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Abstract

When rat adrenal glands are denervated, large increases in the amounts of enkephalin and enkephalin-
containing polypeptides appear. In the normal gland, only trace amounts occur. One of the larger
polypeptides (approximately 22,000 daltons) increases rapidly and by 48 hr following denervation, attains 20
times its original level. At this time, the levels of free enkephalins are essentially unchanged. By 96 hr, the
22,000-dalton polypeptide begins to decrease as free enkephalins and intermediate-sized enkephalin-
containing polypeptides increase. This series of events is consistent with a precursor (22,000-dalton

polypeptide)/product (enkephalin) relationship.

In the original studies describing Met-enkephalin im-
munoreactive material in adrenal medullary cells,
Schultzberg et al. (1978) noted that the rat differed from
other species. Only after sectioning the splanchnic nerve
did a substantial proportion of the rat adrenal medullary
cells react positively for Met-enkephalin. Subsequently,
we found that the bovine adrenal medulla contains not
only large amounts of enkephalins but also enkephalin-
containing polypeptides, presumably precursors and in-
termediates of the pentapeptides (Lewis et al.,, 1979,
1980a). These polypeptides range in size from hexapep-
tides to polypeptides >50 kilodaltons (kDal) and, except
for the enkephalin sequence, are not homologous with
the known opioid-containing peptides in the pituitary
gland, i.e., B-endorphin, B-lipotropin, and pro-opiocortin
(Lewis et al., 1979; 1980a). We have purified and char-
acterized many polypeptides containing the enkephalin
sequence. These are of varying sizes: 22, 14, 8, 5, and 4
kDal in addition to hexa- and heptapeptides (Lewis et
al., 1980a, b; Kimura et al., 1980; Stern et al., 1979, 1980).
Now we have investigated the effects of denervation on
rat adrenal gland and find, as previously reported
(Schultzberg et al., 1978), that the untreated glands con-
tain very small amounts of enkephalin. The untreated
glands also contain larger enkephalin-containing poly-
peptides (approximately 22 kDal). Following denerva-
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tion, enkephalin levels remain essentially unchanged for
over 2 days, whereas the 22-kDal polypeptide increases
rapidly and attains values 20 times the levels of the
controls. Increases in free enkephalin and the smaller
enkephalin-containing polypeptides appear much later.

Materials and Methods

Rats (150 to 200 gm) with unilaterally denervated
adrenal glands were obtained from Taconic Farms (Ger-
mantown, NY). They were killed by decapitation and the
adrenal glands were removed and frozen in liquid nitro-
gen within 2 min after death. The denervated (left side)
and control glands (right side) were pooled and homog-
enized as described (Lewis et al., 1979). After centrifu-
gation, the supernatant solution was fractionated on
Sephadex G-75 (1.25 X 60 cm) which had been equili-
brated in the extraction buffer. Portions from each frac-
tion were lyophilized, redissolved in 400 pl of 50 mm Tris-
HCI (pH 8.5), and digested with 1 pg of L-1-tosylam-
ido-2-phenylethyl chloromethyl ketone (TPCK)-treated
trypsin for 16 hr at 37°C. The tryptic digests were treated
with 0.1 ug of carboxypeptidase B for 2 hr at 37°C and
then for 20 min at 90°C to inactivate the enzyme. The
samples were then assayed for opioid activity by a radi-
oreceptor binding assay using neuroblastoma-glioma hy-
brid cells with [*H]tyrosine-labeled Leu-enkephalin as
the competing ligand (Gerber et al., 1978).

Results and Discussion

Small amounts of enkephalins and enkephalin-contain-
ing polypeptides were detected in the untreated rat ad-
renal gland (Fig. 1). However, a dramatic effect was
produced upon denervation of the gland. Twenty-four
hours after denervation (Fig. 24), a large increase in the
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Figure 1. Sephadex G-75 chromatography of extracts of
control rat adrenal glands. Control glands (n = 14) were pooled.
The amounts are presented as total enkephalin equivalents and
are not corrected for losses during extraction and chromatog-
raphy. The elution positions of the characterized enkephalin-
containing polypeptides and enkephalins are presented as ref-
erence standards. The data presented in Figures 1 and 2 are
representative of one of the four experiments performed.

22-kDal enkephalin-containing polypeptide was ob-
served; free enkephalins were essentially unchanged. At
this time, the 22-kDal polypeptide had increased more
than 12-fold to 560 pmol per gland. A small amount (40
pmol) of the 14-kDal polypeptide also appeared. After 48
hr (Fig. 2B), the 22-kDal polypeptide had increased to
970 pmol and the 14-kDal polypeptide had increased to
more than 100 pmol; enkephalin levels were still un-
changed.

The pattern of enkephalin-containing polypeptides ob-
served 96 hr after denervation (Fig. 2C) resembled qual-
itatively that seen in extracts of bovine adrenal chromaf-
fin granules (Lewis et al., 1979). In contrast to what was
observed 24 and 48 hr following denervation, enkephalins
had now increased 4-fold to 330 pmol. Also, appearing
for the first time were the 8-kDal enkephalin-containing
polypeptide (180 pmol) and the group of 3- to 5-kDal
peptides (80 pmol), The 14-kDal polypeptide had in-
creased to 360 pmol. In contrast, the 22-kDal polypeptide
had decreased to 300 pmol.

Table 1 summarizes the total enkephalin content of
the rat adrenal gland at various times following dener-
vation and compares the levels of enkephalin-containing
polypeptides to those of free enkephalin. The increase in
the largest enkephalin-containing polypeptide appeared
to be linear for up to 48 hr. After 48 hr, there was only a
slight increase in the total enkephalin content, but the
distribution among the various polypeptides was greatly
altered (compare Fig. 2, B and C). It should be noted that
even at the 96-hr time point, the total enkephalin content
(free and in polypeptide form) was much less than is
present in normal bovine adrenal glands.

Identification of the enkephalin-containing polypep-
tides in the denervated rat adrenal gland with those in
beef adrenal chromaffin granules has yet to be estab-
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lished. However, the molecular weights estimated from
gel permeation chromatography are similar, suggesting
close homology of the polypeptides isolated from the two
sources. A most interesting point is that the time course
of appearance of the large enkephalin-containing poly-
peptides and of free enkephalins in the denervated rat
adrenal is that expected for a precursor/product relation-
ship (Rossier et al., 1980), i.e., increases first in the
enkephalin-containing polypeptides and only later in the
amount of free enkephalin. Thus, denervation appears to
provide a powerful stimulus for enkephalin synthesis.
Less likely is the possibility that the increase in enkeph-
alin-containing polypeptides is due to a decreased rate of
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Figure 2. Sephadex G-75 chromatography of extracts of
denervated rat adrenals. Rats were killed 24, 48, and 96 hr
following unilateral denervation (left side). All extraction and
chromatographic conditions were the same as described in
Figure 1 for the control adrenal extracts. A, 24 hr (n = 14); B,
48 hr (n = 14); C, 96 hr (n = 20) following denervation. There
was considerable variability among the experiments. However,
in all experiments, the large enkephalin-containing polypep-
tides were increased manyfold by 48 to 72 hr after denervation,
whereas “free enkephalins” were essentially unchanged.
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TABLE I
Levels of adrenal enkephalins and enkephalin-containing
polypeptides at various times following denervation

Time after Enkephalin-
D p containing Enkephalins® Total
enervation 1
Polypeptides
hr pmol/gm
Control 45 88 133
24 600 68 668
48 1070 106 1176
96 920 330 1250

“ The values are calculated from Figures 1 and 2 and represent the
total enkephalin content of all polypeptides above 3 kDal following
digestion with trypsin and carboxypeptidase B; they are presented as
picomoles of Leu-enkephalin equivalents per gram of adrenal.

® Values are maximum amounts since these fractions also contain the
hexa- and heptapeptides (Stern et al., 1980) which may represent as
much as 25% of the total “free” enkephalin activity.

their degradation. It is conceivable that denervation may
cause massive splanchnic stimulation of the adrenal me-
dulla at the time of surgery. This, in turn, may lead to
increased biosynthesis of enkephalin precursors by a
process analogous to the trans-synaptic induction of ty-
rosine hydroxylase (Thoenen et al., 1969a, b). Alterna-
tively, in the absence of release, there may be an accu-
mulation of enkephalin-containing polypeptides in the
denervated glands. The delay in appearance of free en-
kephalins for over 48 hr may reflect the time required for
maturation of adrenal chromaffin granules. The largest
precursor (perhaps >50 kDal (Lewis et al., 1980c)) may
be taken up by the newly formed granules and undergo
proteolytic processing during the maturation process.

It should be noted that at all times following dener-
vation, free enkephalins represented only a minor com-
ponent of the total enkephalin content of the adrenal.
Therefore, one cannot rule out the possibility that the
purpose of this metabolic pathway is to produce an
adrenal opioid hormone which is not free enkephalin but
one of the larger enkephalin-containing polypeptides.

The question remains as to why the untreated rat
adrenal gland contains so much less of the enkephalins
and precursors than the bovine gland. This may be
related to differences in metabolism and turnover or to
the physiological states of the animals at the time of
death. Whatever the reasons for the large quantitative
differences between these two species, the present find-
ings indicate that rat and bovine adrenal glands produce
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enkephalins via a pathway involving the same types of
precursor polypeptide intermediates.
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