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NAKAGAWA, R., M. TANAKA, Y. KOHNO, Y. NODA AND N. NAGASAKI. Regional responses of rat brain 
noradrenergic neurones to acute intense stress. PHARMAC. BIOCHEM. BEHAV. 14(5) 72%732, 1981.--Contents of 
noradrenaline (NA) and its principal metabolite, 3-methoxy-4-hydroxyphenylethyleneglycol sulfate (MHPG-SO4), in six 
brain regions of the rat were monitored simultaneously during 180 min of acute intense stress, i.e., electric tail shock under 
immobilization. In the hypothalamus and amygdala, NA contents decreased rapidly, and subsequently remained at the 
decreased levels while MHPG-SO4 contents increased progressively. The hippocampus and cerebral cortex showed more 
delayed changes in NA and MHPG-SO4 contents than the above regions. In the pons+med, obl., no decreases of NA 
contents were observed at any time, but MHPG-SO4 contents increased significantly. Neither NA nor MHPG-SO4 content 
changed significantly in the basal ganglia except for a transient increase of NA. These results suggest that, during acute 
intense stress, each brain region responds differently and the NA content is maintained at a decreased level despite 
continuously enhanced release of the amine. 

Noradrenaline 3- Methoxy-4-hydroxyphenylethyleneglycol sulfate 
Regional difference Maintenance of NA content 

Acute intense stress 

ACUTE stress has been shown to induce excitation of brain 
noradrenergic neurone and enhance release of noradrenaline 
(NA) from the nerve ending. Increased levels of 3- 
methoxy-4-hydroxyphenylethyleneglycol sulfate (MHPG- 
SO4), a principal metabolite of released NA [19,25], 
were observed after cold exposure [16], electric foot shock 
[12,22], and hind-limb ischemia [24]. We reported that im- 
mobilization combined with electric foot shock for 180 min 
resulted in a decrease of NA content associated with a 
marked increase of MHPG-SO4 level in the rat whole brain, 
but immobilization or foot shock alone did not affect NA 
content despite a significant increase of  MHPG-SO4 level 
[17]. This finding suggests that a depletion of NA results 
from strongly enhanced release of NA after the combined 
stress. In addition, the stress produced remarkable lesions in 
gastric mucosae associated with a reduced NA content in the 
stomach [17]. These marked changes in central and periph- 
eral organs indicate that the combined stress used in the 
previous study is extremely intense. There have been few 
studies, however, on simultaneous changes in NA and 
MHPG-SO4 contents in brain regions under the intense 
stress situation. The present study was undertaken to clarify 
the regional characteristics in the response of  brain norad- 
renergic neurone to electric tail shock under immobilization 
considered to be the same intense stress. 

METHOD 

Animals" 

Forty-eight male Wistar rats weighing 200-250 g were 
housed 4 per plastic cage (210×320× 135 mm) at near con- 
stant temperature (24 _+ I°C). The rats were provided with 
food and water ad lib and kept under a 12 hr light/dark cycle. 

Stress Procedure 

As shown in Fig. 1, each rat was immobilized with a wire 
net of 3 mm mesh and received an electric shock through an 
apparatus attached to a tail, based on the method of Weiss 
[31]. The shock was delivered using a constant voltage 
stimulator in square-wave pulses (5 Hz) for 5 sec every 30 
sec at 15 V intensity (AC, about 2-3 mA). The stress was 
applied to eight animals for 15, 30, 60, 120 and 180 min, 
respectively. Immediately after the stress, rats were decapi- 
tated, but eight rats in the control group were sacrificed just 
before the stress. 

Assay of  NA and MHPG-S04 Contents in Brain Regions 

The brain was removed immediately after the decapita- 
tion, then divided on the ice plate by the method of Gispen et 
al. [7] into six regions: hypothalamus, amygdala, hippocam- 
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pus, cerebral cortex, pons+med,  obl., and basal ganglia. 
These samples were kept in -40°C until assayed. Contents of 
NA and MHPG-SO4 were determined simultaneously by a 
sensitive, fluorometrical method developed by Kohno et al. 
[11]. 

Sta t i s t i ca l  Eva lua t ion  

Statistical comparisons were made using Student's t-test 
(two-tailed). 

RESULTS 

Figure 2 represents changes in contents of NA and 
MHPG-SO4 in six brain regions under the acute intense 
stress situation. In the hypothalamus, rapid and remarkable 
changes in both NA and MHPG-SO4 contents were ob- 
served. As early as 15 min, the NA content decreased mark- 
edly by 37.6% and the MHPG-SO4 level increased signifi- 
cantly by 27.1%. NA concentration continued to decrease 
until 60 min (47.7%); thereafter it remained at this level until 
120 min. By contrast, MHPG-SO4 levels increased progres- 
sively from 60 min (101.9%) to 180 min (162.9%). During this 
period, the MHPG-SO4 level increased on the course of the 
stress without further decrease of the N A content. Similarly, 
the amygdala demonstrated the same rapid decrease of NA 
content by 17.8% at 15 rain, and MHPG-SO4 level showed a 
modest increase after 30 rain and reached a statistical signifi- 
cance at 60 min. NA concentration remained at a depressed 
level, 29.4 to 33.3% for the duration, while the MHPG-SO4 
level increased progressively from 30 min (12.4%) to 180 min 
(47.7%). In the cerebral cortex, NA content decreased by 
22.7% and MHPG-SO4 level increased by 15.5% at 60 min. 
Here, too, NA concentration remained at a depressed level 
while MHPG-SO4 showed a progressive increase. The hip- 
pocampus, however, showed delayed changes in both NA 
and MHPG-SO4 contents when compared with the above 
regions; at 120 min, NA content had decreased by 27.9% and 
MHPG-SO4 showed an increase of 16.8%. In the pons+med. 
obl., no significant decreases of NA contents were observed 
at any time although MHPG-SO4 levels increased signifi- 
cantly from 60 min (34.0%,) to 180 min (70.6%). Neither NA 
nor MHPG-SO4 content changed significantly in the basal 
ganglia except for a significant and transient increase of NA 
content by 36.7% at 15 rain. 

DISCUSSION 

A number of studies have investigated the relationship 
between the types of stress situations and their influence on 
the brain noradrenergic neurone. Generally, NA contents 
decrease in most brain regions with acute stress, but the 
degree of decrease is quite variable and appears to depend on 
the nature of the stress. Maynert and Levi [15] reported 
decreases of NA content in the whole brain correlated with 
duration and frequency of electric foot shock to rats for 60 
min, and they suggested that NA depletion in the brain fol- 
lows according to the intensity of stress. Our previous study 
[17] suggests that the combined stress, which is considered 
extremely intense, severely depressed NA content by a 
strongly enhanced release of the amine. During intense 
stress, the NA depletion in the brain has been shown to 
reflect NA release which exceeds amine synthesis [2, 20, 21]. 

The present study subjected to the same intense com- 
bined stress, i.e., electric tail shock under immobilization, 
demonstrated a distinctive response of noradrenergic 
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FIG. I. An immobilized rat with an electrode. Each rat was im- 
mobilized with a wire net of 3 mm mesh and received electric shock 
through an electrode attached to a tail. The right upper diagram 
represents a tail electrode at frontal view. 

neurone in each brain region. The hypothalamus showed 
rapid and remarkable changes in both NA and MHPG-SO4 
contents. This finding is consistent with previous observa- 
tions that NA contents decreased more markedly in the 
hypothalamus [30] or in the hypothalamic nuclei [13,18] after 
short-term stresses, and that increases of MHPG-SO4 levels 
were more remarkable in this region than the other regions 
after foot shock [22] or hind-limb ischemia [24]. The charac- 
teristic response of noradrenergic neurone to the stress in 
this region is interesting with respect to the evidence that the 
hypothalamus has a primary role on emotions, pituitary- 
adrenocortical axis, and the autonomic nervous system. The 
occurrence of the same rapid change in NA content in the 
amygdala suggests that a close relationship exists between 
this region and the hypothalamus, a functional relationship 
which reflects the response to stressful conditions, as shown 
in previous neuroendocrinological studies [1,10]. In the hip- 
pocampus, changes in both NA and MHPG-SO, contents 
were delayed when compared with the above regions. The 
reason for the delayed response in this region is not known, 
but may be due to the involvement of the hippocampus in 
functions other than emergency reaction to stress, such as 
the continuation of normal social behavior or the regulation 
of balance between physiological response systems, as 
suggested by Isaacson [8] and Ely e t a / .  [6]. In the 
pons+med,  obl., no decreases of NA contents were ob- 
served at any time despite significant increases of MHPG- 
SO4 levels indicating enhanced release of NA. It may be that 
NA concentration is adequately maintained by an increased 
synthesis of the amine. Evidence for this comes from studies 
on tyrosine hydroxylase, the rate-limiting enzyme of NA 
synthesis, which demonstrate higher activity of this enzyme 
in the brainstem under stressful [33] or non-stressful condi- 
tion [4]. In the basal ganglia, no increases of MHPG-SO4 
levels occurred at any time. This finding suggests that the 
stress did not induce enhancement of NA release in this 
region. The cause of an early increase of NA content is not 
known, but the accumulation of NA associated with a tran- 
sient decrease of MHPG-SO4 level has been reported under 
immobilization stress [26]. 
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FIG. 2. Changes in contents of NA and MHPG-SO~ in various brain regions of rat during 180 min of electric tail shock under immobilization; 
each bar represents a mean _+ SEM of eight rats. The asterisk above the bar indicates the statistical significance as compared with control rat 
(*p<0.05, **p<0.01, ***p<0.001). 

In the present study, it is notable that NA contents de- 
creased and remained at the lower levels despite progressive 
increases of MHPG-SO4 contents in the hypothalamus, 
amygdala, and cerebral cortex. Suppressed elimination of 
MHPG-SO4 by the stress appears to be excluded. The previ- 
ous study employed probenecid, an inhibitor of active trans- 
port of the metabolite, has shown that the accumulated 
levels of MHPG-SO4 in rat brain regions without probenecid 
were well related to those with probenecid under immobili- 
zation [26]. Therefore, in these regions, the continuously 
enhanced release of NA is considered to be elicited by the 
intense stress, however, NA contents were maintained after 
the reductions to some extents. Previous studies also re- 
ported similar changes in NA contents associated with con- 
tinuously enhanced turnover of NA during foot shock [27] 
and foot shock under immobilization [2]. We propose the 
existence of a supplementary regulation system to protect 
NA store from exhaustive depletion in the brain resulting 

from continuously enhanced release of NA by the stress. A 
mechanism for this system has not been precisely under- 
stood. However, the system may have a relationship to an 
enzyme which synthesizes NA, for example, tyrosine hy- 
droxylase or dopamine-fl-hydroxylase. It is well documented 
that chronically-repeated stress enhances the activity of 
tyrosine hydroxylase in the brain [14, 18, 23, 29, 32, 33]. It is 
of interest, however, that other studies [3,9] have reported 
an accelerated tyrosine hydroxylation in the brain after acute 
stresses. Davis [5] suggested the possibility that an allosteric 
change in brain tyrosine hydroxylase may increase the affin- 
ity for oxygen, allowing greater catecholamine synthesis. 
ThieiTy et al. [28] showed that newly synthesized NA in the 
functional pool of the brainstem is increased and selectively 
utilized during acute foot shock stress. It is considered that 
this new, available NA may contribute to the maintenance of 
NA concentration in the brain under acute stress situation. 
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