acorns in 1977, and it also fruited at a lat-
er date.

These data indicate that in years when
the oaks produce many acorns, some
summer groups on territories without ex-
tensive storage facilities are able to store
enough acorns to provide food during the
winter. These birds are then able to re-
main resident. Juveniles (and possibly
additional adults) may stay on these ter-
ritories and participate in the utilization
and defense of the acorn stores. This in
turn may lead to the establishment of
stable social groups. In other years,
when the mast crop is poor, the limited
stores are quickly consumed and the
birds are forced to migrate. Thus the
acorn woodpecker in this area appears to
be able to shift between two different
strategies, depending upon the local
abundance of a single food resource.

The plasticity of the birds at the Re-
search Ranch may be an evolutionary
adaptation to the marginal character-
istics of the habitat in this area. During
most years the oaks on many territories
do not produce sufficient acorns to per-
mit resident groups to become per-
manently established. During the sum-
mer, however, acorn woodpeckers uti-
lize other resources, primarily insects, in
addition to acorns (/4). The Research
Ranch is suitable habitat for this species
during reproduction, and these birds
have the option of moving elsewhere
when mast crops are poor (/5). By mi-
grating during the winter, the wood-
peckers can occupy breeding habitat that
otherwise would be unsuitable. Selection
should favor birds that store acorns and
remain resident when conditions permit,
because stores are a reliable source of
food during the winter and the risks of
migration are avoided. Since groups ap-
pear to be more efficient than individuals
at harvesting and defending mast stores
(12), selection should also favor individ-
uals that are capable of shifting their be-
havior to the highly cooperative social
organization characteristic of this spe-
cies in other parts of its range.

The extent to which animals are
“locked’’ into a particular type of social
organization by genetic predispositions
has attracted considerable interest and
controversy (I/6). The results of this
study point to the potential dangers of
categorizing species or even subspecies
in terms of a single social system. The
acorn woodpecker has been studied ex-
tensively since the 1920’s (/7), but to our
knowledge no real suggestion of social
plasticity emerged. We have found that
acorn woodpeckers at the Research
Ranch can follow two entirely different
and almost opposite strategies. In one
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strategy, the birds do not invest time or
energy to make acorn storage trees, they
migrate during the winter, and they ex-
hibit an essentially asocial type of organ-
ization in which the only group is a tem-
porary reproductive pair. The other
strategy is characterized by cooperative
behavior and by long-term bonds among
individuals. Groups construct large stor-
age facilities, collectively utilize and de-
fend the acorn stores, are permanent
residents, and breed communally. We
have found that both patterns of behav-
ior can occur within the same popu-
lation and that individual woodpeckers
may be able to shift between these strat-
egies in response to different ecological
conditions.

PETER B. STACEY
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Endoplasmic Reticulum Sequesters Calcium in the

Squid Giant Axon

Abstract. Axons were loaded with calcium, rapidly frozen, and freeze-substituted.
The endoplasmic reticulum, in addition to mitochondria, contained calcium depos-
its, as indicated by electron probe x-ray microanalysis. Oxalate injected into living
axons helped to preserve calcium-containing deposits during preparation for micros-
copy. It is concluded that the endoplasmic reticulum is a calcium-sequestering com-

partment in the squid giant axon.

A variety of cell functions are now
known to be regulated by cytoplasmic
calcium. The best-known example is
control of muscle contraction (/); others
include actin-myosin interactions leading
to motility in nonmuscle cells (2), secre-
tion of neurotransmitters and hormones
3), control of membrane permeability to
other ions ¢, 5), and processes depen-
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dent on polymerization or function of mi-
crotubules, or both (6). For all of these
functions to be under precise control in
appropriate regions of each cell and re-
sponsive to appropriate stimuli, control
of the cytoplasmic free calcium concen-
tration is of critical importance. Studies
in a variety of systems have shown that
calcium is controlled by a number of co-

SCIENCE, VOL. 202, 22 DECEMBER 1978



operating mechanisms (7). Extrusion
through the surface membrane and se-
questration in intracellular com-
partments are two principal routes of re-
moval of calcium from the cytoplasm. In
most cells mitochondria have been
thought to be the primary intracellular
compartment involved in calcium se-
questration (8), but in muscle cells, in ad-
dition to the mitochondria, a specialized
form of endoplasmic reticulum (ER)
known as sarcoplasmic reticulum (SR)
also takes up and stores calcium. This
was demonstrated morphologically by
Costantin et al. (9), using calcium-loaded
skinned muscle fibers treated with oxa-
late to precipitate calcium. This observa-
tion has been confirmed by electron
probe x-ray analysis of freeze-dried sec-
tions of muscle (/0), but it remains diffi-
cult to measure small amounts of dif-
fusible ions in small structures in cells

lacking the regular arrangement of
striated muscle. Application of oxalate
from outside intact cells and other meth-
ods devised thus far for localization of
calcium-accumulating structures in cells
other than muscle have not generally
proved satisfactory (/1).

Much has been learned about the
physiology of calcium handling in the
squid giant axon (/2). We used this prep-
aration in combination with rapid freez-
ing and freeze-substitution to identify
calcium-accumulating structures. We re-
port here that, in addition to mito-
chondria, the ER is an intracellular com-
partment capable of sequestering cal-
cium.

Squid -axons were loaded with calcium
by stimulation at 30 Hz for 35 to 40 min-
utes in artificial seawater (ASW) contain-
ing 112 mM calcium (I3, 14). The total
calcium content produced by this treat-

ment was calculated to be about 1 mmole
per kilogram of axoplasm (I5). Loaded
axons were immediately transferred to
calcium-free ASW in which all the so-
dium was replaced by choline. This solu-
tion minimizes calcium efflux across the
surface membrane (/5) and largely elimi-
nates further calcium influx. Thus, virtu-
ally all the calcium that entered during
stimulation should have been seques-
tered by compartments within the axon.
About 20 minutes after the end of stimu-
lation, the axons were injected with an
isosmotic solution containing oxalate
(16, 17). The oxalate was expected to
penetrate to sites of calcium sequestra-
tion and form insoluble calcium oxalate
precipitates (I8, 19). Three sets of con-
trol axons were prepared: (i) with cal-
cium loading but without oxalate injec-
tion, (ii) with oxalate injection but with-
out calcium loading, and (iii) with neither

Fig. 1. Arrowheads indicate the surface membrane; the asterisk is over the cytoplasm of an ensheathing Schwann cell; arrows indicate points
where large cisterns of the ER are continuous with smaller-diameter tubular regions; M indicates mitochondria. Scale bars, 0.5 um. (a) Trans-
mission electron micrograph of a small region of the surface of a conventionally prepared (24) thin section of a squid giant axon (x45,000). (b)
Scanning transmission electron micrograph of an unstained section (about 0.25 um thick) of an axon loaded with calcium and injected with oxa-
late. This thick section demonstrates the distribution of the ER, which is filled with an electron-opaque deposit (x45,000). (c) Higher-magnifica-
tion transmission micrograph of a 0.25-um-thick section taken at an accelerating voltage of 120 kV. The deposit is confined to cisterns and tubules

of ER (x63,000). In (b) and (c) the contrast is due only to osmium and to the electron-opaque deposits. Fig. 2. Portion of the x-ray energy
spectrum obtained in 100 seconds from the electron-opaque deposit contained in a small tubular region of ER. The long and short, bright vertical
lines in the upper portion of the grid indicate the positions of the calcium K, and K emission peaks. The large peak to the left is primarily from
osmium in the sample. The full vertical scale is 512 counts.
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calcium loading nor oxalate injection. All
axons were rapidly frozen (20) and
brought to room temperature in a solu-
tion of 1 g OsO, in 10 ml of acetone,
starting from liquid nitrogen temper-
ature. As the acetone thawed it replaced
the ice in the tissue (21) so that the tissue
was not exposed to an aqueous fixative
that could redistribute the calcium pre-
cipitate. The axons were embedded in
Araldite, and sections of various thick-
nesses were cut (22) and examined, un-
stained, in transmission or scanning
transmission electron microscopes (23).
Electron-opaque deposits were sub-
jected to energy-dispersive x-ray analy-
sis.

Figure 1a illustrates the structure of a
conventionally prepared (24) squid giant
axon. The ER comprises a system of
membrane-bound tubules which, at in-
tervals, expand into larger-diameter cis-
terns. Although the expanded cisterns
often appear as isolated vesicles in thin
sections, serial sections or thicker sec-
tions usually reveal their connection to a
smaller-diameter reticulum and to each
other. In such conventionally fixed fresh
squid axons (Loligo peallei) the ER oc-
cupies 4 to 5 percent of the volume of the
axoplasm and the mitochondria occupy
about 1 percent (25). Figure 1b is a scan-
ning transmission electron micrograph of
an area of the periphery of a calcium-
loaded, oxalate-injected axon. Electron-
opaque deposits containing calcium were
found in mitochondria, but the ER also
contained an electron-opaque deposit.
Figure 2 is an x-ray energy spectrum ob-
tained when ER containing an opaque
deposit was irradiated with the electron
beam. Emission peaks characteristic of
calcium were obtained from areas in
both mitochondria and large- or small-di-
ameter ER that contained deposits. Irra-
diation of areas of nearby cytoplasm
without visible dense deposits produced
a very low but detectable calcium peak.
In axons that were loaded with calcium
but not injected with oxalate, the ER and
mitochondria also contained a dense de-
posit (26), which was identified as cal-
cium by x-ray analysis. These sections
also contained a number of holes, which
we interpret as sites from which calcium
was lost during preparation of the sec-
tions. The ER of axons that were inject-
ed with oxalate without calcium loading
contained small amounts of opaque de-
posits containing calcium, as indicated
by x-ray analysis. The mitochondria,
however, did not contain conspicuous
calcium deposits in axons that were not
specifically calcium-loaded.

Our interpretation of these results is
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that the ER, as well as mitochondria, of
the squid axon accumulates calcium dur-
ing loading. Oxalate injection is not re-
quired for calcium uptake by the ER, but
when present, oxalate aids in preserving
the calcium deposits during preparation
for microscopy (27). In axons that were
injected with oxalate but not calcium-
loaded, the ER also contained small
identifiable calcium deposits. Thus, the
ER also sequesters calcium under more
physiological conditions.

The possibility that intracellular com-
partments other than mitochondria might
be involved in calcium regulation in non-
muscle cells is suggested by several oth-
er lines of evidence. First, recent physio-
logical studies in the squid axon indicate
that about two-thirds of a calcium load
imposed by stimulation or by soaking in
sodium-free solution is buffered by a sys-
tem insensitive to mitochondrial poi-
sons. In fact, calcium uptake by mito-
chondria is rather slow compared to the
uptake by nonmitochondrial buffer at the
resting free-calcium concentration of
about 30 nM. Mitochondrial calcium up-
take in situ reaches rates comparable to
those in vitro only when the free calcium
is in the range of 10 to 50 uM [(I5); com-
pare with data of Blaustein et al. (19)].
(In the experiments reported here we did
not attempt to measure the amounts of
calcium in the ER or mitochondria, but
the amount in the ER may be several
times greater since the ER comprises
four to five times more of the normal
axon volume than the mitochondria.)
Second, particulate subcellular fractions
of neural tissue and other nonmuscle
cells are capable of accumulating cal-
cium by an adenosine triphosphate-de-
pendent mechanism similar to that of iso-
lated SR vesicles from muscle (I8, 19).
Third, in several cell types the ER swells
under conditions that produce calcium
loading. It has been suggested that this is
due to osmotic fluxes of water following
calcium uptake into ER (5, 28). Our re-
sults strongly suggest that at least a por-
tion of the nonmitochondrial calcium
buffer in the squid axon, and probably
the source of microsomal calcium-accu-
mulating subcellular fractions of other
nonmuscle cells, is the ER.

Since the capacity of intracellular cal-
cium-accumulating systems must be fi-
nite, extrusion through the surface mem-
brane must be responsible for long-term
maintenance of low intracellular free cal-
cium. The ability of the ER to accumu-
late calcium, however, provides the
axon (and possibly other nonmuscle
cells) with a spatially distributed system
for regulation of the calcium level

throughout the cytoplasm. Against this
background of a low calcium concentra-
tion, then, controlled increases of cal-
cium in local regions of the cell may be
used to modulate local events:
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Tricyclic Antidepressants: Long-Term Treatment Increases

Responsivity of Rat Forebrain Neurons to Serotonin

Abstract. Long-term treatment of rats with clinically effective tricyclic antidepres-
sant drugs induced a selective increase in the inhibitory response of forebrain neu-
rons to serotonin applied by microiontophoresis. Long-term administration of some
related drugs which lack antidepressant efficacy failed to induce such a change. The
enhanced response to serotonin induced by the clinically active tricyclic drugs took 1
to 2 weeks to develop, a time course which correlates with the delayed onset of

therapeutic effects in humans.

Glowinski and Axelrod (I) demon-
strated in 1964 that the tricyclic antide-
pressant (TCA) drug imipramine blocks
norepinephrine uptake into synaptic ter-
minals in the central nervous system.
Subsequently, other TCA drugs have
been shown to be potent blocking agents
of norepinephrine or serotonin. Since
reuptake is believed to be a major mech-
anism for termination of neurotransmit-
ter action in monoaminergic systems, it
has often been assumed that this phar-
macological property accounts for the
clinical efficacy of these drugs. How-
ever, uptake inhibition can take place
within minutes (2), whereas the clinical
response requires a minimum of 8 days
3). Moreover, some clinically active
TCA drugs such as iprindole (¢, 5) are
not efficient blocking agents of amine up-
take. Conversely, some drugs such as
cocaine (6) and FG-4963 (7) are potent
blocking agents of amine uptake but are
not effective antidepressants. Further-
more, there is little correlation between
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clinical response and degree of amine up-
take blockade in humans (8). Finally, de-
spite their rather similar intrinsic antide-
pressant effects, tertiary and secondary
amine TCA drugs have differential ef-
fects on psychomotor activity (9) and on
amine uptake [for example, tertiary
amine TCA drugs preferentially block
serotonin uptake, whereas secondary
TCA drugs preferentially block norepi-
nephrine uptake (2, 10)].

In short-term, single-cell recording
studies, Bradshaw et al. (I1) reported
that TCA drugs applied iontophoretically
could rapidly modify the response of cor-
tical neurons to serotonin and norepi-
nephrine; however, these effects were
not specific for the monoamines. Short-
term binding studies have shown that
some TCA drugs interfere with the bind-
ing of *H-labeled lysergic acid diethyl-
amide (LSD) to serotonin receptors (12).
However, the effect of long-term system-
ic administration of TCA drugs on sero-
tonin receptors has, to our knowledge,
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never been studied. We report here that
the responsiveness of postsynaptic neu-
rons in rat forebrain to serotonin, but not
norepinephrine, is increased by the long-
term administration of TCA drugs.

Male albino rats (Charles River, 200 to
250 g) were given daily intraperitoneal
injections of the hydrochloride salts of
iprindole (2.5 mg/kg; Wyeth), desipra-
mine (5 mg/kg; Ciba-Geigy), imipramine
(5 mg/kg; Ciba-Geigy), chlorimipramine
HCI (5 mg/kg; Ciba-Geigy), amitriptyline
(5 mg/kg; Merck Sharp & Dohme), FG-
4963 (5 mg/kg; Ferrosan), fluoxetine (10
mg/kg; Lilly), or chlorpromazine (10 mg/
kg; Smith Kline & French). All these
doses fall within the range of daily doses
used clinically (3). The drugs were ad-
ministered for various lengths of time
ranging from 1 to 14 days.

A cerveau isolé unanesthetized prepa-
ration was used for iontophoretic experi-
ments in both untreated controls and
drug-treated rats. The experiments were
performed 24 hours after the last drug in-
jection. Single-cell recording and ion-
tophoresis were carried out in two repre-
sentative forebrain areas: the ventral nu-
cleus of the lateral geniculate body
(VLG), which receives a dense input of
serotonin-containing nerves (/3), and the
CA; region of the dorsal hippocampus
(pyramidal cells), which is innervated by
both ascending serotonin (/4) and nor-
epinephrine projections (I5).

A conventional iontophoretic tech-
nique was used (/6). The following sub-
stances were tested: serotonin creatinine
sulfate, 0.04M, pH 3.6 (Regis); y-amino-
butyric acid (GABA), 0.05M in 0.05M
NaCl, pH 4 (Calbiochem); norepineph-
rine bitartrate, 0.1M, pH 4 (Regis); and
LSD bitartrate 0.001M in 0.1M NaCl, pH
4 (PHS-NIDA). The LSD was tested on-
ly in the VLG and norepinephrine only in
the hippocampus. One side channel con-
taining a 4M NaCl solution was used as a
current-balancing channel. The central
channel, used for recording unitary ac-
tivity, contained a 2M NaCl solution sat-
urated with Fast Green. Fast Green was
deposited at the bottom of each elec-
trode track and enabled us to verify his-
tologically the locations of the recording
sites (/7). The time of onset of the effect
of iontophoretically applied substances
is the most sensitive index of receptor re-
sponsiveness (I8). Accordingly, the sen-
sitivity of the neurons to iontophoretic
application of these substances was esti-
mated from the charge (Cj,) required to
obtain a 50 percent decrease in the rate
of spontaneous firing (/9).

Twenty-four hours after a 14-day
treatment with TCA drugs both VLG

1303



