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Abstract
An important factor in determining the adverse consequences of a stress experience is the degree to
which an individual can exert control over the stressor. Stressor controllability is known to influence
brain norepinephrine levels, but its impact on activity in noradrenergic cell bodies is unknown. In
the present study we investigated whether noradrenergic neurons within the locus coeruleus (LC),
the major source of forebrain norepinephrine, are sensitive to stressor controllability. We exposed
adult male Sprague-Dawley rats to escapable or yoked inescapable tailshock and assessed LC activity
by measuring changes in the immediate early gene c-fos and the enzyme tyrosine hydroxylase (TH).
We used in situ hybridization to measure levels of c-fos mRNA, TH mRNA, and TH primary
transcript in the LC. In all three cases stress exposure increased expression relative to an unstressed
homecage control group, but expression did not differ between controllable and uncontrollable stress.
To further examine whether stressor controllability influences the number of stress-responsive LC
neurons we performed double-label immunohistochemistry for TH and Fos protein. Again we
detected an overall effect of stress, which did not differ between controllable and uncontrollable
stress. We conclude that exposure to stress robustly increases expression of TH and c-fos in the LC,
but this effect is not influenced by stressor controllability. To the extent that the expression of these
genes reflects degree of neuronal activation, our results suggest that stress-induced activity of
noradrenergic cell bodies in the LC is not sensitive to stressor controllability.
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1. Introduction
Uncontrollable stress can be a critical factor in the development and expression of psychiatric
illnesses such as posttraumatic stress disorder and depression [32,57]. In particular, feelings
of helplessness can exacerbate the emotional consequences of stress, whereas holding the belief
of being generally in control of one’s life is a resilience factor associated with reduced risk for
stress-related psychiatric disorders [9,10]. Additionally, having control over a discrete, acute
stressor can mitigate its emotional and physiological consequences. This phenomenon is
studied experimentally by manipulating stressor controllability: while one test subject can
control the intensity or duration of an aversive stimulus, a “yoked” subject passively receives
the same aversive stimulus without having any control. Thus while physical parameters of the
stressor (intensity and duration) are identical for both subjects, their experiences differ in that
one subject has control over the stressor while the other does not. Humans with control show
reduced emotional and physiological reaction to a stress experience [14,55]. In rodents the
behavioral consequences of stressor controllability are analogous to those seen in humans:
having control attenuates the impact of stress on subsequent tests of anxiety [18,52],
conditioned fear [8,46], and active/passive stress coping responses [39,69].

The neurotransmitter norepinephrine (NE) has been widely implicated as a biological substrate
of stress, and may be dysregulated in stress-related psychiatric disorders [4,56]. In rodents,
uncontrollable stress increases NE turnover, resulting in transient reductions in central NE
tissue content [7,69]. This effect is influenced by stressor controllability: homogenates of
whole-brain tissue from rats exposed to escapable shock contain higher concentrations of NE
than brain homogenates from their yoked, inescapably shocked partners [70]. Subsequent
studies using similar experimental designs have identified controllability effects on NE in a
number of specific brain regions [6,60,64,69]. It is not known whether these effects are driven
by differences in activity-dependent release of NE, or instead reflect differences in processes
that might be independent of noradrenergic cell body activity such as NE synthesis, reuptake,
metabolism, or conversion to epinephrine within adrenergic neurons. To assess these
possibilities, it is important to determine whether stressor controllability influences
noradrenergic activity at the level of the cell body.

The locus coeruleus (LC) is the largest nucleus of noradrenergic cell bodies in the brain [59]
and is the major source of forebrain NE [30]. The LC is highly stress-reactive, as assessed by
electrophysiological activity [1,36], NE efflux in terminal regions [2,45,63,71], and expression
levels of tyrosine hydroxylase (TH, the rate-limiting enzyme in NE synthesis [37]) and the
immediate early gene c-fos. A variety of stressors increase TH mRNA within the LC, including
social isolation [5], subordination [68], restraint [53], exposure to cold [48], and electric shock
[17]. c-fos mRNA and its protein product, Fos, are similarly upregulated in the LC after
numerous stressors (reviewed by Kovacs [33]). However, expression of these genes has not
been examined in yoked stress models to assess the impact of controllability. In the present
study we tested the sensitivity of the LC to stressor controllability by measuring the effects of
escapable and yoked inescapable tailshock on expression of TH and c-fos.

2. Results
2.1 Tyrosine hydroxylase mRNA

In choosing a time point for examining stressor controllability effects, we performed an initial
time course experiment revealing trends for maximal increase at 24 h post-stress (Fig. 1, Table
1). We used this time point in a subsequent controllability experiment (Fig. 2) in which
significant group differences were observed, F(2,14) = 5.615, p < 0.05. Post-hoc tests revealed
that unstressed differed from both shock groups, p < 0.05. However, escapable and inescapable
shock did not differ from each other, p > 0.9.
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2.2 Tyrosine hydroxylase primary transcript
Primary transcript, also referred to as heteronuclear RNA (hnRNA), is recently synthesized
RNA in which complete splicing of introns has not yet occurred. Because it is rapidly processed
into mature mRNA, measuring TH primary transcript by intron-specific hybridization provides
an indirect index of synthetic rate that closely matches results from the more direct technique
of nuclear run-on assay [16]. Preliminary tests with an antisense oligonucleotide probe directed
at intron 2 of the TH gene gave hybridization signal specifically in the LC; sense control probe
assayed under identical conditions gave no detectable signal above background (data not
shown). Because previous reports suggest that the effects of stress on TH primary transcript
are short-lasting [17], we investigated its expression only at 1 h after stress (Fig. 3). There were
significant group differences, F(2,18) = 47.334, p < 0.001, with post-hoc tests revealing that
unstressed differed significantly from both shock groups, p < 0.001. However escapable and
inescapable shock did not differ from each other, p = 0.885.

2.3 c-fos mRNA
c-fos displayed a rapid and transient increase in mRNA following inescapable tailshock (Fig.
1, Table 1). There was an overall effect of stress exposure, F(4,18) = 15.161, p < 0.001. Post-
hoc tests revealed that these effects were significant at 1 h (p < 0.001) and 2 h (p < 0.01) after
stress. In a subsequent controllability experiment, rats were sacrificed 1 h after stress and
assessed for c-fos mRNA (Fig. 4). There were significant group differences F(2,18)= 50.429,
p < 0.001, and post-hoc tests revealed that unstressed differed significantly from both shock
groups, p < 0.001. However escapable and inescapable shock did not differ from each other,
p = 0.266.

2.4 Fos immunohistochemistry
We did not detect any Fos/TH double labeling in the LC in unstressed homecage control rats
in a pilot study (data not shown), and therefore omitted this group from the subsequent
controllability experiment. In this experiment, both escapable and inescapable shock robustly
induced Fos immunocreactivity in the LC (Fig. 5). When all Fos-positive nuclei within the LC
were counted without regard to TH co-labeling (Table 2), there were no significant effects of
controllability F(1,24) = 1.826, p = 0.189, or of time F(1,24) = 1.976, p = 0.173, and the interaction
between controllability and time was also non-significant, F(1,24) = 0.8028, p = 0.379.

2.5 Fos/TH double-label imunohistochemistry
Stress induced Fos/TH double-labeling in the LC (Fig. 5, Fig. 6). There were no significant
effects of controllability F(1,24) = 2.491, p = 0.128, or of time F(1,24) = 1.459, p = 0.239, and
the interaction between controllability and time was also non-significant, F(1,24) = 0.605, p =
0.444. A fraction of the total Fos-positive nuclei throughout the LC did not show clear double-
labeling for TH. Analysis of Fos-positive/TH-negative nuclei did not reveal significant effects
of controllability, time, or time/controllability interaction (data not shown).

3. Discussion
Here we investigated the role of stress and stressor controllability on transcriptional activation
within the LC. We did so by exposing rats to escapable or yoked inescapable tailshock and
examining expression of TH and c-fos at the mRNA and protein level. We conclude that while
stress induces robust transcriptional activation of the locus coeruleus, this effect is not
influenced by stressor controllability.

We found that c-fos mRNA increased quickly after the stress session, with greatest expression
observed at the earliest time point examined. In contrast, our observed TH time course data
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(Table 1, Fig. 1) is suggestive of a slow increase following stress, which was confirmed in
subsequent experiments showing increased TH mRNA 24 h after stress (Fig. 3). Because these
effects were delayed, it might be argued that they are not a direct consequence of LC activity
during the stress session, but rather an indirect effect of stress – caused, perhaps, by stress-
induced changes in social interaction, sleep, or feeding over the 24 h following the stress
session. However, our observation that stress induces a rapid increase in TH primary transcript
(Fig. 3) suggests that at least some portion of the stress effects on TH mRNA are directly related
to LC activation during the tailshock session. Differences in timing between TH primary
transcript and mRNA may be due to a large, stable pool of TH mRNA at basal conditions
[17]. This explanation could also account for the disparity between a large increase in TH
primary transcript (Fig. 3) resulting in a relatively modest change in mature mRNA (Fig. 2).
The slow TH mRNA time course that we infer from our data (Table 1,Fig. 3) corroborates
other studies that have found TH mRNA to increase gradually after stress [17,50,66], but differs
from that reported by Smith and colleagues [53], which may be due to differences in animal
procedures or mRNA quantification.

Although both controllable and yoked uncontrollable stress increased TH mRNA relative to
an unstressed control group (Fig. 2), the effects of these stressors did not differ from each other.
Similar results were obtained when examining TH primary transcript (Fig. 3) and c-fos mRNA
(Fig. 4), supporting our conclusion that stressor controllability does not influence the degree
of transcriptional activity in the LC. To explore whether stressor controllability influences the
number of active LC neurons we used immunohistochemistry to count number of Fos-positive
cells at two different time points after stress exposure. We found no effect of stressor
controllability on the number of Fos/TH double-labeled neurons (Fig 6) or total number of
Fos-positive nuclei (Table 2). We counted a greater number of total Fos-positive nuclei than
Fos/TH double-labeled neurons, suggesting a population of Fos-positive/TH-negative cells.
This is probably largely an artifact of incomplete immunohistochemical detection of TH protein
and our conservative criteria for determining a Fos-positive cell to be double-labeled with TH.
However, this may also reflect the presence of Fos in non-noradrenergic cells. Regardless,
there was no effect of stressor controllability on the number of Fos-positive, TH-negative
nuclei. Because there were not effects of controllability on any metric used here, we conclude
that stressor controllability does not influence the number of stress-reactive LC neurons. While
it is possible that controllability may influence gene expression in a manner evident only
outside the window of time used in our experiments, we consider this unlikely because our
selection of time points was guided by an initial time course experiment (Table 1). We therefore
conclude that stressor controllability does not affect expression of these genes in the LC.

Measuring changes in gene expression – particularly immediate early genes such as c-fos – is
a widely used strategy for identifying brain regions sensitive to a given stimulus. For example,
one of our laboratories previously used Fos immunoreactivity to show that activation of the
dorsal raphe nucleus is sensitive to stressor controllability [23]. While the conclusions drawn
from that Fos experiment are in accordance with other studies using more direct physiological
measurements of neuronal activity[12,40], caution must be used when equating gene
expression with neuronal activity, since genes are not uniformly regulated with regard to brain
region, cell type, or stimulus. In the specific case of stress and the genes TH and c-fos, however,
there are multiple lines of evidence suggesting that their upregulation in the LC is a marker of
increased electrophysiological activity. First, it is well-established that stress, which increases
expression of these genes, increases electrical activity within the LC [1,36] and NE efflux in
its terminal regions [2,45,63,71]. Second, TH mRNA is increased within the LC by several in
vivo pharmacological treatments known to increase physiological activity of LC neurons
[17,19,41]. Finally, there is mechanistic evidence to suggest that acute excitation of these
neurons subsequently increases TH and c-fos expression. The promoter region of the c-fos gene
is sensitive to increases in intracellular Ca++ via cAMP response element binding protein
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(CREB) and mitogen-activated protein kinase (MAPK) signaling pathways [33], both of which
are activated in the LC by stress [26,34]. Similarly, TH mRNA is upregulated in cultured
catecholaminergic cells by depolarization or cAMP stimulation [54], an effect also seen in LC
organotypic slice culture [49]. Thus evidence suggests that upregulation of these genes in the
LC is a marker of increased neuronal activity. Furthermore, previous studies provide evidence
that graded intensities of uncontrollable stress can result in graded responses of TH mRNA
[5], TH primary transcript [17], c-fos mRNA [22], and number of Fos-positive nuclei [62] in
the LC. Accordingly, if one assumes that expression of these genes is a reflection of degree of
neuronal activity, our present experiments suggest that noradrenergic cell bodies in the LC are
not sensitive to stressor controllability. Nevertheless, because gene expression is not a direct
measurement of physiological activity, this conclusion would be strengthened by future
experiments using in vivo measurements of electrical activity or neurotransmitter release.

The results of these experiments were surprising given the literature connecting NE and stressor
controllability. There are several possible explanations that might account for an apparent
discrepancy between controllability effects on tissue concentrations of NE versus LC
activation. First, the relationship between NE and controllability may depend critically on stress
parameters. For example, there are published accounts of uncontrollable stress resulting in
hypothalamic NE concentrations that are lower [6,60], higher [64], and equal to [69] levels
after an equivalent controllable stressor. These inconsistencies may be due to methodological
differences across studies in shock delivery, shock intensity, duration of stress session, nature
of escape response, and time of sacrifice. Underscoring the importance of stress procedures is
one study which demonstrated that, when all other parameters were held constant, the duration
of stress session greatly influenced NE controllability effects [64]. Thus it is possible that the
specific stress procedures used in this study simply do not produce controllability-dependent
differences in NE function. If this is the case, then differences in NE function need not be
invoked to explain the numerous behavioral effects observed in studies using identical specific
procedures to those described here for escapable and yoked inescapable tailshock [8,18,39,
52].

Several other explanations could account for differences between LC activity and NE tissue
content. Since NE is an intermediate in the synthesis of epinephrine [43], previously observed
changes in NE tissue content might reflect changes occurring within epinephrine-containing
neurons. This is unlikely, however, because epinephrine is present at much lower
concentrations than NE in most brain regions and undetectable in the frontal cortex [65], a site
of controllability-dependent changes in NE content [69]. Another possibility is that differences
in NE tissue content may reflect changes in noradrenergic neurons from sources other than the
LC, such as the lateral tegmental group or the nucleus of the solitary tract [43]. While this could
account for some controllability-dependent differences in NE content, it is not sufficient to
explain differences seen in frontal cortex, which receives NE innervation exclusively from the
LC [38]. A last alternative explanation to reconcile our findings with previous literature is that
controllability-dependent changes in NE content are not a reflection of activity at the level of
the cell body, but instead reflect changes localized to NE-containing axon terminals.
Noradrenergic function is regulated presynaptically by numerous heteroreceptors [51]
including the serotonergic 5-HT1B receptor [42], which is expressed in LC neurons [15].
Activation of this terminally-located receptor inhibits neurotransmitter synthesis [27] and
release [20,42], while increasing reuptake [21]. Thus the differential release of serotonin
observed during inescapable and escapable shock [12] might affect one or more of these
processes within noradrenergic terminals, creating differences in NE content that do not
correlate with activity in noradrenergic cell bodies. It is difficult to interpret NE tissue content,
however, as measurements of tissue content cannot distinguish between NE that was
intracellular and NE that was released. To our knowledge there are no published microdialysis
studies that resolve this issue.
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While the dorsal raphe nucleus and locus coeruleus are similar in their reactivity to
uncontrollable stress [62], the dorsal raphe is unique in showing reduced levels of activity when
a stressor is controllable. The dorsal raphe receives glutamatergic projections from the medial
prefrontal cortex [35] that preferentially innervate inhibitory GABAergic interneurons within
the dorsal raphe [28], which in turn inhibit serotonergic neurons [25,67]. Although the medial
prefrontal cortex as a whole does not appear sensitive to stressor controllability, the
subpopulation of neurons within the prelimbic cortex that project to the dorsal raphe do in fact
show selective activation during controllable stress (Baratta, M.V. & Maier, S.F., unpublished
observations). These neurons thus silence activity of serotonergic neurons in the dorsal raphe
during controllable stress, attenuating the transcriptional, physiological, and behavioral
consequences of stress during conditions of behavioral control [3]. The LC, in contrast, does
not appear to have the circuitry necessary for selective inhibition during controllable stress.
The neurochemical identity of LC neurons is almost exclusively noradrenergic [58] and does
not include GABAergic cell bodies [11], as are found in the dorsal raphe. Thus while the LC
does receive glutamatergic afferents from the prefrontal cortex, these inputs are excitatory to
its noradrenergic neurons [29,31]. Although it is possible that these inputs may provide
additional excitatory influence selectively during controllable or uncontrollable stress, our
present results suggest that these scenarios are unlikely.

A large body of literature implicates NE as an important biological mediator of acute stress
and stress-related psychiatric disorders. While there is evidence that some processes in
noradrenergic neurons are sensitive to stressor controllability, our present results suggest that
activation of noradrenergic cell bodies in the LC is not. Future experiments may help to further
characterize the influence of stressor controllability on noradrenergic function.

4. Experimental procedure
4.1 Animals

The inescapable shock time course experiment was performed at the University of Washington;
procedures were approved by the University of Washington animal care committee and
conducted in accordance with National Institutes of Health guidelines. Male Sprague-Dawley
rats (Charles River, Wilmington, MA) were maintained in a colony room with 12-h light/12-
h dark cycle (lights on at 6:00 AM) and weighed 250–300 g at the time of testing. Stressor
controllability procedures were performed at the University of Colorado; procedures were
conducted in accordance with protocols approved by the Institutional Animal Care and Use
Committee of the University of Colorado at Boulder. Male Sprague-Dawley rats (300–325 g;
Harlan, Indianapolis, IN) were housed on a 12-h light/12-h dark cycle (lights on at 7:00 A.M).
At both institutions rats were group housed 2–3 per cage, had access to standard lab chow and
water available ad libitum, and were allowed to acclimate to colony conditions for at least one
week prior to experimentation. Care was taken during all procedures to minimize animal
discomfort.

4.2 Inescapable tailshock
Stress procedures took place between 9:00 AM and 11:30 AM. Subjects were placed inside
Plexiglas enclosures measuring 4.625″ L x 3″ W x 5.66″ H. A rod protruded from the back of
the enclosure, to which the rat’s tail was secured with athletic tape. Three rat enclosures,
separated by opaque dividers, were housed together inside a large sound isolation cubicle. Each
enclosure was dimly lit throughout the duration of the shock session. After rats were loaded
into the enclosures, electrodes (Mansfield R&D, St. Albans, VT) were attached to the tail
approximately 1 1/4″ apart. Electrode paste (D.O. Weaver & Co, Aurora, CO) was placed on
each electrode to ensure consistent current delivery. A total of 100 tailshocks were delivered,
each at 1.0 mA for 5 s. Shocks were controlled by a constant current shock generator (Med

McDevitt et al. Page 6

Brain Res. Author manuscript; available in PMC 2010 August 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Associates, St. Albans, VT). Inter-shock intervals were controlled by computer software and
varied randomly from 30 – 90 s, averaging 60 s. After the end of the stress session animals
were returned to the vivarium, and were subsequently anesthetized with carbon dioxide
inhalation at 1, 2, 4, or 24 h after the end of the tailshock session. Unstressed rats, which
remained undisturbed inside their homecages in the vivarium throughout the experiment, were
anesthetized at the same time of day as rats from the 2 h stress group.

4.3 Escapable tailshock
Stress procedures were carried out by experienced individuals using equipment and procedures
as previously described [13]. Stress sessions took place between 8:00 AM and 3:00 PM. Each
rat was placed in a Plexiglas box (14 x 11 x 17 cm) with a wheel mounted in the front and a
Plexiglas rod protruding from the rear. The rat’s tail was secured to the rod with tape and affixed
with copper electrodes. Rats were run in yoked pairs and each session consisted of 80 trials of
tailshock (27 x 1.0 mA, 27 x 1.3 mA, and 26 x 1.6 mA) with an average 60 s inter-trial intervals.
Tailshock was terminated for both rats when the escapably shocked rat met the escape
requirement. Thus the duration and intensity of tailshocks were identical for each rat in the
pair. The following procedure was used to ensure that the rat learned the operant response to
terminate the tailshock. Initially, the shock was terminated by a one-quarter turn of the wheel.
The response requirements were increased by a one-quarter turn when three consecutive trials
were completed in less than 5 s. Subsequent latencies under 5 s increased the requirement by
50% up to a maximum of 4 full turns. The requirement was reduced if the trial was not
completed in less than 5 s. If the requirement was not reached in less than 30 s, the shock was
terminated and the requirement was reduced to one-quarter turn of the wheel. One subject failed
to reach an inclusion criterion of 4 full turns by approximately 15 trials; this rat and its yoked
partner were removed from subsequent analysis. Unstressed rats remained undisturbed inside
their homecages in the vivarium throughout this time. At the end of the stress session, all rats
were returned to the vivarium until the time of sacrifice. Animals intended for in situ
hybridization were rapidly decapitated at 1 or 24 h after the end of the stress session. Animals
intended for immunohistochemistry were anesthetized with sodium pentobarbital immediately
or at 2 h after the end of the stress session.

4.4 In situ hybridization histochemistry
Following dissection, brains were frozen on dry ice and stored at −70°C. Brains were cut into
20 um sections on a cryostat at −20°C and mounted onto multiple sets of Superfrost Plus slides
(Fisher Scientific, Pittsburgh, PA). Sections were stored at −70°C until processing. Tissue
preparation and hybridization procedures were performed as previously described [61]. In
brief, slides were post-fixed in cold 4% paraformaldehyde, washed in phosphate-buffered
saline (PBS), treated with 0.25% acetic acid, dehydrated through a series of graded alcohols,
delipidated in chloroform, partially rehydrated, and air-dried.

The TH oligonucleotide probe was a 48-base probe complementary to nucleotides 1351–1398
of rat TH mRNA [24]. The c-fos oligonucleotide probe was a 51-base probe complementary
to nucleotides 270–319 of rat c-fos mRNA [44]. The TH primary transcript probe was
complementary to nucleotides 3062–3105 (intron 2) of the rat TH gene, with antisense
sequence CACAGGGTTCTGGCTTTAATGTCATTTGAGATTTTTTTTCTGGG.
Oligonucleotides were 3′ labeled with [33P]dATP (Perkin-Elmer, Boston, MA) using terminal
deoxyribonucleotidyl transferase (Invitrogen, Carlsbad, CA) and purified on a G25 spin
column (Amersham, Arlington Heights, IL). Labeled probe was diluted to 2 pmol/mL in a
hybridization buffer containing 50% formamide, 10% dextran sulfate, 0.3 M sodium chloride,
10 mM Tris (pH 8.0), 1 mM EDTA, 1X Denhardt’s, 0.5 mg/ml yeast tRNA, and 10mM
dithiothreitol. Fifty microliters of the hybridization mixture was applied to each slide, which
was then coverslipped and incubated overnight at 37°C in a humid chamber. Coverslips were

McDevitt et al. Page 7

Brain Res. Author manuscript; available in PMC 2010 August 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



removed and the slides were washed three times in 1X SSC (150 mM NaCl, 15 mM Na-citrate,
pH 7.0) for 20 min at 55°C, then for 1 h in 1X SSC at room temperature. Slides were dehydrated
through a graded series of alcohols containing 0.3M ammonium acetate and exposed to either
Hyperfilm beta-Max (Amersham) or a high-resolution Cyclone phosphor scanner (Packard,
Meriden, CT).

Optical densities were measured by an observer blind to animal treatment using
MicroComputer Imaging Device (Imaging Research, Cambridge, England). Optical densities
were measured from left and right LC hemispheres over 3 successive sections which were
anatomically matched across animals according to coronal plates 57 and 58 in the rat brain
atlas of Paxinos and Watson [47]. Tissue background was subtracted from each measurement
to yield net signal. These six net signal values were averaged for each rat to yield a single
representation of optical density.

4.5 Immunohistochemistry
Immediately or 2 h following the last tailshock, rats were anesthetized with sodium
pentobarbital and perfused through the left cardiac ventricle with 100 ml of physiological saline
followed by 250 ml of 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). Brains were
removed and post-fixed overnight, then transferred to 30% sucrose and stored at 4°C until
sectioning. Brains were sectioned on a cryostat at 20 μm and mounted onto SuperFrost Plus
slides (Fisher Scientific). Slides were stored at −20°C until staining.

Immunohistochemical staining for Fos and TH were conducted sequentially in a manner
modified slightly from previous reports [62]. Staining for Fos was conducted first using the
avidin-biotin-horseradish peroxidase complex (ABC) method. Following a series of washes in
PBS, sections were incubated for 30 min in a solution containing 0.9% hydrogen peroxide and
4% Triton X-100. Sections were incubated for 24 h with Fos primary antibody diluted 1:5,000
(Santa Cruz Biotechnology, Santa Cruz, CA) in a blocking solution containing 1% normal goat
serum, 1% normal horse serum, 0.25% Triton X-100, and 0.1% sodium azide. Tissue was
incubated for 2 h at room temperature in biotinylated goat anti-rabbit IgG diluted 1:200
(Jackson ImmunoResearch, West Grove, PA). Sections were incubated with avidin-biotin-
horseradish peroxidase complex (Vectastain Elite ABC kit) in PBS for 1 h, then incubated in
a 3,3′-diaminobenzidine tetrahydrochloride (DAB) solution for approximately 15 min. For
subsequent TH immunostaining, sections were washed in PBS, incubated in blocking solution
for 30 min, and then incubated in primary TH antibody diluted 1:2,000 (Pel-Freez, Rogers,
AR, catalog #P40101-0) for 48 h at 4°C. After another series of PBS washes, sections were
incubated with a goat anti-rabbit secondary antibody (1:200; AlexaFluor 594; Molecular
Probes) for 3 h at room temperature. Sections were then washed with PBS, dried overnight in
a dark environment, and coverslipped with DPX mounting media (Fluka BioChemika,
Steinheim, Switzerland).

Slides were examined on a microscope by an observer blind to animal treatment on an Olympus
BX-61 microscope (Olympus America, Melville, NY) and analyzed using Olympus
MicroSuite software. Sections were assessed in two ways: first, counting the absolute number
of Fos-positive cells irrespective of TH labeling (Table 2); second, counting the number of
cells double-labeled for both Fos and TH (white arrow in Fig. 5C; Fig. 6). Fos-stained nuclei
were identified by dark-brown or black ovoid particles using the brightfield setting. The double-
labeled neurons were analyzed with the same microscope using a mercury lamp coupled to a
TRITC filter. Neurons displaying an unambiguously distinguishable red cell body were
identified as immunopositive for TH. For each animal, eight LC regions across four consecutive
sections were counted and used to calculate average count per LC region. The boundary of the
LC was determined using the atlas of Paxinos and Watson [47] and was aided by the TH
immunofluorescence.

McDevitt et al. Page 8

Brain Res. Author manuscript; available in PMC 2010 August 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



4.6 Statistical analysis
To determine what time point was most appropriate with our procedures to detect an increase
in TH and c-fos mRNA, one-way analysis of variance (ANOVA) was performed for each gene,
followed by Dunnett’s post-hoc test (when appropriate) to individually compare each stress
time point to unstressed control. Experiments testing the influence of stressor controllability
on TH mRNA, TH primary transcript, and c-fos mRNA were each analyzed ANOVA and
Tukey post-hoc tests. Total Fos-positive labeling, Fos / TH double-labeling, and Fos-positive /
TH-negative labeling were each analyzed with two-way ANOVA using stressor controllability
and time as the independent variables. For all comparisons, the threshold for statistical
significance was set at alpha = 0.05.
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Abbreviations
LC  

locus coeruleus

NE  
norepinephrine

TH  
tyrosine hydroxylase

ABC  
avidin-biotin-horseradish peroxidase complex

PBS  
phosphate buffered saline

DAB  
3,3′-diaminobenzidine tetrahydrochloride

ANOVA  
analysis of variance

HC  
homecage control

ES  
escapable shock

IS  
inescapable shock

CREB  
cAMP response binding protein

MAPK  
mitogen-activated protein kinase
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Figure 1.
Autoradiographic images of locus coeruleus tissue. A, Location of LC tissue analyzed in this
study, with enlargened detail of peri-LC region. Image represents −10.04 mm bregma from
the atlas of Paxinos & Watson [47]. B–E, sample autoradiographic images of TH (B, C) and
c-fos (D, E). Tissue is from unstressed rats (B, D) and inescapably shocked rats (C, E). Stress
time points depicted in TH and c-fos images are 24 h and 1 h, respectively. Scale bar = 500
μm.
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Figure 2.
TH mRNA in the locus coeruleus 24 h after stress. Graph shows optical density of in situ
hybridization autoradiograms. Data are expressed as mean + SEM of unstressed homecage
control (HC), escapable shock (ES), and inescapable shock (IS). n = 5 for HC, n = 6 for both
ES and IS. * p < 0.05 vs. homecage control.
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Figure 3.
TH primary transcript in the locus coeruleus 1 h after stress. Sample in situ hybridization
autoradiograms in tissue from unstressed (A), escapably shocked (B), and inescapably shocked
(C) rats. Scale bar = 500 μm. D, Optical density of autoradiograms expressed as mean + SEM
of unstressed homecage control (HC), escapable shock (ES), and inescapable shock (IS). n =
7 per group. ** p < 0.001 vs. homecage control.
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Figure 4.
c-fos mRNA in the locus coeruleus 1 h after stress. Graph shows optical density of in situ
hybridization autoradiograms. Data are expressed as mean + SEM of unstressed homecage
control (HC), escapable shock (ES), and inescapable shock (IS). n = 7 per group. ** p < 0.001
vs. homecage control.
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Figure 5.
Fos (A, C) and TH (B, D) immunoreactivity in the locus coeruleus 2h after exposure to
inescapable shock. Top row: 20X magnification, scale bar = 250μm. Bottom row: 100X
magnification, scale bar = 50 μm. White arrow denotes Fos/TH double-labeled cell, black arrow
denotes Fos single-labeled cell.
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Figure 6.
Number of Fos / TH double-labeled cells per LC region following escapable shock (ES) and
inescapable shock (IS). Data are expressed as mean + SEM. n = 7 / group.
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Table 1
Time course of gene expression in the locus coeruleus after inescapable shock

Stressor
Time after shock
session n TH mRNA c-fos mRNA

Unstressed 6 0.391 ± 0.030 0.0118 ± 0.0015

IS 1 h 4 0.401 ± 0.023 0.1113 ± 0.0215***

IS 2 h 5 0.404 ± 0.072 0.0822 ± 0.0149**

IS 4 h 4 0.429 ± 0.060 0.0228 ± 0.0082

IS 24 h 4 0.528 ± 0.066 0.0130 ± 0.0031

Values are mean ± SEM.

**
p < 0.01,

***
p < 0.001 vs. unstressed homecage control.
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Table 2
Effects of escapable and inescapable shock on the number of Fos-positive nuclei in the locus coeruleus

Time after shock session Number of Fos-positive nuclei per LC region

Escapable shock Inescapable shock

0 h 74.06 ± 5.94 59.39 ± 7.20

2 h 59.03 ± 7.87 56.06 ± 4.64

Values are mean ± SEM. n = 7 for all groups. There were no significant effects of stressor controllability or time.
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