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ABSTRACT

The transynaptic splanchnic regulation of the adrenal medulla
is not functional in the newborn rat. Thus, synthesis and release
of adrenal catecholamines and peptides are assumed to be regu-
lated by nonneuronal mechanisms at this stage. In a previous
study we reported 4-5-fold increases in the levels of mRNA
encoding tyrosine hydroxylase (TH), dopamine 3-hydroxylase
(DBH), and neuropeptide tyrosine (NPY) in the rat adrenal
medulla immediately after birth. In the present in situ hybridiza-
tion study the importance of postnatal oxygenation for the birth-
related increase in expression of these mRNA, and of prepro-
enkephalin (ENK) mRNA was investigated in rat pups. We
report here that maternal hypoxia (11-13% O,) leads to 2-3-fold
increases (p < 0.01) in fetal adrenal TH, DBH, and NPY mRNA
levels on the day before birth. These mRNA then further in-
creased 1.5-2-fold (p < 0.01) 12 h after birth in room air. Only
ENK mRNA levels increased (5-fold; p < 0.01) when pups were

Synthesis and release of adrenal catecholamines (1) and
peptides (2, 3) are mainly regulated transynaptically by the
splanchnic nerve in adult animals (4). However, this regulation
does not appear to be fully mature until 10-12 d of age in the
rat (5, 6). Still, catecholamines can be released due to stressful
stimuli such as hypoxia (7). Furthermore, the levels of mRNA
for TH, DBH, and NPY increase 4-5-fold, 12 and 24 h after
birth (8), probably to replace catecholamines and NPY released
at birth (9, 10). Thus, a nonneuronal mechanism(s) regulating
synthesis and release of catecholamines and peptides seems to
be present. One such nonneuronal factor of interest, especially
for the up-regulation of various mRNA in the rat adrenal
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born in 11-13% O,; however, still less (p < 0.01) than after birth
in room air when it increased nine times (p < 0.01). Thus, the
birth-related increases in TH, DBH, NPY, and ENK mRNA
levels in the rat adrenal medulla are dependent on postnatal
oxygenation. (Pediatr Res 37: 701-706, 1995)

Abbreviations
DBH, dopamine $-hydroxylase
E21, embryologic d 21
ENK, enkephalin
hypo, hypoxic
norm, NOrmoxic
NPY, neuropeptide tyrosine
PC12, pheochromocytoma cells 12
SSC, sodium-cloride sodium citrate
TH, tyrosine hydroxylase

medulla at birth (8), is the role of postnatal oxygenation.
Access to oxygen postnatally may be a limiting factor for
enzyme activity and protein synthesis, including expression of
mRNA. In fact, recently several genes have been shown to be
regulated by oxygen levels, e.g. the erythropoietin gene (11—
13). Also TH seem to be regulated by oxygen levels in the
carotid body but not in the adrenal medulla of adult rats (14).

In addition to catecholamines several peptides, e.g. ENK and
NPY, are present in chromaffin cells in the rat adrenal medulla
(15-18), and several peptides are abundant before the estab-
lishment of a “functional” splanchnic innervation (6). The
functional role of such adrenal peptides has not yet been
clarified. However, ENK has been suggested to exert an inhib-
itory modulation of the catecholamine release from the adrenal
medulla in early life (19), and the opiate antagonist naloxone
increases the surge of catecholamines at birth in fetal sheep
(20). Thus, ENK might act as an autoregulating factor of
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adrenal catecholamine release (and synthesis) before the onset
of a functional innervation.

The present study was undertaken to further study the
regulation of expression of mRNA encoding TH, DBH, NPY,
and ENX in the rat adrenal medulla at birth, i.e. well before a
mature transynaptic regulation has been established. Focus is
on the role of postnatal oxygenation, and in sifu hybridization
histochemistry with synthetic oligonucleotides was used.

METHODS

Animal keeping and hypoxic exposure. Five pregnant Spra-
gue-Dawley rats (IFFA CREDO, L’Arbresle, France) were
used. At d 17-18 of pregnancy four rats were placed in a
Plexiglas chamber with an individual space for each rat. One
day later the oxygen levels were reduced to 11-13% O, and
kept at this level throughout the experiment. The CO, levels
were never allowed to exceed 0.1%, and the temperature in the
chamber varied between 24.2 and 26.1°C. All litters were born
in the hypoxic environment 2-3 d after the gas switch, but were
then subject to different postnatal milieus before sacrifice and
dissection (see Fig. 1 for explanation). The pups were kept with
their mothers throughout the experiment. Before cesarean sec-
tion the mothers were anesthetized with Mebumal (40 mg/kg,
i.p.). Pups of all groups were killed by a hard blow on their
head. The adrenals were then rapidly dissected out, mounted,
and frozen in 0.9% sterile saline on dry ice, sectioned at 14 pum
in a cryostat (Microm, Heidelberg, Germany), and thawed onto
ProbeOn microscope slides (Fisher Scientific, Pittsburgh, PA).

Probes and probe labeling procedure. Four synthetic oligonu-
cleotides complementary to, respectively, nucleotides 1441-1488
of rat TH mRNA (21), nucleotides 91-136 of rat DBH mRNA
(22), nucleotides 1671-1714 of rat NPY mRNA (23), and nucle-
otides 322-361 of rat prepro-ENK mRNA (24) were used. The
oligonucleotides were labeled with a->>S-dATP (DuPont NEN,
Boston, MA) at the 3’-end using terminal deoxynucleotidyltrans-
ferase (Amersham Corp., Amersham, UK) and purified through
Nensorb 20 columns (Du Pont NEN).

Hpybridization procedure. Hybridization of the nonfixed tis-
sues was performed at 42°C for 16 h, essentially as previously
described (25). In brief, hybridization was performed in a
solution containing 50% formamide (J. T. Baker Chemicals
B.V., Deventer, Holland), 4 X SSC (1 X SSC = 0.15 M Na(Cl,
0.015 M sodium citrate), 1 X Denhardt’s solution (0.02% each
of bovine serum albumin, Sigma Chemical Co., St. Louis, MO;
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Ficoll, Pharmacia, Uppsala, Sweden; polyvinylpyrrolidone,
Sigma Chemical Co.), 0.02 M sodium phosphate (pH 7.0),
10% dextran sulfate (pH 7.0) (Pharmacia), 1% Sarkosyl (V-
lauroyl-sarcosine, Sigma Chemical Co.), 500 mg/mL salmon
testis deoxynucleic acid (Sigma Chemical Co.) and 200 mM
dithiothreitol (LKB, Stockholm, Sweden). After hybridization
the sections were rinsed in SSC at 55°C for 60 min with four
changes of SSC and then brought to room temperature in SSC.
Sections were then briefly transferred through distilled water,
60% and 95% ethanol, air-dried, covered with Hyperfilm-
Bmax autoradiography film (Amersham) and exposed at
—20°C for 35 h (DBH) or 100 h (TH, NPY, ENK). Subse-
quently, the sections were dipped in liquid photoemulsion
(NTB2; Eastman Kodak, Rochester, NY) and exposed for 7-14
d. After the exposure the unstained sections were analyzed in
a Nikon Microphot-FX microscope, under side-light conditions
(Darklite, Micro Video Instruments Inc., Avon, MA) and after
staining with cresyl violet under brightfield conditions.

Quantitative autoradiography. Computerized quantification of
relative levels of mMRNA was made possible by hybridizing tissues
from the various groups together, and by using **C-labeled plastic
standards (Amersham) and Hyperfilm $-max (Amersham) (see
Ref. 26). Each image was digitized with 256 gray levels for each
picture element and was adjusted for possible artifacts in the
illumination or optical pathway. Gray levels for each *C-labeled
plastic standard were determined and used in a third degree
polynomial approximation to construct a gray level (256 levels) to
activity transfer function. The boarders of the measuring fields, i.e.
of each individual adrenal medulla, were interactively defined,
and the average activities in the tissues were calculated using
Wingz software (Microsoft Corporation, Redmond, WA). The
E21"P° Jevel of respective mRNA was used as an internal stan-
dard and set to 100%. Analysis of variance was used for statistical
analysis, and p < 0.05 was regarded as significant. Eight animals
were used in all groups except for the E21"™ group which
contained four animals.

Ethical considerations. The experiments have been ap-
proved by the local ethical committee (Stockholms norra djur-
forsoksetiska nimnd; Dnr N178/90 and N159/93).

RESULTS

The pups and the mothers coped well with the hypoxic
environment, e.g. they were moving around, and the pups were
sucking. Specific signals for TH (Figs. 2a and c; 3a—c), DBH,

Figure 1. Schematic illustration over the experimental protocol. Four pregnant rats (/—4) were placed in a hypoxic (- - - - - ; 11-13% O,) chamber after 17-18
d of pregnancy and left there until delivery. When born, the litters were subjected to different oxygen milieus. One litter () was immediately removed to room
air (°°°°°; ~21% 0O,) and allowed to remain there for 12 h (12-h™™); a second litter (2) was reared in the hypoxic milieu for 12 h after birth (12-h™?°); and
a third litter (3) was first reared in the hypoxic milieu for 12 h and then allowed to breath room air for 12 h (12 + 12 h). The litters of one hypoxic (4) and one
normoxic (5) mother were delivered by cesarean section on embryologic d 21 (E21"™P° and E21™™, respectively).
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Figure 2. Film autoradiographs of 14-um thick adjacent sections of adrenal
medullae of E21™" (a, b) and 12-h™™ (¢, d) rats hybridized in situ with
synthetic oligonucleotide probes complementary to TH (a, ¢) and ENK (b, d)
mRNA and exposed to liquid photoemulsion. The outer boarders of the adrenal
cortex (a) and of the E21"P° medulla (a, b) are indicated by the dotted lines.
Note the dramatic increase in ENK mRNA levels from the E21"° to the 12
h"°™ stage. Arrowheads in b point to unspecific signal in cortex due to
refraction by lipid granules. c is slightly retouched. Bar indicates 0.5 mm.

NPY, and ENK (Figs. 2b and d; 3d—f) mRNA were found over
the adrenal medullae (Fig. 2) and at higher magnification over
groups of chromaffin cells (Fig. 3). The levels of mRNA
encoding TH, DBH, and NPY were significantly (p < 0.01)
higher in the hypoxic fetuses (E21""°) compared with the
levels in the normoxic fetuses (E21™™) (Table 1; Fig. 4). The
levels of ENK mRNA were not different in the E21"°"™ and the
E21"7° groups (Table 1; Fig. 4).

The levels of TH (Figs. 2a and ¢; 3a and »), DBH, NPY, and
ENK (Figs. 2b and d; 3e and f) mRNA increased significantly

Figure 3. Film autoradiographs of 14-um thick adjacent sections of adrenal medullae of E21™P° (g, d), 1
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(p < 0.01) within 12 h after birth, when the rat pups were born
into room air, compared with the levels in adrenals from the
E21"%° rats (see Table 1; Fig. 4). ENK mRNA levels increased
5-fold when pups were born in 11-13% O, (p < 0.01; Table
1; Figs. 3d and g; 4), whereas the TH (Table 1; Fig. 3a and c)
and DBH mRNA levels decreased (p < 0.05), and the NPY
mRNA levels were unchanged (Table 1; Fig. 4). Only the TH
mRNA levels increased (p < 0.05; 12h™P° versus 12 +12 h)
when pups were born and reared for 12 h in 11-13% O, and
then allowed to breath room air for 12 h. The levels of all four
mRNA were significantly (p < 0.05-0.01) lower in the 12"Y?°
and 12 + 12 h groups compared with the levels of the
respective mRNA in the 12°°™ group (Table 1; Fig. 4).

DISCUSSION

In the present study relative changes in mRNA levels for
enzymes and peptides have been quantitatively analyzed in the
rat adrenal medulla using *°S-labeled synthetic oligonucleo-
tides and in situ hybridization combined with '*C-labeled
plastic standards and Hyperfilm B-max (26). Comparison of
the different groups was made possible by hybridizing tissues
from all groups together on the same slide and by concomitant
exposure of both the tissues and the standards. The present
results confirm our previous findings (8) that expression of
mRNA encoding TH, DBH, and NPY, as well as ENK mRNA
is markedly up-regulated at birth in the rat adrenal medulla.
However, and more importantly, they suggest that an adequate
and concomitant postnatal oxygenation is crucial for this up-
regulation. In addition, TH, DBH, and NPY mRNA levels were
found to be partially up-regulated in utero when the mothers
were exposed to hypoxia.

The regulation of TH, DBH, NPY, and ENK mRNA expres-
sion before and immediately after birth is likely to be mediated
by a nonneuronal mechanism(s) (5, 6), as suggested earlier (8).
The finding that TH, DBH, and NPY mRNA levels were
increased in the E21™P° group, compared with the E21°°™
group (Table 1; Fig. 4), indicates that adrenal catecholamine

':".,'- J! v o . A
2-h"™ (b, €), and 12-h™P° (c, ) rats hybridized in

situ with synthetic oligonucleotide probes complementary to TH (a—c) and ENK (d—f) mRNA and exposed to liquid photoemulsion, stained with toluidine blue,
and photographed under brightfield light. Specific signals for TH and ENK mRNA are indicated (arrowheads) over some chromaffin cells. Bar indicates 50 um.
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Table 1. Relative levels of TH, DBH, NPY, and ENK mRNAs in the adrenal medulla of fetal and newborn rats

E21m™ E21p 12-prom 12-hPe 12 + 12-h
TH 35.1 %29 100 = 19.3 165.0 = 28.0 59.1 = 11.6 86.4 = 19.1
DBH 58.1 = 5.1 100 * 17.6 140.9 * 31.7 64.7 7.9 77.0 = 158
NPY 504 = 5.0 100 = 23.3 178.5 = 40.7 1033 + 17.4 125.6 +30.0
ENK 125.7  14.2 100 = 30.9 984.2 + 275.8 516.0 + 73.0 463.9 + 77.0

Levels of TH, DBH, NPY, and ENK mRNAs in adrenal medullae of rat pups of the E217°™, 12-h"°™, 12-h"P°, and 12 + 12-h groups relative their levels
in E21"YP° rat pups, which were set to 100% (see Fig. 1 for explanation). Levels are given as mean *= SD.
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Figure 4. Levels of TH, DBH, NPY, and ENK mRNA in adrenal medullae of the E21"°™, 12-h™™, 12-h"¥P° and 12 + 12-h groups relative to their respective
level in the E21™® group, which was set to 100%. Mean values are shown, and SD are indicated by the error bars. Significance compared with E21™° rats
is indicated by stars (* = p < 0.05 and ** = p < 0.01), and between 12-h"*"™ levels by open stars. The significant difference in TH mRNA levels between the
12-h"¥?° and the 12 +12-h groups is indicated by an open star in a black circle. All other comparisons were not significant (p > 0.05). Analysis of variance

was used for statistical analysis.

and peptide synthesis can be up-regulated already in utero, in
this case induced by maternal hypoxia. This corroborates
earlier findings of increased catecholamine levels in the hy-
poxic fetal sheep (27, 28), an increase that in the sheep could
be mediated both by hormonal (27, 29, 30) and neuronal (28)
influences. In our situation neuronal regulation is unlikely (5);
however, the relative long term (2-3 d) prenatal hypoxia may
induce elevation also of maternal corticosteroid levels. These
hormones can, in contrast to adrenocorticotrophic hormone,
pass the fetoplacental barrier, whereby they may affect synthe-
sis of adrenal catecholamines in the fetus. Moreover, glucocor-
ticoids enhance the selective effect of nerve growth factor on
induction of TH and DBH (31), mainly by increasing enzyme

synthesis (31). Thus, interaction between corticosteroids and
nerve growth factor may be one mechanism explaining the
up-regulation of enzyme synthesis in the E21"YP° group. Inter-
estingly, the levels of ENK mRNA were not affected by fetal
hypoxia (Table 1; Fig. 4). The low levels of ENK mRNA in the
E21 groups corroborate the view that circulating ENK does not
originate from the adrenal in fetal life (32).

Seidler and Slotkin (7) found evidence that hypoxia induces
release of adrenal catecholamines in the immature rat, presum-
ably by a direct nonneuronal mechanism. It is possible that
intermittent asphyxia during the delivery process induces re-
lease of catecholamines (9, 10) and of adrenal peptides. It may
as well induce a compensatory increase in synthesis of cat-
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echolamines, enzymes, and peptides, as indicated by the in-
creased levels of TH, DBH, NPY, and ENK mRNA after
normal birth. Synthesis of catecholamines may also be stimu-
lated via feedback mechanisms secondary to a possible deple-
tion of catecholamines at birth (§—10).

The preganglionic innervation of the rat adrenal medulla is
not fully mature until 10—12 d of age, as revealed by functional
tests (5) and by analysis of the presence of ENK- and acetyl-
cholinesterase-like immunoreactivities (6). However, the sen-
sory innervation develops much earlier (6). It may be specu-
lated that transmitter release from sensory nerve endings in the
adrenal may contribute to the up-regulation of adrenal enzyme
and peptide synthesis at birth (33).

However, notified should be that catecholamine synthesis is
primarily regulated by phosphorylation of the TH enzyme (34).
The rate of catecholamine synthesis may therefore be high in
spite of unchanged enzyme synthesis. In fact, TH enzyme
activity, but not TH mRNA levels, is increased by hypoxia in
the adult rat adrenal medulla (14).

ENK mRNA levels were found to increase 9-fold 12 h after
birth in room air and 5-fold when pups were born in 11-13%
O,. The marked relative increases in ENK mRNA levels after
birth can partly be explained by the very low levels of ENK
mRNA detected in the fetal adrenal medulla (Table 1; Figs. 2b
anf d; 3d—f; 4). Moreover, ENK mRNA levels were five times
higher (compared with the E21"™®° rats) in pups exposed to
room air for 12 h after birth in 11-13% O, (Table 1; Figs. 2b
and d; 3d—f; 4). Taken together, these results indicate that
expression of ENK mRNA is regulated in a different way
compared with TH, DBH, and NPY mRNA, in spite of the fact
that ENK and catecholamines are co-stored and co-released in
the adrenal medulla (15, 16). However, postnatal oxygenation
seems to be of importance also for ENK mRNA expression,
because its levels were lower (p < 0.01) in the 12-h™P° group
compared with in the 12-h"°"™,

Previous studies have shown that ENK inhibits the release of
catecholamines in the immature adrenal gland (19, 20). The
high postnatal levels of ENK mRNA may relate to a surge of
adrenal ENK at birth, e.g. stress induced (35-37). The function
of this ENK may be to ensure that release and synthesis of
catecholamines are not overstimulated at birth (19, 20). It may
also be speculated that adrenal ENK has an endogenous anal-
gesic effect in the fetus during the parturition process and
during the immediate period thereafter. In fact, ENK has been
suggested to mediate stress-induced analgesia (38, 39).

It is known from experiments on rat pups that the turnover
of catecholamines in the brain increases within 2 h after birth,
and that this increase is related to air breathing (40), i.e. to the
increase in oxygen levels that normally occurs after birth.
Oxygen sensitive mechanisms may regulate release (and syn-
thesis) of catecholamines and peptides also in the adrenal. In
fact, the levels of TH mRNA in the rat carotid body (14) and
in PC12 cells (41) are increased by hypoxia. In PC12 cells this
seems to be mediated both by an increased transcription (41)
and by stabilization of the mRNA (41) by a cytoplasmatic,
mRNA binding protein (42). Although TH mRNA levels do
not increase in response to hypoxia in the adult rat adrenal (14),
it is tempting to speculate that oxygen might regulate gene
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expression and/or mRNA stability in the rat adrenal medulla at
immature stages. For example, the binding of the nuclear
transcription factors Jun and Fos to activator protein-1 sites
may be regulated by their redox state (43). Inasmuch as
activator protein-1 sites are found in several genes that are
expressed in the adrenal (44, 45), this may be one mechanism
by which oxygen levels could influence, e.g. TH mRNA
expression. Interestingly, oxygen levels increase more than
2-fold shortly after birth. Thus, oxygen-sensitive mechanisms
regulating gene expression, if they exist, have to undergo rapid
changes or “switches” after birth. Clearly, if a mechanism
sensitive to hypoxia contributes to the up-regulation of TH,
DBH, and NPY mRNA levels in the E21™"° rats, then it is
either “turned off,” replaced, or “over-ridden” by other mech-
anisms after birth. Finally, access of oxygen postnatally may be
a limiting factor for, e.g. mRNA synthesis. The relation be-
tween adrenal gene regulation and oxygen levels, and eventual
developmental changes in this regard, clearly need further
investigation.

The relative birth-related increases in TH, DBH, and NPY
mRNA levels shown in the present study are lower than earlier
reported (8). This is mainly due to the fact that the levels of
these mRNA were already up-regulated in the E21™P° group
(see above), which was used as internal reference in the present
study, leading to relatively smaller changes at 12 h. However,
the levels in the 12-h"*™ group correspond well to our earlier
results when compared with the present levels in the E217%°™
group (TH = 470% versus 512%; DBH = 242% versus 370%;
NPY = 354% versus 253%). The remaining discrepancy for
TH and DBH mRNA levels between the two experiments may
relate to the fact that the pregnant rats in the present study were
reared in 11-13% O, (except for the E21"°™ group), whereas
all pregnant rat mothers were reared in room air in our previous
experiments (8). Additionally, it is known that the environmen-
tal temperature influences the increase in catecholamine turn-
over in the rat brain at birth (46). Although temperature has
less effect on adrenal catecholamines in this regard (40, 46), it
cannot be ruled out that the somewhat smaller relative birth-
related changes in TH and DBH mRNA levels in the present
study relate to the circumstance that the pups were born at
26°C, whereas the room temperature was 22°C in the previous
experiment. Interestingly, the relative increase in NPY mRNA
levels was lower in the previous study, indicating that synthesis
of this peptide mRNA is either inhibited in utero due to the
asphyxia leading to relatively greater changes, or induced to a
higher extent if the fetus is asphyxic before birth. The latter
explanation seems to be more likely, because NPY is found at
high levels during stressful stimuli such as exercise (47, 48)
and birth (49).

Our results show that the parturition process per se was not
efficient enough to induce the increase in TH, DBH, and NPY
mRNA levels (Table 1; Figs. 3a, c—f; 4). Moreover, increasing
the O, levels from 11 to 13% O, to room air 12 h after birth did
not (DBH, NPY, ENK), or only slightly (TH; p < 0.05)
increase the levels of these mRNA in the adrenal medulla,
compared with the 12-h"P° rats. Thus, a concomitant postnatal
oxygenation seems to be essential for the birth-related increase
in expression of the studied mRNA. The present results there-
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fore indicate that the replacement of catecholamines released
during the period of birth may be attenuated, if the fetus is not
adequately oxygenated at and after birth, because in this case
synthesis of TH and DBH enzymes and of NPY may be low.
This may lead to a situation where too low levels of cat-
echolamines and NPY could increase the vulnerability of the
newborn to new hypoxic challenges (50, 51).

CONCLUSION

The present results indicate that adrenal catecholamine and
NPY synthesis are up-regulated in utero by maternal hypoxia.
The birth-related increases in TH, DBH, NPY, and ENK
mRNA levels seems to be regulated by, and/or dependent on an
adequate and concomitant postnatal oxygenation. Thus, post-
natal oxygenation may be important for the replacement of
adrenal catecholamines released at birth.
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