
which incoming odors can be matched, pup's perineal region was stimulated with a any differences from being observed in a rank- 
small sable hair brush (12). order index. Second, olfactory bulb 2DG autora- allowing a special responsiveness to 12. P. E. Pedersen and E. M. Blass, Dev. Psycho- diographs have very few discrete structures to 
biol. 15, 349 (1982). odors' The re- 

13. P. T. Kelly and T. McCulloch, Brain Res. 260, 
be ranked, unlike sections taken from other 
parts of the brain. Rather, one observes a rela- 

sponsiveness to a previously experk 172 (1983). tively homogeneous band, covering the glomer- 
enced odor may represent the function- 14. After being removed from the skull, the brain ular layer and extending to the granule cell 

was mounted on a cryostat pedestal with embed- lamina. Occasionally, this band is punctuated by 
ing of an olfactory template. ding matrix (Tissue-Tek, Miles) and immersed in small loci of increased u take that corresponds 

We have shown that early olfactory Freon-12 at -40°C until frozen, usually 1 to 2 to individual groups of gkmeruli 
minutes. The frozen brain was equilibrated to 20. F. R. Sharp et at., Brain Res. 263, 97 (1983). 

experiences, of the type that reflect nor- the cryostat temperature of -17°C for 45 min- 21. The apparatus used to measure respration rate 
utes. We then cut coronal 20-km sections was a glass canister (29 by 11 cm) with an air- ma1 differences in sensory experience for through the entire olfactory bulb. Each section tight plastic lid that was fitted with a pressure- 

the developing rats, can alter subsequent Was immediately picked UP on a cover slip and sensitive transducer, the output of which was 
placed on a slide warmer at 60°C for 5 to 10 fed to a respiration monitor (Columbus Instru- 

responses of olfactory bulbs. TO date, minutes. We glued the cover slips to a sheet of ments). Odor entered the chamber as  a 2 liter1 
our of how mammalian cardboard and exposed them to Kodak SB-5 x- min stream of a 1:10 dilution of peppermint or a 

ray film for 10 days at 22°C in an exposure clean airstream at the same flow rate, through 
sensory systems develop has been based cassette. A set of I4C-labeled methylmethacry- the flow-dilution olfactometer. The airstream 

largely on sensory deprivation or deaf- late standards (Amersham), previously calibrat- was admitted for 1 minute, followed by 4.75 
ed to I4C uptake in 20-km brain sections, was minutes in which no air was admitted and the 

ferentation (26). We hope that analyses exposed with each sheet of film. respiration rate was measured. This cycle was 
15. The image processing system consisted of a PDP repeated for 45 minutes. Respiration rate was like this one will enable us to learn more 11/23 computer in conjunction with a D~ integrated over successive 15-second periods, 

about how development is affected by video image processor and a high-resolution and these values were averaged over each of the 
video camera. The video image of the autoradio- eight measurement intervals. 

normal variation in sensory experience. graph was digitized by assigning an eight-bit 22. W. B. Stewart, J .  S. Kauer, G. M. Shepherd, J .  
R~~~~~ cOOPERSMITH gray level value to each element of a 512 by 512 Comp. Neurol. 185, 715 (1979); M. H. Teicher, 

pixel array. The digitized image was then stored W. B. Stewart, J .  S.  Kauer, G. M. Shepherd, 
MICHAEL LEON for further analysis. Next, a calibration function Brain Res. 194, 530 (1980). 

Department of Psychobiology, was constructed by plotting the gray levels of 23. C. A. Greer, W. B. Stewart, M. H .  Teicher, G. 
the exposure standards against their previously M. Shepherd, J .  Neurosci. 2, 1744 (1982). 

Urtiver~ify of California, Irvine 92717 determined 14C-labeled tissue equivalents. This 24. B. Friedman and J. L. Price, J .  Comp. Neurol. 
curve was then fitted to a linear function. A new 223, 88 (1984). 
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Exp. Biol. 40, 2353 (1981). Abstract. Illumination offly photoreceptors in the presence of the fluorescent dye 

11. We used three procedures to minimize extrane- 
ous odor experience by the pups, (i) ~ h ~ i ~  Lucifer yellow initiates incorporation of the dye, which stains each cell down to its 

were maintained On a sucrose-based synaptic terminal. Unilluminated cells do not become stained. Experiments on 
diet sufficient in fat (Teklad Diet TD69446, Mad- 
ison, Wis.) after parturition to suppress the animals in vivo show that selected cells can be stained without loss of viability. 

Odor 6 ) .  (ii) Litters were "Induced endocytosis" provides a plausible mechanism underlying this phenome- kept in two vivarium rooms separate from the 
rest of the colony. (iii) All of the pups in a litter non. 
received the same olfactory experience but only 
one pup was tested from each litter to avoid 
odor contamination and the statistical problems Several investigators have recently re- decisive advantage in the study of a 
associated with using littermates in the same 
group (H. ~ b b ~ ~  and E. ~ ~ ~ ~ ~ d ,  D ~ ~ ,  psycho- ported that certain classes of neurons neural matrix because the array of pho- 
biol. 6, 329 (1973)l. Pregnant (16- to 18-day) autonomously take up various fluores- toreceptor inputs can be easily visual- Wistar rats were obtained from Simonsen Labo- 
ratories and allowed to give birth in polypropyl- Cent dyes while other cells in the same ized in vivo. One method uses each 
ene cages (34 by 29 by l7  cm) lined with matrix do not (1, 2 ) .  Although this cir- corneal lenslet as a magnifying glass to chips. Lights remained on from 0800 to 2000 
hours and all animal rooms were maintained at cumstance allows tagging of specific observe the superimposed virtual images 
20" 2 1°C. Wayne Lab Blox and water were 

available until parturition, at which time cells, the reason for its specificity re- of the photoreceptors, an optical effect 
dams were given unlimited test diet. Litters mains obscure. We now report that illu- called the deep pseudopupil (DPP) (3). 
were culled to eight pups on day of birth. During 
daily exposure sessions, a flow-dilution olfac- mination can induce photoreceptor cells Alternatively, the corneal lenslets can be 
tometer was used to obtain either a 1:10 dilution to take up Lucifer yellow from the extra- optically neutralized by a drop of water of saturated peppermint vapor (Schilling, Balti- 
more) at a flow rate of 8 literimin or a clean cellular space. From a combination of placed between the microscope obj'ec- 

at the same rate. The airstreams optical experiments in living, unanesthe- tive and the cornea, which permits each were routed through separate sets of tubing and 
exposure containers to avoid contamination. tized animals and histological examina- individual photoreceptor cell to be seen 
The outlet from each stream opened into a 30- 
cm Tupperware container with an outlet port in tions, we infer that dye is internalized (4). Using epi-illumination microscopy, 
its side opposite the airstream inlet. Clean wood through "induced endocytosis." Beyond one can simultaneously observe and se- 
chips lined the floor of the container and the 
temperature in the container was 220 i lot, its Use as a novel approach to the study lectively stimulate the photoreceptors. 
Each day, the litters were removed from the of axonal wiring and visuotopic projec- Beneath each facet lens of the fly's home cage and placed in the exposure chamber, 
about 10 cm from the airstream. Each pup was tion, this phenomenon may be used to eye, the unit structure called an omma- 
then individually cupped in a gloved hand so 
that heat loss was minimized and was held with enhance treatment' tidium contains eight photoreceptor 
its nose in the airstream. At the same time, the The retina of the fly's eye provides a cells. Each cell has an isolated, special- 
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ized organelle called a rhabdomere, 
which houses the visual pigment and acts 
as an optical waveguide. Rhabdomeres 
of the six peripheral receptors (R1 to R6) 
form an asymmetric, trapezoidal pattern 
about a central pair of photoreceptors 
that lie in tandem (5) (inset in Fig. ID). 

Application of 0.5 percent Lucifer yel- 
low CH (6) to the extracellular space of 
the retina, followed by 30 minutes of 
illumination produced a dramatic change 
in yellow emission from the DPP in the 

living animal (7, 8). Histological exami- 
nation (9) readily confirmed the fate of 
the dye.. Figure 1A shows a cross section 
of this retina cut perpendicular to the 
ommatidial axes in the region of the R1 
to R6 nuclei (level a in Fig. ID). In 
contrast to the unstained cells, which 
appear green due to their autofluores- 
cence, some cells are intensely yellow, 
producing a mottled pattern of cell stain- 
ing. This pattern is orderly and consist- 
ent with the known optics of the fly's 

eye, if one considers the inverted image 
produced by each facet lens onto its own 
set of photoreceptors (10). Staining was 
not produced by the mere presence of 
the dye, since application of an even 
higher concentration (suffusing the cut 
eye in vivo with 5 percent Lucifer yel- 
low) followed by 4 hours of dark adapta- 
tion did not produce stained photorecep- 
tors. Hence, illumination is necessary 
for dye uptake to occur. 

Photoreceptor axons leave the retina 

I 

I 

I 

I 
i 
L 

A: . Yi\ -,- 

rrg. 1. lnuuceu starnrng ul pnuturt-ceptur Lcrrs III rrlc ~urr~puur~u cyc ul ~~urlsefly MUJLU uumestica (wild type), as revcarcu by 
epifluorescence microscopy (7,9). (A) Cross section (1 pm thick) of the retina, corresponding to level a in (D). The bright yellow spots are stained 
rhabdomeres. The cells to which they belong are also stained, particularly the nuclei. (B) Cross section (1 pm thick) of the lamina of the same fly 
as in (A), corresponding to level b in (D). Each stained cartridge consists of two dark central elements (monopolar neurons L1 and L2) 
surrounded by a crown of six stained axon terminals whose receptors share the same direction of gaze. (C) Cross sect i~n (5 pm thick) of the me- 
dulla, corresponding to level c in (D). The stained profiles have the characteristic form of R7 photoreceptor axon terminals. (D) Schema of 
cellular arrangement, numbering system of photoreceptors in the retina, and projection of the various receptor axons to the lamina and medulla 
[adapted from (13)l. In the three adjacent lenses depicted, parallel light rays (arrowed lines), fall onto different photoreceptors whose axons 
project to a common lamina cartridge (10, 12). The two central cells R7 and R8 project directly to the corresponding medullary column and their 
axons terminate each within a specific sublamina. Abbreviation: BM, basement membrane. 
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through the basement membrane (Fig. 
1D) and enter the first optic ganglion, the 
lamina. The short visual fibers of R1 to 
R6 decussate and project onto different 
unit structures called cartridges (5, 11, 
12). The microdecussations are such that 
the axons of photoreceptors looking at a 
common point in space feed a common 
cartridge, where they make synaptic 
contact with its two large monopolar 
neurons L1 and L2 [principle of neural 
superposition (10, 12)]. A cross section 
through the lamina (level b in Fig. ID) of 
the same fly shows an array of car- 
tridges, each displaying a pair of dark 
central elements (L1 and L2) surrounded 
by a crown of six photoreceptor axon 
terminals (Fig. 1B). In contrast to the 
patchwork staining seen in the retina, 
virtually every stained cartridge has a 
complete crown of six yellow photo- 
receptor axon terminals, in agreement 
with the principle of neural superposi- 
tion. Other lamina cartridges appear ho- 
mogeneously green because of the weak 
autofluorescence of the unstained photo- 
receptor axons. 

Axons from the two central cells R7 
and R8 are long visual fibers (5, 11). 
They project pairwise to their respective 
columns in the second optic ganglion, 
the medulla, where they terminate, each 
in a specific sublamina, each with a 
characteristic synaptic ending (11, 13). 
Figure 1C shows stained profiles in the 
medulla of a fly that received the same 
treatment as the previous fly. The pro- 
files terminate in the R7 sublamina and 
have the characteristic shape of R7 axon 
terminals (Fig. ID). In this fly we could 
also follow the stained companion R8 
throughout the chiasm to the outer layer 
of the medulla. In a cross section 
through the chiasm, these twin axons 
show up as a distinct double dot array 
(data not shown). Clearly, the described 
procedure stains the entire cell down to 
its synaptic terminal. Nineteen fully sec- 
tioned animals displayed distinctly 
stained photoreceptors and axon termi- 
nals; six other animals showed less clear 
results, which could be attributed later to 
some failure during the histological pro- 
cessing. 

By generating a positive print of the 
outside world onto various neuropils, 
this staining method reveals not only 
retinotopic but also visuotopic projec- 
tion. For example, the vertically orient- 
ed, elliptical patch of stained cartridges 
(Fig. 1B) resulting from exposure of the 
eye to a circular spot of light is direct 
evidence for the kind of anamorphism 
that characterizes the projection of the 
outside world onto the fly lamina. More- 
over, the discrete staining of receptors in 

the retinal mosaic (Fig. 1A) and the full 
staining of the related cartridges (Fig. 
1B) attests to the point-focusing property 
of each corneal lenslet. 

To further explore the variables of the 
dye uptake mechanism, we performed 
experiments that did not require histo- 
logical processing. Application of only 
0.05 percent Lucifer yellow to the extra- 
cellular space followed by 15 minutes of 
illumination (7) led to brightly stained 
photoreceptors as assessed by in vivo 
observation of either the DPP or the 
individual cells. After 24 hours, even 60 
minutes of illumination did not produce 
any other stained photoreceptors in the 
same eye, suggesting that the animal can 
clear the dye from the extracellular 
space within 24 hours. In contrast, with- 
in 3 hours of Lucifer yellow application, 
illumination of different regions of the 
same eye produced staining in each re- 
gion. 

Since dark-adapted photoreceptors 
are impermeable to the dye, How does it 
enter the illuminated ones? One possibil- 
ity is that light-induced membrane dam- 
age could lead to leakage of Lucifer 
yellow into the cytoplasm. Such a mech- 
anism has been proposed for merocy- 
anine 540 (2). Photoexcitation of bound 
dye results in membrane damage leading 
to permeability and cell death (2, 14). 
Two arguments suggest that this is not 
the case in our experiments. (i) Immedi- 
ately after staining the photoreceptors, 
application of trypan blue, a dye exclud- 
ed by viable cells (2), completely 
quenched Lucifer yellow fluorescence in 
the extracellular space but not in the 
stained cells, suggesting that the cell 
membrane remained intact. (ii) During 
our experiments and even 7 days later 
(15), intracellular migration of pigment 
granules (8) was still functional in the 
stained cells, indicating that they were 
viable. This should not occur if the cell 
membrane had been ruptured, because 
membrane disruption at normal extracel- 
lular ion concentrations blocks organelle 
translocation (16). 

We propose that the mechanism un- 
derlying dye uptake is a stimulated endo- 
cytosis for two reasons. (i) Some of the 
dye conspicuously appears to be con- 
tained in vesicles near the plasma mem- 
brane. In sections cut parallel to the 
ommatidial axis and observed at higher 
resolution, we could see these vesicles 
(diameter, approximately 0.4 km) along 
the entire length of the receptor cell 
body. (ii) The normal recycling of shed 
rhabdomeric membrane in dipteran pho- 
toreceptors apparently proceeds by pi- 
nocytosis and phagocytosis at the plas- 
ma membrane ( I n ,  an effect that can be 

induced by local illumination, as demon- 
strated in the locust (18). 

Perhaps a parallel exists between fly 
photoreceptors, which depolarize under 
photic stimulation and internalize stain, 
and vertebrate photoreceptors, which 
depolarize in darkness (19) and capture 
extracellular markers by endocytosis at 
the synaptic terminal (20). A similar par- 
allel may exist with the neuromuscular 
junction, where electrical stimulation of 
the motoneuron induces endocytosis in 
the presynaptic terminal (21). Even 
chemically stimulated lymphocytes ex- 
hibit increased mitochondria1 entrap- 
ment of the extracellularly applied dye 
rhodamine 123, which may reflect the 
increased energy requirements of these 
cells (22). Taken together these results 
suggest that an increase in either ionic 
conductance or metabolic activity may 
provoke dye integration in various kinds 
of cells. 

This induced cellular ingestion can 
possibly be extended to other agents. In 
this context we have shown that illumi- 
nation promotes colchicine incorpo- 
ration into photoreceptors (23). Whatev- 
er its cellular mechanism, the uptake 
process is notable because it apparently 
does not affect cell viability. 

Further studies will show how far the 
phenomenon can be extended to other 
neural and nonneural cells. If appropri- 
ate stimulation were to cause target cells 
to embody extracellularly applied 
agents, this would open new horizons 
not only in cell science but also in thera- 
peutics. 

MICHAEL WILCOX 
NICOLAS FRANCESCHINI 

Znstitut de Neurophysiologie et 
Psychophysiologie, Equipe Autonome 
de Neurocybernktique, Centre National 
de la Recherche ScientiJique, 
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Identified Interneurons Produce Both Primary 
Afferent Depolarization and Presynaptic Inhibition 

Abstract. Crayfish interneurons were identijed that appear to be directly responsi- 
ble for presynaptic inhibition of primary afferent synapses during crayfish escape 
behavior. The interneurons are fired by a polysynaptic pathway triggered by the 
giant escape command axons. When directly stimulated, these interneurons produce 
short-latency, chloride-dependent primary afferent depolarizations and presynapti- 
cally inhibit primary afferent input to mechanosensory interneurons. 

Presynaptic inhibition decreases syn- 
aptic efficacy by reducing the release of 
transmitter substances from presynaptic 
terminals ( I ,  2). In the central nervous 
system of invertebrates and vertebrates, 
presynaptic inhibition of the release of 
transmitters in primary afferent fibers is 
correlated with primary afferent depolar- 
ization (PAD) ( 3 , 4 ) .  The mechanisms for 
PAD and presynaptic inhibition in the 
central nervous system have not been 
determined, in part because the interneu- 
ronal pathways effecting PAD are un- 
known (5). We have studied the polysyn- 
aptic pathway by which the giant, escape 
command axons of the crayfish inhibit 
transmitter release in primary mechano- 
sensory afferents. The synapses of these 
afferents are depression-prone and are 
responsible for behavioral habituation of 
the escape tail-flip (6). The pathway pro- 
ducing presynaptic inhibition is of spe- 
cial interest because it protects the affer- 
ent synapses from the depression that 
would result as a consequence of reaffer- 

ence during the tail-flip (7), and thus 
prevents habituation of the escape re- 
sponse caused by the animal's own 
movement. We have identified what ap- 
pear to be the final inhibitory interneu- 
rons for command-derived presynaptic 
inhibition. These newly identified cells 
are fired by the giant escape command 
neurons and produce both PAD in me- 
chanosensory afferents and presynaptic 
inhibition of primary afferent input to  
first-order mechanosensory interneu- 
rons. 

Our experimental preparation was the 
isolated abdominal nerve cord of the 
crayfish Procambarus clarkii (8) .  Simul- 
taneous intracellular recordings were ob- 
tained from interneurons and primary 
afferent axons in the neuropil of the sixth 
abdominal ganglion. Many of the pri- 
mary afferent axons are of large diameter 
(6 to 30 km) and can be routinely im- 
paled with intracellular electrodes (9). 
With intracellular dye injections we de- 
termined that the afferents terminate 

within 300 km of the margin of the 
neuropil after entering the sixth gangli- 
on. Our electrodes were positioned in 
the afferent axons near the point where 
they entered the neuropil and thus were 
close to the sites of PAD production. 
This is supported by the fact that the 
amplitude of PAD could be altered by 
imposed polarization of the afferent 
membrane as well as intracellular chlo- 
ride injection. In several experiments a 
sucrose gap recording of PAD from the 
fifth sensory root was combined with 
intracellular impalements of a PAD-pro- 
ducing inhibitory interneuron (PADI) in 
the sixth ganglion and an identified pri- 
mary sensory interneuron. A simplified 
diagram of the pathways studied and the 
sites of recording and stimulation is pre- 
sented in Fig. 1A. 

To be classified as a PADI, a cell had 
to produce short-latency PAD and be 
fired by a single giant axon impulse. We 
studied a total of 34 PADI's in 31 ani- 
mals. A single action potential in a giant 
escape command axon results in presyn- 
aptic inhibition of primary afferent syn- 
apses (7). Cells identified as PADI's al- 
ways fired, and sometimes gave multiple 
spikes, after a single giant axon impulse 
(Fig. 1B). The time from the giant axon 
impulse to the first spike in a PADI was 
11.4 rt 4.6 msec (mean + standard devi- 
ation). Several lines of evidence (10) 
indicate that the pathway from the giant 
axons to the PADI's is polysynaptic and 
involves interganglionic interneurons. 
PADI's were never fired by stimulation 
of any of the sensory roots at stimulus 
intensities below the threshold of the 
lateral giant escape command axons (11). 

When PADI's were fired directly by 
the injection of depolarizing current, 
their spikes produced constant PAD's 
with a mean latency of 0.97 + 0.12 msec 
( n  = 15) and a mean duration of 
36.2 r 9.2 msec ( n  = 15). These unitary 
PAD's were capable of following PADI 
impulses one-for-one at frequencies 
greater than 100 Hz, and their amplitude 
was increased by intracellular injection 
of chloride. Another notable aspect of 
the unitary PAD's was that their ampli- 
tude fluctuated in discrete steps (Fig. 
1C). We have not analyzed these fluctua- 
tions, but the short, constant latency 
makes it highly unlikely that they are 
caused by the intermittent firing of an 
interposed interneuron. 

In the seven cases tested, directly elic- 
ited PADI impulses produced both PAD 
and presynaptic inhibition of primary 
afferent input to  identified sensory inter- 
neurons. An example from one experi- 
ment is presented in Fig. 1, D to G. 
Primary afferents were stimulated by 
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