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A iluinber of terrestrial ai-thropods have 
the capability to balance their water budget 
by actively absorbing water from highly un- 
saturated atmospheres. These t i d y  tei~estrial 
arthropods achieve this balance by a combi- 
nation of a cuticle \vith very low peilneability 
and locally creating extremely low water ac- 
tivity in specialized tissues (3). In common 
with inost soil ai-thropods. F. cirndidir has a 
highly pelmeable integumeat, making local- 
ized active water absorption inappropriate. 
This animal is therefore forced to maintain all 
its body fluids hyperosmotic to its sui~ound- 
ings to allow net water uptake from the at- 
mosphere by passive diffusion along the gra- 
dient in water potential. We h a ~ e  shown that 
glucose and myoinositol account for a large 
poitioil of the ineasured increase in osmotic 
pressure. This type of water Tapor absoiption 
confers the capability of meeting the water 
requiremeilts of a tei-restrial ai-tl~opod under 
prolonged drought stress (14). The adaptive 
impoi-tance of this mechanism is obvious, 
allowiilg F. ca~~diclir to remain active in the 
saine range of drought intensities that plants 
are capable of surviviilg and that must there- 
fore occur throughout the root zone (1.5). 
Hitherto, experimental designs in studies of 
hygrophilic soil arthropods have maslted the 
discovery of such water-regulating abilities. 
The physiological adaptations of these ani- 
mals to desiccation require reevaluation. 
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One- to two-month-old adult F, candida were placed 
in food-free Petri dishes containing a 5-mm-thick 
layer of water-saturated active charcoal and plaster 
of Paris for 48 hours t o  void their gut before the 
experiment. In the two groups of animals without 
access to free water, animals were randomly re- 
moved from the Petri dish at time zero and placed in 
small plastic containers (replicate), where the relative 
humidity of the air was precisely controlled at 99.6 or 
98.2% RH with 7 and 31.6 g of NaCl liter-' of water, 
respectively, as described (6). Each of these replicates 
contained 10 animals for measurement of water con- 
tent and SPs and 20 for the measurement of body fluid 
osmotic pressure. The animals with access to free water 
were kept on the Petri dishes until sampling, when the 
appropriate numbers were randomly chosen for analy- 
ses. During the following 7 days, water content, osmotic 
pressure of body fluids, and the concentration of SPs 
were measured at the intervals shown in figures. At 
each sampling time, three replicates were removed for 
measurement of osmotic pressure and five for mea- 
surement of water content and SP concentration. Total 
water content was determined gravimetrically (grams 
per gram of dry weight) and converted to OAW by use 
of the relation given by (76). 
After measurement of water content, animals were 
placed in 600-p1 Eppendorf tubes. One hundred mi- 
croliters of 40% ethanol containing the sorbitol in- 
ternal standard was added (undetectable in crude 
extracts of both drought-stressed and control ani- 
mals), and the animals were homogenized with a 
rotating glass rod. The rod was rinsed into the Ep- 
pendorf tubes with 2X 100 11.1 of 40% ethanol and 

the homogenate placed in an ultrasonic bath (Bran- 
son 5200; Branson Cleaning Equipment Company, 
Shelton, CT) for 30 min. The tubes were warmed to 
80°C for 5 min and subsequently centrifuged at 
20,000g for 10 min. The supernatant was removed to 
a 1.5-ml Eppendorf tube, and the pellet was rinsed 
twice with 100 p I  of warm 40% ethanol and once 
with 100 p I  of warm 20% ethanol. These extracts 
were left in a heat block at 60°C for about 15 hours 
until dry. SPs were redissolved in 500 p I  of H 2 0  and 
filtered through a 0.2-pI filter (Nylon acrodisc; 
Gelman Sciences, Ann Arbor, MI) ready for high-perfor- 
mance liquid chromatography (HPLC) analysis. Samples 
of 25 p I  were run in triplicate on a Shimadzu (Tokyo, 
Japan) HPLC system with a LC-6A pump, a SIL-6B 
auto-injector, and a C-R4AX integrator. SPs were sepa- 
rated by ion exchange chromatography with a Supel- 
cogel-Ca column (30 mm by 7.8 mm) and a Supelcogel- 
Ca guard column maintained at 55°C with pure water 
as the mobile phase. SPs were detected with an evap- 
orative light scattering detector (Sedex 55). Concentra- 
tions were calculated from a standard curve with SP 
standards including trehalose, myoinositol, glucose, 
mannitol, and sorbitol. Recovery of internal standard 
averaged 75% (SD 5%). The colligative contribution of 
SPs to the animals' osmotic pressure was calculated 
with the conversion table in (77). A supplementary gas 
chromatography analysis showed that glycerol content 
was not elevated in drought-stressed animals and that 
no traces of erythritol, ribitol, fructose, or sucrose were 
found. 
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Coincident lnduction of 
Long-Term Facilitation in Aplysia: 

Cooperativity Between Cell 
Bodies and Remote Synapses 

Carolyn M. sherffl* and Thomas J.  care^',^ 

lnduction of long-term synaptic changes at one synapse can facilitate the 
induction of long-term plasticity at another synapse. Evidence is presented here 
that if Aplysia sensory neuron somata and their remote motor neuron synapses 
are simultaneously exposed to serotonin pulses insufficient to induce long-term 
facilitation (LTF) at either site alone, processes activated at these sites interact 
to induce LTF. This coincident induction of LTF requires that (i) the synaptic 
pulse occur within a brief temporal window of the somatic pulse, and (ii) local 
protein synthesis occur immediately at the synapse, followed by delayed pro- 
tein synthesis at the soma. 

Synaptic plasticity, coininoilly thought to be 
a neuroilal substrate for leainiilg and meino- 
ry, call exist in s e ~ e r a l  temporal phases. 111 
both hippocampus (1) and ilyh.sicr (2--6). 
temporal phases of plasticity range from short 
term (miautes) to long tell11 (hours to days). 
Recent evidence from both systems has 
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sho~vn that long-term changes in synaptic 
strength induced at one synaptic site call fa- 
cilitate the iilductioil of long-tenin changes at 
another site (7. 8).  \ITe exainiiled inductioil of 
long-term synaptic plasticity in the intact cell- 
tral nervous system of Aplysirr by exploriilg 
the temporal and spatial coilstraiilts oil inter- 
actions between two strilcturally relnote cel- 
lular coinpaitments: (i) the cell bodies of tail 
sensory ileurons (SNs) and their proxiinal 
synapses onto inteineuroils (9 ) ,  located in the 
pleural ganglion. and (ii) their distal synapses 
onto tail motor neurons (hms)  (2 to 3 inin 
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away) in the pedal ganglion. We fouild that 
these two sites can cooperate in ind~icing 
long-tenn facilitation (LTF). Moreover; there 
is a nail-ow temporal window within which 
this cooperatioil must occur. Finally, this 
foiln of coincident LTF requires local protein 
syathesis iininediately at the synapse fol- 
lowed by a delayed waTe of protein synthesis 
at the soma. 

\ITe applied serotoiliil (5HT) to the somat- 
ic region and the distal synaptic teinliilals of 
the SNs by usiilg a two-cornpartinent cham- 
ber (3) (Fig. 1A). First. we deteilnined dura- 
tions of 5HT that alone were below threshold 
for ind~~ction of LTF (>24 hours) in either 

compai~tme~a (10). A 25-min perfi~sion of 5HT 
restricted to the soma did not induce LTF; 
excitatoi-y postsynaptic potential (EPSP) ainpli- 
hldes at the long-tell11 test (20 to 22 hours after 
adn~inisnation of 5HT) were not significailtly 
different from baseline [+ 17.3 5 8.2%; not 
siglificailt (YTS)] (Fig. 1B) (11). Synapses were 
also tested for shoi-t-term facilitatioil (STF), 
\vhich lasts < 15 inin. after the first 5 Inill (Tl) 
and at the end (T2) of 5HT perf~ision. The lack 
of facilitation at T1 (-9.0 5 6.3%: NS) and T2 
(- 11.5 5 8.4%; NS) confirms that STF is not 
iilduced by 5HT at the soma (3). At the syn- 
apse, a 5-min pulse of 5HT induced STF iin- 
mediately (T2, + 1 17.0 i 22.6%: P = 0.004) 
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Fig. 1. LTF is induced by coincident pulses of 5HT to somatic and 
synaptic compartments. (A) Diagram of the two-compartment 
recording chamber (31. (0 to D) (Left) Timing of 5HT ~erfusion 2 0 n s  
(gray ba"rs) to somat;c IB), synaptic (c), or Loth (D) ;ompart- 1 T i  T2 L i  

ments. Examples of recordings (middle) and summary graphs (mean 2 SEM) (right). TI,  TZ, and LT 
tests are ex~ressed as Dercent chancre from baseline. Asterisks. P < 0.05:   aired t tests. In (B) n = 
8 for T I  anb TZ and n '=  6 for L T F ; ~ ~  (C) n = 6 for TZ and LTF; in (D) n '=  10 for T I  a n d i 2  and 
n = 6 for LTF. 
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Fig. 2. Coincident induction of LTF has a narrow time window. The synaptic pulse of 5HT was 
applied either 20 min before (A l )  or 15 min after (A2) somatic 5HT exposure. (Left) 5HT protocol. 
(Right) Examples of recordings: a pretest, the STF test (ST) after synaptic 5HT, and the LTF test 
(LT). (0) Comparison of EPSP amplitudes at the LT test points from preparations in Fig. 1 and in (A) 
(n = 6 for each group). 

(Fig. 1C); but LTF was not obseived 20 to 22 
hours later (75.2  2 13.4%; NS) (Fig. 1C) [see 
also (2, 3)]. However, when the 5HT pulse in 
the synaptic coinpartrnent o~erlapped with the 
final 5 inill of somatic 5HT, significant LTF 
was induced (+212.2 5 60.5%: P = 0.017) 
(Fig. ID). As before, no facilitation was ob- 
s e r ~ e d  at the T1 test (-8.0 5 8.6%; NS). 
and STF was induced at the T2 test 
(+159.6 5 51.5%: P = 0.013). Because 
neither somatic nor synaptic 5HT treatment 
alone was capable of inducing LTF, these 
results indicate that eyents in the two dis- 
tant compartments must someho \~~  interact 
for LTF induction to occur. 

We next delivered the brief synaptic 5HT 
pulse either 20 min before or 15 mill after 
somatic 5HT treatment (Fig. 2A). Both 
groups expressed STF after syilaptic expo- 
sure (before. +169.0 i 22.6%: after, 
~ 1 0 1 . 1  5 22.8%: P < 0.01 in both cases). 
When the synaptic pulse of 5HT preceded 
somatic 5HT, reduced but significant LTF 
was induced (+57.5 ? 20.6%; P = 0.038) 
(Fig. 2A1). However, LTF was not induced 
when the synaptic pulse followed somatic 
5HT ($9.3 ? 22.9%; NS) (Fig. 2A2). In both 
cases. EPSP amplihldes at the LTF test were 
significantly reduced compared with those 
expressed when the somatic and synaptic 
5HT applicatioils o~erlapped (11). Thus. 
within a surprisingly stringent time wiadow, 
coincident 5HT exposure to both compai-t- 
ments induced significantly greater LTF than 
in all other groups (P  < 0.04 for all pairs) 
(Fig. 2B). Interestingly, the time window 
may be somewhat asymmetric. \I:hen the 
synaptic pulse preceded the somatic pulse; 
some (reduced) LTF was still induced, but 
when the syilaptic pulse follo\ved the somatic 
pulse by only 15 min, the \vindo\v was com- 
pletely closed; no LTF \\,as induced. 
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Fig. 3. Coincident induction of LTF requires two 
temporally distinct waves of protein synthesis. 
Summary for preparations treated with eme- 
tine during 5HT in the synaptic or the somatic 
compartment (n = 5 for each) (A) and after 
5HT in the somatic compartment at the indi- 
cated times (B). No-emetine control, n = 5; 
emetine for 1 to 4 hours (Eml-4h), n = 5; and 
emetine for 3 to 6 hours (Em3-6h), n = 4. Each 
group was compared with its own no-emetine 
control. Asterisks, P < 0.05. 
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The temporal coiistrai~it sliom~i in Fig. 2B 
could be achieved by activity of itlteimeurolis 
that have sy~iaptic termi~ials in botli ganglia 
(9). To examine this possibility. we blocked 
synaptic transinissiotl n-ith Ca2'-free ASW 
colitainilig 3X liorliial Mg" (165 I ~ M  
MgC1,) during 5HT application. In the ab- 
seiice of synaptic activity. significant LTF 
\\,as nonetheless iliduced after coitlcidelit so- 
matic and synaptic 5HT (+48.3 5 19%: P = 

0.035; i l  = 8) but not after soiliatic 5HT alone 
(+2.5 i 8%: NS: 17 = 8). These results 
suppoit the hypothesis tliat the coi~icident 
effect is restricted to tlie SN-IvN synapse. 

Local protein sytltliesis in hippocampal den- 
drites (12) aiid Ap/j,sin lieurites (8) lias beeii 
i~nplicated in tlie illduction of long-term synap- 
tic changes. To exalnilie the role of protein 
synthesis. we bloclced translation iii tlie synaptic 
and somatic colnpartmetlts independently. \Ve 
perfi~sed tlie traiislatiotlal bloclcer ellietine (100 
/AM) illto either coiiipalhnelit i?om 25 Inin be- 
fore soliiatic 5HT treatment until 30 mi11 after 
5HT offset in botli co~~ipai-trnents (5HT applied 
as in Fig. ID). Significant LTF was expressed 
iii tlie control group (+74.2 i 7.4%: P < 
0.001) and ill tlie somatic-emetine group 
(+78.2 + 19.9%: P = 0.017): however. Ilid~~c- 
tion of LTF \\,as blocked in tlie synaptic-eme- 
tilie group (+21.0 2 12.8%: NS) (Fig. 3A) 
(13). There n-as no sigiificaat difference be- 
h~ eeii LTF 111 the control and somatlc-emetine 
groups. and both \\ere slgliificaiitly elevated 
compared witli tlie synaptic-enietine group 
(P < 0.04 in botli cases) (14). Finally. emeti~ie 
alone had no effect in either co~lipaltnieat (15). 

These data show that coincident induction 
of LTF req~iires protein synthesis at the sqn- 
apse. but not at tlie cell body, during 5HT 
exposure. The synaptic protein sylithesis re- 
quirelne~it is surprising because the synaptic 
colnpa~tinent received olily a single brief 
pulse of 5HT; wliicli is tlo~lnally capable of 
inducing only STF (n-liich is protein syntlie- 
sis-i~idependent) but is incapable of inducing 
LTF (n-liicli is protei~i sytlthesis-dependent) 
(6). Although a dependence 011 sqnaptic pro- 
tein syiitliesis for long-ternmi synaptic en- 
hancement was observed in previous studies 

Fig. 4. Two potential  Immediate c 
mechanisms tha t  could 

(7. 8, 12). t l i~s requlrelnelit lias been foulid at 
sltes of induction of long-term plastlclt). but 
not at the sites tliat were inarlced by a brief 
tagging or capture signal that itself n-as sub- 
threshold for long-ten1 pote~itiatiotl or LTF 
(7. 8). Our results indicate that (i) synaptic 
protein synthesis call be activated by a brief 
pulse of 5HT (wliicli is subthreshold for LTF) 
and (ii) tlie nen-ly syiitliesized proteins call 
contribute to iiiductioli of LTF (16). 

Because 5HT-induced translatioli is 
lao\\~ii  to occur in the SN cell bodies (1 7). \12e 
next tested whether soinatic protein syiithesis 
is required at a later tiiiie after 5HT exposure. 
Coincidelit LTF was bloclced if emeti~ie mas 
applied to tlie soina coinpaitmelit 1 to 3 hours 
after tenniliatioli of 5HT exposure ( -  18.8 i 
13.0%: NS) but iiot 3 to 6 hours after 5HT 
[emetiiie. +89.5 2 33.6%: no emetitle coii- 
trol. -79.4 I 7.3%: P < 0.04 for both ( la)]  
(Fig. 3B). Thus: coincidelit LTF requires two 
teinporally distinct n-aves of protei~i syntlie- 
sis: an immediate wave at tlie synapse (19) 
a ~ i d  a delayed wave 1 to 3 hours later at the 
soma. 

The surplislnglq bllef time u rndo\v \\,lien 
the cooperat1x.e effect betxveen soma and syn- 
apse must talce place (Fig. 2B) suggests t\120 
posslble ineclianlsms (Flg. 4). F~rst. tlie n ln-  
dow m~glit be aaiTo\\ because the plocesses 
set in iiiotio~i by 5HT must comcide at tlie 
time of 5HT exposure (immediate coinci- 
dence. Fig. 4). This model excludes axolial 
trailsport of newly sy~itliesized proteiiis from 
the reinote sqnapses to tlie soilia because 
retrograde transport ia Apij.sin is too slo\\z to 
allon- soinatic interactiolis ia a 15-min n-in- 
do\\, (20). Iastead. a lilore rapid form of 
i~iteractioli is necessary: for example. initia- 
tion of Ca2' waves (21) or a chain of plios- 
pliolylatio~i (22). Alternatively. the temporal- 
ly co~istraitled interaction need not occur at 
the tiine of 5HT exposure. It could be 
acliieved with a coordiiiated delay line iii 
n~liicli 5HT activates chains of events in each 
co~iipartment tliat are i~iitially indepelide~it 
but that come into register later (Fig. 4). This 
~iiechatlisin needs to be precisely tuned to 
keep tlie events initiated in tlie soma a~ id  

:oincidence Delayed Coincidence 

account for the narrow 
t ime  w ~ n d o w  for colncl- Transcrlpt~on - D Translatlon 
dent ~ n d u c t ~ o n  o f  LTF. (A) - 
lmmed~ate  co~nc~dence  a 
5 - m ~ n  5HT pulse at  the 
synapse Induces local pro- 
t e ~ n  synthes~s, generating 
a signal tha t  Interacts Im-  
med~a te ly  (du r~ng  5HT)  
w ~ t h  processes triggered d 
by  somat~c  5HT (B) De- Translation 

laved co~nc~dence.  al- 
&ugh the synaptic 5HT 
pulse occurs during somatic 5HT treatment, the processes activated in  these t w o  regions are 
initially independent bu t  are precisely t imed  so tha t  they intersect later t o  induce LTF. 

synapse in temporal register (to maintain tlie 
15-inin \\,indow). In this model. retrograde 
axolial transport is a viable ineclianisin: it 
could contribute to a delay line by translocat- 
i~ ig  newly sy~ithesized syiiaptic proteins to 
the soma. \\,here they could interact \\zit11 
tra~islatio~ial events that occur at a later time 
(see Fig. 3B). 

In conclusion. our results. talteii n-it11 pre- 
vious obser~.atioiis in hippocampus ( 7 )  aiid 
cultured SN-MN synapses in Ap11,sin (8). in- 
dicate that the molecular mechanisms in- 
volved in changes in syiiaptic strength at one 
synapse can interact with intracellular patli- 
ways activated ill other regio~is of tlie cell. 
Here me sliom~ that subthreshold acti~.ation iii 
two aiiatolnically remote cellular regions 
(soma with proxi~lial synapses a ~ i d  distal sy~i-  
apses) call lia\,e an interactive role in induc- 
tion of long-term changes. These findings 
emphasize tlie fact tliat. e\,eii though tlie sonla 
is often anatomically distalit from tlie sites of 
long-term syiiaptic modificatioii (23). in 
combiliatio~i \\zit11 local proteili synthesis at 
the synapse it call play an active and tempo- 
rally coordliiated role in 11iductio11 of long- 
lasting syliaptic change. 
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Shape Representations and 
Visual Guidance of Saccadic Eye 

Movements 
Tirin Moore 

One hallmark of primate vision is that the direction of gaze is constantly shift- 
ing to position objects of interest appropriately on the fovea, where visual 
acuity is greatest. This process must involve the close cooperation of oculo- 
motor and visual recognition mechanisms because visual details must be trans- 
lated into specific motor commands. This paper describes the correspondence 
between the presaccadic activity of V4 neurons and the degree of visual 
guidance of saccadic eye movements to objects of different form. The results 
suggest that neurons that participate in coding visual stimuli are also involved 
in guiding the eyes to prominent features of objects. 

Because only a slllall fraction of the primate 
retina has heightened acuity, the point of 
fixation  nus st co~lstalltly be moved about to 
allow detailed visual processing of objects of 
interest within the visual scene. Moreover, 
this 111ust be done so that each change in gaze 
places the eye at comrenient locatio~ls on the 
target sti~nulus once the n~ovement is corn- 
pleted. For example. when scanning this text. 
the reader's eyes lllust accurately jump from 
word to word so that when each item is 
fixated it can be processed rapidly and the 
next eye movement call be plalu~ed. Studies 
of eye movements during reading have 
shonrn that the speed at which subjects scan 
text is deterlnined paitly by where each eye 
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movement places the fovea within i ~ o r d s  and 
that for each word there appears to be an 
optimal lallding position for the eye (I). To 
accolnplish this requires that each individual 
eye movement be guided by detailed visual 
illfor~natioll obtained from locations periph- 
eral to the current point of fixation. During all 
types of visual scanning. saccadic eye move- 
ments of both humans and ~nonkeys follonr 
the detail of visual images to a strilcing degree 
(2). This fact suggests that visual coitical 
lnechallislns responsible for coding stimulus 
for111 are also actively involved in guiding eye 
movements to salient features of objects. 

Most studies of oculornotor mechanisms 
have ignored the possible role of visually selec- 
tive neurons in progralnnli~lg eye lnovenlellt 
co~lunands. .Among the hvo apparent process- 
ing sheallls within the primate visual coi'tex (3). 
only the dorsal projecting visual areas, areas in 
the posterior parietal coi'tex. have been i~llpli- 
cated in oculol~~otor conhol. I11 contrast, ventral 
visual coltical areas that co~ltaill neurons selec- 
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soma requires 40 min to >I hour by this mechanism. 
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tive for stimulus features. such as color and 
orientation. 11ax.e been pii~na~ilv regarded as . - 
passive perceptual lllechanisms (4). The lllajor 
reason for this view is that dorsal stream visual 
areas contain neurons that respond in conjunc- 
tion wit11 saccadic eye moveme~lts and that 
electrical stilnulatio~l of some dorsal areas call 
evoke eye movelnellts (3) .  There is. however. 
little evidence of the involvement of vellual 
stream visual areas in the programmning of eye 
movements. 

Extrastriate area V3 is the ~najor source of 
visual illput to the inferior te~nporal coltex 
( 6 ) ,  the terlllillus of the ventral stream; thus. 
neurons within V4 are vely sensitive to stim- 
ulus for111 and color (7). Neurons within this 
area are modulated by focal attention in the 
absence of eye movements (8 ) .  However. 
they are also activated in advance of visually 
guided saccadic eye movements (9). The sac- 
cade-related activation within this area may 
merely reflect the fact that shifts in attention 
typically precede shifts in gaze. but it also 
may reflect a mechanism by which detailed 
visual in fo~~na t io~ l  useful in guiding the eyes 
to salient features of objects is synchronized 
with the saccade command. We examined 
this possibility by sh~dying the correspon- 
dence between neural activation preceding 
eye movements to targets of different form 
and the lnetrics of saccadic eye movements. 

We recorded the activity of 9 1 single neu- 
rolls in extrastriate area V3 of two lllolllceys 
(:24c1cacc1 i i i i ~ l c ~ f t a )  performi~lg a visually 
guided delayed saccade task. In this task. the 
monkeys were trained to make saccadic eye 
~nove~l le~l ts  to stable visual sti~lluli presented 
within the visual receptive field (RF) of a V4 
neuron (10 ) .  The response of a V4 neuron 
during the saccade task is shown in Fig. 1A. 
The responses of the neuron during the first 
half of each trial are aligned to the onset of 
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