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Abstract
Background—Evidence suggests that the noradrenergic and corticotrophin-releasing factor
(CRF) systems play critical roles in relapse and stress related behaviors. In particular, behavioral
studies point to a serial signaling process initiated by β-adrenergic receptors that requires CRF
receptor (CRFR)-dependent signaling in the bed nucleus of the stria terminalis (BNST) to produce
stress-induced relapse to cocaine seeking.

Methods—We used whole cell patch clamp recordings from acutely prepared mouse brain slices
to examine the actions of β-adrenergic receptors and CRFR1 on excitatory transmission in BNST.
We examined the effects of agonists of these receptors in slices prepared from naïve, sham, and
cocaine conditioned mice.

Results—β1-adrenergic receptor activation within the BNST produces an enhancement of
excitatory synaptic transmission that requires CRFR1-dependent signaling. We show that chronic
cocaine administration transiently disrupts β1-adrenergic- and CRFR1-dependent enhancement of
glutamatergic transmission, that this disruption wanes with time, and that it can be reintroduced
with a cocaine challenge.

Conclusions—In total, these studies identify a circuit mechanism within the BNST that may
play an important role in CRF and NE regulated behaviors.
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Introduction
Drug addiction is a chronically relapsing disorder, presenting a major clinical challenge for
effective treatment. Addiction research has traditionally focused on dopamine (DA) and
positive reinforcement-based behaviors, but in an effort to explain persistent behavioral
effects there has been an increase in the discovery of targets and actions of addictive drugs
on transmitters beyond the DA system. In particular, increased focus has been placed on
negative reinforcement as a key driver in the addiction process. Noradrenergic and
corticotrophin releasing factor (CRF) signaling systems have been heavily implicated in
negative reinforcement, particularly within the extended amygdala (1–3). Both
norepinephrine (NE) and CRF play crucial roles in integrating the body’s overall response to
stress (4,5). NE and CRF are critical in behavioral aspects of addiction, including the
reinforcing properties of drugs (6,7), anxiogenic effects of drug withdrawal (8–12), and
reinstatement of drug seeking (13–18).

Evidence specifically suggests a serial NE-CRF receptor (CRFR)-dependent process within
the bed nucleus of the stria terminalis (BNST), a key component of the extended amygdala
that mediates stress-induced reinstatement of drug seeking behavior. For example,
intracerebroventricular (icv) injections of NE induces drug seeking behavior that is blocked
by pretreatment with a CRF antagonist (19). There is an increase in the release of NE in the
BNST following chronic morphine or during morphine withdrawal (20,21) and infusion of
β-adrenergic receptor (β-AR) antagonists into the BNST attenuates morphine withdrawal-
induced conditioned place aversion (20). The effects of both CRF and NE on stress-induced
reinstatement to cocaine seeking have been localized to the BNST as antagonists of β-ARs
and CRFRs administered into the BNST attenuate this behavior in rats (13,18,22). Further,
these receptors likely act via increasing activity of BNST neurons, as intra-BNST injection
of a GABAA receptor agonist blocks yohimbine-induced reinstatement of drug seeking
behavior (23). Activation of β-ARs and CRFR1 can alter excitatory transmission within the
BNST (24–28), however at present they have not been shown to interact in a functional way.

In this study we demonstrate an enhancement of excitatory transmission by β-AR activation
in the BNST that is dependent on intact CRFR1 signaling. Given the involvement of CRFR
and β-AR signaling within the BNST in addiction behaviors we predicted that this signaling
would be altered by cocaine exposure and withdrawal. Indeed, we find that this
enhancement of excitatory transmission is disrupted by repeated cocaine but not during
withdrawal from repeated cocaine administration. Further, prior cocaine experience
influences how CRFR signaling will respond to subsequent cocaine challenges.

Materials and Methods
Animals, Brain Slice Preparation & Electrophysiology

All procedures were performed according to Vanderbilt University Institutional Animal
Care and Use Committee approved procedures. Brain slices of 300 μm thickness were
prepared from 6 – 9 week old male C57BL/6J mice and recordings were performed as
described previously in (25,26,28). Whole-cell voltage clamp recordings of AMPA receptor-
mediated spontaneous excitatory postsynaptic currents (EPSCs) and synaptically stimulated
evoked EPSCs were made at −70 mV and pharmacologically isolated by the addition of 25
μM picrotoxin to the ACSF [ACSF: (in mM) 124 NaCl, 4.4 KCl, 2 CaCl2, 1.2 MgSO4, 1
NaH2PO4, 10.0 glucose, and 26.0 NaHCO3]. sEPSC recordings were acquired and analyzed
in 2 minute gap-free blocks. Cells in which the frequency was below 0.2Hz (n=2) were not
included in the data analysis. Access resistance was monitored continuously throughout the
duration of evoked experiments and between blocks during sEPSC recordings. Those
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experiments in which the access resistance changed by greater than 20% were not included
in the data analyses. Recording electrodes for whole-cell experiments were filled with (in
mM) Cs+-gluconate (135), NaCl (5), HEPES (10), EGTA (0.6), ATP (4), GTP (0.4), pH 7.2,
290–295 mOsmol. In experiments where applications of 300 nM urocortin 1 and 3 μM
isoproterenol were performed the application lasted for 10 minutes in order to ensure
sufficient slice wash-in. Applications of 1μM DA lasted for 5 minutes as sufficient wash-in
is achieved in that time (25). For experiments in which the effects of antagonists were
determined, the antagonist was applied for at least 15 minutes prior to application of the
agonist and then remained on for the duration of the experiment. Mice were killed either 30
minutes or 10 days following last injection of cocaine or saline, and the brains rapidly
removed for slice preparation. Following dissection, slices were transferred to a holding
chamber where they were heated (29–30°C). Slices were allowed to equilibrate for at least 1
h before being transferred to a submerged perfusion chamber for subsequent whole-cell
patch clamp recording. All electrophysiological recordings were made using either Clampex
8.2 or 9.2 and analyzed using Clampfit 9.2 (Molecular Devices, Sunnyvale, CA).

Pharmacology
The drugs cocaine (Sigma, NIDA), Isoproterenol (Tocris), NBI-27914 (Sigma), Betaxolol
(Tocris), ICI 118,511(Tocris), Urocortin 1 (Tocris), picrotoxin (Tocris) and DA (Tocris,
Ellisville, MO) were bath-applied at final concentrations which are noted in the
experimental design. Dimethylsulfoxide (DMSO) is the solvent used for stock solutions of
NBI-27914 where the maximum final concentration of DMSO was 0.02% by volume.

Statistical Analyses
Statistical analyses were performed using Microsoft Excel, Graphpad Prism, and Microcal
Origin. When determining if a drug had a significant effect, a Student's paired t-test was
used to compare the baseline value to the drug effect value. When comparing drug effects
across experimental conditions (saline versus cocaine, for example) a Student’s unpaired t-
test was used. Paired comparisons were made between baseline (the average of the first two
recording blocks in the timecourse) and the two recording blocks immediately following
removal of drug after 10 minute application unless otherwise noted. For unpaired
comparisons, a percent of baseline was computed from the baseline and drug epochs defined
above, and this mean was compared across experimental conditions. When comparing
antagonist effects on the isoproterenol-induced increase in sEPSCs, a one-way ANOVA was
used followed by a Dunnett post-test to determine the significance of specific comparisons.
Statistical tests used and means compared are described in Results.

Results
β-AR activation increases spontaneous glutamatergic transmission through β1 adrenergic
receptors in a CRFR dependent manner

To examine potential crosstalk between β-AR and CRFR1 signaling, we focused on neurons
within the oval and undifferentiated anterolateral portions of the dorsal BNST. We focused
on these regions because we previously reported that β-AR (29) and CRFR (25) activation in
this region can increase glutamatergic synaptic transmission, and previous studies have
indicated that dorsal BNST β-ARs are important in withdrawal responses (30). We
examined sEPSCs recorded using whole-cell patch clamp from neurons located in the
dlBNST (basal freq of naïve cells=2.28 ± 0.54Hz, average basal amplitude=30 ± 1.0pA,
n=24) (Figure 1A, representative trace) from acutely prepared coronal slices from male
C57BL/6J mice (as diagrammed in (25). We bath-applied the β-AR agonist isoproterenol (3
μM) for 10 minutes while spontaneous glutamatergic transmission was monitored and found
that this short application resulted in an increase in the frequency of sEPSCs (159.9 ± 13.9%
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of basal frequency, p<0.01, basal versus isoproterenol, Student’s paired t-test, n=6) (Figure
1A,B) with no change in the amplitude (95 ± 3.0% of basal, n=6) (Figure 1C). We assessed
the ability of two β-AR antagonists, betaxolol and ICI118,551, to disrupt the effects of
isoproterenol on sEPSC frequency. Our results (Figure 1D,E) showed an effect of antagonist
treatment [F(2,13)=4.7, p<0.05] with the β1-AR antagonist 10 μM betaxolol (n=5)
preventing the ability of isoproterenol to increase sEPSC frequency (p<0.05, Dunnett's post-
test), while the β2-AR antagonist 10 μM ICI118,551 (n=5) was ineffective (p=0.4). The
effect of isoproterenol on sEPSC frequency but not amplitude is consistent with a
presynaptic site of action in enhancing glutamatergic synaptic function. To further assess
this possibility, we examined the actions of isoproterenol on evoked EPSCs so that paired-
pulse ratios (PPR) of evoked responses could be monitored. Isoproterenol (3 μM) elicited an
enhancement of evoked EPSC amplitudes (average of minutes 20–25 = 116.3 ± 1.7% of
baseline p<0.01, Student’s paired t-test, basal versus isoproterenol n=5) (Figure 1F) that was
associated with a decrease in PPR, further suggesting an increase in presynaptic glutamate
release (PPR of paired responses with a 50 ms interstimulus interval before isoproterenol
application 1.26 ±0.03, after application 1.14 ± 0.04, p<0.05, Student’s paired t-test, basal
versus isoproterenol n=5) (Figure 1F, inset).

We previously reported that another catecholamine, DA, also enhances spontaneous
excitatory transmission in this region and that this enhancement occurs through activation of
endogenous CRFR1 signaling (25). A subpopulation of neurons in the BNST are CRF
positive (31,32) and the BNST also receives exogenous CRF from the central amygdala
(33). Since 1) behavioral evidence suggests an interaction between NE and CRF (19) in
mediating stress-induced reinstatement, and 2) an anatomical interaction exists within the
BNST between NE and CRF (34), it is intriguing to consider that β-AR mediated increases
in sEPSCs may also be mediated through CRFR signaling. To investigate this hypothesis we
pre-applied the CRFR1 antagonist NBI27914 (1 μM) and found that this inhibited the
isoproterenol-induced increase in sEPSC frequency (117 ± 13% of basal frequency, n=7)
(Figure 2A). While the CRFR1 antagonist disrupted β-AR mediated increases in sEPSCs,
the β1-AR antagonist betaxolol, which blocked the actions of isoproterenol, did not prevent
300 nM urocortin from enhancing sEPSC frequency (204±15% of basal frequency, n=5,
p<0.01, Student’s paired t-test, basal versus urocortin plus betaxolol, data not shown).

Isoproterenol facilitates dlBNST glutamatergic synapses not facilitated by DA
Since both DA through DA receptors (25) and isoproterenol through β-ARs increase
spontaneous excitatory transmission in BNST through a CRFR1 signaling dependent
manner, we next sought to determine if these effects are through modulation of the same
glutamate synapse population. Curiously, we found that in contrast to its actions on sEPSCs,
bath application of DA (1 μM) had no effect on evoked EPSCs (average minutes 20–25 =
95.8 ± 2.3% baseline, n=5) (Figure 2B). This evidence suggests that DA and isoproterenol
may be enhancing excitatory transmission at different synapses. This hypothesis was further
tested by pre-applying isoproterenol (3 μM 22 minutes before DA application) to the slice
followed by an application of DA (1 μM) to determine if DA could further increase sEPSC
frequency. We determined that 3 μM was a saturating concentration, in that 10 μM
isoproterenol did not produce a statistically significant difference in response amplitude
(data not shown). Pre-application of isoproterenol failed to occlude an increase in sEPSCs
frequency with subsequent DA application (160.5 ± 25.9% peak percent of frequency
following DA application, p<0.05, Student’s paired t-test, isoproterenol versus isoproterenol
plus dopamine, n=7) (Figure 2C). In addition, DA alone increased the sEPSC frequency to
149±18% of basal frequency but addition of isoproterenol increased the sEPSC frequency
further to 163 ± 22% of DA alone (236±29% increase over initial baseline n=6, p<0.05,
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Student's paired t-test for Iso versus DA plus Iso; Figure 2D). Altogether, these data suggest
that isoproterenol facilitates glutamatergic synapses that are not facilitated by DA.

Repeated in vivo cocaine blocks excitatory actions of CRFR1 and β1AR activation
Because of evidence implicating the BNST in behavioral actions of cocaine, we wanted to
assess the impact of repeated cocaine administration on β-AR and CRFR-dependent
signaling within the BNST. Therefore, mice were first habituated to handling then given
intraperitoneal (ip) injections of cocaine (20 mg/kg) or saline for 10 days in a blinded
design. Thirty minutes following the tenth injection of cocaine or saline, brain slices were
prepared for electrophysiological experiments (Figure 3A, 4A) (See Figure 7 for summary
of all conditions). We measured sEPSCs in dBNST neurons from cocaine and saline treated
animals and found no gross changes in basal frequency or amplitude of sEPSCs between
treatments (2.0 ± 0.6Hz and 25.3 ± 2.0 pA for cocaine, n=11 from 8 animals, 1.9 ± 0.5Hz
and 24.3 ± 1.2 pA for saline, n=12 from 7 animals) (Figure S1 in the Supplement) nor any
significant differences in the AMPA/NMDA ratios of evoked EPSCs (Figure S1 in the
Supplement). Urocortin 1, an endogenous agonist of CRFRs (35), produced an enhancement
of sEPSC frequency in slices prepared from saline-treated mice in a manner similar to that
previously observed in naïve animals (Figure 3B)(25). In contrast, urocortin 1 failed to
enhance sEPSC frequency in animals receiving repeated cocaine injections (cocaine 98.6 ±
5.4% of basal frequency n=6 from 4 animals, saline 146.2 ± 9.6% of basal frequency n=7
from 4 animals, p<0.01, Student’s unpaired t-test, cocaine versus saline, Figure 3B).

Since β-AR activation increased sEPSCs in a CRFR1-dependent manner (Figure 2A), we
next examined the effects of chronic cocaine administration on isoproterenol actions on
sEPSCs. Application of isoproterenol produced an increase in sEPSC frequency in mice that
received repeated saline injections, but did not alter sEPSC frequency in slices prepared
from mice that received repeated cocaine injections (cocaine 101.5 ± 7.7% of basal
frequency n=5 from 4 animals, saline 128.2 ± 9.4% of basal frequency n=5 from 3 animals,
p<0.05 Student’s unpaired t-test, saline versus cocaine) (Figure 4B).

CRFR1-dependent enhancement of excitatory transmission recovers during withdrawal
from repeated cocaine but is disrupted following a cocaine challenge

Previous studies have identified cocaine-induced changes at glutamatergic synapses within
the mesocorticolimbic reward circuit that differ between acute and extended withdrawal
(36–38), or only emerge after extended withdrawal (36,39). Protracted withdrawal from
alcohol, cocaine, and heroin has been recently found to impair excitability in the
juxtacapsular nucleus of the BNST (40). To determine if cocaine withdrawal time is also a
critical parameter for the excitatory functions of BNST CRFRs, we examined the effect of
urocortin on sEPSCs in mice 10 days following 10 injections of cocaine or saline (Figure
5A). Unlike 30 minutes post cocaine, where we observed ablation of urocortin actions,
urocortin was able to increase sEPSCs 10 days after cocaine administration similar to saline
injection controls (cocaine 121.5 ± 9.1% of basal frequency n=9 from 6 animals, saline
134.2 ± 13.5% of basal frequency n=7 from 5 animals, p=0.4 cocaine versus saline,
Student’s unpaired t-test,) (Figure 5B).

A single drug exposure can reinstate drug-seeking behavior in humans and animal models
(41). To test the hypothesis that cocaine history may alter the effects of subsequent cocaine
administration on BNST function, we again treated mice with 10 days of ip cocaine or saline
injections followed by a 10 day withdrawal period. All mice were then subsequently
challenged with an ip injection of cocaine on the tenth day of cocaine/saline withdrawal
(Figure 6A). Brain slices were prepared for electrophysiological experiments from mice 30
minutes after the challenge injection. Urocortin application enhanced sEPSC frequency after
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a single cocaine challenge in mice with a history of saline injections, but not those with a
chronic cocaine injection history (cocaine 99.5 ± 9.5% of basal frequency n=5 from 4
animals, saline 152.0 ± 15.5% of basal frequency n=4 from 3 animals, p<0.05, Student’s
unpaired t-test, saline versus cocaine) (Figure 6B). Taken together, these results demonstrate
the ability of repeated cocaine exposure to differentially modify CRFR1 signaling in the
BNST (Figure 7).

Discussion
In the current study we report that β-AR activation increased sEPSCs in the dlBNST, a
component of the extended amygdala that receives a dense noradrenergic projection and is
activated by both stressors and drugs of abuse (42–47). These effects were mediated through
β1-ARs and required CRFR1 signaling. Our earlier studies indicated that NE-induced
increases in evoked field potentials are dependent upon β2-AR activation (29), suggesting
that multiple β-AR subtypes participate in regulation of excitatory transmission in the
dlBNST. In parallel, differing roles of BNST β-AR subtypes have been proposed at the
behavioral level. In animals highly reactive to morphine withdrawal, a β1-AR antagonist
injected into the BNST blocks withdrawal induced conditioned place aversion (30). On the
other hand, a β2-AR antagonist injected into the BNST dose-dependently attenuated
intraplantar-formalin-induced CPA (48).

We previously found that DA, through multiple DA receptors, also increases sEPSC
frequency in a CRFR1-dependent manner in the dlBNST (25). Interestingly, while both the
actions of DA receptors and β-ARs on excitatory transmission in BNST required CRFR1
signaling, the actions of DA were specific to sEPSCs, while β-AR activation modulates both
sEPSCs and evoked EPSCs. In addition, we found that DA could still produce a further
enhancement of sEPSCs under a period of maximal β-AR activation and vice versa. Thus
these data suggest the interesting possibility that DA and NE may modulate distinct
populations of excitatory synapses in the BNST.

Finally, we found that CRFR1 dependent modulation of excitatory transmission in the
dlBNST is disrupted by repeated cocaine administration. The CRFR1 actions return after 10
days of withdrawal, but now appear to be more labile, as they are disrupted by a single
cocaine challenge.

β-AR activation enhances BNST glutamate release in a CRFR1-dependent manner
The BNST receives both dopaminergic projections (49,50) as well as a dense noradrenergic
input from the nucleus tractus solitarius via the ventral noradrenergic bundle (51). Our
previous and current results indicate that both DA and NE can enhance glutamatergic
transmission in the dlBNST. We speculate that in both cases the CRFR1s that mediate this
increased glutamate release are localized on presynaptic glutamatergic terminals in the
dlBNST. Indeed, immunohistochemical evidence suggests that CRFR1 is expressed on
excitatory terminals in BNST(52).

The BNST is an important region for the integration of stress and reward information. There
is an acute increase in NE in the BNST after restraint stress (44) as well as an increase in
DA during administration of drugs of abuse (42). Therefore, our data indicate that both acute
stress and drugs of abuse or reward may enhance excitatory transmission via activation of
CRFR1 signaling. It is interesting to speculate that perhaps NE and DA are activating
different populations of CRFR1, with DA enhancing CRF release from local dlBNST
neurons and NE activating extrinsic CRF afferents to the regions (for example from the
central nucleus of the amygdala).
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Repeated cocaine disrupts CRFR1 signaling and decreases output from the dlBNST
In naive slices both DA receptor and β-AR signaling enhance excitatory transmission
through CRFR1 actions in the dlBNST. There is evidence for downregulation of CRF
signaling following repeated administration of drugs of abuse throughout the brain. For
example, in the central nucleus of the amygdala (CeA) CRF release (53) and mRNA levels
(54) are decreased after repeated administration of cocaine. Further, CRFR1 is internalized
30 minutes following a 14-day escalating dose morphine treatment (52). Thus, the disruption
of CRFR1 signaling that we observe after repeated cocaine administration likely reflects a
downregulation of CRFR1 function. This raises the interesting possibility that NE signaling
may be effectively re-routed through previously described α1 and α2-ARs signaling, which
leads to reductions in BNST excitatory transmission (27–29,55).

Withdrawal from repeated cocaine sensitizes the CRF system in the dlBNST to cocaine
challenge

While it appears that there is a downregulation of CRF signaling following repeated
administration of drugs of abuse, there is evidence that an opposite phenomenon may occur
during extended withdrawal. In rats in withdrawal from ethanol there is a marked increase in
CRF release in the BNST as measured by microdialysis (56). There is also an increase in
CRF release in the CeA during opiate and cocaine withdrawal (53,57). Moreover, Roberto
and colleagues recently demonstrated that chronic ethanol exposure and withdrawal
enhances CRF-dependent signaling in the CeA(58). Our results show that while there may
be increased CRF during withdrawal, CRF signaling remains intact as urocortin still
increases sEPSC frequency. However, if a challenge of cocaine is given during this period
CRFR1 signaling is once again disrupted.

A single injection of cocaine to drug-naïve animals produces no disruption of CRF signaling
(see saline-cocaine animals, Figure 6) and in fact has been shown to enhance short term
plasticity (25), but animals that have previously received cocaine now have a disruption of
CRF signaling with a single challenge injection. One possible explanation is that CRF
signaling within the BNST may be highly sensitized during withdrawal. Perhaps in the
presence of the higher levels of CRF that are present during withdrawal there is a change in
the properties of the CRFRs that are returned to the membrane during the withdrawal state.
CRFRs are known for promiscuous signaling (59) and in fact in the lateral septal nucleus
CRFR2 receptors shift from signaling through PKA to largely through PKC following
chronic cocaine administration (60). Another possibility is a shift in the relative number of
CRFR1 and CRFR2 within the BNST following cocaine withdrawal. In the hippocampus,
blocking CRFR1 but not CRFR2 attenuates LTP in naïve rats but these effects are reversed
in rats in withdrawal from cocaine where now CRFR2 antagonism attenuates LTP (61).

One or a combination of these mechanisms could produce BNST neurons that are highly
sensitive to CRF-signaling. In this new state, when a cocaine injection is given which would
presumably increase DA within the BNST (42) CRF signaling may be rapidly activated,
producing either a quick removal of CRF receptors from the membrane, a change in the type
of CRF receptors present, or attenuation in their ability to be activated. Therefore, the ability
to further activate this system is occluded and no effect is observed by the application of
urocortin in animals 30 minutes after cocaine administration.

Implications for reinstatement models
The BNST, and specifically β-AR and CRF signaling within the BNST, are critically
involved in stress-induced reinstatement models of drug seeking (18,62). In the model
proposed here, a stressor during the withdrawal period, which is known to increase NE
release in the BNST, would be predicted to activate the system in a similar manner as a
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cocaine challenge. The disrupted state of CRF signaling by repeated administration and the
subsequent highly-sensitized system that develops during withdrawal may be what is setting
the molecular switch that is triggered for stressed-induced relapse. A drug challenge is likely
activating other systems in addition to what is described by this model which are critical for
drug priming induced reinstatement, such as CRF signaling within the accumbens (63). This
may in part explain why CRFR antagonism in the BNST has no effect on drug priming
models of reinstatement (41), yet an important effect on stress-induced reinstatement.
Furthermore, this model projects a cellular mechanism for the finding that icv
norepinephrine failed to induce reinstatement when it was preceded by a pretreatment of
CRF antagonist (19).

In conclusion, our results indicate a novel interaction between NE and CRF to enhance
excitatory transmission within a region that plays a key role in mediating aspects of anxiety,
reward, and relapse-related behaviors. Further, we describe how this system is disrupted and
subsequently altered by repeated cocaine and withdrawal.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Beta adrenergic receptor activation increases spontaneous glutamatergic transmission
in a CRFR1-dependent manner
A) Representative sEPSC recordings in the dlBNST demonstrating the ability of
isoproterenol to enhance glutamatergic transmission. Calibration: 20 pA, 50 ms.
B) Application (10 minutes) of 3 μM isoproterenol increases sEPSC frequency in the
dlBNST
C) Application (10 minutes) of 3 μM isoproterenol has no effect on sEPSC amplitude in the
dlBNST
D) In the presence of the β1 adrenergic receptor antagonist betaxolol (10 μM) but not the β2
antagonist ICI118,551 (10 μM) application (10 minutes) of 3 μM isoproterenol does not
alter sEPSC frequency
E) Bar graph representing the lack of effect of isoproterenol on sEPSC frequency in the
presence of the β1 adrenergic receptor antagonist betaxolol but not the β2 antagonist
ICI118,511 (*p<0.05).
F) Application of 3 μM isoproterenol produces a modest increase in evoked EPSCs. Inset
representative traces before (black) and after (red) isoproterenol application, calibration: 100
pA, 1ms.
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Figure 2. Isoproterenol and DA regulate distinct excitatory synapses in the dlBNST
A) In the presence of 1 μM of the CRF-R1 antagonist NBI27914 application of 3 μM
isoproterenol does not alter sEPSC frequency
B) Application of 1 μM DA has no effect on evoked EPSCs. Inset, representative traces
before (black) and after (red) DA application, calibration: 100 pA, 1 ms.
C) Bath application of 1 μM DA increases sEPSC frequency in the presence of 3 μM
isoproterenol.
D) Application of 1 μM DA increases sEPSC frequency but does not occlude the increase in
sEPSC frequency produced by application of 3 μM isoproterenol.
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Figure 3. Repeated in vivo cocaine blocks excitatory actions of CRFR1 activation
A) Diagrammatic representation of the experimental setup. Mice were given either 10 days
of ip cocaine (20mg/kg) or saline. On day 10 brain slices were prepared 30 minutes after the
tenth injection.
B) In mice receiving 10 days of cocaine (red) bath application of 300 nM urocortin had no
effect on sEPSC frequency but increases it in those mice receiving saline (black).
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Figure 4. Repeated in vivo cocaine disrupts excitatory effects of isoproterenol
A) Diagrammatic representation of the experimental setup. Mice were given either 10 days
of ip cocaine (20mg/kg) or saline. On day 10 brain slices were prepared 30 minutes after the
tenth injection.
B) In mice receiving 10 days of cocaine (red) bath application of 3 μM isoproterenol had no
effect on sEPSC frequency but increases it in those mice receiving saline (black).
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Figure 5. Actions of repeated in vivo cocaine on excitatory effects of urocortin are absent during
withdrawal
A) Diagrammatic representation of the experimental setup. Mice were given either 10 days
of ip cocaine (20mg/kg) or saline followed by 10 days of withdrawal. On the tenth day after
there last injection brain slices were prepared for electrophysiological recordings.
B) In mice receiving 10 days of cocaine (red) bath application of 300 nM urocortin produces
a modest increase in sEPSC frequency and similarly increases it in those mice receiving
saline (black).
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Figure 6. Urocortin enhancement of excitatory transmission is disrupted by a cocaine challenge
during withdrawal
A) Diagrammatic representation of the experimental setup. Mice were given either 10 days
of ip cocaine (20mg/kg) or saline followed by 10 days of withdrawal. On the tenth day of
withdrawal all animals received a challenge injection of cocaine (20mg/kg) and brain slices
were prepared 30 minutes following this injection.
B) In mice who had received 10 days of cocaine before the challenge (red) bath application
of 300 nM urocortin had no effect on sEPSC frequency but increases it in those mice who
had received saline (black).

Nobis et al. Page 17

Biol Psychiatry. Author manuscript; available in PMC 2012 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7. Summary of effects of cocaine and withdrawal on urocortin regulation of sEPSC
frequency
Bar graph summarizing the effects of repeated cocaine or saline on the effect of 300nm
urocortin on sEPSC frequency (*p<0.05, Student’s unpaired t-test,)
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