ent results are consistent with theories
of short- and long-term stores, in par-
ticular the models in (6) and (/5). On
the other hand, it is difficult for models
like those in (2), (8), and (9) to
accommodate them.

An interesting additional result is
seen if we examine the average vivid-
ness rating of recalled slides for each
list type (/6). For the 10-1, 10-2, 20-1,
20-2, and 40-1 lists (referring to num-
ber of slides and seconds per slide)
these ratings are, respectively, 4.2, 4.4,
4.2, 4.4, and 4.2. Thus average vivid-
ness was higher for recalled words
which had been presented for longer
durations, but average vividness did not
depend on list length, To the degree
that vividness ratings represent long-
term trace strength we may conclude
that strength varied with presentation
time, but not list length. This conclu-
sion is compatible with the theory pro-
posed in (6) and (/5).

One final note is worth emphasizing.
Aside from the particular theoretical
conclusions reached in the present
study, the technique used to test recall
for complex visual materials would ap-
pear to have quite general value. A
similar technique could be used to
examine recall in other free-recall tasks,
in paired-associate tasks, in serial-learn-
ing tasks, or in any other recall tasks
which have previously been investigated
by using solely verbal materials. Such
visual investigations may be contrasted
with related verbal ones, and the com-
parisons can be expected to have con-
siderable import for theories of memory.

RICHARD M. SHIFFRIN
Psychology Department,
Indiana University,
Bloomington 47401
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Are Cell Membranes Fluid?

Singer and Nicolson (/) have sug-
gested that the majority of cell mem-
branes can be considered as a fluid
mosaic structure, and that “the lipids
of functional cell membranes are in a
fluid rather than a crystalline state.”

At present, however, there appears
to be evidence accumulating in support
of lipid heterogeneity, specifically,
that some organisms actually contain
crystalline or gel-state lipids in addition
to the familiar “fluid” liquid crystalline
domains that have been widely ac-
cepted as a central feature of many
membrane models.

The techniques of differential scan-
ning calorimetry, x-ray diffraction, nu-
clear magnetic resonance (NMR),
electron spin resonance (ESR), and
monolayer studies have yielded evi-
dence that appears to be consistent
with the notion that perhaps only a
small fraction of the lipids of a cell
membrane need be in this fluid condi-
tion for organism growth to occur, that
is, large quantities of lipid may be
quite rigid or crystalline. I consider, in
particular, evidence pertaining to the
plasma membrane of Acholeplasma
laidlawii B and Escherichia coli.

The plasma membranes of both
these organisms undergo reversible
thermotropic gel-to-liquid crystal phase
transitions of low cooperativity (2—4).
With unsupplemented or stearate-sup-
plemented cells of A. laidlawii B, the
thermal transition encompasses the
growth temperature, 37°C (2-4). In-
deed, for stearate-supplemented mem-
branes, the transition extends from
about 35° to 73°C. This must indicate
that the lipids are predominantly in a
crystalline gel state at the growth tem-
perature (37°C).

Similarly, with E. coli grown on “nor-
mal” media at 37°C, the membranes
and their isolated lipids exist on a
broad thermal transition (4), which ex-
tends from about 15° to 43°C. These
broad thermal transitions are analogous
to the melting of a highly impure crys-
tal. Both crystalline gel (“solid”) and
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liquid crystalline (“liquid”) phases, are
present “on” the transition. This type
of phase behavior has been well investi-
gated in simple model systems (5) and
is a result of heterogeneity of both
lipid polar head groups and hydrocar-
bon chains.

This interpretation is supported by
x-ray data for both membrane systems
(6, 7). Engelman (6) has demonstrated
that, in palmitate-supplemented mem-
branes from A. laidlawii B, the thermal
phase transition—as detected by x-rays
(a sharp 4.15-A band changing to a
diffuse 4.6-A band)—encompasses the
growth temperature of 37°C, and has
also shown that the crystalline 4.15-A
spacing disappears only at 44°C, that
is, well above the growth temperature.

Similarly, Esfahani et al. (7) have
demonstrated that both 4.2-A and
4.6-A spacings are obtained from
E. coli K12, supplemented with elaidate
and linolenate, at the growth tempera-
ture. Their results also indicate that
some sort of “fluidity feedback” system
may be in operation.

Organisms supplemented with linole-
nate or oleate, which would be
expected to produce more fluid lip-
ids (mainly phosphatidylethanolamines),
were - shown to incorporate large
amounts of palmitate, a saturated acid.
For example, linolenate-supplemented
membranes contained 67 percent pal-
mitate and only 23 percent linole-
nate. However, membranes supple-
mented with elaidate incorporated 75
percent elaidate and only 14 per-
cent palmitate. This might be pre-
dicted on the basis of a model in
which many lipids need to be quite
rigid, since the physical properties of
dielaidoylphosphatidylethanolamine are
quite similar to those of dipalmitoyl-
phosphatidylethanolamine (8). Esfahani
et al. (7) demonstrated, with elaidate-
supplemented membranes, that the x-
ray detected thermal phase transition
extended from 30° to 40°C for intact
membranes (organisms grown at 37°C)
and for linolenate- and myristoleate-
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supplemented membranes, from 36° to
46°C. It thus appears that, especially
for elaidate-supplemented membranes,
at the temperature of growth many of
the membrane lipids are in a crystalline
gel state.

Recent results from experiments, in
which deuterium NMR was used, on
membranes supplemented with highly
deuterated fatty acids (9) have indicated
that, with palmitate-supplemented 4.
laidlawii B, most of the lipids at the
growth temperature are in a state of
mobility akin to that found in the crys-
talline gel state of lecithin; this view
has been reinforced by recent carbon-
13 NMR data (10).

Electron spin resonance results (/1)
might at first appear to contradict this
suggestion of rigid lipid domains. How-
ever, they do not, because spin-labels
tend to probe only the most fluid re-
gions in these heterogeneous systems;
that is, they will only detect the liquid
crystalline phase (12).

In monolayer experiments, Overath
et al. (13) have presented evidence for
the liquid crystalline nature of the
membrane lipids of E. coli. They did
find, however, that, when E. coli was
supplemented with elaidate at 40°C,
the condensed-to-expanded monolayer
transition of the extracted phosphatidyl-
ethanolamines—the criterion of fluidity
used—occurred at 41° to 44°C, some
4°C above the growth temperature.
This would appear to actually demon-
strate the presence of rigid lipids at
the growth temperature, in good agree-
ment with my interpretation of the
results of Seim (4) and Esfahani et al.
7).

It is, of course, reasonable to sup-
pose that crystalline regions of a mem-
brane may limit movement of molecules
through the membrane, and Krasne
et al. (14) have demonstrated that the
enhancement of potassium-ion trans-
port by valinomycin is interrupted
when a model bilayer is frozen by
lowering the temperature. However,
they also demonstrated that gramicidin
A continued to function under these
conditions and postulated that this oc-
curs by the molecule forming a channel
across the bilayer, which might suggest
that a completely fluid membrane may
not be a prerequisite for in vivo trans-
port processes to occur.

1 JUNE 1973

Thus some microorganisms, signifi-
cantly perhaps those that lack choles-
terol, appear to be capable of growth
with large quantities of their lipids in
a rigid crystalline gel state.

Eric OLDFIELD
Department of Chemistry,
Indiana Upniversity,
Bloomington 47401
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Yes, cell membranes are fluid.

Oldfield (1) makes the useful point
that it is possible for the plasma mem-
branes of prokaryotes to contain sig-
nificant portions of their lipid in a
crystalline state under physiological
conditions. However, the title of his
comment, “Are cell membranes fluid?”
is a non sequitur, because none of the
evidence he quotes, or any that I am
otherwise aware of, shows that all of
the lipid of the membrane can be found
in the crystalline state at the growth
temperature of the organism. In our
original article (2, p. 722) we spe-
cifically stated that it is “not excluded
that some significant fraction of the
phospholipid . is physically in a
different state from the rest of the
lipid.” If part of the lipid is crystalline
and the remainder is fluid, there may
be functional consequences worth in-
vestigating; but there is no conflict with

our fluid mosaic model of membrane
structure,

With respect to the conclusion that
the membrane lipids may be very largely
in the crystalline state under physiologi-
cal conditions, a great deal rests on
x-ray diffraction evidence defining the
low temperature end of the solid-liquid
transition. An example quoted by Old-
field from Esfahani et al. (3) is that
of membranes from suitably supple-
mented Escherichia coli cells grown at
37°C, whose phase transition appeared
to extend from 36° to 46°C. If cor-
rect, this would suggest that very little
of the membrane lipid was fluid at
37°C. However, in the very careful
analysis of Engleman (4), it is ex-
plicitly stated that one cannot ac-
curately define the low temperature end
of the phase transition by the x-ray
method, because it is difficult to deter-
mine when the diffuse band charac-
teristic of the liquid state of the lipid
is entirely absent. This always produces
an overestimate of the low temperature
end of the transition, easily by as much
as 10°C. In other words, in the case
just mentioned, the transition range
might well have been 26° to 46°C,
rather than 36° to 46°C as quoted.

Finally, since our article was pub-
lished, there have appeared numerous
reports (5) which not only establish
that the molecular components of many
cell membranes are rotationally and
translationally mobile, but that such
mobility almost certainly has profound
biological significance.

S. J. SINGER
Department of Biology,
University of California at San Diego,
La Jolla 92037
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