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Abstract
Noradrenergic neurotransmission is a critical mediator of stress responses. In turn, 
exposure to stress induces noradrenergic system adaptations, some of which are 
implicated in the etiology of stress- related disorders. Adrenergic receptors (ARs) in the 
ventral tegmental area (VTA) have been demonstrated to regulate phasic dopamine 
(DA) release in the forebrain, necessary for behavioral responses to conditional cues. 
However, the impact of stress on noradrenergic modulation of the VTA has not been 
previously explored. We demonstrate that ARs in the VTA regulate dopaminergic 
activity in the VTA– BLA (basolateral amygdala) circuit, a key system for processing 
stress- related stimuli; and that such control is altered by acute stress. We utilized 
fast- scan cyclic voltammetry to assess the effects of intra- VTA microinfusion of  
α1- AR and α2- AR antagonists (terazosin and RX- 821002, respectively), on electrically 
evoked phasic DA release in the BLA in stress- naïve and stressed (unavoidable 
electric shocks –  UES) anesthetized male Sprague– Dawley rats. In addition, we 
used western blotting to explore UES- induced alterations in AR protein level in the 
VTA. Intra- VTA terazosin or RX- 821002 dose- dependently attenuated DA release 
in the BLA. Interestingly, UES decreased the effects of intra- VTA α2- AR blockade 
on DA release (24 h but not 7 days after stress), while the effects of terazosin were 
unchanged. Despite changes in α2- AR physiological function in the VTA, UES did not 
alter α2- AR protein levels in either intracellular or membrane fractions. These findings 
demonstrate that NA- ergic modulation of the VTA– BLA circuit undergoes significant 
alterations in response to acute stress, with α2- AR signaling indicated as a key target.
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1  |  INTRODUC TION

Maladaptive changes in the brain catecholamine –  dopamine (DA) 
and noradrenaline (NA) –  neurotransmitter systems are widely 
recognized to be implicated in conditions related to stress: affective 
disorders, anxiety disorders as well as substance use disorder 
(Aston- Jones & Harris, 2004; Koob, 2014; Koob et al., 2014; Morilak 
et al., 2005; Smith & Aston- Jones, 2008). Multiple neural hubs 
involved in affective, cognitive, and behavioral responses to acute 
stressors are also potentially relevant for subsequent development 
of anxiety- like behaviors. This includes, among others: regions of 
the medial prefrontal cortex (mPFC), lateral septum, the central and 
basolateral amygdala, bed nucleus of stria terminalis (BNST) and 
nucleus accumbens, NAc (Morilak et al., 2005). Here, the basolateral 
amygdala (BLA) is of special interest, as both DA and NA signaling 
converge in this structure (Sharp, 2017), regulating BLA function 
in fear conditioning as well as modulating anxiogenic effects of 
prolonged stress (Daviu et al., 2019; Giustino & Maren, 2018; Haubrich 
et al., 2020; Kwon et al., 2015; McCall et al., 2017; Sharp, 2017).

Among the neuroadaptations implicated in vulnerability to stress 
and anxiety, one stands out as particularly critical: dysregulation of 
catecholaminergic neurotransmission itself, which has the potential 
to engage a plethora of downstream mechanisms in multiple struc-
tures of interest due to the sheer volume and breadth of brain- wide 
NA-  and DA- ergic innervation (Beier et al., 2015; Poulin et al., 2018; 
Schwarz & Luo, 2015). For instance, in the locus coeruleus (LC), 
stress elicits an overall increase in excitability and, presumably, NA 
production, through a number of alterations in intrinsic proper-
ties, morphology and receptor expression (Borodovitsyna, Flamini 
et al., 2018; Borodovitsyna, Joshi, et al., 2018). This is accompanied 
by similar changes in NA efferents. With the use of fast- scan cyclic 
voltammetry (FSCV) and similar techniques enabling the detection 
of catecholamine release with high- spatiotemporal precision, sev-
eral groups have demonstrated that NA terminals in BNST and BLA 
respond to stressful stimuli or drug abstinence/withdrawal, often 
by decreasing NA uptake or dampening the regulatory action of 
α2- adrenergic receptors, α2- AR (Deal et al., 2021; Fox et al., 2015; 
McElligott et al., 2013; Schmidt et al., 2018). Both the reuptake of 
NA into terminals, as well as inhibition of its release via α2- AR auto-
receptors (Gilsbach & Hein, 2012), limit the availability and local ex-
tracellular spread of NA, determining its capability to engage α1-  and 
β- ARs. Thus, these changes in LC efferents can drive up the levels of 
NA and engage plasticity in target structures (Fox et al., 2017).

Dopaminergic neurons in the ventral tegmental area (VTA) also 
undergo changes in excitability in response to stress (Baik, 2020; 
Douma & de Kloet, 2020). Given the fact that the VTA receives ad-
renergic innervation from the LC as well as brainstem areas A1/A2 
(Mejías- Aponte et al., 2009), and that ARs are known to be expressed 
on most of the compartments of the VTA, including DA neurons, 
GABA interneurons, afferents and glial cells (Mejias- Aponte, 2016), 
the VTA emerges as a potential important locus of NA- ergic modula-
tion. In our previous study, we have shown that NA can act directly 
in the VTA, differentially influencing DA release in mesocortical and 

mesolimbic pathways. The release of DA in the mesolimbic pathway 
(from VTA to NAc core) was regulated by α1- AR receptor antago-
nists infused into the VTA, in contrast to DA release in the mPFC 
(Kielbinski et al., 2019). In that study, we also found that intra- VTA 
administration of RX- 821002, an α2- AR antagonist, was capable of 
almost completely shutting down electrically- evoked phasic DA re-
lease in NAc and that dopamine D2 receptors (D2Rs) were required 
for this effect. We interpreted this finding as cross- activation of D2R 
by high levels of NA released into the VTA in response to electrical 
stimulation coupled with acute α2- AR autoreceptor blockade.

Given these priors: that BLA, an important structure involved 
in both fear and anxiety, is regulated by VTA DA- ergic input; that 
stressful stimuli have been demonstrated to decrease NA autoreg-
ulation by α2- AR; and that intra- VTA infusion of α2- AR antagonist 
results in attenuation of mesolimbic DA release, we asked whether 
the LC/A1/A2- VTA– BLA circuit exhibits stress- induced reduction in 
afferent α2- AR regulation of NA release in the VTA after exposure 
to a stressful stimulus in the form of a series of unavoidable electric 
shocks (UES).

We used FSCV measurements of electrically evoked DA efflux 
in BLA to compare the effects of α2- AR antagonist RX- 821002 and 
α1- AR antagonist terazosin in naïve rats and rats which had been 
subjected to UES 24 h prior to recording. We found that the effect of 
RX- 821002, but not terazosin, was attenuated significantly by stress, 
suggesting that noradrenergic projections into the VTA exhibit re-
duced responses to α2- AR autoregulation. These changes were tran-
sient, as 7 days after the exposure to electric shock the response 
to α2- AR blockade was normalized to naïve levels. To probe for po-
tential mechanisms of altered α2- AR autoregulation, we performed 
the western blotting of VTA tissue samples treated with the protein 
crosslinker bissulfosuccinimidyl suberate (BS3) to separate intracel-
lular and membrane fractions. However, we detected no changes in 
α2A- AR or D2 dopamine receptor expression in either of these frac-
tions in stressed animals compared to controls. Thus, stress- induced 
decrease in α2- AR function is likely not mediated simply by changes 
in the expression or trafficking of α2- AR and D2 receptor proteins.

2  |  MATERIAL S AND METHODS

2.1  |  Animals and study design

Adult male Crl:CD(SD) Sprague– Dawley rats (RRID:RGD_737891) 
weighing ~300 g at the start of the experiment were purchased 
from Charles River (Germany). Animals were housed in the 
Institute of Zoology and Biomedical Research, Jagiellonian 
University (Krakow, Poland). Animals were housed five per cage 
on a 12- hour light/dark cycle (lights on at 7 am –  experimental 
procedures were performed during the light phase of the cycle), 
with ad libitum access to food and water and in a temperature-  
and humidity- controlled room. All the experimental procedures 
were conducted according to the EU Guide for the Care and Use 
of Laboratory Animals and were approved by the Committee on 
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the Ethics of Animal Experiments at the Institute of Pharmacology, 
Polish Academy of Sciences, Krakow, Poland (approval n. 
165/2019). The study was not pre- registered. Due to the within- 
subject design limiting the bias introduced by control vs treatment 
allocation, subjects were allocated to treatments non- randomly 
on a cohort- by- cohort basis. No blinding was performed during 
FSCV experiments due to practical limitations, histological 
evaluation post- experiment was blinded (subjects coded by date 
and decoded after verification).

2.2  |  Drugs

Terazosin (α1- AR antagonist, 5 μg, final concentration of 25.8 mM; 
cat. n. T4680, Sigma Aldrich, Germany), RX- 821002 (α2- AR an-
tagonist, 2.7 μg or 13.5 μg, final concentration of 23.06 mM, and 
115.26 mM; cat. n. 1324, Tocris Bioscience, United Kingdom) were 
dissolved in sterile 0.9% saline and administered in a total volume of 
0.5 μl via a micropump (53 127 V, Stoelting Europe, Ireland) driving a 
10 μl syringe (26 s ga, Hamilton 701 N).

The injection of the drug into the structure was performed for 
1 min, then the internal cannula was left at the injection site for an-
other 1 min for complete diffusion into the tissue. The doses used 
were derived from previous studies (Kielbinski et al., 2019; Park 
et al., 2017).

2.3  |  Unavoidable electric shock

Prior to FSCV or tissue preparation for western blot, rats from the 
experimental group were subjected to a series of unavoidable elec-
tric shock. Each rat was placed in the experimental chamber with 
a metal grid floor, one opaque Plexiglas sidewall, three metal side-
walls, a 24- V house light located on the opaque Plexiglas ceiling, and 
a white stimulus lamp illuminated by a 24- V bulb and a tone genera-
tor, both located on a metal sidewall. At 180 s, after being placed in 
the experimental chamber, all rats received four series of electric 
shocks, each consisting of a 30- s tone (60 dB) and light presentation 
co- terminated with a 2 s 0.9 mA electric footshock. The inter- trial 
interval lasted 60 s. 24 h or 7 days after the UES procedure animals 
were subjected to FSCV experiments.

2.4  |  Surgical procedures

Animals were deeply anesthetized with urethane (1.5 g/kg i.p.; cat. 
n. U2500, Sigma Aldrich) and maintained under full anesthesia 
throught the experiment, followed by immediate sacrifice 
(nonrecovery procedure). Urethane is a general anesthetic routinely 
used in electryphysiological and electrochemical in vivo studies, 
characterized by long- lasting (up to 24 h) and stable anesthesia 
and analgesia (Field et al., 1993). The depth on anesthesia was 
monitored throughout, no cases of premature termination of the 

procedure due to loss of anesthesia were encountered. A heating 
pad was used throughout all experimental procedures to avoid 
hypothermia.

Animals were secured in a stereotaxic frame (Stoelting Europe, 
Ireland), the skin and tissue were removed to expose the skull and 
the bregma reference point was identified (Paxinos & Watson, 2013). 
Holes were then drilled, using bregma as a reference for the stimu-
lation and recording electrodes. A carbon- fiber microelectrode con-
sisting of a glass capillary (A- M, standard 1 mm diameter) and carbon 
fiber (7 μm carbon diameter, cut to 50– 80 μm) was inserted into the 
basolateral amygdala at the following coordinates (anteroposterior, 
mediolateral and dorsoventral displacement in mm from bregma):  
AP - 2.0 to −2.4; ML +4.6; DV - 7.1 to −7.4 below the dura. The bipo-
lar stainless steel stimulating electrode combined with a guide can-
nula (1 mm width, 26 ga guide; Plastics One) was placed in the VTA:  
AP - 5.3 to −5.5, ML −1.0, DV from dura- 7.9 to −8.3. A reference  
Ag/AgCl electrode was inserted into the contralateral hemisphere 
and secured tightly with a single screw.

2.5  |  Histological verification

At the end of each experimental session, a lesion was made at the 
recording site by stepwise application of current from 6 to 10 μA, 
then animals were decapitated and brains were preserved in 10% 
formalin for later sectioning into 100 μm coronal slices (on a Leica 
VT- 1000S vibratome) for histological verification of stimulation and 
recording electrode placements. Implantation sites of both record-
ing and stimulating electrodes were verified using a light microscope. 
Only animals where both the recording and stimulation electrodes 
were placed unambiguously in the BLA and VTA, respectively, based 
on corresponding anatomical sections in the rat brain atlas (Paxinos 
& Watson, 2013) were included. Figure S1 shows implantation sites 
of stimulating electrodes (VTA) and recording electrodes (BLA).

2.6  |  Fast- scan cyclic voltammetry (FSCV)

The FSCV measurements were performed with techniques and 
equipment described previously (Kielbinski et al., 2019).

Briefly, the system consisted of a custom- built controller and 
headstage (University of North Carolina Department of Chemistry, 
Electronics Facility, Chapel Hill, USA) as well as stimulus isolator  
(DS 4, Digitimer Ltd) under the control of HDCV software (UNC 
Dept. of Chemistry Electronics Facility, Chapel Hill, USA).

A triangular waveform (from −0.4 V to +1.3 V against the Ag/AgCl  
reference, at a scan rate of 400 V/s applied in 850 steps of 2 mV 
per 100 ms window) was applied to the recording site. Background- 
subtracted, low- pass filtered (2 kHz) signal was used to generate 
cyclic voltammograms. Recordings were obtained as described 
previously (Kielbinski et al., 2019). For evoking DA release, the VTA 
was stimulated with a biphasic square waveform (300 μA; 2 ms per 
phase; 24 pulses) with 60 Hz frequency corresponding to “phasic” 
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activity. Each trace consisted of 15 s of recording, with stimulation 
being performed at t = 5 s.

The experimental design is shown in Figure 1 and consisted of 
measurements performed at baseline, followed by a control infu-
sion of saline into the VTA, followed by another, second baseline 
measurement, after which drug infusion was performed. For each 
condition, 5 to 6 consecutive measurements were taken, 180 s apart, 
to allow the local environment to equilibrate through DA uptake 
and to restore DA stores in neuronal terminals at the recording site 
(Wickham et al., 2013).

2.7  |  Tissue preparation

For tissue preparation (previously described in Bator et al., 2018; 
Boudreau & Wolf, 2005; Chocyk et al., 2013), animals –  naïve or 24 h 
post- UES –  were killed by decapitation, the brains were immediately 
removed from the skull and dissected. Samples of the VTA were ob-
tained with a small biopsy punch, then minced with a scalpel blade. 
The tissue was then transferred to tubes filled with cold ACSF (con-
taining in mM: 118 NaCl, 25 NaHCO3, 3 KCl, 1.2 NaH2PO4, 2 CaCl2, 
1.3 MgSO4, 10 glucose) and 5 mM bissulfosuccinimidyl suberate (BS3; 
cat. n. 21 580, Thermo Scientific) solution was added. Crosslinker 
BS3 is a water- soluble analogue of N- hydroxysuccinimide ester that 
reacts efficiently with primary amino groups (−NH2) of proteins to 
form stable amide bonds. Furthermore, BS3 cannot pass through 
the cell membrane and binds only to fragments protruding from the 

membrane, forming cross- linked protein complexes, while having 
no effect on intracellular proteins. The use of the BS3 crosslinker 
thus allows the separation of proteins on the cell surface from in-
tracellular proteins in the same sample without prior fractionation 
(Boudreau et al., 2012). Tissue samples in ACSF– BS3 solution were 
incubated for 30 min on ice with gentle agitation. The reaction was 
terminated by adding 20 mM glycine (Sigma Aldrich) followed by a 
10 min incubation on ice. Then, the samples were pelleted by brief 
centrifugation, the supernatant was discarded and the pellet was 
resuspended in cold lysis buffer (PathScan® Sandwich ELISA Lysis 
Buffer [1X], Cell Signaling) with protease and phosphatase inhibitor 
cocktails (1:200; Sigma) and homogenized (TissueLyser, Retsch). The 
total protein concentrations in the extracts were determined using 
the QuantiPro BCA Assay kit (Sigma).

2.8  |  Western blotting

Samples with an equal amount of protein extract (for α2A- AR protein, 
40 μg; and for D2R protein, 30 μg of protein per lane) were separated 
using 7.5% SDS– PAGE and transferred onto a nitrocellulose 
membrane using an electrophoretic transfer system (Bio- Rad). Then 
the membranes were incubated overnight at 4°C with the following 
primary antibodies: rabbit anti- ADRA2A (1:500; cat. n. NBP2- 22452, 
NovusBio) or rabbit anti- DRD2 (1:1000; RRID:AB_2094980, cat. n. 
AB5084P, Millipore) and rabbit anti- GAPDH (1:5000; cat. n. 14C10 
2118S, Cell Signaling Technology). A suitable secondary antibody 

F I G U R E  1  Schematic of the FSCV experiment. Top: Experimental design. Each stage consisted of a series of recordings: Baseline, 
followed by an injection of saline into the VTA and a series of “saline” recordings, followed by a baseline series (“baseline II”), followed 
by drug administration and recording. Bottom: The experiment included a “naïve” control group and the “UES” experimental groups 
which underwent unavoidable electric shock procedure 24 h or 7 days before the FSCV experiment; shown are examples of color plots of 
electrically evoked DA in BLA after VTA stimulation (white triangles). Right: Schematic coronal sections from the brain atlas (Paxinos & 
Watson, 2013), showing recording site in the BLA (green) and electrical stimulation and infusion site in the VTA (red).
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was used to detect immune complexes (rabbit IgG antibody, 1:1000 
from Lumi- LightPLUS Western Blotting Kit, cat. n. 12 015 218 001, 
Roche –  incubation for 1 h at room temperature). The reactions were 
visualized with enhanced chemiluminescence (ECL; Lumi- LightPLUS 
Western Blotting Kit, Roche). Chemiluminescence was imaged 
using a luminescent image analyzer (Fujifilm LAS- 1000; Fujifilm 
Corporation). Relative immunoreactivity levels for α2A- AR and 
GAPDH proteins were quantified using ImageJ software (Schneider 
et al., 2012). Density of the BS3- conjugated and unconjugated 
fractions were then expressed as ratios of α2A- AR/GAPDH and 
expressed as Z- scores to facilitate comparisons between technical 
replicates (blots).

2.9  |  Data analysis

The HDCV Analysis software (UNC Department of Chemistry 
Electronics Facility, Chapel Hill, NC, USA) was used to quantify rela-
tive changes in phasic DA efflux as described previously (Kielbinski 
et al., 2019). Briefly, representative traces of electrically evoked 
phasic DA were obtained in vivo at different stimulation param-
eters (combinations of 12, 24, 48 pulses at stimulation amplitude 
of 200, 300, and 400 μA, resulting in outputs spanning the range 
of signals expected under experimental conditions) and used as 
training sets for principal component regression analysis using the 
HDCV software's built- in capabilities (Bucher et al., 2013; Keithley & 
Wightman, 2011; Rodeberg et al., 2015). Components correspond-
ing to DA and pH were identified and peak values corresponding 
to phasic DA were either averaged per experimental condition or 
used separately to study changes over time. In all cases, DA levels 
after saline or antagonist intra- VTA administration were expressed 
as percentile ratios representing change in DA efflux versus the av-
erage of their respective 5– 6 baseline traces (Figure 1). Additionally, 
the difference of % DA changes after saline vs drug injection was 
calculated to compare the respective effects in naïve and stressed 
subjects.

Only datasets meeting minimal quality criteria –  stable baseline 
DA levels (i.e., distinctly identifiable, upon visual inspection, peaks 
corresponding to stimulation, with no non- stimulated peaks or fluc-
tuation at a similar amplitude), no missing measurements (for time- 
course data; for averaged values, data sets of at least 4 traces with 
no consecutive rejected traces were accepted) and no contamina-
tion from above- background residual signal in PCA output –  were 
included in the final analysis. Initial numbers of subjects used were 
determined based on similar previously published experiments 
(Kielbinski et al., 2019); the effect of terazosin on NAc phasic DA was 
taken as a conservative estimate of an expected effect –  post- hoc 
power analysis for repeated- measures T- test on this data (observed 
standardized difference d = 1.544588) yielded power >0.85 for n ≥ 6, 
assuming two- sided p = 0.05.

Summary of animals used and excluded from the experiments on 
the basis of histological verification or failure of the recorded data to 
meet quality criteria is shown in Table 1.

Relative changes in phasic DA after saline and drug infusion were 
compared with repeated measures T- tests (for average effect cal-
culation), or with repeated measures two- way analysis of variance 
(RM ANOVA) for time course data, with within- subjects drug treat-
ment and time effects as well as drug- time interaction. For differ-
ences between saline and drug changes, simple (unpaired) T- tests 
or ANOVA were used, with drug dose and treatment (naïve vs UES), 
where appropriate. For normalized relative levels of α2A- AR signal 
obtained from western blotting, unpaired T- tests were used as well. 
In all cases, p < 0.05 (two- sided) was taken as the threshold of signif-
icance. No outlier removal or value imputation methods were used; 
data conformation towards parametric statistical test assumptions 
was verified by histogram and residual plot evaluation. All the statis-
tical analyses were performed with Prism 9.0 (GraphPad Software).

3  |  RESULTS

3.1  |  Intra- VTA α1- AR antagonist terazosin reduces 
DA release into the BLA but is not modulated by a 
single episode of UES

After administration of the α1- AR antagonist terazosin (5 μg) to the 
VTA, we observed a significant decrease in the average level of 
electrically evoked phasic DA released into the BLA in comparison 
with saline control (Figure 2b; paired T- test t[6] = 3.71, n = 7 rats, 
p = 0.01). The results obtained in animals after a single episode of 
UES are analogous to those in naïve animals, i.e., intra- VTA terazosin 
(5 μg) causes a reduction in average DA levels in the BLA (Figure 2e; 
paired T- test t[7] = 3.79, n = 8 rats, p = 0.0068). Time comparisons of 
single traces showed no significant effect of terazosin administration 
at a dose of 5 μg in both naïve (Figure 2c; RM ANOVA: drug effect 
F(1,4) = 7.691, n = 5 rats, p = 0.0502; time effect F(2.338,9.353) = 1.357, 
n = 5, p = 0.31; time x drug F(2.869,11.48) = 0.4284, n = 5, p = 0.73) and 
stressed rats (Figure 2f; RM ANOVA: drug effect F(1,4) = 5.016, n = 5 
rats, p = 0.089; time effect F(2.014,8.057) = 0.3247, n = 5, p = 0.73; time 
x drug F(1.961,7.846) = 2.25, n = 5, p = 0.17). Moreover, a direct com-
parison of saline- drug differences in relative DA change from base-
line between the naïve and UES groups showed no difference in the 
effect induced by intra- VTA administration of terazosin (Figure 5a; 
unpaired T- test t[13] = 0.31, n = 14, p = 0.76).

3.2  |  Intra- VTA α 2- AR antagonist dose- 
dependently reduces electrically evoked phasic DA 
release into the BLA

Administration of an α2- AR antagonist (RX- 821002) at a dose of 
2.7 μg to VTA resulted in a decrease in electrically evoked, phasic 
DA release into the BLA in naïve animals (Figure 3b; paired T- test 
t[5] = 7.64, n = 6 rats, p = 0.0006). Furthermore, administration of 
a higher dose of RX- 821002, i.e., 13.5 μg resulted in nearly com-
plete blockade of DA release into the BLA (Figure 3e; paired T- test 
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6  |    KIELBINSKI et al.

t[5] = 7.52, n = 6 rats, p = 0.0007). Time comparisons of single 
traces showed a significant effect of RX- 821002 at both doses. 
For 2.7 μg (Figure 3c; RM ANOVA: drug effect F(1,4) = 70.62, n = 5 
rats, p = 0.0011; time effect F(1.479,5.917) = 0.6732, n = 5, p = 0.50; 
time x drug F(1.634,6.537) = 0.6613, n = 5, p = 0.52) Sidak's post- 
test of multiple comparisons showed significant differences for 

three initial time points (i.e. 3, 6, 9 min.). For the 13.5 μg dose 
(Figure 3f; RM ANOVA: drug effect F(1,4) = 38.81, n = 5 rats, 
p = 0.0034; time effect F(1.942,7.766) = 3.163, n = 5, p = 0.10; time 
x drug F(2.035,8.140) = 0.4145, n = 5, p = 0.68) Sidak's multiple com-
parisons post- test revealed significant differences for first four 
time points (3– 12 min).

Drug Initial

Excluded 
(data 
quality)

Excluded 
(histological 
verification)

Final 
n

Terazosin 5.0 μg naïve 9 0 2 7

Terazosin 5.0 μg stressed 12 1 3 8

RX- 821002 2.7 μg naïve 8 1 1 6

RX- 821002 2.7 μg stressed 9 0 3 6

RX- 821002 13.5 μg naïve 8 0 2 6

RX- 821002 13.5 μg stressed 9 1 1 7

RX- 821002 13.5 μg 7 days after stress 8 0 3 5

TA B L E  1  A total of 44 rats out of 63 
were used for the study. Among those 
discarded: 4 were excluded during data 
analysis (due to artifacts in the FSCV 
data traces resulting in above- threshold 
resudial current, as determined by 
HDCVsoftwre) and 15 were excluded 
based on histological verification (only 
animals with visible and unambiguous 
electrode placements in both BLA and 
VTA were accepted)

F I G U R E  2  Effects of terazosin intra- VTA infusion on electrically evoked phasic DA release in the BLA in naïve and stressed animals. (a, d) 
Representative FSCV traces obtained after infusion of saline and terazosin (5 μg) in naïve (a) and stressed (d) rats. Insets show representative 
current to voltage traces obtained from BLA in response to VTA stimulation after saline and terazosin. (b, e) plots of averaged DA values, 
bars represent the average obtained from all results, points represent individual measurements in naïve (b, n = 7) and stressed (e, n = 8) 
rats. **p < 0.01 in paired Student's test. (c, f) time course comparisons of relative DA peaks (% of their corresponding baseline) over five 
consecutive measurements in naïve (n = 5) and stressed (n = 5) rats after saline and terazosin (5 μg).

(c)

(e)

(a) (b)

(d) (f)
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    |  7KIELBINSKI et al.

3.3  |  UES decreases the effects of intra- VTA 
administration of RX- 821002 in BLA

A single episode of UES resulted in a complete blockade of the effect 
that was induced by intra- VTA administration of a low (2.7 μg) dose 
of RX- 821002 in naïve animals. In stressed animals, the average 
DA levels obtained after saline and RX- 821002 (2.7 μg) were not 
different from saline control (Figure 3h; paired T- test t[5] = 0.88, 
n = 6 rats, p = 0.42). Comparison of individual time points also 
showed no significant differences (Figure 3i; RM ANOVA: drug effect 
F(1,5) = 4.582, n = 6 rats, p = 0.085; time effect F(1.92,9.962) = 0.7583, 
n = 6, p = 0.49; time x drug F(1.852,9.258) = 0.8399, n = 6, p = 0.45).

In contrast, in animals that underwent a single episode of UES, 
administration of a high dose of an α2- AR antagonist (RX- 821002, 
13.5 μg) to the VTA reduced the average level of DA release to the 
BLA, but to a lesser extent than in naïve animals (Figure 3l paired T- 
test t[6] = 4.55, n = 7 rats, p = 0.0039). Similarly, comparisons based 
on single trace time points showed a significant effect (Figure 3m; RM 
ANOVA: drug effect F(1,5) = 10.18, n = 6 rats, p = 0.024; time effect 
F(1.662,8.311) = 1.033, n = 6, p = 0.38; time x drug F(2.318,11.59) = 0.4904, 
n = 6, p = 0.65), however, none of the particular time- point com-
parisons reached significance based on Sidak's multiple comparisons 
tests. In addition, a direct comparison of the effects induced by the 
administration of two doses of RX- 0821002 in naïve and stressed 
animals showed a significant main effect of treatment (Figure 5b; 
two- way ANOVA; F[1,21] = 20.92; p = 0.0002), multiple comparisons 
test revealed differences between the naïve and UES groups after 
the administration of 2.7 μg RX- 821002 (p = 0.0003), and 13.5 μg 
RX- 821002 (p = 0.0466).

3.4  |  Seven days after a single episode of UES, the 
effects of RX- 821002 administration were normalized

Given the clear effects of a single episode of UES on the modulation 
of DA release in the BLA by α2- AR blockade in the VTA, we next 
set out to test how long this change would persist. To this end, 
we performed FSCV experiments 7 days after the UES procedure. 
Interestingly, the results obtained 7 days after UES were similar 
to those observed in naïve animals, with the average DA level in 
BLA decreased significantly after intra- VTA RX- 821002 (2.7 μg) 
administration (Figure 4b; paired T- test t[4] = 6.15, n = 5 rats, 
p = 0.0035). In addition, comparisons of single traces over time 
showed a significant effect of RX- 821002 intra- VTA infusion 
(Figure 4c; RM ANOVA: drug effect F(1,4) = 40.60, n = 5, p = 0.0031; 
time effect F(1.485,5.938) = 0.4542, n = 5, p = 0.60; time x drug 
F(2.670,10.68) = 2.149, n = 5, p = 0.16). Significant decreases in DA 
release were found at 4 of the 6 time points (3, 9, 12, 15 min) based 
on Sidak's multiple comparisons post- test. A direct comparison 
between the groups: naïve, 24 h and 7 days after UES showed a 
significant, but transient effect of stress on the level of DA released 
into the BLA (Figure 5c, one- way ANOVA; F[2,14] = 9.86; p = 0.0021). 
Tukey's multiple comparisons test revealed significant differences 

between the naïve and 24 h post- UES (p = 0.0028), as well as 24 h 
post- UES and 7 days post- UES groups (p = 0.01), while the naïve and 
7 days post- UES groups did not differ (p = 0.88).

3.5  |  Protein levels of 
either the membrane or intracellular fractions of both 
α 2 and D2 receptors are not modulated by a single 
episode of UES

Given our results showing that a single episode of UES affects α2 
receptor- dependent modulation of DA release in the BLA, and data 
from our previous work showing that D2 receptors are required for 
the effect induced by intra- VTA administration of an α2- AR antagonist 
(Kielbinski et al., 2019), we decided to test whether protein levels 
of both of these receptors (α2A- AR and D2R) change following UES. 
Both a band with a predicted molecular mass of approximately 50– 
70 kDa, corresponding to α2A- AR or D2R (intracellular protein) and a 
band with a high molecular mass (corresponding to BS3- crosslinked 
α2A- AR or D2R membrane- expressed protein) were observed in BS3- 
treated tissues prepared from VTA samples of both naïve animals 
and rats subjected to a single episode of UES. We then compared 
the standard scores between control and stressed groups in terms 
of membrane protein levels, intracellular protein levels and the ratio 
of these fractions to each other. UES had no effect on membrane 
α2A- AR protein levels (Figure 6b; unpaired T- test t[14] = 0.28, 
p = 0.78), intracellular levels (Figure 6c; unpaired T- test t[14] = 0.79, 
p = 0.44) and the ratio of membrane to intracellular levels (Figure 6e; 
unpaired T- test t[14] = 0.90, p = 0.38).

As with α2A- AR protein levels, a single episode of UES did not 
affect D2R protein expression in either of the fractions studied, i.e., 
membrane (Figure 6f; unpaired T- test t[15] = 0.53, p = 0.60) and intra-
cellular (Figure 6g; unpaired T- test t[15] = 0.22, p = 0.83), and there 
were no statistically significant differences in the ratio of mem-
brane to intracellular D2R protein levels (Figure 6h; unpaired T- test 
t[15] = 0.29, p = 0.78; unpaired T- test t(15) = 0.29, p = 0.78).

4  |  DISCUSSION

4.1  |  Regulation of BLA DA release by NA input to 
the VTA

Owing to its wide reciprocal connectivity, BLA is well- positioned 
to influence both positive and negative valence attribution and 
consequent processing of stimuli in the short term, as well as 
network- level changes in emotional processing that gives rise to 
anxiety- like behavior in the longer term (Daviu et al., 2019; Janak 
& Tye, 2015). These functions are modulated by both NA-  and 
DA- ergic inputs (de la Mora et al., 2010; Giustino & Maren, 2018; 
Janak & Tye, 2015; Lee et al., 2017; Sharp, 2017; Stubbendorff & 
Stevenson, 2021). Optogenetic experiments have shown that 
NA can modulate BLA directly, via β- ARs (McCall et al., 2015), 
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8  |    KIELBINSKI et al.

however, it was previously unclear whether activation of the NA 
system is capable of modulating the DA- ergic input into BLA as 
well –  a hypothesis made likely by the observation that intra- VTA 
administration of AR antagonists modulates conditioned behaviors 
in which BLA is involved (Solecki et al., 2017, 2018, 2019).

In the present study, we report that –  similarly to projections 
from the VTA to NAc and in contrast to projections into mPFC 
(Kielbinski et al., 2019) –  DA neurons projecting to BLA are also re-
cruited from a pool of cells that respond to NA via both α1- AR-  and 
D2R- mediated regulation. In contrast to DA projections from the 

(a) (b) (c)

(g) (h) (i)

(k) (l) (m)

(d) (e) (f)
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    |  9KIELBINSKI et al.

VTA to dorsal and ventral striatum, the VTA– mPFC and VTA– BLA 
pathways are seldom studied with voltammetric tools, owing to 
relative technical difficulty –  both due to lower DA output, and the 
fact that these structures receive NA-  as well as DA- ergic innerva-
tion, which could potentially introduce issues with interpretation 
of the voltammetric signal. Nonetheless, based on anatomical and 
pharmacological characterization, stimulation of the VTA indeed 
seems to specifically elicit DA release with no evidence of mixed 
catecholamine (DA/NA) output in those areas (Garris et al., 1994; 
Holloway et al., 2019; Shnitko & Robinson, 2014). The kinetics 
of electrically evoked VTA- BLA DA are consistent with a much 
smaller available neurotransmitter pool and thus significantly 
lower peak release, as well as slower uptake via transporters com-
pared to striatal DA (Garris et al., 1994; Holloway et al., 2019), in 
line with postulated broader diffusion and neuromodulatory ac-
tion at this site.

A large anatomical study (Poulin et al., 2018) has previously 
explored the projection sites of several populations of tyrosine 
hydroxylase- positive VTA DA neurons defined with intersectional 
transgenic tools in mice. The predominant population innervating 
NAc core –  cholecystokinin- positive (Cck+) neurons –  also densely 
innervates BLA. In contrast, the comparatively sparse innervation 
in the prefrontal cortex consists primarily of Vglut- positive neurons, 

with a small admixture of Cck+. Thus, we presume that these 
Cck + cells constitute the common molecular subtype of DA neurons 
projecting to both BLA and NAc that is responsive to modulation 
by NA. It is still unclear, however, whether these projections are 
subserved by the same neurons, and their specialization (responsi-
ble for differences in DA release and uptake) is limited to NAc and 
BLA terminals, or if these are separate cells sharing some molecular 
characteristics.

4.2  |  Mechanisms of α1- AR and α 2- AR 
regulation of VTA

In the VTA, the α1- AR antagonist terazosin could reduce evoked 
DA through a variety of candidate mechanisms: direct postsynaptic 
modulation of cell excitability (Goertz et al., 2015), regulation 
of neurotransmitter release at local glutamatergic and GABA 
terminals (Velásquez- Martinez et al., 2020, 2012, 2015) and 
interaction with other receptors (Paladini et al., 2001; Tovar- Díaz 
et al., 2018; Williams et al., 2014). When infused into the VTA, the 
α2- AR antagonist RX- 821002, in line with our previous findings in 
NAc core, potently inhibits electrically evoked DA release in BLA, 
likely by a mechanism involving cross- activation of D2 receptors 

F I G U R E  4  Effects of RX- 821002 intra- VTA infusion on electrically evoked phasic DA release in the BLA in rats 7 days after UES. (a) 
Representative FSCV traces obtained after infusion of saline and RX- 821002 (2.7 μg) in rats at 7 days post- UES. Insets show representative 
current to voltage traces obtained from BLA in response to VTA stimulation after saline and RX- 821002. (b, n = 5) plots of averaged DA 
values, bars represent the means, points represent individual measurements after administration of saline and RX- 821002 (2.7 μg). **p < 0.01 
in paired Student's test. (c, n = 5) time course comparisons of relative DA peaks (% of their corresponding baseline) over six consecutive 
measurements in rats after saline and RX- 821002 (2.7 μg). *p < 0.05, **p < 0.01 in Sidak multiple comparisons post- hoc test.

(a) (b) (c)

F I G U R E  3  Effects of RX- 821002 intra- VTA infusion on electrically evoked phasic DA release in the BLA in naïve and stressed animals. 
(a, d) representative FSCV traces obtained after infusion of saline and 2.7 μg (a) and 13.5 μg (d) RX- 821002 in naïve rats. Insets show 
representative current to voltage traces obtained from BLA in response to VTA stimulation after saline and RX- 821002. (b, e) plots of 
averaged DA values, bars represent the average obtained from all results, points represent individual measurements after administration 
of saline and RX- 821002 at doses of 2.7 μg (b, n = 6) and 13.5 μg (e, n = 6) in naïve rats. ***p < 0.001 in paired Student's test. (c, f) time 
course comparisons of relative DA peaks (% of their corresponding baseline) over six consecutive measurements in naïve rats after saline 
and RX- 821002 (c: 2.7 μg, n = 5 and f: 13.5 μg, n = 5). *p < 0.05, **p < 0.01, ***p < 0.001 in Sidak multiple comparisons post- hoc test. (g, k) 
representative FSCV traces obtained after infusion of saline and 2.7 μg (g) and 13.5 μg (k) RX- 821002 in stressed rats. (h, l) plots of averaged 
DA values after administration of saline and RX- 821002 at doses of 2.7 μg (h, n = 6) and 13.5 μg (l, n = 7) in stressed rats. **p < 0.01 in paired 
Student's test. (i, m) time course comparisons of relative DA peaks (% of their corresponding baseline) over six consecutive measurements in 
stressed rats after saline and RX –  821 002 (i: 2.7 μg, n = 6 and 13.5 μg, n = 6: M). *p < 0.05 in Sidak multiple comparisons post- hoc test.
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10  |    KIELBINSKI et al.

by NA (Arencibia- Albite et al., 2007; Grenhoff et al., 1995). This 
is corroborated by studies showing that D2- like receptors have a 
relatively similar affinity towards NA and DA and that NA binding 

to these receptors is indeed capable of activating G- protein 
dependent downstream signaling (Guiard et al., 2008; Sánchez- 
Soto et al., 2016). In addition, (Park et al., 2017) have observed 

F I G U R E  5  Comparisons of average effects of terazosin and RX- 821002 intra- VTA administration in stressed and naïve animals. (a) 
Difference in average relative DA values (saline –  Terazosin) in naïve rats (n = 7) and animals 24 h post- UES (n = 8). (b) Difference in average 
relative DA values (saline –  RX- 821002) after 2.7 μg and 13.5 μg RX- 821002 intra- VTA infusion in naïve (n = 6; n = 6, respectively) and 24 h 
post- UES groups (n = 6; n = 7, respectively). (c) Difference in average relative DA values (saline –  RX- 821002) after 2.7 μg RX- 821002 intra- 
VTA infusion in naïve (n = 6), 24 h post- UES (n = 6) and 7 days post- UES (n = 5). Differences expressed as percentage points (saline –  Drug). 
*p < 0.05, **p < 0.01, ***p < 0.001 in multiple comparisons post- hoc tests.

(a) (b) (c)

F I G U R E  6  Effect of a single episode of UES on α2A- AR and D2R protein levels in rat VTA -  western blot analysis. Representative 
immunoblots probed with antibodies for (a) α2A- AR and (e) D2R and GAPDH. Membrane (b, f), intracellular (c, g) and ratio of membrane to 
intracellular protein levels (d, h) of α2A- AR and D2R protein, respectively, in control (n = 8 and n = 10 for α2A- AR and D2R respectively) and 
stressed (n = 8; n = 9) groups. Plots show mean Z- score values with standard deviation, points show single measurements.

(b) (c) (d)

(f) (g) (h)

(a)

(e)
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    |  11KIELBINSKI et al.

that while electrical stimulation of LC evoked putative DA release 
in NAc, systemic administration of the α2- AR antagonist idazoxan 
inhibited NAc catecholamine release.

4.3  |  Attenuated α 2- AR autoreceptor control over 
VTA NA after stress

The second major finding here is that, following a single episode of acute 
stress in the form of UES, the effects of RX- 821002 were significantly 
reduced. The efficacy of the larger dose used in the study (13.5 μg per 
infusion) was significantly decreased, while the 2.7 μg dose, which in 
naïve animals was effective at reducing electrically evoked DA, had no 
effect. This change in responsivity to α2- AR antagonist was transient, 
as 7 days after exposure to stress, normalized responses to intra- VTA 
RX- 821002 were observed. This observation fits within the body of 
data reported previously in other NA release sites, particularly BNST 
(Fox et al., 2015; McElligott et al., 2013; Schmidt et al., 2018). Using 
similar techniques of voltammetry and pharmacological challenge, 
these authors initially reported that the releasable pool of NA in BNST 
terminals, its uptake, as well as regulation by α2- ARs, was altered by 
either baseline susceptibility to stress in rat lines bred for their anxiety- 
like phenotypes (Lewis and Tokyo WKY rats), or by exposure to stress 
or opiate withdrawal (Fox et al., 2015; McElligott et al., 2013). Those 
alterations were consistent with increased capacity for NA release 
into BNST. More recently, similar results were reported with combined 
FSCV and optogenetic stimulation in mice, where repeated restraint 
stress also significantly decreased the sensitivity of BNST NA release 
to the α2- AR antagonist idazoxan (Schmidt et al., 2018). In another 
recent study, Deal and coworkers measured catecholamine efflux in 
BLA in response to electrical stimulation of LC (Deal et al., 2021). They 
did not find a reduced response to idazoxan, however, their recordings 
were made 5– 7 days after the initial stressor (repeated social defeat 
or forced swim stress), which, as we show here, likely falls outside 
the transient window of α2- AR adaptation. They did, however, report 
two more important findings. Firstly, that catecholamine release in 
BLA in stressed, but not naïve, rats, was responsive to D2 antagonist 
raclopride, which the authors interpret in terms of an additional DA 
component. Secondly, that intraperitoneal administration of ethanol 
effectively reduced catecholamine efflux in BLA only in stressed, 
but not naïve subjects. Taken together, these data suggest that there 
are multiple adaptive changes in the joint DA– NA systems, possibly 
consisting of loss of α2- AR (and, perhaps, also D2R) sensitivity, 
increased catecholaminergic neuron activity, and transmitter release 
accompanied by decreased uptake. These alterations could have 
different temporal windows –  especially given other studies showing 
that increased NA release and hyperactivity persist for at least 
7 days after stress, therefore lasting longer than the putative α2- AR 
adaptation (Borodovitsyna, Flamini, et al., 2018; Borodovitsyna, 
Joshi, et al., 2018; Ronzoni et al., 2016). In the context of the VTA, the 
implication is that for a limited time following a stressful experience, 
NA release into the VTA is likely potentiated, and thus the capacity of 
NA to modulate DA- ergic signaling is increased.

4.4  |  Potential mechanisms of impaired α 2- AR 
regulation of NA efflux

While a loss in sensitivity at the α2- AR after stress exposure has 
been experimentally well demonstrated in both rats and mice (Fox 
et al., 2015; McElligott et al., 2013; Schmidt et al., 2019), the molecular 
mechanism underlying this change has not yet been proposed. Here, 
we began to address this by testing whether stress affects receptor 
expression. We performed western blotting for both α2- AR and D2 
receptors with the use of BS3 crosslinking to attempt to separate 
the membrane- bound and intracellular fractions. However, no 
differences in total expression or membrane trafficking of either 
of those proteins were found between naïve and stressed animals 
based on this assay.

The two dominant subtypes of α2- AR responsible for regulating 
NA release in the brain are α2A and α2C receptors, with α2A being 
characterized as the subtype predominantly involved in transmitter 
regulation in conditions of high activity (Gilsbach & Hein, 2012; Hein 
et al., 1999). Our finding that both the total and membrane- bound 
fractions of the α2A and D2 receptors remain unchanged after stress 
is in agreement with findings in amphetamine- treated mice, where 
sensitization to high levels of catecholamines was accompanied by 
unchanged α2A receptor binding in LC (Doucet et al., 2013). These 
data suggest that classical desensitization (receptor protein tagging 
by phosphorylation, followed by internalization) is not the predomi-
nant molecular pathway involved. Rather, it seems likely that changes 
in intracellular signaling, such as uncoupling from effector G proteins 
such as Ga1 and Ga2 (Doucet et al., 2013), or changes in interaction 
with other intracellular effectors, such as β- arrestin, could be impli-
cated (Gilsbach & Hein, 2012). There is also the possibility that α2A 
interacts with other receptors, such as NMDA glutamate receptors, 
as this interaction has been shown to attenuate NMDA- dependent 
excitatory transmission in retinal ganglion cells (Dong et al., 2008). 
Uncoupling of α2- AR from such receptor– receptor interaction could 
be of relevance, as NMDA signaling is involved in driving LC activ-
ity, and at least some adaptations underlying drug sensitization are 
disrupted in the receptor subunit NR1 knockout mice –  although 
here the picture is less clear due to potential compensatory changes 
in glutamate afferents in LC (Parkitna et al., 2012). It is also likely 
that D2 receptors undergo similar adaptive changes, i.e. uncou-
pling from their G protein effector pathways, as this has also been 
demonstrated (Nimitvilai et al., 2013, 2014; Robinson et al., 2017). 
Ultimately, however, these are speculations based on prior studies 
in different systems and further research will be required to under-
stand the source of adaptations in autoreceptor control over NA re-
lease in the brain.

4.5  |  Caveats and outlook

Our results strongly suggest that NA- ergic modulation of the VTA is 
altered in response to stress, pointing to a potential novel locus for 
stress- related alterations in the catecholamine system. Stress- related 
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adaptations in the catecholaminergic systems could be relevant for 
affective and drug use disorders (Belujon & Grace, 2017; Caccamise 
et al., 2021; Koob, 2021; Sofuoglu & Sewell, 2009). With α2- AR 
agonists being proposed for clinical use in the treatment of these 
disorders (Gowing et al., 2016; Sofuoglu et al., 2014; Upadhyay 
et al., 2021), a better understanding of neuroadaptations in the 
NA system across the brain could translate into future advances in 
treatment.

There are, however, several caveats and technical limitations 
which will need to be resolved before a firm conclusion is estab-
lished. Firstly, the present study included only male rats. Similarly, 
prior studies showing reduced sensitivity at α2- ARs either used male 
subjects (Fox et al., 2015, 2017; McElligott et al., 2013), or used 
counterbalancedd males and females, but did not report on sex dif-
ferences in α2- AR signaling and NA uptake (Schmidt et al., 2019). 
While demanding, obtaining detailed information about male/fe-
male variations in NA regulation after stress would be advantageous, 
as both NA and corticotropin systems exhibit sex differences in ani-
mals (Cason et al., 2016; den Hartog et al., 2020), and there is strong 
evidence for sex and gender as important factors influencing mental 
health outcomes in the clinic (Koob, 2021; Upadhyay et al., 2021). 
Secondly, while FSCV measurements performed in anesthetized rats 
in combination with pharmacological tools have provided valuable 
insights into catecholamine signaling in VTA, NAc, BNST, and BLA 
(Deal et al., 2021; Kielbinski et al., 2019; Park et al., 2017; Schmidt 
et al., 2019), insights from other techniques should be used to con-
firm and extend these findings. With the advent of novel fluorescent 
sensors for both NA and DA (Patriarchi et al., 2018; Sun et al., 2020), 
which are compatible with in- vivo fiber photometry, differentiating 
between catecholamines released at a single site, which is a long- 
standing challenge for FSCV, could be made possible. This technique 
is also more suited for recording in freely moving, awake animals, 
allowing for both verification of findings obtained in an anesthetized 
preparation, as well as studying the impact of α2- AR alterations on 
behavior. Similarly, targeting select neuronal population for optoge-
netic manipulation could increase the specificity: while the role of 
the VTA- amygdala circuit in fear processing is well established (Jo 
et al., 2018; Luo et al., 2018; Tang et al., 2020), projections from 
neighboring areas, including A8 and A10 (Yetnikoff et al., 2014), 
could play a similar role, or, indeed, be recruited by electrical stimu-
lation of the VTA. Finally, longer- term goals would include bringing 
these techniques together with the aim of clarifying the stress- 
related mechanisms responsible for ostensible α2- AR desensitization 
and establishing the relations between changes in NA transmission 
found in the VTA, BLA, BNST, and possibly other loci.
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Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
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