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Prior Exposure to Chronic Stress Results in Enhanced Synthesis and
Release of Hippocampal Norepinephrine in Response to a Novel

Stressor

Laura K. Nisenbaum, Michael J. Zigmond, Alan F. Sved, and Elizabeth D. Abercrombie®
Department of Behavioral Neuroscience, University of Pittsburgh, Pittsburgh, Pennsylvania 15260

The release and synthesis of norepinephrine (NE) in hip-
pocampus were measured in naive and chronically cold-
stressed rats in response to acute tail-shock stress. Using
in vivo microdialysis, it was determined that the basal ex-
tracellular concentrations of NE and 3,4-dihydroxyphenyl-
acetic acid (DOPAC) in hippocampus were the same in the
two groups. However, 30 min of intermittent tail shock pro-
duced a greater elevation of extracellular NE and 3,4-dihy-
droxyphenylacetic acid in the chronically cold-stressed rats
than in the naive controls. In hippocampus, the extracellular
concentration of DOPAC may reflect NE biosynthesis,
and thus the enhanced DOPAC response in the chronically
stressed rats suggests an increase in NE synthesis. In order
to investigate this possibility, two further methods of as-
sessing NE biosynthesis were employed. Tyrosine hydrox-
ylase (TH) activity was assayed in vitro in the presence of
saturating concentrations of cofactor. No change in maximal
TH activity could be detected in hippocampus of chronically
cold-stressed rats. In addition, the in vivo rate of tyrosine
hydroxylation in cold-stressed rats was measured by the
accumulation of 3,4-dihydroxyphenylalanine in tissue follow-
ing inhibition of aromatic amino acid decarboxylase. It was
found that, whereas basal synthesis was the same in both
groups of rats, synthesis accompanying a novel stressor
was increased to a greater extent in the chronically stressed
rats.

The noradrenergic neurons of the locus coeruleus (LC) have
been implicated in the response of the CNS to environmental
stressors. For example, stressful stimuli elicit an increase in the
firing rate of LC neurons (Abercrombie and Jacobs, 1987) and
an elevation in norepinephrine (NE) turnover in the forebrain
(Thierry et al., 1968; Korf et al., 1973; Tanaka et al., 1983).
Moreover, severe stress reduces the NE content of brain tissue
(Maynert and Levi, 1964; Zigmond and Harvey, 1970; Weiss
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et al., 1976; Tsuda et al., 1982; Glavin et al., 1983). These
changes presumably reflect enhanced release of NE in response
to acute stress. In addition, an increase in NE biosynthesis is
thought to occur. It has been demonstrated that presentation of
a stressful stimulus can result in a rapid but short-term increase
in the activity of the rate-limiting enzyme tyrosine hydroxylase
(TH; Iuvone and Dunn, 1986) and an increase in the extracel-
lular concentration of NE in hippocampus (Abercrombie et al.,
1988; Kalen et al., 1989), a region receiving noradrenergic in-
nervation from LC,

In response to more prolonged demand, further alterations
in the utilization of NE have been observed. For example, prior
exposure to chronic stress can result in an enhancement of stress-
induced increases in NE turnover (Thierry et al., 1968; Kvet-
nansky et al., 1983). Previous exposure to repeated stress also
can protect against depletions of central NE tissue levels induced
by acute stress (Zigmond and Harvey, 1970; Weiss et al., 1976;
Ritter and Ritter, 1977). Moreover, chronic stress has been
shown to result in an elevation of the tissue level of central NE
(Irwin et al., 1986; Adell et al., 1988). These effects of chronic
stress may indicate an increase in the biosynthetic capacity of
noradrenergic neurons. Indeed, a prolonged increase in the V.
for TH has been demonstrated in LC neurons in response to
various chronic stressors, including chronic cold and foot-shock
stress (Thoenen, 1970; Zigmond et al., 1974; Stone et al., 1978;
Richard et al., 1988). This type of long-term increase in enzyme
activity has been shown to reflect an induction of new TH pro-
tein biosynthesis (Joh et al., 1973; Chuang and Costa, 1974).
Studies such as these that investigate changes in TH produced
by chronic stress, however, have focused on the cell bodies of
LC neurons, and thus the functional consequences of chronic
stress-induced changes at the terminal level remain unclear.

Although an increase in NE utilization following prior ex-
posure to chronic stress is suggestive of an increase in NE syn-
thesis and release, it is difficult to infer changes in release from
changes in the tissue levels of NE or its metabolites. For ex-
ample, we have demonstrated that changes in the extracellular
concentration of a neurotransmitter do not necessarily coincide
with alterations in tissue neurotransmitter levels (Abercrombie
etal., 1989). Moreover, changes in metabolite levels may reflect
alterations in the metabolism of intracellular as well as extra-
cellular NE (Badoer et al., 1989). Therefore, in order to measure
more directly NE output, in vivo microdialysis was employed
to quantify extracellular NE within hippocampus of naive and
chronically cold-stressed rats under basal conditions as well as
in response to a subsequent novel stressor. In addition, NE



biosynthesis was assessed both in vitro and irn vivo to determine
whether any stress-induced changes in this variable had oc-
curred.

Materials and Methods

Animals

Male Sprague-Dawley rats (Zivic-Miller Laboratory, Pittsburgh, PA)
weighing 300400 gm at the time of study were used. Rats were housed
two per cage in a temperature-controlled room (22-23°C) on a 12:12-
hr light/dark cycle for at least 1 week prior to the beginning of all
experiments. Food and water were available ad libitum.

Stress procedures

Chronic stress. Rats assigned to the chronic cold-stress group were shaved
and placed immediately into a cold room (ambient temperature, 5°C),
where they were housed singly for 3—4 weeks. Control rats were not
shaved and remained in their home cages. Cold exposure was chosen
as the chronic stressor because it has been shown that this stimulus
produces an increase in TH activity within the cell bodies of LC neurons
(Thoenen, 1970; Zigmond et al., 1974; Richard et al., 1988). We pre-
viously have shown that placing rats in the cold unshaven or providing
nesting material attenuates cold-induced increases in TH activity in the
autonomic nervous system (Fluharty et al., 1983). Therefore, in order
to prevent behavioral adaptation, rats were housed singly and without
nesting materials during the cold-stress period.

Acute stress. Intermittent tail shock was administered through a cuff
containing two stainless-steel contact electrodes on opposite sides of the
rat’s tail. The shock consisted of constant current pulses at 1.0-mA
intensity delivered for 1 sec every 10 sec for a duration of 1 min. This
procedure was repeated every 5 min for 30 min (total of 30 pulses).

Dialysis probe calibration

Two types of dialysis probes were used in these experiments. Included
in this study are data from five rats in the control group and three in
the experimental group using a loop-style dialysis probe measuring 5
mm in total loop length (Abercrombie et al., 1988). In addition, data
from four control and six experimental rats were obtained with a vertical
concentric-style dialysis probe measuring 2.5 mm in length (Abercrom-
bie et al., 1989). All dialysis probes were calibrated for relative recovery
rate prior to implantation by placing them in a beaker containing ar-
tificial cerebrospinal fluid (CSF; composition: 147 mMm NaCl, 2.71 mm
K(l, 1.22 mm CaCl, pH 7.4) to which NE and DOPAC standards had
been added (5 x 10-% m). The artificial CSF was continuously perfused
through the probe at 1.75 l/min by a microliter infusion pump (Harvard
Pump 22). The concentration of NE and DOPAC in perfusate obtained
from the dialysis probe was quantified and compared to that in the
beaker. The mean relative recovery rate of NE was 23.1 + 1.4% for
loop-style and 9.6 + 0.7% for vertical concentric probes. There was no
significant difference between the two styles of dialysis probes when
basal NE and DOPAC values were compared after correction for in
vitro recovery (NE: ¢ = 0.13, p > 0.05; DOPAC: ¢t = 0.23, p > 0.05,
respectively). Data collected with both types of dialysis probes therefore
were combined.

Dialysis probe implantation and sample collection

Probes were implanted stereotaxically into the dentate gyrus of dorsal
hippocampus under equithesin anesthesia (3.0 ml/kg, i.p.) at the fol-
lowing coordinates relative to bregma and dura: AP, —3.8; ML, +£2.0;
DV, —3.8 (for details, see Abercrombie et al., 1988). After implantation
of the dialysis probe, the rat was allowed to recover from surgery over-
night, Before initiating the experimental manipulation, neurotransmit-
ter efflux was monitored for a minimum of 1 hr in order to ensure stable
baseline values (defined as four samples in which NE levels varied by
less than 10%). At the beginning of the intermittent tail-shock paradigm,
a 5-min delay in sample collection was introduced to correct for the
time required for the artificial CSF to travel from the brain to the
collection vial. After completion of each experiment, rats were perfused
intracardially with 10% formalin. The brain was removed, sectioned,
stained with Luxol fast blue and Safranin-O, and examined for probe
placement. If the probe track was located outside of the dentate gyrus
region of hippocampus, the data were discarded.
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Figure 1. Chromatograms obtained from 20 nl of a standard solution

containing 34 pg NE and 36 pg DOPAC (4) and from 20 ul of hippo-
campal dialysate containing 0.96 pg NE and 1.68 pg DOPAC (B). The
amplification of the detector output signal for the hippocampal dialysate
is 13-fold greater than that for the standard solution.

NE and DOPAC quantification

Quantification of the amount of NE and DOPAC in the dialysates was
accomplished on a liquid chromatographic system with minor modi-
fication of previously described methods (Abercrombie et al., 1988).
Briefly, the dialysate was injected directly onto the HPLC consisting of
a Waters 510 Solvent Delivery System, a Rheodyne 9125 injector, and
a Velosep RP-18 column (100 x 3.2 mm, 3 pm; Brownlee Labs). The
mobile phase contained 80 mm sodium phosphate buffer (pH, 2.75),
100 um EDTA, 1.16 mm sodium octyl-sulfate, and 4% v/v methanol.
The flow rate was 700 ul/min. The detection system was an ESA 5100A
electrochemical detector with three electrodes in series. The first was a
conditioning electrode with the applied potential set at +0.26 V. The
applied potential of the second electrode was set at —0.21 V, and the
third electrode, at which: the compounds of interest were quantified,
was set at +0.21 V. Peak heights were measured and compared to peak
heights of standards. The sensitivity of this assay is 0.5-1.0 pg of NE.
NE and DOPAC were expressed as picograms per 20 ul of dialysate,
corrected for relative recovery of the probe. A typical chromatogram
obtained from a dialysis sample is shown in Figure 1.

Tyrosine hydroxylase activity assay

Rats were killed by decapitation, and the brain and adrenal glands were
removed and placed on ice. The adrenal glands were dissected free of
fat, and brainstem and hippocampus were dissected out. All structures
were frozen immediately on dry ice. The brainstem then was placed in
a cryostat, and a 1-mm coronal section of the pons was cut at the level
of the LC. With the aid of a dissecting microscope, LC was visualized,
and a 1-mm punch of tissue was taken bilaterally. All tissues were stored
at —70°C prior to assay. Soluble TH activity was assayed by a modi-
fication of the coupled decarboxylase assay of Waymire et al. (1971; see
Fluharty et al., 1985). Assay conditions were optimized for each brain
region by varying incubation time, pH of the mixture, and cofactor
concentration (Table 1). Tissue was homogenized in 50 mm Tris-HCl
buffer (pH, 6.0) containing 25 mMm sodium fluoride (to inhibit phos-
phatases) and centrifuged at 39,000 x g for 30 min, and an aliquot of
the supernatant was assayed in triplicate. Samples were incubated at
37°C for 5-15 min in 0.12 M Tris-acetate buffer (pH, 5.7-6.2) in the
presence of 75 um L-(/-“C)-tyrosine, 3.0 mm 6-methyl-5,6,7,8-tetrahy-
dropterin HC1 (6MPH,), or 2.5 mM tetrahydrobiopterin (BH,), catalase
(20 mg/ml), and ascorbic acid. The resulting (/-'*C)-dihydroxyphenylala-
nine (DOPA) was subsequently decarboxylated by addition of a solution
containing excess aromatic amino acid decarboxylase (partially purified
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from hog kidney), 0.1 M Tris-acetate buffer (pH, 7.3-7.5; selected to
bring the final pH of the reaction mixture to 6.8), pyridoxal-5'-phos-
phate, and 3-iodo-L-tyrosine to inhibit further hydroxylation. Finally,
14CQO, was trapped in TS-1 tissue solubilizer (Research Products Inter-
national Corp.) and quantified using liquid scintillation spectrometry.
Using this procedure, the direct decarboxylation of '“C-tyrosine ap-
peared to be minimal because the formation of “CO, was reduced by
99% by deletion of cofactor from the mix or by addition of 10 mm
3-iodo-L-tyrosine, an inhibitor of TH activity, to the first incubation
mixture. In these experiments, TH activity was assayed under condi-
tions of saturating 6MPH, or BH, and optimal pH and thus reflected
maximal velocity of the enzyme (Acheson and Zigmond, 1981). The
data were expressed as percent of control in order to facilitate compar-
ison between LC, hippocampal, and adrenal tissues.

DOPA accumulation in hippocampus

The rate of tyrosine hydroxylation in hippocampus was assayed by
measuring the amount of DOPA accumulation in tissue following ad-
ministration of 3-hydroxybenzylhydrazine dihydrochloride (NSD-1015;
Aldrich Chemical Company, Inc.), an inhibitor of aromatic amino acid
decarboxylase (Carlsson et al., 1972). Rats were injected with NSD-
1015 (100 mg/kg, i.p.) and decapitated 30 min later. The brain was
removed rapidly, and hippocampus was dissected out bilaterally. The
tissue was frozen immediately on dry ice and was stored at —70°C until
assay. Hippocampal tissues were homogenized in 0.1 N perchloric acid
and 0.2 mm sodium bisulfite, centrifuged twice at 39,000 x g for 15
min, and then passed through a 0.45-um filter (Millipore). Samples were
then assayed on an HPLC system as previously described (Sved, 1989,
1990). This system was composed of a Waters model M-45 pump, a
Waters WISP model 712 automatic sample injector, and a 25-cm Dy-
namax 5-um C18 column (Rainin). The mobile phase consisted of 100
mM citric acid buffer (pH, 2.78), 100 mm EDTA, 0.32 mym sodium octyl-
sulfate, 4% acetonitrile, and 0.06% diethylamine. The flow rate was 1.0
ml/min. The detection system was an ESA 5100A electrochemical de-
tector with the applied potential of the first electrode set at +0.20 V

Table 1. TH assay conditions used for adrenal, LC, and
hippocampus

Incubation Cofactor

time (min) pH concentration
Adrenal 5 5.7 3.0 6MPH,
LC 10 6.2 3.0 6MPH,
Hippocampus 15 6.2 2.5 BH,

15 min samples

and the second electrode set at —0.20 V. The sensitivity of this assay
is about 2.5 pg. The rate of accumulation of DOPA in control rats was
linear for 30 min. Data are expressed as ng DOPA/gm wet-weight of
tissue.

Statistical analysis

The data are expressed as mean = SEM. The effects of tail shock on
extracellular levels of NE and DOPAC in hippocampus of naive and
chronically cold-stressed rats were analyzed using two-way analysis of
variance with repeated measures on one variable coupled with Dunn’s
post hoc test. DOPA accumulation in naive and chronically stressed
rats was analyzed by a two-way analysis of variance. Results for the TH
activity measures were analyzed by one-way analysis of variance cou-
pled with Neuman-Keuls post hoc comparisons. The level of signifi-
cance for all analyses was set at p < 0.05.

Resuits

NE and DOPAC in dialysates from naive and chronically
stressed rats

The basal level of NE in dialysate from hippocampus of control
rats was 13.5 = 1.5 pg/20 ul (n = 9; Fig. 2). In chronically cold-
stressed rats (n = 9), the basal value of 16.5 + 1.6 pg/20 ul was
not significantly different from that observed in control rats.
Thirty minutes of intermittent tail-shock stress resulted in a
significant increase of NE in dialysates from both control and
chronically cold-stressed subjects [F(5,80) = 31.10; p < 0.01].
In control rats, a 54% increase of NE in dialysate occurred,
while an 82% elevation was observed in the chronically cold-
stressed rats. The tail-shock-induced increase of NE in dialysate
from chronically cold-stressed rats was significantly greater than
that observed in controls during all of the stress and poststress
samples [Fig. 2; F(5,80) = 3.17; p < 0.05].

The resting level of DOPAC in dialysates from control and
chronically cold-stressed rats was equivalent (35 + 4.0 pg/20
ul, n =9 vs. 35 + 3.0 pg/20 ul, n = 8; Fig. 3). In both groups
of rats, 30 min of intermittent tail shock resulted in a gradual
and prolonged increase in the level of DOPAC in the dialysates
[F(5,75) = 31.45; p < 0.01]. In control rats, DOPAC increased
to 75% above baseline, while in chronically cold-stressed rats
DOPAC levels rose to 136% above baseline. The tail-shock-
induced increase of DOPAC in chronically cold-stressed rats
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Figure3. Theeffect ofacute tail shock
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chronically cold-stressed rats. Experi-
mental procedure was as in Figure 2.
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was significantly greater than that of control rats [F(5,75) =
2.57; p < 0.05].

TH activity in naive and chronically stressed rats

TH activity was measured in LC, hippocampus, and adrenal
glands of rats placed in a cold room for varying durations (Fig.
4). TH activity, as measured in the presence of a saturating
concentration of cofactor, increased by 75% in LC following 3
d of cold exposure, declined to 50% above control by 7 d, and
was no longer significantly different from control after 14 d of
cold stress [F(4,34) = 8.29; p < 0.01]. In contrast, no significant
difference in TH activity was detected in hippocampus of cold-
exposed rats [F(3,55) = 0.96; p > 0.05]. In adrenal gland, TH

Chronic cold * .
*
* *
O ) T L L

5 6

(hatched bars), a 136% increase above
baseline occurred (n = 8). *, p < 0.05
versus respective baseline; +, p < 0.05
chronically cold-stressed versus naive
rats. Error bars represent SEM.

activity was increased by 104% following 3 d of cold exposure,
continued to rise to 180% above control after 7 d, returned to
107% above baseline by 14 d, and remained significantly ele-
vated for at least 21 d [F(4,39) = 14.62; p < 0.01].

DOPA accumulation in hippocampus of naive and chronically
stressed rats

Accumulation of DOPA in hippocampal tissue after inhibition
of aromatic amino acid decarboxylase activity was measured in
naive rats and rats exposed to 21 d of cold. In the absence of
NSD-1015, the endogenous level of DOPA was equivalent in
hippocampus of both groups of rats (7.5 + 0.9 vs. 7.1 + 1.9 ng
DOPA/gm tissue for naive and chronic stress, respectively).
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DAYS OF COLD EXPOSURE

Figure 4. The effect of chronic cold stress on maximal TH activity in LC, hippocampus, and adrenal gland. TH activity in LC (®; n = 6-9 per
group) reached a peak increase of 75% above control following 3 d of cold exposure. No significant change was detected in hippocampus (& 7 =
6-10 per group) at any time. In adrenal gland (¢; n = 6-10 per group), TH activity increased to 180% above control following 7 d of cold exposure
and then stabilized at about 100% above control for the duration of the cold stress. Note the difference in scale between LC and hippocampus
versus adrenal gland. Control levels of TH activity: LC, 34.4 + 3.38 pmol/min/pair; hippocampus, 6.66 + 0.63 pmol/min/mg protein; adrenal,

2.05 = 0.16 nmol/min/gland. *, p < 0.05. Error bars represent SEM.
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Figure 5. DOPA accumulation in hippocampus of naive and chron-
ically cold-stressed rats subjected to 30 min of intermittent tail shock.
Rats were injected with NSD-1015 (100 mg/kg, i.p.) and either placed
back in their home cages for 30 min or exposed to 30 min of intermittent
tail shock. All rats were then immediately decapitated, and hippocam-
pus was dissected out. Basal accumulation of DOPA did not differ
between naive and chronically cold-stressed rats (naive, 56.7 ng DOPA/
gm tissue, n = 10; chronically cold-stressed, 57.3 + 2.4 ng DOPA/gm
tissue, n = 5). Following 30 min of intermittent tail shock, DOPA
accumulation increased to a significantly greater level in the chronically
cold-stressed rats (101%; » = 12) than in the naive rats (45%; n = 10).
* p < 0.05 versus basal; +, p < 0.05 chronically cold-stressed versus
naive rats. Error bars represent SEM.

Under basal conditions, DOPA accumulation following admin-
istration of NSD-1015 was similar in naive and chronically
stressed rats (56.7 = 3.4 vs. 57.3 £ 2.4 ng DOPA/gm tissue;
Fig. 5). In response to tail-shock stress, DOPA accumulation
increased 45% in naive rats, whereas a 101% elevation occurred
in the chronically stressed rats. This acute stress-induced in-
crease in DOPA accumulation was significantly greater in the
chronically cold-stressed rats than in controls [F(1,33) = 40.2;
p < 0.0001].

Discussion

The present data provide the first direct demonstration of en-
hanced stress-induced NE efflux in brain resulting from previous
exposure to chronic stress. Specifically, we have used in vivo
microdialysis to study changes in the extracellular level of NE
in the dentate gyrus region of hippocampus. Naive rats and rats
previously exposed to 3—4 weeks of cold were subjected to an
acute tail-shock paradigm. In agreement with our previous find-
ings (Abercrombie et al., 1988), 30 min of intermittent tail shock
was found to increase extracellular NE in hippocampus of naive
rats. However, whereas the basal level of extracellular NE in
naive and chronically stressed rats was similar, the tail-shock-
induced increase in extracellular NE was significantly greater in
the latter group. To the extent that NE measured in the dialysate
is a reflection of released neurotransmitter, the results suggest
that stress-induced NE release is increased to a greater degree
in hippocampus of chronically cold-stressed rats than in con-
trols.

Chronic stress previously has been shown to result in a down-
regulation of 8-adrenergic receptors as well as a decrease in the
sensitivity of adenylate cyclase to catecholamines (Stone and
Platt, 1982; Stone et al., 1985). It has been hypothesized that
this subsensitivity may contribute to behavioral adaptation of
the rat to chronic stress (Stone, 1987; Anisman and Zacharko,
1990). Assuming that a similar decrease in sensitivity occurs
under the present conditions of chronic stress, the postsynaptic
impact of a given level of NE release would be decreased. If a
rat that has adapted to chronic stress is presented with a novel
stressor, however, it might be advantageous to increase the over-
all signaling of the LC system to a level similar to that of a naive
rat. Under these circumstances, it would be necessary to release
more NE to achieve the desired postsynaptic effect. Therefore,
the enhanced noradrenergic response in the previously stressed
rat may allow it to respond to a behaviorally relevant stimulus
to the same degree as a naive rat. Under conditions of severe
chronic stress, however, it is possible that the observed altera-
tions in the regulation of the noradrenergic system may become
maladaptive to the organism (Weiss and Simson, 1986). In this
case, the enhanced noradrenergic activation in chronically
stressed rats could prove to be a precipitating factor in stress-
induced behavioral disorders such as clinical anxiety and de-
pression (Post and Weiss, 1988).

There exists a great deal of evidence suggesting that neuro-
transmitter synthesis is coupled to release (for review, see Zig-
mond et al., 1989; Fillenz, 1990). Therefore, one factor that
might contribute to the enhanced release of NE observed in the
present study is an increase in NE biosynthesis. In order to
examine this possibility, we employed several techniques to
investigate the effect of chronic stress on NE biosynthesis. The
first method allowed an indirect measure of NE synthesis to be
obtained in vivo. As can be seen in Figure 1, a small amount of
DOPAC was present in the hippocampal dialysates. Because no
significant dopaminergic innervation of the dorsal dentate gyrus
appears to exist (Verney et al., 1985), DOPAC probably is pro-
duced in NE terminals by metabolism of the NE precursor
dopamine. Thus, the DOPAC we are measuring presumably is
derived during the process of conversion of dopamine to NE in
the noradrenergic nerve terminal. Extracellular DOPAC in the
dentate gyrus may therefore reflect the balance between dopa-
mine synthesis and transport into NE storage vesicles within
the NE terminals (see Abercrombie and Zigmond, 1989).

The basal level of extracellular DOPAC measured in control
and chronically stressed rats was the same, suggesting that under
resting conditions neurotransmitter synthesis was similar in both
groups of rats. These data are compatibie with the finding that
the basal extracellular NE concentration in control and chron-
ically stressed rats did not differ, In response to acute tail shock,
there was an elevation in extracellular DOPAC in all rats, in-
dicating an increase in NE synthesis. This result is consistent
with previous studies demonstrating that increased neuronal
activity, elicited by direct electrical stimulation or presentation
of stressful stimuli, produces a short-term activation of TH in
NE neurons (Salzman and Roth, 1980; Iuvone and Dunn, 1986).
Furthermore, the stress-induced increase in DOPAC observed
in our experiments was greater in rats exposed to chronic cold
than in controls, suggesting that a larger increase in NE synthesis
occurred in the chronically stressed rats.

In order to investigate more directly the changes in NE bio-
synthesis, two other measures also were employed. The first
series of experiments used an in vitro assay of the activity of



TH. By assaying under conditions of saturating cofactor and
optimal pH, the maximal biosynthetic capacity of the neurons
was determined (see Acheson and Zigmond, 1981). In agree-
ment with earlier studies (Zigmond et al., 1974; Stachowiak et
al., 1986; Richard et al., 1988), chronic cold exposure resulted
in an increase in TH activity in the LC cell body region. A more
detailed examination of the cold-induced changes in TH activity
demonstrated that TH activity in LC began to decline within 7
d of the onset of cold stress and was no longer significantly
different following 14 d of cold exposure.

Previous investigations of both central and peripheral cate-
cholaminergic neurons have shown that an increase in cell body
TH activity can be followed several days to weeks later by an
elevation in terminal-region TH activity (Black, 1975; Zigmond,
1979; Acheson and Zigmond, 1981). In order to determine
whether such a change occurred in hippocampus following
chronic stress, TH activity was measured in this region 3, 14,
and 21 d after the initiation of cold exposure. At these times,
however, no significant alterations in TH activity were observed.
One potential reason for the lack of a detectable change in hip-
pocampal TH activity following cold exposure is that the rats
had habituated to the chronic stressor. This could also explain
the return of TH activity in LC to control levels after 14 d of
cold exposure. In contrast, adrenal TH activity remained ele-
vated even at times when LC and hippocampal TH activity did
not differ from control, suggesting that the rats had not com-
pletely habituated to the cold. However, it is also possible that
the elevation in adrenal TH activity underlies the mechanism
by which the rat adapts to the cold. Thus, if the sympathoadrenal
response alleviates the stressful nature of the stimulus, the LC
system may no longer be activated.

Another possible explanation for the lack of any measurable
elevation in hippocampal TH activity is suggested by a previous
study examining reserpine-induced changes in TH activity with-
in LC cell body and terminal regions (Zigmond, 1979). In that
study, a 300% elevation in TH activity in the LC cell body
region occurred within 3 d of the reserpine injection. In hip-
pocampus, the peak elevation of TH activity was delayed until
21 d after reserpine administration and only reached 90% above
control levels. Extrapolating from these data, the 75% elevation
in TH activity in LC following chronic cold stress observed in
the present study would lead to only a 25% increase in hippo-
campal TH activity about 21 d after the initiation of the cold
exposure. Using the current activity assay, this change would
fall within the interanimal variability. Thus, while our data
suggest that no increase in maximal TH activity occurred fol-
lowing chronic cold stress, the possibility exists that available
analytical methods are not sensitive enough to detect any small
changes that might have occurred.

In the second series of experiments designed to investigate
changes in NE biosynthesis in acute and chronically stressed
rats, an in vivo measurement of tyrosine hydroxylation was uti-
lized (Carlsson et al., 1972). This technique determines the on-
going synthetic rate of NE by measuring the accumulation of
the product of tyrosine hydroxylation, DOPA, in tissue follow-
ing the blockade of its metabolism. These studies indicated that
the basal synthetic rate of NE in hippocampus of chronically
stressed rats was not different from that of naive rats. In response
to tail-shock stress, however, DOPA accumulation was elevated
to a greater extent in rats previously exposed to chronic cold
stress than in controls. These results are consistent with the
results reported for extracellular DOPAC obtained using mi-
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crodialysis (see above). Taken together, these data suggest that
under basal conditions NE synthesis is equivalent in both groups,
but that in response to a novel stressor, there is a greater ele-
vation of NE biosynthesis in the chronically stressed rats.

In summary, the present data demonstrate directly that prior
exposure to chronic stress results in enhanced hippocampal NE
release in response to a novel stressor. In addition, an increased
rate of NE synthesis is evident in the chronically stressed rats
when challenged with a novel stressor. We hypothesize that this
enhanced noradrenergic activation normally may ensure ade-
quate postsynaptic stimulation in response to a novel stressor
in an organism that has adapted to a chronic stress. However,
under conditions of severe and/or prolonged stress, it is possible
that the observed changes in the noradrenergic system could
become maladaptive and thus potentially contribute to stress-
induced behavioral disorders.
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