observations establish that the high
levels of cyclic GMP in the immature
rd retina are caused by the accumula-
tion of cyclic GMP in the photore-
ceptor layer. :

Our findings indicate that normal
photoreceptor cells hydrolyze cyclic
GMP by means of their specific high
K, -PDE enzyme and those of the rd
retina accumulate cyclic GMP due to
their deficiency in high K,,-PDE activ-
ity. The imbalance in cyclic GMP
metabolism of rd photoreceptors oc-
curs before the onset of their degener-
ation and, most probably, causes dis-
turbances in the metabolism or function
of these cells. It is premature to spec-
ulate on the specific action of cyclic
GMP in these cells but, generally, cy-
clic nucleotides act to regulate cellular
function (8). This suggests that ele-
vated cyclic GMP will affect the
homeostatic balance of the rd photo-
receptor cells and, if this effect is
significant, it could produce changes
that result in the degeneration of those
cells.

DEBORA B. FARBER

RicHARD N. LOLLEY
Department of Anatomy,
University of California School of
Medicine, Los Angeles 90024, and
Developmental Neurology Laboratory,
Veterans Adminisiration Hospital,
Sepulveda, California 91343

References and Notes

1. D, W, Caley, C. Johnson, R. A. Liebelt,
Am. J. Anat. 133, 179 (1972); S. Sanyal and
A. K. Bal, Z. Anat. Entwicklungsgesch. 142,
219 (1973).

. R. L. Sidman and M. C. Green, J. Hered.
56, 23 (1965).

. S. Y. Schmidt and R. N. Lolley, J. Cell Biol.

57, 117 (1973).

R. G. Pannbacker, D. E. Fleischman, D. W.

Reed, Science 175, 757 (1972); G. Chader,

N. Johnson, R. Fletcher, B. Bensinger, J.

Neurochem. 22, 93 (1974).

. R. N. Lolley, S. Y. Schmidt, D. B. Farber,

J. Neurochem. 22, 701 (1974).

J. Klethi, P. F. Urban, P. Mandel, FEBS

(Fed. Eur. Biochem. Soc.) Lett. 8, 119 (1970).

7. F. Murad, V. Manganiello, M. Vaughan,
Proc. Natl. Acad. Sci, U.S.4. 68, 736 (1971).

. N. D. Goldberg, R. F. O’Dea, M. K. Haddox,
in Advances in Cyclic Nucleotide Research,
P. Greengard and G. A. Robison, Eds.
(Raven, New York, 1973), vol. 3, p. 155.

9. R. W. Butcher, R. J. Ho, H. C. Meng, E. W,

Sutherland, J. Biol. Chem. 240, 4515 (1965).

10. M. Weller, R, Rodnight, D. Carrera, Biochem.
J. 129, 113 (1972).

11. G. Brooker, L. J. Thomas, Jr., M, M.
Appleman, Biochemistry T, 4177 (1968).

12, Cyclic GMP Radioimmunoassay Kit was pur-
chased from Collaborative Research, Inc.,
Waltham, Mass. 02154.

13, D. B. Farber and R. N, Lolley, J. Neurochem.
21, 817 (1973).

14. O. H. Lowry, N. J. Rosebrough, A. L. Farr,
R. J. Randall, J. Biol. Chem. 193, 265 (1951).

15. Supported by NIH grant EY00395 and by
Veterans Administration Project 5313-01. We
thank G. Sullivan and E. Racz for technical
assistance.

15 April 1974; revised 12 June 1974

B oW D

S w

oo

I NOVEMBER 1974

Presynaptic Inhibition: Primary Afferent Depolarization

in Crayfish Neurons

Abstract. Inhibition of transmission between tactile sensory neurons and in-
terneurons in the crayfish was investigated by intracellular recording in the pre-
synaptic processes. Inhibition is correlated with a depolarization of the pre-
synaptic process, as in the mammalian spinal cord; the depolarization is ac-
companied by a conductance increase, and is mediated by interneurons that can

be excited by a variety of routes.

Presynaptic inhibition is a process
of wide occurrence, in which synap-
tic efficacy is reduced by preventing
the release of transmitter from presyn-
aptic endings, instead of by increas-
ing the conductance of the postsynap-
tic membrane. In the mammalian spinal
cord it is correlated with a depolariza-
tion of primary afferent terminals (I).
The mechanism by which transmitter

release is reduced is unknown, how-
ever, because intracellular records from
the presynaptic axons must be made
at a great distance from the terminals,
or cannot be made at all (2). We here
report that primary afferent depolariza-
tion (PAD) can be recorded from
crustacean sensory neurons at sites
close to the region in which they re-
lease excitatory transmitter. We have
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Fig. 1. Preparation and circuit diagram. (A) Composite diagram of the sixth ab-
dominal ganglion preparation (ventral view), displaying the main neural elements and
their known anatomical relations. The fourth ganglionic roots, which innervate tactile
hairs on parts of the telson and sixth abdominal segment, were left intact. Suction
electrodes were used for both stimulation and monitoring of the root activity. The
lateral giant fiber was recorded as shown, and stimulated in a more anterior inter-
ganglionic connective with a suction electrode. Intracellular electrodes were inserted
through the ventral surface of the desheathed ganglion to penetrate either fourth root
tactile afferents or first-order tactile interneurons. (B) Simplified circuit diagram in-
dicating known and postulated interactions between the elements discussed in the
text. This diagram is based on the work of Zucker (6) and Krasne and Bryan (5)
as well as the experiments discussed here. Connections between the lateral
giant and the inhibitory interneurons may be polysynaptic. Abbreviations: IC,
interganglionic connectives; LG, lateral giant fiber; MG, medial giant fiber; POST I,
postsynaptic inhibitory interneuron; PRE [, presynaptic inhibitory interneuron; I1°/,
first order tactile interneuron; and T A, telson hair tactile afferent. In (A) and (B)
only one hemiganglion is shown; all elements are bilaterally symmetrical.
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correlated its time course with that of
inhibition exerted by known pathways
against first-order synapses, and mea-
sured an associated conductance change
in the afferent terminals.

Earlier observations have suggested
that a presynaptic inhibitory process
operates against sensory endings in the
neuropil of crustacean ganglia. Excit-
atory postsynaptic potentials (EPSP’s)
evoked in interneurons show long-lasting
inhibitory interactions (3), and depolar-
izations have been reported from affer-
ent fibers in the lobster brain, although
not in association with functional in-
hibition (4). Krasne and Bryan (5)
showed that impulses in the central
giant fibers of crayfish produced a “re-
mote” inhibitory effect on transmission
from tactile afferents to interneurons,
as well as inhibitory postsynaptic po-
tentials. They proposed that the re-
mote inhibition was presynaptic, and
suggested that it protects the synapses,
known to be vulnerable to habituation
(6), from loss of efficacy during bouts
of sensory discharge evoked by rapid
escape movements,

We isolated the ventral nerve cord
of crayfish (Procambarus clarkii) ex-
cept for the fourth roots of the sixth
ganglion, which remained attached to
the tail appendages they innervate (Fig.
1A). In this preparation, the exoskele-
tal hairs that supply afferent axons to
the sensory nerves are available for
mechanical stimulation. The cord was
pinned out ventral side up in a cham-
ber lined with transparent Sylgard
resin, desheathed, and illuminated from
below. Suction electrodes on the sen-
sory roots were used to monitor ac-
tivity evoked by stimulating sensory
hairs or to supply brief electrical shocks
to the afferent root, and suction elec-
trodes on more anterior connectives were
used to monitor interneuronal activity
or to excite large, identified command
interneurons (the lateral giant fibers).
A simplified circuit diagram identify-
ing the main elements to be discussed
and indicating their mode of interac-
tion is shown in Fig. 1B.

Glass capillary microelectrodes (40
to 70 megohm), pulled with fiber glass
wisps and filled with 3M KCI, were
used to impale units in the neuropil
of the sixth ganglion. The following cri-
teria were applied to identify a recorded
unit as an afferent process: (i) direct
impulses, without prepotentials, could
be evoked by electrical stimulation of
the fourth or fifth roots, or injected de-
polarizing currents produced impulses
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propagated out one of the fourth roots
(or both); and (ii) impulses could be
evoked directly in the impaled unit by
manipulating single sensory hairs. Al-
though all units reported here met the
first criterion, some could not be dis-
charged by natural stimuli because part
of the fourth root’s innervation field is
unavoidably excised in making the prep-
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Fig. 2. Electrical responses recorded in-
tracellularly from afferent axons in sixth
ganglion neuropil. (A) Upper trace,
depolarizations and spikes in an afferent
axon produced by tactile stimulation of
its receptive field; lower trace, extracel-
lular record from the sensory root (cali-
bration: 10 mv, 100 msec). (B) Compari-
son of the latency of EPSP’s in an
interneuron (B,) with that of PAD in a
neighboring afferent process (B:), evoked
at the same intensity of electrical stimula-
tion applied to the fourth root. The lower
trace in B: is a record from the connec-
tive between the fifth and sixth ganglia
showing ascending discharge in inter-
neurons activated in the sixth ganglion
(5 mv, 5§ msec). (C) Occlusion between
PAD produced by shocks to the connec-
tive (first stimulus in C,;) and the fourth
root (second stimulus). The two shocks
are made to coincide in C. (10 mv, 10
msec). (D) Production of a propagated
spike in the fourth root (top trace) by
depolarizing pulse injected through the
recording microelectrode (bottom trace)
(50 mv, 10 msec). (E) Changes in am-
plitude of PAD produced by altering
membrane potential. The PAD was pro-
duced by giant fiber stimulation; the
membrane was polarized by injecting de-
polarizing (E.) and hyperpolarizing (Es)
currents. Top traces, intracellular (ic)
records from an afferent process; bottom
traces, current monitor (cm) (10 mv,
1 na, 10 msec). (A), (B), and (C) are
from the same neuron, (D) and (E) are
from a different one.

aration (7). All observations reported
on such cells, however, have been veri-
fied on afferents with identified periph-
eral terminations.

The inhibitory phenomenon that we
presume to be presynaptic can be re-
corded from many interneurons that
are activated monosynaptically by af-
ferents from the fourth root (8). A
brief train of impulses (at 100 hertz)
in the lateral giant fiber will reduce the
amplitude of a test EPSP in some in-
terheurons by 75 percent; yet in some
of these cells no postsynaptic poten-
tial change is produced by the train,
even when the membrane potential is
depolarized by up to 20 mv by current
injected using a bridge circuit.

When penetrations are made in the
presynaptic primary afferent neurons,
graded shocks applied to the sensory
nerve or natural stimuli produce small
depolarizations below the threshold for
a directly evoked impulse in the im-
paled neuron (Fig. 2, A and B). Above
the threshold for a direct impulse, the
PAD shows further augmentation with
incrcases in the intensity of the stim-
ulus to the afferent root. Similar sub-
threshold responses are obtained by
stimulating the central connectives, es-
pecially the lateral giant fibers (Fig. 2,
C and E).

The PAD evoked by sensory nerve
stimulation has a latency of approxi-
mately 3 msec from the calculated ar-
rival time of the volley in the ganglionic
neuropil. This value is at least 2 msec
longer than the latency of monosynap-
tic EPSP’s produced by the same input
recorded in interneurons penetrated
near the same afferent processes (Fig.
2B). The latency of PAD is long
enough to permit the discharge of in-
terneurons before its onset (Fig. 2B.).
Furthermore, unitary depolarizing po-
tentials in the afferent terminals are
not associated with single impulses si-
multaneously recorded from axons in
the sensory nerve generating the PAD,
although such impulses clearly generate
unitary EPSP’s in interneurons with
which the sensory axons connect mono-
synaptically (8, 9). Primary afferent de-
polarizations nevertheless appear to
consist of elementary components (Fig.
2, A and C); these are recruited in
discrete fashion by gradations in stimu-
lus intensity. When maximal PAD’s
produced by stimulation of an afferent
root and the cord pathway are timed
so as to occur simultaneously, occlu-
sion occurs (Fig. 2C). All these find-
ings indicate that afferent fibers do not
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end directly on one another, but that
instead a limited number of interven-
ing interneurons mediate the depolariz-
ing responses.

We analyzed the conductance change
associated with PAD by recording PAD
amplitudes during the injection of
steady hyperpolarizing and depolarizing
currents. The former increase, and the
latter decrease, PAD amplitude (Fig.
2E). Neither the bridge balance nor
the position of the microelectrode with
respect to the synaptic region can be
exactly known, but the relation be-
tween membrane potential and PAD
amplitude crudely extrapolates to a re-
versal potential 18 mv below resting
potential; other experiments gave
values between 12 and 20 mv. This
suggests that a change in Nat con-
ductance plays a part in PAD, and we
have observed that PAD can sum with
injected depolarization to generate
impulses.

To compare the time course of PAD
with that of the inhibition exerted
against the transmission link between
primary afferent neurons and inter-
neurons, we successively penetrated a
sensory fiber showing PAD and then,
nearby on the same microelectrode
track, an interneuron activated mono-
synaptically by the afferent fiber group
to which the sensory unit belonged.
We compared the latency and time
course of the inhibitory effect with that
of PAD, using the central giant fibers
to generate each. The results are plot-
ted in Fig. 3. The peaks of PAD and
of the inhibitory effect coincide in time,

but the latter effect somewhat outlasts

the former (10).

Is it the depolarization itself, the
conductance change associated with it,
or neither that is responsible for the
inhibition? In the mammalian spinal
cord, PAD is recorded several space
constants away from its source, where it
cannot be affected by injected current
and where any conductance changes
are too remote to be detected. We
have evoked compound PAD’s by brief
trains of stimuli to the lateral giant
fibers, and find that under favorable
conditions—where the PAD is large—
considerable shunting of the afferent
spike occurs (Fig. 4). This result sug-
gests that we record close to the sites
at which the afferents release their
transmitter and indicates that shunting
of the spike is a candidate mechanism
for the presynaptic inhibition.

Presynaptic depolarization thus ap-
pears to be associated with inhibition
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Fig. 3. Comparison of the time courses of PAD and the inhibition exerted by the
same pathway against synaptic transmission from afferent fibers to interneurons. (In-
set) Upper records show PAD recorded in an afferent process in response to giant
fiber activity; lower records show EPSP’s and spikes generated in an interneuron by
shocking the fourth root. At the start of the lower record, the giant fibers were
shocked; this was followed by the test stimulus to the root, and a series of intervals
are shown in the superimposed traces. Below about 15 msec, the EPSP’s produce
spikes which incompletely repolarize the synaptic potentials. At 25 msec, EPSP ampli-
tude is minimum, and it increases again and ultimately generates spikes at the two
longest intervals. The upper trace is a monitor on the 5-6 connective (calibration: 10
mv, 10 msec). In the graph, the solid line is the averaged wave form of five PAD
records; the points are the measured amplitudes of EPSP’s. Both were measured from
series of records like the ones in the inset and normalized. The inhibitory pathway
produces post- as well as presynaptic effects in this cell (4).

Fig. 4. Shunting of the amplitude of a direct impulse in an afferent fiber by the PAD
produced by repetitive stimuli to the lateral giant axon. In (A) a shock to the fourth
root produces an impulse in the impaled cell; in (B) the same stimulus is inserted
at the peak of the compound PAD produced by a train of six lateral giant impulses
monitored in the 5-6 connective (bottom traces). Calibration: 20 mv (intracellular
records), 10 msec.

in the same way as it is in the mamma-
lian spinal cord; this finding provides
an explanation of the observation (5)
that central motor pathways prevent
the loss of synaptic efficacy during re-
petitive movements. A restricted pool
of interneurons, sharing a number of
inputs, appears to control central ex-
citability at a primary level; these may
be responsible for a number of the
hitherto unexplained excitability fluctu-
ations reported in interneurons of un-
restrained animals (/7). The large
sensory fibers we have studied—in con-
trast to afferent axons in the mammalian
dorsal horn—can be penetrated near

their sites of transmitter release, so that
conductance changes associated with
presynaptic inhibition are measurable.
They invite experiments on the ionic
mechanism of this process that have
not been possible in mammalian sys-
tems.
DoNaLD KENNEDY
RoNALD L. CALABRESE
Department of Biological Sciences,
Stanford University,
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Evidence for in vivo Reaction of Antibody and Complement

to Surface Antigens of Human Cancer Cells

Abstract. The immune adherence test was used to determine whether antibody
and complement in cancer patients are fixed in vivo to tumor cells. Human
erythrocytes adhered in vitro to the surface of human cancer cells obtained from
autopsy and biopsy. Adherence was enhanced by further addition of the C2 and
C3 components of complement, and was diminished by preliminary treatment
with antibody to C3 (that is, to B1C-globulin). The results suggest that tumor
associated membrane antigens form complexes in vivo with antibodies and com-

plement.

Recent studies have shown that ma-
lignant human tumors possess tumor
specific surface antigens and that pa-
tients with tumors do produce humoral
antibodies against these antigens (7).
Various immunologic techniques indi-
cated that humoral antibodies from the
serums of cancer patients react with
antigens on the membranes of cancer
cells in vitro. However, it has not been
established whether such reactions take
place in vivo. In fact, it has been sug-
gested that antibodies cannot cross the
capillary barrier in sufficient amounts
to influence tumor growth patterns.

We assumed that, if tumor asso-
ciated antigens formed complexes with
antibody and complement on the mem-
branes of cancer cells in vivo, such
complexes would be detectable by the
immune adherence (IA) phenomenon
in vitro. Ever since Nelson’s discovery
that normal human erythrocytes ad-
hered to complexes of antigen, anti-
body, and complement on a cell mem-
brane (2), this sensitive immunoassay
has been used to detect and charac-
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terize membrane antigens in animal
systems (3) and, more recently, in hu-
man systems (4). We have tested the
in vitro reactivity of various human
cancer cells obtained from biopsy and
autopsy.

Biopsy specimens from 12 patients
with various malignancies and normal
tissues from 8 patients who died of
cerebrovascular or cardiac diseases were
used. Free cells were prepared as de-
scribed (1). The cells were frozen at
1°C per minute in a fluid containing
RPMI medium 1640, 10 percent di-
methyl sulfoxide, 20 to 40 percent
human serum from which the y-globu-
lin has been removed (human agamma
serum; Irvine Scientific Sales), peni-
cillin, streptomycin, and Fungizone
(Grand Island Biological) and stored
at — 190°C (liquid nitrogen freezer).
The cells were thawed rapidly at 37°C
in a shaker bath, washed once with a
medium containing RPMI 1640 and hu-
man agamma serum (20 to 40 percent)
and three times with barbital-buffered
saline containing Ca21, Mg+, K-+, glu-

cose, and human albumin (buffered
saline 1) (4), and resuspended in this
buffered saline for use as target cells.
The contaminating erythrocytes were
eliminated by freezing and thawing and
subsequent low-speed centrifugation.

Human erythrocytes carrying IA re-
ceptors from a healthy O-type donor
were used as indicator cells (4). Sheep
erythrocytes were prepared by the same
procedure and used as a control for the
indicator cells.

A portion (50 pl) of the human
erythrocyte suspension (4 X 108 cells)
was added directly to 25 ul of the tar-
get cell suspension (2.5 X 10* cells)
without any serum or complement. This
mixture was incubated at 37°C for 10
minutes with agitation, and for 20 min-
utes without agitation. One drop of this
mixture was placed on a glass slide,
covered by a cover slip, and viewed
through the microscope. The IA pat-
terns were determined by the percent-
age of target cells that positively ad-
hered to human erythrocytes in a count
of 50 cells. Adherence of at least one
erythrocyte to the target cell was taken
as an JA-positive reaction. To distin-
guish a true positive from a pseudo-
positive pattern, the cover slip covering
the reaction mixture was lightly tapped
with a pencil. The erythrocytes adjacent,
by chance, to target cells moved away,
while the truly positive ones remained
attached.

In order to prove that the attach-
ment of erythrocytes to cancer cells
was indeed the IA phenomenon, three
experiments were performed. In the
first, the reactivity of the cancer cells
was enhanced by adding purified human
complement 2 (C2) and complement
3 (C3); in the second, the reactivity
was inhibited by prior treatment with
antibody to human B1C-globulin (that
is, antibody to human C3) (5); and in
the third, the specific adherence activity
was tested against sheep erythrocytes to
the target cancer cells (2).

The first experiment was necessary
because in the IA phenomenon a hu-
man erythrocyte adheres to a C3 site
in a complex of antigen, antibody, and
complement components C1, C4, C2,
and C3 (fixed in that order) (2). The
C5 and subsequent components are not
essential. Since it is known that C2
decays rapidly from the complex at
37°C unless stabilized by C3 (6), addi-
tional complement was added to over-
come the possible loss of C2 during
preparation of the cell suspensions, and
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