A Diurnal Rhythm in Pineal Protein 1 Content Mediated by

3-Adrenergic Neurotransmission

Abstract. A diurnal rhythm was found in the total amount of the neuron-specific
phosphoprotein protein 1 in rat pinealocytes. B-Adrenergic neurotransmission
appears to be the mechanism regulating the amount of pineal protein 1 in vivo.

Protein 1, a neuron-specific phospho-
protein concentrated at synapses, is
present in presynaptic nerve terminals
primarily in association with neurotrans-
mitter vesicles (/). It is present
throughout the central (3, 5) and periph-
eral (2) nervous systems, including the
pineal gland (5), and it may play an
important role in the functioning of neu-
rotransmitter vesicles (6). Protein 1 is an
endogenous substrate for both cyclic
AMP (adenosine 3’,5'-monophosphate)-
dependent (/) and calcium-plus-calmod-
ulin-dependent (7) protein kinases. In
intact preparations of neuronal tissue,
phosphorylation of protein 1 is increased
by impulse conduction (8), by the neuro-
transmitters serotonin (9) and dopamine
(10), and by depolarizing agents (9-11).
We report that B-adrenergic stimulation,
under both physiological and pharmaco-
logical conditions, can increase the total
amount of protein 1 in pinealocytes, indi-
cating that the state of phosphorylation
as well as the total amount of protein 1
may be regulated by neurotransmitters.

The rat pineal gland was used to inves-
tigate the regulation of protein 1 for
several reasons. It contains only one
type of presynaptic element—postgangli-
onic sympathetic nerve terminals arising
from the superior cervical ganglion (12,
13)—and one type of postsynaptic ele-
ment—the pinealocyte (12, 13). The
sympathetic input to the gland shows a
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Fig. 1. Protein 1 content, determined by radi-
oimmunoassay, of intact (@), denervated (A),
and decentralized (O) pineal glands as a func-
tion of time of day. Data represent the per-
centage of protein 1 present in pineal glands of
rats killed at 12 hours; values are means *
S.E.M. The number of glands varied from 5 to
20. Typical amount of protein 1 in intact,
denervated, and decentralized pineal glands
of animals killed at 12 hours are shown in
Table 1. The asterisk indicates values that
showed a statistically significant difference
from 12 hours (x? test, P < .05).
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circadian variation in activity, which is
regulated by environmental lighting,
with adrenergic stimulation increased at
night and decreased during the day (/4).
The gland can be isolated readily and
studied in culture (I5). Finally, the role
and consequences of activating B-adre-
nergic receptors on pinealocytes have
been extensively investigated (/4).

The total amount of protein 1 was
measured by radioimmunoassay (I6) in
pineal glands from rats killed at the end
of the light period of a light-dark cycle of
12 hours of light and 12 hours of dark.
Denervation of the gland (achieved by
bilateral superior cervical ganglionec-
tomy) reduced the amount of protein 1
by about 25 percent (Table 1). Since light
abolishes adrenergic stimulation of the
pineal gland (/4), it seemed likely that
the lower amount of protein 1 observed
in the denervated glands at the end of the
light period was secondary to the loss of
presynaptic nerve terminals rather than
to a loss of adrenergic stimulation. This
interpretation was supported by experi-
ments in which the amount of protein 1
was measured in decentralized glands
(that is, glands in which the preganglion-
ic nerve to the superior cervical ganglion
was transectioned bilaterally). Decen-
tralized pineal glands, unlike denervated
pineals, contain presynaptic nerve termi-
nals but, like denervated pineals, receive
no adrenergic stimulation. There was no
reduction in the amount of protein 1 in
decentralized glands (Table 1). Thus,
about 25 percent of the protein 1 in the
pineal gland is present in presynaptic
nerve terminals and the rest in pinealo-
cytes (13).

Because of the prominent circadian
rhythm in indoleamine metabolism dis-
played by the rat pineal (/4), we mea-
sured protein 1 at different times of day.
The amount of protein 1 in intact glands
increased steadily during the first half of
the night, peaked at midnight, and then
declined, reaching a nadir by midday
(Fig. 1). The diurnal rhythm in the pro-
tein 1 content of the intact pineal glands
parallels the circadian oscillation in in-
doleamine metabolism (/4). In denervat-
ed and decentralized glands the amount
of protein 1 did not change during the
light-dark cycle (Fig. 1). Thus, the noc-
turnal rise in protein 1 content in intact
pineal glands, like the nocturnal rise in

indoleamine metabolism (/7), depends
on the gland’s sympathetic innervation.

The rhythms in pineal indoleamine
metabolism are true circadian rhythms,
not merely responses to light and dark-
ness (/4). Thus, in continuous darkness,
a circadian rhythm in pineal indoleamine
metabolism is still observed, which is
driven by a circadian oscillator in the
central nervous system. The suprachias-
matic nucleus has been implicated in the
regulation and generation of circadian
rhythms in the pineal and elsewhere (18).
It is characteristic of the circadian
rhythm in the pineal that light can block
the nocturnal rise in indoleamine metab-
olism and that darkness is ineffective in
permitting a rise during the day (/4). The
diurnal change in protein ! in the rat
pineal gland may also reflect a true circa-
dian rhythm. Thus, exposure of animals
to light between 12 and 18 hours blocked
the nocturnal rise in pineal protein 1 (/9),
and exposure of animals to darkness
between 0 and 6 hours failed to increase
pineal protein 1 (20).

The nocturnal rise in pineal indole-
amine metabolism is mediated by in-
creased sympathetic stimulation from
the superior cervical ganglion which in
turn is driven by the central nervous
system (I/4, 21). The sympathetic nerve
endings in the gland release norepineph-
rine (22), which acts on B-adrenergic

Table 1. Amount of protein 1 in intact, dener-
vated, and decentralized pineal glands. Rats
were Kkilled at 12 hours. Values are means +
S.E.M.; numbers in parentheses represent the
number of glands.

Protein 1 (fmole

Condition per gland)
Intact 237 = 10 (11)
Denervated 181 = 9 (10)*
Decentralized 240 = 13 (11)

*Difference from intact and decentralized glands is
statistically significant (paired r-test, P < .05).

Table 2. Adrenergic regulation of protein 1
content of pineal glands in vivo. Animals were
killed at 12 or 17 hours, and lights were either
turned off between 12 and 17 hours (dark) or
left on (light). Propranolol (20 mg/kg) and
isoproterenol (5 mg/kg) were administered
subcutaneously at 12 hours where indicated.
Values are means *= S.E.M.; numbers in
parentheses are the number of glands.

Condition Protein 1 (fmole
(hours) per gland)
12 219 = 12 (8)
17 (dark) 285 = 6 (®)*
17 (dark) + propanolol 218 £ 7(10)
17 (light) 226 =17 (9

17 (light) + isoproterenol 304 =22 (7)*

*Difference from 12 hours is statistically significant
(paired t-test, P < .05).
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Table 3. Adrenergic regulation of protein 1 content of pineal glands in vitro. Animals were killed
at 12 hours and the pineal glands were maintained in culture for 3 hours in the presence or

absence of the following compounds: isoproterenol (107°M); propranolol (5 X 107°M);
8-bromo cyclic AMP (107*M); 8-bromo cyclic GMP (1073M). Values are means + S.E.M.;
numbers in parentheses represent the number of glands.

Protein 1 (fmole per gland)

Condition
Intact Denervated
Control 217 = 14 (12) 171 = 11 (17)
Isoproterenol 268 = 7 (12)* 229 + 13 (18)*
Isoproterenol + propranolol 222 = 12 (11) 182 =26 (6)
8-Bromo cyclic AMP 264 £ 11 (13)*
8-Bromo cyclic GMP 211 = 11 (13)

*Difference from control is statistically significant (paired t-test, P < .05).

receptors to activate adenylate cyclase
and increase the synthesis of cyclic AMP
(23). Cyclic AMP, in turn, stimulates a
cyclic AMP-dependent protein kinase
(24) and may be responsible for most,
and possibly all, of the known conse-
quences of the nocturnal stimulation of
the pineal (25). Experiments designed to
determine whether a similar mechanism
is involved in the diurnal regulation of
the amount of pineal protein 1 showed
that pineal protein 1 increased by ap-
proximately 30 percent when control rats
were exposed to darkness for 5 hours
from hour 12 to hour 17 (Table 2), in
agreement with the results shown in Fig.
1. This nocturnal rise was blocked by
propranolol, a B-adrenergic receptor an-
tagonist, and by light, both of which
block the nocturnal activation of indole-
amine metabolism (23). Moreover, in the
presence of light, isoproterenol, a specif-
ic B-adrenergic agonist known to acti-
vate indoleamine metabolism when ad-
ministered at 12 hours (14, 23), increased
protein 1 content (Table 2). These data
suggest that the nocturnal increase in

pineal protein 1 is mediated by B-adre- .

nergic stimulation.

The adrenergic regulation of protein 1
content of pineal glands explanted into
culture was also studied (Table 3) (26).
Culture times were short (3 hours) be-
cause protein 1 content decreased at
longer incubation times (data not
shown). Consistent with the results ob-
tained in vivo, isoproterenol increased
the protein 1 content of normal glands by
about 25 percent (Table 3). Norepineph-
rine increased protein 1 by about the
same amount (data not shown). The in-
crease observed in response to isopro-
terenol was blocked by propranolol, in-
dicating that isoproterenol increased the
protein 1 content by activating B-adre-
nergic receptors. Furthermore, 8-bromo
cyclic AMP, but not 8-bromo cyclic
GMP (guanosine 3', 5'-phosphate) mim-
icked the ability of isoproterenol to ele-
vate pineal protein | content, suggesting
that an increase in the concentration of
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cyclic AMP is a step in the sequence of
events by which B-adrenergic stimula-
tion increases the protein 1 content of
pineal glands. The mechanism by which
cyclic AMP increases protein 1 is not
known, but cyclic AMP-induced in-
creases in the activities of several pineal
enzymes require RNA and protein syn-
thesis (15, 21, 23).

Isoproterenol also increased protein 1

in denervated pineal glands in culture
(Table 3), and this increase (58 fmole)
was approximately the same as that in
intact glands (51 fmole). Thus, most of
the increase in intact glands appears to
be located postsynaptically in pinealo-
cytes.

Previously, protein 1 had been found
solely in neurons (/-3). Pinealocytes are
phylogenetically and developmentally
related to neurons and have processes
that contain dense core and clear vesi-
cles (27). The norepinephrine-induced
increase in protein 1 content of pinealo-
cytes may contribute to functional
changes during the circadian cycle of the
pineal gland. Corticosterone, a repre-
sentative of another class of compounds
that affects neuronal function, has been
shown to increase the total amount of
protein 1 in brain regions rich in cortico-
sterone receptors (28).

These results indicate that there is a
diurnal rhythm in pineal protein 1 con-
tent that is mediated by B-adrenergic
stimulation. Thus, neurotransmitters
acting through cyclic AMP, appear to
regulate both the total amount (present
results) and the state of phosphorylation
(9, 10) of protein 1.
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Lung Fibrosis and Emphysema: Divergent

Responses to a Common Injury?

Abstract. Cadmium chloride, administered intratracheally to golden Syrian ham-
sters, causes an acute lung injury which evolves into a lesion with functional and
morphological features of diffuse fibrosis. With simultaneous feeding of a lathyro-
gen, B-aminoproprionitrile, this same injury evolves into functional and morphologi-
cal changes of bullous emphysema. These results suggest that the same lung injury
might result in either fibrosis or emphysema, connective tissue synthesis during the
healing phase being the critical determinant.

Interstitial lung fibrosis and emphyse-
ma are generally considered to be sepa-
rate disorders, each having distinguish-
ing clinical, radiological, physiological,
and pathological characteristics (/). De-
spite these differences, current concepts
suggest common features in pathogene-
sis. Both disorders are thought to repre-
sent a late healing stage after lung injury.
Both diseases in humans, as well as in
animal-model counterparts, are at some
stage associated with inflammation (2). It
has been proposed that the products of
the inflammatory reaction, particularly
proteases and oxygen-centered radicals,
may play a central role in mediating lung
damage that precedes both fibrosis and
emphysema (3). Even the repair phase
after injury may have similarities. Post-
injury accumulation of connective tissue
proteins is a prominent feature of both
emphysema and fibrosis in animal mod-
els (4).

What determines whether lung dam-
age evolves into fibrosis or emphysema?
One factor might be the nature of the
initial injury; however, differences in the
repair processes might be equally as im-
portant. The metabolism of collagen and
elastin is of particular interest in the
healing phase since these proteins are so
important to lung structure and function.
We present evidence to support the idea
that alterations in the synthesis of these
proteins might determine whether em-
physema or fibrosis evolves after lung
injury. We show that the intratracheal
administration of cadmium chloride
(CdCl,) to hamsters causes functional
and morphological abnormalities that are
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characteristic of lung fibrosis. With the
simultaneous administration of B-amino-
proprionitrile fumarate (BAPN), which
interferes with normal collagen and elas-
tin synthesis by inhibiting lysyl oxidase
(5), this same injury results in morpho-
logical and functional changes of bullous
emphysema.

Female golden Syrian hamsters (LVG
outbred strain, Charles River Labora-
tories) weighing 90 to 120 g were fed

either a regular diet (Ralston Purina Ro-
dent Chow) or the same diet to which
was added 0.5 percent (by weight)
BAPN (Sigma). Seven days later, pento-
barbital-anesthetized animals received
by intratracheal instillation either 0.5 ml
of normal saline containing' 0.04 pmole
of CdCl, per 100 g of animal weight or
normal saline alone. After 5 weeks, the
surviving animals were killed and pres-
sure-volume relationships were mea-
sured in the excised lungs. The lungs
were then fixed in Formalin at constant
pressure (25 cm H,0), and sections were
processed for histopathological examina-
tion. To determine the extent of any
airspace enlargement, the mean linear
distance between alveolar intercepts
(L,) was measured on each lung section
).

After 24 hours, hamsters receiving
CdCl, and either the regular diet or the
regular diet with BAPN exhibited signs
of respiratory distress, which subsided
within a few days. Histopathological ex-
amination of the lungs at this stage re-
vealed edema, hemorrhage, and an in-
tense, predominantly neutrophilic, in-
flammatory reaction.

Nine out of 16 animals receiving CdCl,
and BAPN died between 2 and 5 weeks
after instillation of the CdCl,. At autop-
sy, the lungs from each of these animals
contained multiple, large (up to 2 cm in
diameter), thin-walled subpleural bullae
(Fig. 1a). In some animals a single bulla
occupied nearly an entire hemithorax.

Fig. 1. (a) Air-filled lung from a hamster that had received CdCl, 5 weeks before and was also
fed BAPN. The multiple subpleural bullae occurred only in this treatment group. (b) Histologic
section showing a bulla and adjacent emphysematous changes in the same lung. (c) Diffuse lung
fibrosis in an animal that received CdCl, but no BAPN. (d) Normal hamster lung. (All
photomicrographs are x22.)
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