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Abstract
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Chronic stress exposure alters the central noradrenergic neurons originating from the locus coeruleus
(LC). Previously, we demonstrated that evoked increases in the firing rate of LC neurons and their
release of norepinephrine are enhanced following chronic cold exposure. In the present studies, we
tested the hypothesis that reduced feedback inhibition of LC neurons might underlie these alterations
in LC activity by examining the effect of α2-autoreceptor stimulation on LC activity in chronically
stressed rats using in vivo and in vitro single unit recordings. Given that Regulators of G-protein
Signaling (RGS) proteins can impact the coupling of α2-autoreceptors to downstream signaling
cascades, we also explored the expression of several RGS-proteins following chronic stress exposure.
We observed that the α2-autoreceptor-evoked inhibition of LC neurons was reduced and that the
expression of RGS7 was increased following chronic stress exposure. Finally, we demonstrated that
intracellular administration of RGS7 via patch clamp electrodes mimicked the stress-induced
decrease in clonidine-evoked autoreceptor-mediated inhibition. These novel data provide a
mechanism to explain how chronic stress-induced alterations in receptor coupling can result in
changes in α2-autoreceptor control of noradrenergic function throughout the central nervous system
potentially leading to alterations in anxiety-related behaviors and may suggest novel therapeutic
targets for the treatment of mood and anxiety disorders.
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Locus coeruleus (LC) neurons are the main source of norepinephrine (NE) in the central
nervous system {Foote, 1983 #602; Aston-Jones, 1995 #1972} and play an important role in
the behavioral response to stress. Thus, LC neuron firing rate and NE release from axon
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terminals are increased by acute stress exposure {Grant, 1984 #2110; Abercrombie, 1987 #18;
Abercrombie, 1992 #933}. Furthermore, chronic stress exposure can alter LC neuron responses
to subsequent stressors {Stanford, 1995 #1541; Zigmond, 1995 #921; Morilak, 2005 #3176}.
Consequently, the evoked increase in LC firing rate and stress-evoked NE turnover or release
is enhanced following chronic cold, repeated restraint, or repeated tailshock exposure {Mana,
1997 #450; Simson, 1988 #1443; Adell, 1988 #649; Anisman, 1990 #693; Thierry, 1968 #587;
Nisenbaum, 1991 #455}. We focused on chronic cold exposure because it reliably reproduces
the persistent sensitization in central noradrenergic function and plasma corticosterone levels
observed in humans afflicted with stress-related mood and anxiety disorders {Vernikos,
1982 #604; Bremner, 1997 #945; Wong, 2000 #1305}. These experiments extend our previous
behavioral, neurochemical, electrophysiological, and ultrastructural investigations using this
specific stress paradigm to the molecular level, thus permitting assessment of how these
changes act in concert to alter central noradrenergic function.
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The effects of chronic cold exposure on the NE system are most apparent during evoked activity
{Finlay, 1997 #893; Nisenbaum, 1991 #455; Mana, 1997 #450; Jedema, 2001 #1472; Jedema,
2003 #1562}. Based on the preferential increase in evoked activity, the increased slope of the
dose-response relationship to corticotrophin-releasing hormone {Jedema, 2001 #1472}, and
the steeper current-response curve in response to intracellular current injection {Jedema,
2003 #1562}, we hypothesized that inhibitory feedback of LC neurons was reduced following
chronic cold exposure. Altered feedback inhibition might be mediated by changes in α2autoreceptor function, local GABAergic interneurons, and/or conductances intrinsic to LC
neurons{Acosta, 1993 #917; Andrade, 1984 #678; Simson, 1988 #1443}. Therefore, we
directly assessed the effect of α2-autoreceptor stimulation on LC firing rate following chronic
stress exposure using in vivo and in vitro recordings.
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The response to stimulation of G-protein coupled receptors (GPCR), such as α2-receptors, is
modulated by changes in proteins of the regulators of G-protein signaling (RGS) family. RGS
proteins decrease the efficacy of GPCR stimulation by increasing the GTPase activity of the
Gα-subunit, leading to a more rapid termination of the response to receptor stimulation {Xie,
2007 #3778; Hollinger, 2002 #3165; Ross, 2000 #3160}. Over 20 RGS proteins have been
described in vertebrates, and at least 6 of them are expressed in LC neurons {Gold, 1997 #2191;
Taymans, 2002 #3500}. RGS proteins are involved in altering opiate receptor function in LC
neurons following opiate tolerance and withdrawal {Gold, 2003 #2556; Xie, 2005 #3135} and
in other cell types, RGS proteins modulate α2-autoreceptor coupling to their intracellular targets
{Cavalli, 2000 #2185; Bahia, 2003 #3137}. Furthermore, RGS mRNA expression can be
regulated by stress or corticosterone exposure {Ni, 1999 #1430}, suggesting a potential
involvement in the effects of chronic cold exposure on LC activity. Thus, we examined the
involvement of 3 RGS proteins, highly expressed in LC and implicated in stress and anxietyrelated disorders {Ni, 1999 #1430; Oliveira-dos-Santos, 2000 #2183; Yalcin, 2004 #3132}, on
the response to chronic cold.

METHODS
Animals
Upon arrival, adult male Sprague Dawley rats (Hilltop, Scottdale, PA) were housed in hanging
stainless steel cages in a colony room maintained at an ambient temperature of 23°C.
Throughout the experiments, lights were maintained on a 12 hr light/dark cycle (lights on at
08.00 a.m.), with food (Laboratory rodent diet 5001, PMI Feeds, St. Louis, MO) and water
available ad libitum. All rats were housed in pairs in the colony room for 5-10 days prior to
any treatment and all protocols were approved by the Institutional Animal Care and Use
Committee at the University of Pittsburgh and were in accordance with the USPHS Guide for
the Care and Use of Laboratory Animals.
Eur J Neurosci. Author manuscript; available in PMC 2010 June 1.
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Rats were randomly assigned to a cold-exposed or control group. Control rats were housed
singly in hanging stainless steel cages in a colony room maintained at an ambient temperature
of 23°C for 14-17 days. Given that it increases the effectiveness of chronic cold exposure on
catecholamine systems without interfering with normal adaptive thermoregulatory behaviors
{Fluharty, 1983 #958; Moore, 2001 #1542}, the body fur of rats in the cold exposure group
was partially shaved from the rump to the forelimbs immediately prior to cold exposure. Coldexposed rats were housed singly in hanging stainless steel cages in a cold room maintained at
an ambient temperature of 5°C, where they remained undisturbed for 14-17 days. They were
removed from the cold room the afternoon prior to the experiment and housed overnight in a
colony room maintained at an ambient temperature of 23°C, in order to maintain a protocol
similar to that used previously for studying the stress-induced sensitization of NE neurons
{Gresch, 1994 #751; Miner, 2006 #3198; Finlay, 1997 #893; Mana, 1997 #450; Nisenbaum,
1991 #455; Jedema, 2001 #1472; Jedema, 2003 #1562}. Cold-exposed rats readily adapted to
the cold environment {Folk Jr., 1974 #943} and appeared healthy and continued to eat and
increase their body weight. The present stress paradigm of 14 days of cold exposure is likely
at the threshold for producing sensitization in rats, in that it leads to consistent sensitization of
the noradrenergic system, whereas shorter duration or intermittent exposure to cold does not
lead to noradrenergic sensitization in Sprague-Dawley rats {Jedema, 1999 #1279; Pardon,
2003 #3181; Finlay, 1997 #893; Mana, 1997 #450}. Furthermore, during the initial days in the
cold, rats typically do not gain as much weight as the rats housed at room temperature but their
bodyweight gain normalizes with continued exposure {Folk Jr., 1974 #943}. Finally, there is
evidence that chronic cold may be a comparatively less extreme stressor compared to other
paradigms (e.g., chronic multiple stressors, repeated footshock, etc) based on the limited level
of c-fos induction observed in response to cold exposure even in a more stress-sensitive rat
strain {Baffi, 2000 #2079}.
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In the present electrophysiology experiments, the bodyweight of cold-exposed rats did not
differ from the control group (in vivo: cold 309±8g (N=6) vs control 319±13g (N=4); in
vitro: cold 266±9g (N=8) versus control 260±19g (N=12)). However, for the Western blotting
groups, the body weight was significantly lower in the cold-exposed rats: cold 271±6 (N=10)
versus control 302±4g (N=10); t(18)= −4.116; p<0.001). In some of our previous experiments
we observed small but significant changes in body weight between groups {Gresch, 1994
#751;Jedema, 1999 #1279; Jedema, 2001 #1472}, whereas in other studies we found no
significant differences {Finlay, 1997 #893; Jedema, 2003 #1562; Mana, 1997 #450}. The
decreased variability of body weight (as a result of all animals being sacrificed on the same
day) may have resulted in the observation that the comparison of body weight reached statistical
significance for the Western-blot groups. Cold-exposed rats and their control group were tested
during the same time period to avoid confounding the results with potential changes of the
responses over time.
In Vivo Electrophysiology
Single unit activity was recorded in vivo as previously described {Jedema, 2001 #1472}. Under
halothane anesthesia (1.5-3.0% in O2; Halocarbon Laboratories, River Edge, NJ), a femoral
venous catheter (PE-10) was inserted before the rat was positioned in a stereotaxic frame (David
Kopf, Tujunga CA) with the nose down at an approximate 15° angle (difference in DV
coordinates of bregma and lambda was 3.0 mm). Core temperature was maintained at 37°C
using a heating pad (Fintronics VL-20F, New Haven, CT) and rectal probe thermometer.
Following exposure of the skull, a hole was drilled in the area overlying the LC. Glass
electrodes (Omegadot, 2mm; WPI, New York, NY) were pulled using a vertical puller
(Narishige PE-2, Tokyo, Japan) and filled with 2M NaCl/2% Pontamine Sky Blue (PSB;
impedance 6-12 MΩ). Electrodes were positioned in the LC (3.5mm caudal to lambda, 1.1mm
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lateral from the midline, and 5.0-6.0 mm ventral from the dorsal brain surface) using a hydraulic
microdrive (Kopf model 640). LC neurons were tentatively identified based on wellestablished criteria including spike waveform, firing pattern, and response to paw compression
{Foote, 1983 #602; Jedema, 2001 #1472; Mana, 1997 #450}. Signals from the electrodes were
amplified using a high-impedance headstage amplifier connected to an amplifier/window
discriminator (Fintronics WDR 420; Fintronics, Orange, CT). Electrophysiological activity
was monitored using an audio monitor (Grass AM-8, West Warwick, RI) and a storage
oscilloscope (Hitachi V134, Brisbane, CA). In addition, data were monitored and analyzed
using a data acquisition board (Microstar Labs™, Bellevue, WA) interfaced with a Windows
based PC and custom made software (Neuroscope®, Brian Lowry). Following the recording
of stable baseline activity of an individual LC neuron for at least 5 min, increasing doses of
the α2-receptor agonist, clonidine HCl (0.5-8.0 μg/kg; 10μg/ml), were infused via the femoral
vein at 12 min intervals until cessation of spontaneous LC activity occurred. At the end of the
experiment, the location of the recording site was marked by iontophoresis of PSB and verified
to be within the LC in 60μm thick, Nissl-stained, coronal sections. Only one neuron was
recorded per rat.
In Vitro Electrophysiology
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Horizontal brainstem slices containing the LC were prepared as previously described {Jedema,
2003 #1562}. Briefly, rats were anesthetized with chloral hydrate (400 mg/kg, i.p.) and
perfused through the ascending aorta with an ice-cold, oxygenated (low Na/high sucrose)
perfusion solution (1.9 mM KCl, 1.2 mM Na2HPO4, 6 mM MgCl2, 33 mM NaHCO3, 20 mM
glucose, 229 mM sucrose saturated with 95% O2/5% CO2). Following decapitation, the brain
was rapidly removed, placed in cold perfusion solution and 300 μm thick horizontal slices
containing the LC were prepared using a Microslicer (DSK). Tissue was transferred to cold,
oxygenated aCSF (124 mM NaCl, 5 mM KCl, 1.2 mM KH2PO4, 2.4 mM CaCl2, 1.3 mM
MgSO4, 26 mM NaHCO3, 10 mM glucose saturated with 95% O2/5% CO2). After a minimal
recovery period of 60-90 min, sections were transferred to the recording chamber where they
were superfused with oxygenated aCSF at a flow rate of 0.8-1.5 ml/min at 35°C.
Extracellular single unit recordings were obtained with the same equipment in a similar manner
as described above. LC neurons were tentatively identified by their location within the transilluminated slice, their regular and spontaneous activity and their action potential waveform.
Following the recording of stable baseline activity of each individual LC neuron for at least 5
min, increasing doses of the α2-receptor agonist, clonidine HCl (0.3-100 nM), were bath applied
at 5 min intervals until cessation of spontaneous activity occurred.
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Whole cell recordings were obtained from visually-identified LC neurons using an infrared
differential interference contrast video microscope (Olympus BX51WI or BX61WI) and a
Multiclamp 700A amplifier (Axon Instruments, MDC, Sunnyvale, CA) in current-clamp mode,
using bridge balance and pipette capacitance compensation. Data were low-pass filtered at
3kHz and digitized at 10kHz using a data acquisition board (CED 1401; Cambridge Electronic
Design Ltd, Cambridge, UK) interfaced with a Windows based PC and Signal 3.02 software
(Cambridge Electronic Design). Borosilicate pipettes (4-6 MΩ) were filled with a freshly
prepared pipette solution containing (in mM): K-gluconate 115, KCl 20, HEPES 10, EGTA
0.5, ATP 4.5, GTP 0.3, and phosphocreatine 14, with pH adjusted to 7.2–7.3. The series
resistance was monitored periodically throughout the experiment and any changes in series
resistance were less than 20%. The membrane potential was not corrected for liquid junction
potentials.
For intracellular administration of RGS7, a stock solution of RGS7 with its obligatory binding
protein Gβ5 was prepared using methods previously described {He, 2000 #3449}. Briefly,
recombinant baculoviruses of N-terminal GST-tagged RGS7 and untagged Gβ5S were
Eur J Neurosci. Author manuscript; available in PMC 2010 June 1.
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generated according to the manufacturer’s instructions (BD PharMingen, San Jose, CA). Sf9
cells, grown in Sf-900 II SFM media (Invitrogen, Carlsbad, CA) in spinner flasks (cell density
106 cells/ml), were co-infected with baculovirus and harvested after 48 hours. Cells were
suspended in lysis buffer (50 mM Tris, 500 mM NaCl, 5 mM dithiothreitol, 1% Nonidet P-40,
pH 8) and protease inhibitors (0.03 mg/ml leupeptin, 17 μg/ml pepstatin A, 5 μg/ml aprotinin,
30 μg/ml lima bean trypsin inhibitor, and solid phenylmethylsulfonyl fluoride) and lysed by
multiple passes through a microfluidizer (Microfluidics,Newton, MA). The lysate was clarified
by centrifugation at 20,000x g for 30 minutes and applied to a column of Glutathione Sepharose
4 Fast Flow resin (GE Healthcare, Piscataway, NJ) at 4°C. The resin was washed with lysis
buffer and wash buffer (10 mM Tris, 100 mM NaCl, 2 mM MgCl2, 2 mM dithiothreitol, pH
7.4) and finally, eluted with 100 mM glutathione in wash buffer. Protein was exchanged under
N2 gas into whole cell pipette solution (without ATP and GTP; as described above) at 4°C in
a 50 ml stirred cell with a YM100 ultrafiltration membrane (NMWL:100 kDa; Millipore,
Billerica, MA). The concentration of RGS7 was quantified by gel densitometry using a bovine
serum albumin (BSA) standard and prior to use the RGS7 stock solution was further diluted
in fresh pipette solution to a final concentration of 100nM RGS7 (and containing 4.5mM ATP
and 0.3mM GTP). The concentration of RGS7 was based on dose response curves reported for
RGS4 {Xu, 1999 #3775} and concentrations of RGS proteins used previously in
electrophysiological experiments carried out in native tissues {Cabrera-Vera, 2004 #3779;
Gold, 2003 #2556}. Control experiments were performed using fresh pipette solution without
the addition of the RGS7 stock solution.
Western Blots
Western blot analysis was performed using standard procedures as previously described
{Harlow, 1988 #3170}. Following decapitation using a guillotine, the brain was rapidly
removed from the skull and after removal of the cerebellum, frozen in isopentane on dry ice
and stored at −80°C. Subsequently, under microscopic visualization three 400 μm thick coronal
sections separated by a 50μm thick section (for histological verification) were taken from the
frozen brainstem using a cryostat at −16°C (Microm HM505E, Richard Allan Scientific,
Kalamazoo, MI). Using a 1mm tissue punch (FST, Foster City, CA) a semicircular segment
containing the LC was punched bilaterally from each thick section and all punches from each
brain were pooled.
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Frozen samples were solubilized by sonication in buffer containing 1.0% sodium dodecyl
sulphate, 10μg/mL lima bean trypsin inhibitor, 10μg/mL leupeptin, 15μg/mL
phenylmethylsulphonyl fluoride, 15μg/mL L−1–p-tosylamino-2-phenylethyl chloromethyl
ketone (TPCK), 15μg/mL (3S)-7-amino-1-chloro-3-tosylamino-2-heptanone hydrochloride
(TLCK), and 10μM MG-132 (Calbiochem), and protein concentrations were determined by
the method of Lowry with BSA as standard. Aliquots of LC extracts containing 35μg of total
protein were subjected to SDS-PAGE. The proteins in resulting gels were transferred to
nitrocellulose and comparable lane loading and transfer was confirmed by Ponceau staining.
Nitrocellulose filters were blocked for 1 hour in 3% nonfat milk in phosphate-buffered saline
containing Tween-20 and incubated overnight at 4°C with primary antibodies diluted into Trisbuffered saline BSA. RGS2, RGS4, and RGS7 were selected for analysis based on high
expression levels in the LC, the availability of specific primary antibodies, and because they
have been implicated in stress and anxiety-related disorders {Ni, 1999 #1430; Oliveira-dosSantos, 2000 #2183; Yalcin, 2004 #3132}. Rabbit antiserum against the C-terminus of RGS2
(CKKPQITTEPHAT; 1:1000; a generous gift from Dr. D. Siderovski); rabbit antisera against
rat RGS4 {Krumins, 2004 #3155}; 1:2000; a generous gift from Dr. S. Mumby), affinity
purified anti-RGS7 antibodies (Upstate Biotechnologies;1:10,000), and SGS rabbit antisera
against Gβ5 {Zhang, 1996 #3202}; 1:5000; a generous gift from Dr. W. Simonds, NIDDK).
The specificity of these RGS and Gβ5 antibodies was demonstrated previously {Oliveira-dos-
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Santos, 2000 #2183; Krumins, 2004 #3155; Zhang, 1996 #3202}. The next day membranes
were washed, incubated in appropriate horseradish peroxidase-conjugated secondary
antibodies (1:10,000; Vector labs) for 30 min at 23°C, processed for enhanced
chemiluminescence, and exposed to autoradiographic film. Multiple exposure times were
conducted to insure relative optical densities that were within the linear range of the films
response curve. Images were captured with a CCD camera (Sony ExwaveHAD) and quantified
densitometrically with NIH image (version 1.61). As an additional control for loading, blots
were re-processed for total Gβ immunoreactivity using rabbit antisera against pan-Gβ
(antibody B600 {Linder, 1993 #3199}; a generous gift from S. Mumby). There was no
difference in total Gβ abundance between the 2 groups. All chemicals were obtained from
Sigma (St. Louis, MO) except where specified otherwise.
Data analysis
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For electrophysiological experiments, sliding averages over 10secs were calculated from the
1sec bins of the firing rate histogram. Baseline firing rate was defined as the average firing rate
over the 2 min prior to clonidine administration. For in vivo experiments, the effect of a bolus
administration of clonidine was defined as the minimum (sliding average) firing rate following
drug injection. For in vitro experiments, the effect of continuous clonidine administration was
defined as the average firing rate recorded over the final 2 min at each given concentration.
The magnitude of the drug effect was expressed as percent inhibition from baseline and the
ED50 for each neuron was calculated based on the 3-parameter sigmoidal curve fit of the data
(Sigmaplot).
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Previously, we used criteria that were established for dopamine neurons to define bursts in LC
neurons in chloral-hydrate anesthetized rats {Mana, 1997 #450; Jedema, 2001 #1472}. In the
analysis of more recent data we observed that the use of these dopaminergic criteria resulted
in a failure to identify all bursts correctly because several bursts just exceeded the 80msec
interspike interval (ISI) threshold established for dopamine neurons of the substantia nigra
{Grace, 1984 #1267}. As the number of events classified as bursts would be expected to
increase by raising the threshold criterion, we determined if and at which burst-threshold
criterion the number of bursts determined by such criterion would reach a “plateau” before
continuing to increase as a result of incorrectly characterizing rapid spike discharge as bursts.
When the relative number of bursts of 10 LC neurons during 3 minutes of basal discharge
activity from a separate group of control rats showing clear burst activity was plotted versus
the ISI interval used as a threshold to define bursting, a relationship was evident that could be
well fitted by a cubic equation (Fig 1). The point of inflexion of this curve was calculated to
be at 114msec, which was consistent with our visual examination of burst activity during
spontaneous discharge of action potentials and our observation that the 80msec ISI threshold
for burst was too low for LC neurons. We therefore adjusted the threshold criterion for bursting
of LC neurons to 110msec, and set this as our standard criterion for the burst analysis of LC
neurons.
For Western blots, background-subtracted optical densities of the blots for each sample were
compared between cold and control groups using 2-tailed t-tests for independent samples.
For whole cell recordings, the membrane potential was averaged over a 2 min period
immediately prior to the administration of clonidine. The effect of clonidine was quantified as
the most hyperpolarized deflection of the membrane potential following agonist administration
and the average effects for the control and RGS7 groups were compared using a 1-tailed t-test
for independent samples based on the directional null hypothesis.
All statistical comparisons were performed using Sigmastat 3.11 (Systat Software Inc., San
Jose, CA). Average data was compared between groups using t-tests where appropriate or
Eur J Neurosci. Author manuscript; available in PMC 2010 June 1.
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Mann-Whitney rank sum tests when the normality assumption was not met. The α-level was
set to 0.05.
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RESULTS
In vivo single unit recordings
The basal firing rate (BL FR) of LC neurons in the control rats was 0.9±0.1 Hz (Table 1) which
is similar to numerous previous reports on LC FR in anesthetized rats {Jedema, 2001 #1472;
Mana, 1997 #450; Curtis, 1997 #1008; Foote, 1983 #602}. LC neurons of cold-exposed rats
had a slightly higher basal discharge rate (1.7±0.3Hz; t(8)=2.38; p=0.045) than in control rats
and exhibited occasional discharge of spikes in bursts which was not observed in the same
duration of baseline activity of control rats (Table 1). As the level of anesthesia can influence
the basal discharge rate of LC neurons {Valentino, 1988 #1354}, the level of anesthesia during
recording was carefully monitored using testing of corneal and plantar reflexes and there was
no significant difference in the concentration of halothane used between groups.

NIH-PA Author Manuscript

In response to IV administration of the α2-receptor agonist clonidine (0.5-6.0μg/kg), the firing
rate of LC neurons was transiently inhibited in a dose-dependent manner (Fig. 2), consistent
with previous studies {Aghajanian, 1982 #677; Lacroix, 1991 #1183; Pineda, 1997 #1235}.
In response to similar doses of clonidine, LC neurons of cold-exposed rats exhibited a smaller
inhibition compared to control rats. The ED50 calculated for individual neurons was
significantly higher in cold-exposed rats (control 1.64±0.20 μg/kg versus cold 2.40±0.22 μg/
kg; t(8)= 2.64, p=0.030). No correlation was observed between basal firing rate and the
ED50 for clonidine in our in vivo experiments.
In vitro single unit recordings
The BL FR of LC neurons of control rats was 1.1±0.1 Hz (Table 2), similar to previous reports
on LC FR in brainstem slices {Jedema, 2003 #1562; Williams, 1984 #1107}. Similar to the in
vivo experiments, the firing rate of LC neurons in slices from cold-exposed rats was
significantly higher (1.6±0.1 Hz; Mann-Whitney rank sum test T(29)=296.50, p=0.004) and
there was a trend for more spikes discharged in bursts. The reduced effect of cold exposure on
bursting of LC neurons in vitro compared to the in vivo experiments described above is likely
related to the greatly reduced extrinsic input in the slice, which contributes to transient burst
activation of LC neurons.

NIH-PA Author Manuscript

In response to bath application of clonidine (0.3-100nM), the firing rate of LC neurons was
decreased in a dose-dependent manner (Fig 3). Unlike the transient response in vivo, the
clonidine-evoked decrease in firing rate did not readily reverse. In several slices in which LC
FR was monitored following the return to aCSF superfusion, the discharge rate did not return
to basal levels within 20-30min. However, bath application of the α2-receptor antagonist,
RX821,002 readily reversed the clonidine-evoked inhibition and resulted in the resumption of
spontaneous discharge of action potentials (data not shown). We hypothesize that the transient
effect of clonidine in vivo is a reflection of the highly lipophilic nature of this drug.
Although the maximal effect of clonidine (i.e. complete inhibition) was not altered, the firing
rates of LC neurons in slices from cold-exposed rats were less inhibited by comparable doses
of clonidine, with the ED50 calculated for individual neurons being significantly higher in slices
from cold-exposed rats (control 8.6±1.7 nM versus cold 14.5±2.3 nM; Mann-Whitney rank
sum test T(28)=267.00, p=0.04). The ED50 determined here for inhibition of spontaneous
action potential discharge of LC neurons in control slices is consistent with previous reports
of clonidine-evoked hyperpolarization of LC neurons {Williams, 1985 #1104}. In addition,
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there was a significant correlation between basal firing rate and the ED50 for clonidine
(Pearson’s correlation coefficient across groups 0.607; p=0.0004).
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Quantitative Western Blots
Quantification of the Western blots (Fig 4) demonstrated that the expression of RGS2 and
RGS4 were similar in LC tissue from control and cold-exposed animals (t(18)= −0.52 and
−0.35, respectively). However, the expression of RGS7 was significantly increased in LC tissue
from cold-exposed animals (t(17) = 2.22, p=0.04). In contrast to the significant increase in
RGS7 levels there was no change in levels of the obligatory binding partner of RGS7, Gbeta5,
that was processed on the same membranes. RGS7 expression in tissue punches from the
ventromedial pons of the same sections was not altered following chronic cold.
Whole cell recordings
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Because the effect of RGS7 on α2-receptors or in LC neurons has not been demonstrated, whole
cell recordings were performed with purified RGS7 and its obligatory binding partner, Gβ5,
administered intracellularly (100nM) via the patch pipette (Fig 5). Intracellular administration
of RGS7 in LC neurons reduced the magnitude of the hyperpolarization evoked by bath
administration of clonidine at a concentration close to its ED50 (20nM) [t(5) = 2.051,
p=0.0475]. Administration of RGS7 did not affect basic spike properties of the neurons. In
addition to the reduced hyperpolarization, it appeared that the response to clonidine
desensitized (in 3 out of 4 neurons) with continuous clonidine administration in the presence
of exogenous RGS7, but we were unable to quantify this accurately in the limited number of
neurons. Independent of its time course, the peak effect of autoreceptor stimulation was reduced
by intracellular RGS7 administration supporting a functional role of RGS7 in coupling of NE
autoreceptor to its effectors.

DISCUSSION
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This study demonstrates that LC neurons of rats exposed to chronic cold exhibit a reduced
response to α2-autoreceptor stimulation both in vivo and in vitro. Furthermore, RGS7
expression was selectively increased in LC following cold exposure, and intracellular RGS7
administration reduced the response to noradrenergic autoreceptor stimulation. This reduced
autoreceptor function was accompanied by a small but significant increase in spontaneous
baseline LC activity, which could be due to decreased autoreceptor feedback inhibition
mediated by NE release from LC neurons {Huang, 2007 #3495}. A significant or a trend toward
an increase in firing rate and burst firing has consistently been observed in LC neurons
following chronic cold {Jedema, 2001 #1472; Jedema, 2003 #1562; Mana, 1997 #450}; an
observation further supported by a meta-analysis of all basal firing rates of cold-exposed and
control animals across all of our electrophysiological studies (Ncontrol=115, Ncold=83;
p<0.001). Small increases in basal firing rate and bursting of LC neurons were also observed
following repeated tail shock and repeated immobilization stress {Pavcovich, 1990 #476;
Simson, 1988 #1443}. Furthermore, both basal and evoked LC activity would be expected to
change if chronic stress alters electrophysiological properties of LC neurons resulting in
increased input resistance without changing spike-threshold {Jedema, 2003 #1562}. If the
affected conductances were selectively activated during action potential discharge, the spike
waveform characteristics would likely be altered, and we have previously demonstrated that
this does not occur.
The observed rightward shift of the dose-response curve for clonidine-evoked inhibition of LC
neurons in both in vivo and in vitro preparations localize the alterations in autoreceptor function
to the LC and provide a potential mechanism to explain the enhanced activation of LC neurons.
A reduction of α2-autoreceptor-evoked opening of potassium conductances following cold
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exposure increases input resistance of LC neurons, likely enhancing the LC response to all
excitatory input {Jedema, 2003 #1562}. This reduction would likely exert a larger effect on
evoked compared to basal LC activity {Simson, 1987 #1445}. It is unknown whether the
autoreceptor-coupled potassium conductances have specific effects on the bursting patterns of
LC neurons, but similar to chronic stress, increased basal firing and bursting activity of LC
neurons have been reported previously following irreversible inactivation of α2-autoreceptors
{Pineda, 1997 #1235}.

NIH-PA Author Manuscript

Various changes of α2-receptor binding or mRNA were reported in LC neurons following
chronic stress exposure {Flugge, 1996 #2208; Featherby, 2004 #3060; Meyer, 2000 #2203},
but few studies have examined the impact on receptor function of the combined effect of
changes in receptor affinity, number, and coupling to intracellular targets. Following repeated
tail shock, the effect of noradrenergic autoreceptor antagonists is decreased in rats exhibiting
noradrenergic sensitization and behavioral depression {Simson, 1988 #1443}. Chronic cold
and repeated tailshock are two paradigms known to cause noradrenergic sensitization whereas
some other stress paradigms do not {Jedema, 1999 #1279; Zigmond, 1995 #921}, which is
important to consider when evaluating chronic stress paradigms and their potential clinical
implications. We predict that the chronic cold or repeated tail shock paradigm leading to
sensitization of noradrenergic function in rodents would be a more applicable model of the
sensitization of the noradrenergic system observed clinically. Whether repeated restraint leads
to enhanced NE activity is unknown, but this different stress paradigm or the much higher
doses of clonidine {Pavcovich, 1990 #476; Aghajanian, 1982 #677; Lacroix, 1991 #1183;
Pineda, 1997 #1235} may explain the contrasting leftward shift of the dose response curve for
clonidine-evoked inhibition of LC neurons reported following repeated restraint {Pavcovich,
1990 #476}. The present demonstration of decreased autoreceptor function is consistent with
the reduction of autoinhibitory control over LC neuronal activity as suggested by decreased
autoreceptor antagonism following repeated tail shock exposure {Simson, 1988 #1443} and
in a prenatal cocaine model leading to enhanced noradrenergic activation {Elsworth, 2007
#3518}. Furthermore, it complements previous neurochemical and electrophysiological
changes in the noradrenergic system following cold exposure {Finlay, 1997 #893; Gresch,
1994 #751; Jedema, 2001 #1472; Jedema, 2003 #1562; Jedema, 1999 #1279; Mana, 1997 #450;
Nisenbaum, 1992 #463; Nisenbaum, 1991 #455}. In a previous study, chronic cold exposure
increased α2-mRNA but α2-binding in LC was not changed {Featherby, 2004 #3060}. Those
data complement our observations and suggest that the decreased α2-receptor response may
be a consequence of selective modulation of intracellular signaling cascades without alterations
in receptor binding, while the increased α2-mRNA levels may reflect a compensatory attempt
to increase autoreceptor control over LC activity.
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Aside from down-regulation of autoreceptor function, chronic cold exposure selectively
increased RGS7 expression in the LC. Increased RGS7 expression in whole brain has been
reported following a systemic high dose of LPS or TNF-α {Benzing, 1999 #3459}, but to our
knowledge, this is the first report of a physiological manipulation resulting in altered expression
of RGS7 combined with functional impact in a specific cell group in vivo. An increase in RGS7
expression in LC neurons likely enhances the GTPase activity of the Gαi subunits activated by
autoreceptor stimulation {Hooks, 2003 #3157}, thereby leading to a reduced efficacy of
autoreceptor-mediated inhibition and providing a mechanism for the sensitization of
noradrenergic function induced by chronic stress (Fig 6). A twofold increase in RGS4
expression in LC neurons after chronic morphine has been reported previously, but no
functional assessment of opioid receptor function was reported {Gold, 2003 #2556}. Although
the magnitude of the change in RGS7 expression following chronic stress may be smaller than
can be elicited using pharmacological and genetic manipulations in expression systems, the
coincident change in autoreceptor function is constent with the notion that that the present
increase in RGS7 expression has a functional impact on autoreceptor function and
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noradrenergic activity. Increased RGS7 may also diminish signaling via Gαq coupled receptors
as has been described in heterologous systems {Ghavami, 2004 #3287; Witherow, 2003
#3774}. In addition to the acceleration of termination of the effect of autoreceptor- (and perhaps
other Gi/o-coupled receptor) stimulation, RGS7 may alter gene expression via direct actions
in the nucleus {Hepler, 2005 #3168; Drenan, 2005 #3150}, perhaps contributing to the
increased TH mRNA levels observed following chronic cold {Seiple, 1997 #1438}. Increased
RGS7 abundance could result from elevated concentrations of its obligatory binding partner,
Gβ5. However, our Western blot analysis demonstrated that Gβ5 levels were not altered in
cold-exposed rats (data not shown). Reduced RGS7 degradation or increased synthesis might
also mediate the observed increase in RGS7 expression. The p38-mediated reduction of RGS7
degradation in response to TNF-α and the discrepancy between RGS protein and mRNA
expression in LC suggest that stabilization of RGS proteins is also an important contributor to
the increased RGS7 expression after cold exposure {Benzing, 1999 #3459}.
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Given the increased RGS4-mRNA expression in LC following chronic unpredictable stress
(CUS) {Ni, 1999 #1430}, it is surprising that the RGS4 expression was not altered by chronic
cold exposure. These data may further underscore the importance of post-translational control
over RGS protein expression or they may suggest that different stressors differentially regulate
different RGS proteins, each affecting specific downstream pathways. It is unknown whether
the CUS paradigm causes sensitization of the noradrenergic system, but it does not affect
autoreceptor sensitivity in hippocampal synaptosomes {Prieto, 2003 #3506} suggesting that
alterations in RGS4 do not affect autoreceptor function in LC neurons. Although RGS2
expression has been related to anxiety {Oliveira-dos-Santos, 2000 #2183; Yalcin, 2004
#3132}, the lack of change in its expression following treatment that alters α2-autoreceptor
function was not surprising. Noradrenergic α2-receptors signal predominantly via pertussis
toxin-sensitive Gαi G-proteins to open GIRK channels for their electrophysiological effect
{Aghajanian, 1986 #1437; Bunemann, 2001 #3175} and RGS2 selectively modulates Gαq
function {Heximer, 1999 #3173}. These data further support the specificity of the regulation
of GPCR signaling.
Importantly, we demonstrated that increased intracellular RGS7 levels in individual neurons
is associated with a reduction in autoreceptor responsivity. It is difficult to estimate relevant
intracellular RGS7 concentrations given the non-homogenous concentrations throughout the
neuron and RGS7 binding-proteins greatly affecting the activity of RGS7 {Drenan, 2006
#3428}. Regardless, the observed RGS7-evoked decrease of α2-receptor signaling suggests
that the chronic stress-evoked increase in RGS7 and decrease in α2-receptor function are
related.
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If present throughout LC neurons, the decreased efficacy of α2-autoreceptor stimulation and
potentially other Gαi-coupled receptors could further contribute to the enhanced release of NE
at the terminal. However, reverse dialysis-induced inhibition of NE efflux in hippocampus of
cold-exposed rats did not suggest a rightward shift of the dose-response curve for clonidine
{Nisenbaum, 1993 #461}. These data may point to differential control of α2-receptors at
terminal versus soma level, which has been hypothesized previously {Featherby, 2004 #3060}.
The present data combined with previous observations demonstrate how the increase in a
specific RGS protein may result in decreased efficacy of α2-autoreceptor control of
noradrenergic neurons without changes in number or affinity of α2-receptors, leading to altered
noradrenergic tone in multiple terminal regions throughout the central nervous system. Such
a condition could potentially contribute to the alteration we have observed in anxiety-related
behavior of these rats in the elevated plus-maze {Seiple, 1997 #1438}. Given the abnormalities
in central noradrenergic function in mood and anxiety disorders {Aston-Jones, 2000 #1481;
Wong, 2000 #1305; Southwick, 1997 #950} and recent implications of abnormalities in RGS
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expression in other psychiatric disorders such as schizophrenia {Mirnics, 2001 #2180}, it will
be important to examine RGS expression in humans afflicted with mood and anxiety disorders
in future studies.
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Figure 1. The number of spikes in bursts as a function of burst threshold
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Based on our empirical observation that 80msec was too low of a threshold to define burst
firing in LC neurons, we examined the influence of varying the threshold criterion on bursting
in a separate group of control rats showing clear burst activity (N=10 rats). Plotting the relative
number of bursts as a function of threshold revealed an inflexion point in the relationship at
114msec; this definition was then visually confirmed to accurately identify burst events.
Therefore, we used 110msec as the burst threshold criterion for LC neurons.
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Figure 2. Clonidine-evoked inhibition of LC neuron activity in vivo
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(A) A firing rate histogram of an LC neuron in a halothane-anesthetized, cold-exposed (top)
and control (bottom) rat demonstrates the inhibitory effect of escalating doses of IV
administration of clonidine. The brief period of LC activity at the far right of the top histogram
reflects the response to a foot pinch which was consistently used following cessation of activity
to verify the quality of the neuronal recording. (B) The maximal inhibitory effect of clonidine
occurred at higher doses in rats previously exposed to chronic cold. Open circles represent
individual data points of cold-exposed rats (N=6) and triangles represent data points of cold
exposed rats (N=4). The regression line for all data points in each group demonstrates a rightward shift in cold-exposed animals. (C) The ED50 calculated for individual neurons was higher
in previously cold-exposed rats.
* p=0.03
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Figure 3. Clonidine-evoked inhibition of LC neuron activity in vitro

(A) A firing rate histogram of an LC neuron in a horizontal brain stem slice demonstrates the
inhibitory effect of escalating doses of bath application of clonidine. (B) When the inhibitory
effect of clonidine (average firing rate over 2 min period starting 3min after clonidine entered
the bath) was plotted as a function of dose, it was apparent that LC neurons in slices from coldexposed rats (circles; N=16) were less responsive to clonidine compared to controls (triangles;
N= 14). (C) The ED50 calculated for individual neurons was higher in slices from previous
cold-exposed rats.
* p=0.04
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Figure 4. Expression of Regulators of G-protein Signaling proteins in LC

Representative autoradiograms from quantitative Western blots demonstrate the expression of
RGS2, RGS4, and RGS7 in tissue punches of LC tissue from control (C) and cold-stressed (S)
rats. There was no difference in the expression of RGS2 and RGS4 immunoreactivity between
previously cold-exposed and control rats, but the levels of RGS7 immunoreactivity were
significantly increased. (N=9-10 rats/group). ROD Relative Optical Density
* p=0.04
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Figure 5. Exogenous intracellular RGS7 decreases the clonidine-induced hyperpolarization of LC
neurons
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(A) Administration of clonidine (20nM) hyperpolarized control neurons (black; N=3) to a
greater extent than neurons in which RGS7 was infused through the patch pipette (grey; N=4).
(B) The peak effect of clonidine was significantly reduced in neurons in which RGS7 was
infused, while (C) the basic spike properties of these neurons determined immediately upon
gaining access were unaffected.
* p=0.0475
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Figure 6.

Norepinephrine released by LC neurons contributes to the feedback inhibition of activity via
α2-receptor-mediated opening of potassium conductances. A chronic stress-induced increase
in RGS7 expression accelerates the hydrolysis of GTP and leads to a more rapid termination
of the effect of noradrenergic autoreceptor stimulation. The resulting reduction of the
autoreceptor-mediated feedback inhibition leads to an enhanced activation of LC neurons,
particularly upon stimulation, and increased norepinephrine release throughout the central
nervous system, which may contribute to increased anxiety-related behaviors.
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Table 1

In vivo LC characteristics
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Control

Cold

N=4

N=6

p-value

Baseline Firing Rate (Hz)

0.9±0.1

1.7±0.3

0.045

% Spikes in bursts

0.0±0.0

7.7±2.3

0.010

% halothane

2.6±0.4

2.2±0.3

NS

ED50 Clonidine (μg/kg)

1.64±0.20

2.40±0.22

0.030
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Table 2

In vitro LC characteristics
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Control

Cold

N=17

N=14

p-value

Baseline Firing Rate (Hz)

1.1±0.1

1.6±0.1

0.004

% spikes in bursts

0.1±0.1

0.4±0.2

0.089

ED50 Clonidine (nM)

8.6±1.7

14.5±2.3

0.040
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