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Adenosine 3’,5-Monophosphate Is Localized in
Cerebellar Neurons: Immunofiuorescence Evidence

Abstract. Adenosine 3',5’-monophosphate is localized in specific cerebellar
neurons, as shown by fluorescence immunocytochemistry with a specific rab-
bit immunoglobulin. Positive staining is exhibited by Purkinje neurons and granule
cells. The increase in concentration of cyclic adenosine monophosphate in the
cerebellum, which is known to follow decapitation, is represented by greatly in-
creased fluorescence of Purkinje neurons only. These immunofluorescence data
provide the first evidence for localization of cyclic adenosine monophosphate in
specific neurons and may permit further exploration into the role of this cyclic

nucleotide in neuronal function.

An involvement of adenosine 3/,5'-
monophosphate (cyclic AMP) in brain
function is inferred from biochemical
studies on brain slices (/) or homog-
enates (2); these studies show that
central neurotransmitters, particularly
norepinephrine (I, 3), can regulate the
activity of adenylate cyclase (3). How-
ever, biochemical analysis of brain has
not yet demonstrated intercellular or in-
tracellular differences in cyclic AMP
content among various types of neurons
and glia. We report that localization of
cyclic AMP within specific central neu-
rons can be detected by a technique of
fluorescence immunocytochemistry (4).
Furthermore, the pattern of histochemi-
cal reactivity varies with experimental
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conditions that are known to produce
marked alterations in the cyclic AMP
content of brain extracts.

The indirect immunofluorescence
technique has been described (4). In
this technique, rabbit antiserums were
prepared against the 2-O-succinyl deriv-
ative of cyclic AMP, which was con-
jugated to either human serum albumin
or to keyhole limpet hemocyanin (5),
and the immunoglobulin (Ig) G frac-
tions of these antiserums were used. In

the final step, a fluorescein isothiocya-

nate-conjugated goat immunoglobulin
G (IgG) that was prepared against rab-
bit IgG (6) was used to stain the com-
plex of cyclic AMP and rabbit Ig. Por-
tions of the rabbit Ig used for the im-

munocytochemical staining were also
used for a specific and sensitive assay
for cyclic AMP in tissue extracts (5).
Cryostat sections (10 to 14 um thick) of
unfixed rat cerebellum and brainstem,
frozen in liquid nitrogen, were stained
by the immunofiuorescence method and
examined by dark-field fluorescence mi-
croscopy. We selected rat cerebellum for
this analysis because of its uniquely
high endogenous concentrations of
cyclic AMP (7).

Concentrations of cyclic AMP in the
cerebellum climb rapidly after the
animal is decapitated, plateau after 90
to 100 seconds, and remain elevated for
at least 5 minutes; concentrations of
adenosine triphosphate (ATP) fall dur-
ing this period (8, 9). When cerebel-
lums were frozen in liquid nitrogen 90
to 150 seconds after decapitation and
cryostat sections were prepared for im-
munofluorescence staining of cyclic
AMP, discrete cell staining of high in-
tensity was observed only in specific
cerebellar cortical neurons (Fig. 1, A
and C). Approximately 80 to 90 percent
of Purkinje (P) cells show positive
staining under these conditions: Most
reactive P cells are stained exclusively
in the cytoplasm, but a few P cells are
stained mainly in the nucleus or in
both nucleus and cytoplasm. Positive
staining is also observed in the granule
cell layer (Fig. 1A); the source of re-
activity in the granule cell layer is the
granule cell, because the fluorescence is
undiminished when mossy fibers de-
generate after total unilateral cerebellar
pedunculectomy.

Moderate fluorescence that is seen
occasionally in the molecular layer is
presumably from P cell dendrites;
strongly reactive primary and secondary
dendritic branches could occasionally
be traced back to the perikaryon. Virtu-
ally no immunoreactivity could be seen
within the cerebellar white matter (Fig.
1, A and C). The perikaryon and proxi-
mal dendritic branches of some large
multipolar neurons of the pontine retic-
ular formation and deep cerebellar
nuclei also exhibited strong cytoplasmic

. reactivity (Fig. 1B).

Several immunological reactions es-
tablish the specificity of the indirect im-
munocytochemical staining and confirm
that the staining observed in these neu-
rons is attributable to their cyclic AMP
content. No staining of cerebellar sec-
tions was observed when the Ig frac-
tion of nonimmunized rabbits was used
as the primary immunoreagent or when
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the fluorescein-conjugated goat IgG was
reacted with tissue sections that had not
been exposed to rabbit Ig against cyclic
AMP. The positive discrete neuronal
staining patterns observed only when
both immunoreagents were used could
be blocked if portions of the rabbit Ig
to be used for staining were first in-
cubated with 0.1 or 1.0 mM cyclic AMP
for 4 hours at 4°C (10).

When the rabbit Ig against cyclic
AMP was first incubated (4 hours, 4°C)
alone or with 5.0 mM concentrations of
ATP, succinate, adenosine 5’-monophos-
phate, or the cyclic monophosphates of
guanosine, inosine, or uridine, there was
no observable effect on the cell stain-
ing (10). Furthermore, identical cytolog-
ical patterns of positive staining were
seen with antibodies prepared to cyclic
AMP that was conjugated to either
human serum albumin or keyhole
limpet hemocyanin. This result indi-
cates that positive staining could not be
due to cross-reactivity between an un-
known brain protein of rodents and
antibodies to the carrier proteins.

To determine whether the pattern or
the intensity of the intraneuronal stain-
ing for cyclic AMP would reveal
changes associated with the state of
functional activity, we examined cere-
bellums frozen within 30 seconds after
decapitation (that is, before the onset
of the major rise in the cerebellar con-
centration of cyclic AMP after decapita-
tion) as well as frozen biopsies of the
cerebellar cortex (1) taken from ani-
mals anesthetized for 30 minutes or
longer with halothane (1 percent),
chloral hydrate (350 mg/kg, intraperi-
toneally), or pentobarbital (35 mg/kg,
intraperitoneally).

Fig. 1. Dark-field fluorescence micro-
graphs showing the immunocytochemical
staining for cyclic AMP. (A) Positive
staining is seen in the nuclei of granule
cells (G) and in the Purkinje cells (P)
of the cerebellar cortex 150 to 180 seconds
after decapitation. Low reactivity is seen
in the molecular layer (M) and in the
white matter (W) (calibration = 25 um).
(B) Positive immunocytochemical staining
of neurons of the lateral reticular forma-
tion is seen in a specimen frozen 150 to
180 seconds after decapitation. Staining of
these neurons appears to be almost en-
tirely cytoplasmic (calibration = 25 pm).
(C) A preparation similar to (A) but at
low magnification shows the frequency
of positive staining in Purkinje cells 150
to 180 seconds after decapitation (cah-
bration = 250 um). (D) This section is )

comparable to (C), except that the specimen was frozen within 30 seconds of decapltauon Fluorescence within the granule cell
layer can still be seen, but only a small proportion of the Purkinje cells (arrows) now exhibit reactivity (calibration = 250 um).
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In cerebellar samples taken within 30
seconds after decapitation, only a few
(10 to 15 percent) of the P cells ex-
hibited positive immunofluorescence
(Fig. 1D). In contrast, fluorescence in
the granule cell layer was only slightly
reduced in intensity and showed es-
sentially no differences in the distribu-
tion of positively stained cellular
elements. These samples showed mini-
mal positive staining in the molecular
layer or in the white matter. If the
histochemical staining pattern is cor-
related with biochemical estimations of
cyclic AMP content 30 and 120 seconds
after decapitation (8), the previously
reported rise in cyclic AMP content is
manifested by increased immunocyto-
chemical staining detectable mainly in P
neurons (Fig. 1, C and D).

Cerebellar biopsies from rats anesthe-
tized with halothane showed staining
patterns essentially identical to those
obtained within 30 seconds after decapi-
tation of unanesthetized rats; moderate
staining was widely distributed in the
granule cell layer and within a few (10
to 20 percent) of the P cells. On the
other hand, cerebellar biopsies from
animals anesthetized with chloral hy-
drate or pentobarbital showed even less
neuronal immunoreactivity than did
biopsies from halothane-anesthetized
rats (12). The reduced staining in the
rats treated with chloral hydrate or
pentobarbital was exhibited by both
the P cells and the granule cells. These
results suggest that anesthetics alter fac-
tors that regulate cyclic AMP concen-
trations in P cells and granule cells.

The localization of cyclic AMP
within the specific neurons of the rat
cerebellar cortex implies that the cyclic
nucleotide is not freely diffusible within
the positively stained neurons under the
conditions of the staining reaction (13).
However, no precise quantitative rela-
tion between immunocytochemical
staining and direct chemical estimation

of cyclic AMP content has been estab-

lished, and it is not known how much
cyclic AMP was lost from tissue sec-
tions during processing and whether
cyclic AMP was bound extracellularly
or less firmly to other cells, such as glia
(14). Nevertheless, with the use of the
immunofluorescence technique for de-

tecting localization of cyclic AMP, the

cellular distribution of this important
nucleotide can now be assayed. The
rise in cerebellar content of cyclic
~AMP after decapitation thus can be
correlated with elevated concentration
‘within the P neurons. It remains to be
determined whether the alterations in
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immunocytochemical staining of cyclic
AMP shown by P cells after decapita-
tion can be triggered in vivo by activa-
tion of specific cerebellar afferent synap-
tic pathways or by specific neurotrans-
mitters.
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Photoreception in a Barnacle: Electrophysiology
of the Shadow Refiex Pathway in Balanus cariosus

Abstract. The photoreceptors in the median ocellus of the rock barnacle
depolarize when illuminated. This depolarization spreads passively to the axon
terminals in the supraesophageal ganglion. A small number of cells in the supra-
esophageal ganglion hyperpolarize when the median ocellus is illuminated and
depolarize when it is shadowed. Nerve impulses are superimposed on the slow
depolarization of the ganglion cells. Impulse activity in response to shadowing
the median ocellus is recorded in a few fibers of the circumesophageal connec-
tives. Picrotoxin blocks this shadow-induced activity. A model of the shadow

reflex pathway is presented.

The sensory pathway that mediates
the shadow withdrawal reflex in the
rock barnacle Balanus cariosus has been
studied (/). When a shadow passes
across an animal, the normal rhythmical
behavior quickly stops, the cirri are
withdrawn into the shell, and the
opercular plates close tightly. We have
never observed a response to an in-
crease in the light intensity in these
animals.

One group of the primary photorecep-
tors that initiate the shadow response
in B. cariosus is in the median ocellus
(1). The ocellus contains six to nine
photoreceptors; each photoreceptor has
multiple distal dendritic branches capped
by microvilli and a large axon that runs
in the median ocellar nerve to the
supraesophageal ganglion (2).

A portion of the central nervous
system containing the median ocellus,
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