. F-actin dynamics aer, 1997). Both shrinking and swelling may create lo-
VLDs may echo those in stretched fibroblast cell mar-cales of high tension in adherent neurons. We argue e.g.,
gins; there, F-actin realigns parallel to the tension vectorthat VLDs form where shrinkage yields discrete high
whilst deeper in the cytoplasm, intermediate filamentstension points. Inflation under whole-cell conditions
remain in place (Kolega, 1986). In stromal fibroblasts, (e.g., Solsona et al., 1998), too, carries penalties because
force-mediated (calcium and tyrosine phosphorylationof cytoplasm washout. Cytomechanics is unavoidably
dependent) accumulation of F-actin at the plasma memplagued with the untidiness of mechanically stimulating
brane (Glogauer et al., 1997) correlates with increasedoft reactive material, but determining if diverse stimuli
membrane rigidity. This is construed as a mechanoproproduce converging answers helps get past the caveats.
tective response, counteracting membrane extension at
force transfer points.
It will be critical to learn if mechanoprotection of Tension-sensitive SAR in the CNS
stretched membrane and reactive actomyosin contractil-
ity are correlated; increased bilayer tension may stimu\Whenever SA increases, the cost of electrical signals
late not only F-actin accumulation at stress points buincreases and their speed decreases (e.g., Pinsker et al.,
contraction of cortical actomyosin as a counterforce. 1f1976) so neurons must avoid excess SA. Neuiitaitu
so, then, within limits, stretch-induced “membrane tone”maintain a nonzero tension and, it is assumed (Van Es-
could reduce the need for SAR, deferring recruitment ofsen, 1997; Markin et al., 1999), a nonzero hydrostatic
mechanically accessible reserves until higher tensiopressure. A steady-state, nonzero hydrostatic pressure
was felt. would seem to create aa priori need for SAR to be
The curious phenomenon of “axonal beading” maytension-sensitive and to use prefortified membrane stores
reflect an axon simultaneously mechanoprotecting itdor adding area.
surface bilayer while defending a fixed volume and SAR. Neuronal architecture constitutes information. In
Axons in mammals, molluscs and other organisms rethe CNS, therefore, volume and surface area regulation
spond to a sudden mild stretch by immediately producingVSAR) should operate to preserve information-rich
undulations. As stretch increases, undulations becomeontact surfaces, i.e., synapses. If shrinking neurons mu-
beads. A model for beading (Markin et al., 1999) in- tually pulled away, as in Fig. H) synapses would at best
vokes a balance between membrane tension and hydrtre stressed and at worst disconnected. Synapse preser-
static pressure operating at fixed axonal SA and volumevation during cell-mediated shrinkage requires that both
The model alludes to undefined “special properties” ofneuronal shape and volume be preserved and the use of
the membrane skeleton, of which contractility (V. Mar- discrete, low adhesion sites for VSAR as depicted in Fig.
kin, personal communicatigris a prime candidate. An 10b might achieve this goal.
axon would prefer not to increase its capacitance, so The VSAR model (elaborated elsewhere (Morris,
during transient mechanical stress, actomyosin2000)) assumes that extrasynaptic plasma membrane
dependent axonal undulations might allow axons toperforms SAR. An important question for the future is
avoid SAR. For neurons, the first need is to conservevhether membrane tension is fully continuous between
structure unless structural change serves informatioextrasynaptic and synaptic membrane. Compensatory
processing. If axonal membrane tone can actively fightoalancing of synaptic exocytosis by endocytosis occurs in
cell volume and bilayer tension fluctuations, it may rel- close proximity (e.g., Boudier et al., 1999). Perhaps the
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machinery subserving the highly ordered synaptic zonddigh extension rates are associated with lower apparent
“feels” an attenuated version of tension fluctuations ex-membrane tension and with decreased membrane-
perienced in adjacent (extrasynaptic) membrane and so g/toskeleton adhesion, through hydrolysis of phosphati-
spared during VSAR. Because it invokes no calciumdylinositol diphosphatesge alsoRaucher et al., 2000).
signaling, the model avoids crosstalk problems betweerConversely, osmotic swelling increases membrane ten-
VSAR and snaptic transmission; this is justified in the sion and decreases lamellipodial extension rates. It will
model because neither neuronal RVD (Muorat al., be informative to test this with mammalian neurons,
1997), nor VLD formation and reversal, nor swell/ where both osmotic swelling (Bray et al., 1991; Lin et
shrink-induced SA changes (Wan et al., 1995; Herring etl., 1995) and neurite stretch (Lamoureux et al., 1989)
al., 1998) depend on calcium signaling. stimulate net outgrowth of processes and where both
Swell/shrink-induced VLDs can be visualized in osmotic shrinkage (Bray et al., 1991) and local pulling
hippocampal brain slices by confocal microscopy (L.(Zheng et al., 1991) stimulate the formation of leading
Mills, personal communicatigrbut are dauntingly hard edge.
to study. Where CNS tissue is everywhere unique, stri-
ated muscle tissue is quintessentially repetitive. In
muscles, swell/shrink-induced VLDs are easily locatedStretch and Membrane Turnover in Epithelial Cells
along the t-tubules near Z-lines (Franzini-Armstrong et
al., 1978; Krolenko et al., 1995). Like VLDs in cultured Upon stretch or swelling, bladder epithelium reversibly
neurons, muscle VLDs use discrete sites during repeaecruits membrane to the surface (Lewis & de Moura,
VLD formation episodes. It is reassuring to observel982, 1984). Transepithelial apical cell capacitance
VLD phenomenan situ in muscle tissue, but adequate measurements indicate that the apical face SA changes in
testing of the VSAR model will require brain slice prepa- response to tissue tension, changes that are complete
rations. within 5 min of applying and releasing stretch, respec-
tively. Itis argued that as bladder cells stretch from gob-
let to disk shaped, they maintain a constant cell volume
Stretch and Membrane Dynamics in Fibroblasts by incorporating apical membrane vesicles from a cyto-
plasmic pool 3-fold greater than the resting microvillar
Fibroblasts, which routinely experience whole-cell surface. Increases are 18-75% of initial apical capaci-
stretch, display a panoply of mechanosensitive responsdance in different experimental paradigms and effects of
(e.g., Glogauer et al., 1997). Stretch-induced release afytoskeletal reagents point to cytoskeletal involvement.
endosomal contents from fibroblasts (Hagmann, Dagan  The enveloping layer epithelium of early Killifish
& Burger, 1992) may represent tension-sensitive SARembryos is another dynamic epithelium showing evi-
When a pipette is used to pull an adherent fibroblastdence of tension-sensitive SAR (Fink & Cooper, 1996).
stretching plasma membrane at a physiological rate, encellular remodeling by exocytosis and endocytosis oc-
dosomes release their prelabeled fluorescent contentsurs as the cells break contacts and reform tight junc-
This presumed stretch-induced fusion of endosomations. The attendant membrane dynamics are followed
membrane with the surface is abolished by cytochalasimy labeling the epithelium with fluorescent lectins and
(but not a microtubule reagent) and by low free calciumlipids. In epiboly cells are actively rearranging, and
in the medium. An important unanswered question is themembrane turnover accelerates at cell-cell contacts in a
fate of endosomal membrane during and after release gderipheral band of apical membrane close to tight junc-
endosomal contents. tions. This membrane turnover increase, it is argued, de-
Electrorotation is a noninvasive way to estimate pends on local mechanical forces responsible for the re-
membrane capacitance. In fibroblastic cells studied byarrangements. The conclusion is based on the fact that
electrorotation, changes in capacitance correlate witlpost-epiboly, when cells are no longer restructuring, sus-
swelling (Sukhorukov, Arnold & Zimmermann, 1993). tained mechanical deformation of the embryos (using
Over a wide range of osmolarities, swelling cells evi- compression between coverslips) accelerates apical
dently obtain membrane first by smoothing out micro- membrane turnover at precisely the cell-cell contact re-
villi, then below[200 mOsm (280 mOsm is iso-osmotic) gions that had been dynamic during epiboly.
a progressive incorporation of new membrane into the
cell surface is indicated. Plausibly, membrane tension is
the signal for recruitment. Avoiding SAR
Fibroblast spreading and motility require actin as-
sembly dependent plasma membrane extensiont would be surprising if cells always took the same
Raucher & Sheetz (2000) report that compounds thaapproach to SAR, and indeed, there seem to be “SARo-
expand the fibroblast plasma membrane decrease its aphile” and “SARophobe” strategies. Unfinished (embry-
parent tension and stimulate lamellipodial extensiononic or re-arborizing) neurons and guard cells are saro-
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philes. Their lifestyles create a demand for mechanoserappropriately. A need for invariant depolarization rates
sitive SAR, with mechanically accessible endomembrangrobably favors the sarophobe strategy (maintaining an
reserves ever at the ready. In sharp contrast are erythrexcess, fixed SA) over adjusting SA to the prevailing
cytes, which, lacking endomembrane, are necessarilfension. Caveolae may ensure that muscle fibers can en-
complete sarophobes. Nucleated blood and lymph cellgjure abnormally large stretches without SA changes.
which can be free-floating or adherent (crawling), areAlmost half the SA of a skeletal muscle fiber is caveolae
sarophobic in at least some contexts, relying on exces@f which there aré 40 pm=). By reversibly flattening

SA rather than tension-sensitive membrane recruitmentinder excessive tension (after simple surface irregulari-
Whole cell recording capacitance measurements indicatées have been used up) caveolae appear to act as me-
that these cells simply smooth out with osmotic or hy-chanical safety devices (Dulhunty & Franzini-
drostatic swelling. Mast cells hydrostatically double Armstrong, 1975). Ultrastructure/electrophysiology
their volume at fixed capacitance (Solsona et al., 199gf0omparisons in cardiac muscle fibers suggest that caveo-
and lymphocytes exhibit similar behavior while swelling '@€ contribute appreciably to surface capacitance
osmotically (Ross, Garber & Cahalan, 1994). Surface(m'tCh_e”v Powell & Sturridge, 1986). Stretch-induced
irregularity flattening can probably handle most physi_ﬂattenmg of cardiac caveolae (as in §keletal mqscle)
ologically conceivable osmotic challenges. However,Would probably occur, therefore, at a fixed “electrical”
this may not be the whole story, since whole cell cIampSA' In _cardlac atrial cells, ultrgstrqctural gwd_ence for
is physically and biochemically invasive and may un_stretch-lnduced release of natriuretic peptide is thought

couple response systems. In osmotically inflated intacfC Show that at caveolae, (as in. skel“etal m.“SE’,'e) would
white blood cells (intact RBL cells; Dai et al., 1997), probably occur, therefore, at a fixed “electrical” SA. In

inflation decreases the rate of endocytosis and all eIS8ardiac atrial cells, ultrastructural evidence for stretch-

being equal, this should produce an increased capac nduced release of natriuretic peptide is thought to show

tance in the swelling cell. If exocytosis increased, as in hat at caveolae, stretch transiently opens a pathway for

release of peptide from contiguous vesicles (Page, Up-
plant cells, the effect would be even more marked. Co shaw-Earley & Goings, 1994). If so, here is a case of

rey & Neher (1997) compared endocytosis using perfo- tretch-induced peptide secretion at fixed SA. Caveolae

rart]e(lj pat<|:|hé;1_no_l V.VT]OIG cel!jconIlggratlotns arLIJd _found t?a nd coated pits are reported in tubular invaginations of
whole cell diminishes endocylosiS rates. Using periosy,, ¢ face in spleen cells, but whether these are me-
rated patch in molluscan neurons yielded larger osmoti

. ) chanicall ive i k Uehara & Miyoshi,
cally induced SA changes than with whole cell (Wan etigggl)(_:a y responsive is unknown (Uehara yoshi

al., '1995).. Nevertheless, what of mast cells".7 Hyc_iro— In astrocytes and hepatocytes excess SA allows
statically |anat'ed under who[e cell clamp, their major swelling to trigger volume regulatory mechanisms with-
notable capacitance change is a draméficOtfold) re- ¢ recruiting additional capacitance (Graf et al., 1995:
versible decrease ak mN/m in the frequency of exo- son & Li, 1997). This is also true for lymphocytes,
cytotic fusion events. The biophysical implication is that though an upper limit to which lymphocytes swell at
the assembly and activity of exocytotic fusion pores isfixed capacitance was noted: beyof-fold, swelling
sensitive to plasma membrane tension (another reason {@cruits new SA, coincident with the onset of ionic leaki-
mechanoprotect surface bilayer!). The mast cell reness (Ross et al., 1994).
sponse is in stark contrast to that of plant cells, where  Tissues that regularly experience both passive
tension promotes exocytosis; presumably, physiologiGtretch and osmotic swelling like bladder (Lewis & de
stretch-induced exocytosis in plants occurs at membrangloura, 1982, 1984), are likely sarophiles and this may
tensions well below those which disable the exocytoticexplain the case of shark rectal gland epithelial cells.
machinery. Under whole-cell clamp, these cells (in contrast to hepa-
Another cell whose excess SA allows for swelling attocytes, which do not derive from a stretch-prone epi-
fixed capacitance is th&enopusoocyte. This “mega- thelium) respond to hyposmotic conditions with a ca-
cell’, being adapted for transfer from oviduct to fresh- pacitance increase and to hyperosmotic conditions with a
water, has a tough fibrous vitelline layer. It is arguedcapacitance decrease (Thiele et al., 1998). These SA
(zhang &Hamill, 2000) that a robust sarophobe strat-changes are likely to be physiologically relevant as they
egy—reliance on unfolding of surface irregularities— are accompanied by conductance changes associated
ensures thain situ the oocyte’s mechanosusceptible with cell volume regulation.
channels never feel mechanostimuli. In molluscan neu-
rons, by contrast, a sarophile strategy (stretch-induced
SAincrease (Wan et al., 1995)) protects mechanosusce¥VHEN SAR FaiLs
tible channels from tension (Morris & Horn, 1991).
Skeletal muscle cells use precisely timed depolar\WWhen SAR fails, the membrane ruptures at a point of
izations so teams of cells will exert contractile force high tension and the cytoplasm is flooded locally with
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calcium. To a surprising extent, healthy cells, includingterized hybrid of the two is what is monitored. Tension
neurons (Eddleman et al., 1997; Togo et al., 1999) carcan be estimated by application of Laplace’s Law, but
seal off a region of ruptured membrane by recruitingfrequently, conditions that allow for the necessary radius
endomembrane of mixed and uncertain identity. Un-of curvature determinations seriously comprise cell func-
specified calcium-dependent mechanisms create a netion (digestion of plant cell walls to form protoplasts,
plasma membrane across the wound (Terasaki, Miyakaflation under whole cell clamp, aspiration of a patch of
& McNeil, 1997). Whether these emergency measuresnembrane into a micropipette). For SAR, however, the
overlap with SAR in terms of cellular machinery (endo- critical question that needs a precise answer is not “how
membrane used, membrane skeleton dynamics) remaimsany mN/m” but this: What parameter(s) do cells mea-
to be seen. For example calpain, a key membrane skesure in order to determine whether SAR is called for?
eton remodeling enzyme is required both for neuronalAs studies of tension-sensitive SAR continue, it will be
wound repair (Godell et al., 1997) and for growth coneof fundamental importance to establish what is used as a
extension (Gitler & Spira, 1998) which likely involves set point for SAR. Is it the tension in the bilayer? the
mechanosensitive recruitment of “prefortified” mem- tension in some component of the membrane skeleton?
brane. some combination of the two? And is the set point
mechanism universal, so that cells as different as plant
_ coleoptile cells and embryonic neuronal cells monitor the
Conclusion same parameter? Another glaring unknown is the iden-
tity(ies) of mechanically accessible endomembrane. Are
In an essay, “From molecular to modular cell biology”, there distinct pools used only for SAR or does mechani-
Hartwell et al. (1999) present an evolutionary engineer-cally accessible endomembrane overlap in part or in full
ing-oriented perspective in which cell biology is seen aswith other endomembrane pools?
a collective of modules. A module uses a small fraction ~ Currently, SAR is a “putative module”. Major ques-
of the cell’'s components to accomplish a relatively au-tions of a fundamental nature remain to be answered: 1.
tomonous function. Cells generate differentiated stategVhat is the identity of the surface structure whose ten-
by a cut-and-paste use of modules such as signal transion controls the rate and direction of SAR? 2. Once
duction, protein synthesis, DNA replication, action po-tension has been probed, to what other structures is the
tential generation. We suggest that mechanosensitivinformation conveyed? 3. How are these structures used
SAR may eventually be recognized as a module. Cellso alter the quantity of surface membrane? 4. As mem-
may employ mechanosensitive SAR in conjunction withbrane is added or subtracted at the surface, how is mem-
imposed osmotic changes (e.qg., in the swelling/shrinkingorane strength maintained? 5. How does a cell's SAR
bladder), with cell-mediated osmotic changes that promodule interact with its other modules, such as volume
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