
Vol.:(0123456789)1 3

Brain Struct Funct (2017) 222:3007–3023 
DOI 10.1007/s00429-017-1381-7

ORIGINAL ARTICLE

Co-localization of the cannabinoid type 1 receptor 
with corticotropin-releasing factor-containing afferents 
in the noradrenergic nucleus locus coeruleus: implications 
for the cognitive limb of the stress response

Ryan R. Wyrofsky1 · Beverly A. S. Reyes1 · Elisabeth J. Van Bockstaele1 

Received: 22 March 2016 / Accepted: 31 January 2017 / Published online: 2 March 2017 
© Springer-Verlag Berlin Heidelberg 2017

heterogeneous CRF afferents in the LC, some of which 
arise from limbic sources.
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Introduction

The stress response is characterized by a coordinated set of 
endocrine, physiological, and cognitive responses to per-
ceived threats in the environment (Ulrich-Lai and Herman 
2009). A critical aspect of the endocrine stress response 
is the tight feedback regulation that serves to restrain and 
terminate the response (Keller-Wood and Dallman 1984), 
which when dysregulated, and contributes to the etiology 
of many stress-induced neuropsychiatric disorders (Plotsky 
et al. 1998; Wingenfeld and Wolf 2011). Feedback inhibi-
tion of the hypothalamic–pituitary–adrenal (HPA) axis by 
glucocorticoids is critical in terminating the endocrine limb 
of the stress response (Abou-Samra et  al. 1986; Keller-
Wood and Dallman 1984). However, other neural circuits 
involved in the stress response are differentially regulated 
(Herman and Cullinan 1997; Ulrich-Lai and Herman 
2009).

Stressors that initiate the HPA response to stress also 
activate the brainstem locus coeruleus (LC)–norepineph-
rine (NE) system via the pro-stress neuropeptide, cortico-
tropin-releasing factor (CRF) (Vale et  al. 1981; Valentino 
1988). CRF-immunoreactive axon terminals synapse onto 
LC–NE dendrites and arise from multiple limbic-related 
and autonomic-related brain areas (Aston-Jones et  al. 
1991; Van Bockstaele et al. 1996a, b, 1999). Stress-induced 
increases in CRF from these afferent sources can lead to 
inappropriate increases in the firing of LC–NE neurons and 

Abstract The noradrenergic system has been shown to 
play a key role in the regulation of stress responses, arousal, 
mood, and emotional states. Corticotropin-releasing factor 
(CRF) is a primary mediator of stress-induced activation of 
noradrenergic neurons in the nucleus locus coeruleus (LC). 
The endocannabinoid (eCB) system also plays a key role 
in modulating stress responses, acting as an “anti-stress” 
neuro-mediator. In the present study, we investigated the 
cellular sites for interactions between the cannabinoid 
receptor type 1 (CB1r) and CRF in the LC. Immunofluo-
rescence and high-resolution immunoelectron microscopy 
showed co-localization of CB1r and CRF in both the core 
and peri-LC areas. Semi-quantitative analysis revealed that 
44% (208/468) of CRF-containing axon terminals in the 
core and 35% (104/294) in the peri-LC expressed CB1r, 
while 18% (85/468) of CRF-containing axon terminals in 
the core and 6.5% (19/294) in the peri-LC were presynaptic 
to CB1r-containing dendrites. In the LC core, CB1r + CRF 
axon terminals were more frequently of the symmetric 
(inhibitory) type; while in the peri-LC, a majority were 
of the asymmetric (excitatory) type. Triple label immuno-
fluorescence results supported the ultrastructural analysis 
indicating that CB1r + CRF axon terminals contained either 
gamma amino butyric acid or glutamate. Finally, antero-
grade transport from the central nucleus of the amygdala 
revealed that CRF-amygdalar afferents projecting to the LC 
contain CB1r. Taken together, these results indicate that the 
eCB system is poised to directly modulate stress-integrative 
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subsequent dysregulation of NE release in limbic and cor-
tical areas (Curtis et  al. 1996; Valentino et  al. 2006; Van 
Bockstaele et  al. 2010). The parallel engagement of the 
HPA and LC–NE systems serves to coordinate both endo-
crine and cognitive limbs of the stress response (Valentino 
and Van Bockstaele 2008a). One mechanism for counter-
acting stress responses in these neural circuits is through 
stress-elicited engagement of neuromodulators that act in 
opposition to pro-stress systems, such as engagement of 
the endogenous opioid system (Heilig 2004; Reyes et  al. 
2008a, 2011; Tjoumakaris et al. 2003; Torner et al. 2001; 
Valentino and Van Bockstaele 2001; Van Bockstaele et al. 
2000). Identifying mechanisms and underlying counter-reg-
ulation of the stress response may better inform therapeutic 
strategies to prevent or treat stress-related neuropsychiatric 
diseases.

The endocannabinoid (eCB) system is considered as 
an “anti-stress” neuromodulator that modulates pro-stress 
responses through effects on synaptic activity (Cota 2008; 
Viveros et al. 2007). Extracts of cannabis have been used 
as stress-reducing medicinals throughout history and by 
many cultures to reduce anxiety, pain, seizures, mania, and 
muscle spasms (Zuardi 2006). Modern research confirms 
certain benefits, with constituents of cannabis, ∆9-tetrahy-
drocannabinol (THC), and cannabidiol, being reported 
as effective anti-anxiety agents and stress-reducers (Ber-
gamaschi et  al. 2011; Tournier et  al. 2003). Emerging 
evidence also supports a role for the eCB system in the 
modulation of stress responses through effects on synaptic 
activity. The eCB ligands, N-arachidonoylethanolamine/
anandamide (AEA) and 2-arachidonoylglycerol (2-AG), 
are primarily synthesized postsynaptically in response to 
increases in intracellular  Ca2+ or activation of phospholi-
pase C β (Castillo et al. 2012; Di Marzo et al. 2004). Deg-
radation of AEA and 2-AG occurs through the catabolic 
action of fatty acid amide hydrolase (FAAH) and mono-
acylglycerol lipase, respectively (Castillo et  al. 2012; Di 
Marzo et al. 2004). Acting as retrograde messengers, AEA 
and 2-AG cross the synapse, where they primarily act 
through  Gi-coupled cannabinoid CB1r localized to axon 
terminals (Castillo et  al. 2012; Herkenham et  al. 1990; 
Van Sickle et al. 2005), thereby inhibiting neurotransmitter 
release. By modulating glutamatergic and gamma amino 
butyric acid (GABA) ergic release, CB1r exert a profound 
effect on postsynaptic neuronal activity (Freund et  al. 
2003).

CB1r protein and mRNA have been localized to the LC 
(Derbenev et al. 2004; Herkenham et al. 1991; Mailleux 
and Vanderhaeghen 1992; Matsuda et  al. 1993). At the 
ultrastructural level, CB1rs in the LC have been shown 
to be localized both presynaptically in axon terminals 

targeting NE-containing neurons as well as postsynapti-
cally in somatodendritic processes (Scavone et al. 2010). 
Electron microscopy studies have shown that presynap-
tically distributed CB1r are localized to both excitatory- 
and inhibitory-type synapses (Scavone et al. 2010), which 
is consistent with electrophysiological studies. Systemic 
administration of CB1r agonists (Muntoni et  al. 2006) 
and fatty acid amide hydrolase (FAAH) inhibitors (Gobbi 
et  al. 2005) increase the firing rate of un-stimulated 
noradrenergic neurons in the LC in a CB1r-dependent 
manner. CB1r agonists also increase cFos expression in 
the LC (Oropeza et  al. 2005; Patel and Hillard 2003), 
enhance N-methyl-d-aspartate (NMDA)-induced fir-
ing of LC neurons (Mendiguren and Pineda 2004), and 
increase NE synthesis (Moranta et  al. 2009) and release 
(Oropeza et al. 2005) in terminal regions. WIN 55212-2 
suppresses the inhibition of LC firing induced by activa-
tion of GABAergic afferents to the LC (Muntoni et  al. 
2006). Taken together, these results are consistent with 
a mechanism by which activation of CB1r on excitatory- 
or inhibitory-type terminals in the LC results in increases 
in the firing of noradrenergic neurons. However, local 
administration of CB1r agonists into the LC does not 
alter the spontaneous firing of LC neurons (Mendiguren 
and Pineda 2006) suggesting an indirect effect of CB1r 
agonists on LC firing, perhaps through increased afferent 
activity into the LC.

Convergent lines of evidence support a suppressive 
CB1r mechanism on CRF. CRF-induced activation of the 
sympathetic nervous system is inhibited by CB1r agonist 
administration and is potentiated by CB1r antagonists 
(Shimizu et al. 2010). Activation of glucocorticoid recep-
tors by cortisol causes an increase in eCB production, 
which then activates CB1r on presynaptic glutamatergic 
neurons within the paraventricular nucleus of the hypo-
thalamus (PVN) resulting in a decrease in hypothalamic 
release of CRF (Hill et  al. 2010). In addition, a longer 
feedback loop exists, where activation of CB1r on GABA 
neurons within the prelimbic medial prefrontal cortex 
(mPFC) causes a disinhibition of GABAergic neurons 
in the bed nucleus of the stria terminalis (BNST) which 
then project to the PVN, ultimately leading to a decrease 
in CRF release (Hill and McEwen 2009; Hill et al. 2010). 
Because of the complex interaction of the eCB system on 
stress-related circuitry and the localization of both CB1r 
and CRF afferents within the LC, we sought to examine 
anatomical substrates for putative interactions between 
CB1r and CRF in the LC. Therefore, the present study 
used light microscopy, confocal fluorescence micros-
copy, and high-resolution immunoelectron microscopy 
to define how CB1r may be positioned to regulate CRF 
afferents in the LC.
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Methods

Animals

For all experiments, male Sprague–Dawley rats between 
200 and 300 g (Jackson Laboratory, Sacramento, CA) were 
used. They were housed two per cage, under the standard 
conditions (25 °C temperatures) and a 12 h light/dark cycle 
(lights turned on at 7:00 am). Ad libitum access to food and 
water was provided, and animal protocols were approved 
by the Drexel University College of Medicine Institutional 
Animal Care and Use Committee in accordance with the 
revised Guide for the Care and Use of Laboratory Animals 
(1996). All efforts were made to utilize only the minimum 
number of animals necessary to produce reliable scientific 
data.

Immunofluorescence

Rats were deeply anesthetized via isoflurane exposure 
(Vedco, Inc., St. Joseph, MO) in a holding cage. Once a 
sufficient level of anesthesia was achieved, rats were then 
transcardially perfused via the ascending aorta with hepa-
rin followed by a 4% formaldehyde solution in 0.1 M phos-
phate buffer (PB; pH 7.4). Brains were then dissected, 
post-fixed in the formaldehyde solution for 24 h, and placed 
in 30% sucrose and 0.1  M PB solution before sectioning. 
Forty micrometer sections through the rostrocaudal extent 
of each brain were collected using a cryostat (Microm HM 
50, Microm International GmbH, Walldorf, Germany). 
Serial sections through the LC were placed in 1% sodium 
borohydride in 0.1 M PB for 30 min to remove any alde-
hydes remaining from the perfusion, followed by a 30 min 
incubation in 0.5% bovine serum albumin (BSA) in 0.1 M 
Tris buffered saline (TBS; pH 7.6). Following extensive 

rinsing in 0.1 M TBS, tissues were incubated overnight in 
a mixture of primary antibodies including (Table 1): CRF 
peptide raised in guinea-pig (1:7000, Peninsula Laborato-
ries, San Carlos, CA), CB1r raised in rabbit (1:1000, kindly 
provided by Dr. Ken Mackie, Indiana University, IN), 
vesicular glutamate transporter (VGlut) raised in mouse 
(1:4000, Synaptic Systems, Gottingen, Germany), gluta-
mate decarboxylase (GAD) raised in goat (1:700, Santa 
Cruz, Santa Cruz, CA), synaptophysin (Syn) raised in 
mouse (1:500, Merck Millipore, Billerica, MA), tyrosine 
hydroxylase (TH) raised in mouse (1:5000, Immunostar, 
Hudson, WI), and unconjugated Phaseolus Vulgaris Leuco-
agglutinin (PHAL) raised in goat (1:5000, Vector Laborato-
ries, Burlingame, CA). For the primary antibodies that have 
not been previously characterized by our laboratory (VGlut, 
GAD, PHAL, and Syn), serial dilutions were performed 
to determine the optimal antibody concentration for the 
experiments. To visualize proteins, the following secondary 
antibodies were used, all at a concentration of 1:400 (Jack-
son ImmunoResearch): rhodamine isothiocyanate (TRITC) 
conjugated donkey anti-rabbit, fluorescein isothiocyanate 
(FITC) conjugated donkey anti-mouse, FITC conjugated 
donkey anti-goat, Alexafluor 647 conjugated donkey anti-
guinea-pig, and Alexafluor 647 conjugated donkey anti-
mouse. In addition, some tissue sections were also incu-
bated with 4′,6-diamidino-2-phenylindole (DAPI; EMD 
Millipore, Billerica, MA) at 1:10,000 for 5 min and washed 
three times with 0.05 M PB. The tissue sections were then 
examined using a Olympus IX81 inverted microscope 
(Olympus, Hatagaya, Shibuya-Ku, Tokyo, Japan) equipped 
with lasers (Helium Neon laser and Argon laser; models 
GLG 7000; GLS 5414A and GLG 3135, Showa Optron-
ics Co., Tokyo, Japan) with the excitation wavelength of 
488, 543, and 635. The microscope is also equipped with 
filters (DM 405-44; BA 505-605; and BA 560-660) and 

Table 1  Characterization of the primary antibodies used for immunofluorescence microscopy (IF) and electron microscopy (EM)

Antigen Immunogen Host Source Catalog # Dilution References

TH TH purified from rat 
PC12 cells

Mouse Immunostar Inc 22941 1:5000 (IF) Van Bockstaele and Pickel 
(1993), Oropeza et al. 
(2005)

CBIr Last 15 aa of the C ter-
minal of the rat CB1r

Rabbit Dr. Ken Mackie n/a 1:1000 (IF and EM) Carvalho et al. (2010), 
Scavone et al. (2010)

CRF Synthetic CRF peptide Guinea-pig Peninsula Laboratories T-5007 1:7000 (IF) 1:2000 (EM) Rudoy et al. (2009)
VGlutl aa 456–560 of Strep-Tag 

fusion protein of rat 
VGlutl

Mouse Synaptic systems 135 311 1:4000 (IF) Javadi et al. (2015)

GAD-65/67 C terminus of human 
GAD-67

Goat Santa Cruz sc-7513 1:700 (IF) Papay et al. (2006), Rubio-
Aliaga et al. (2004)

Syn Rat retina synaptophysin Mouse Millipore MAB368 1:500 (IF) Yamanaka et al. (2011)
PHAL Red kidney bean lectin 

receptor specific
Goat Vector laboratories AS-2224 1:5000 (IF) Van Bockstaele et al. 

(2001)
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with Olympus Fluoview ASW FV1000 program (Olym-
pus, Hatagaya, Shibuya-Ku, Tokyo, Japan). Analysis of 
co-localization of profiles was obtained from dually labeled 
immunofluorescence images of CB1r and CRF taken from 
alternate LC sections of three rats (n = 3) via the Coloc2 
plug-in on the FIJI ImageJ software. CRF (green) was set to 
channel 1, and CB1r (red) was set to channel 2, so the Pear-
son’s coefficients obtained are representative of the like-
lihood that CB1r is co-localized with respect to CRF. To 
best visualize co-localization in fluorescence micrographs, 
CB1r was always pseudocolored red, CRF and Syn, pseu-
docolored green, and glutamic acid decarboxylase (GAD) 
and vesicular glutamate transporter (VGlut) were pseudoc-
olored cyan. Two sets of control tissues were processed in 
parallel, one with the omission of primary antibodies and 
the other with the omission of secondary antibodies. As 
an additional control, rabbit anti-CB1r was processed with 
both TRITC conjugated donkey anti-rabbit and Alexafluor 
647 conjugated donkey anti-guinea-pig, and guinea-pig 

anti-CRF was also processed with both TRITC conjugated 
donkey anti-rabbit and Alexafluor 647 conjugated donkey 
anti-guinea-pig (Fig. 1). Since secondary antibody fluores-
cence was only observed when the corresponding primary 
antibody was used, there is no detectable cross reactivity 
between the antibodies.

Anterograde transport

Surgery was performed on male Sprague–Dawley rats 
(n = 3). Animals injected with PHAL into the central 
nucleus of the amygdala (CeA) were initially anesthetized 
with a cocktail of ketamine hydroxide (100 mg/kg; Phoenix 
Pharmaceutical, Inc., St. Joseph, MO) and xylazine (2 mg/
kg; Phoenix Pharmaceutical, Inc., St. Joseph, MO) in saline 
intraperitoneally (i.p.) and placed in a stereotaxic appara-
tus for surgery. Anesthesia was supplemented with isoflu-
rane (Abbott Laboratories, North Chicago, IL; 0.5–1.0%, in 
the air) via a specialized nose cone affixed to the incisor 

Fig. 1  Secondary antibodies show no cross reactivity. Confocal fluo-
rescence micrographs of control experiments that were performed 
to examine rhodamine isothiocyanate (TRITC)- and Alexafluor 
647-conjugated secondary antibody specificity. a–c Tissue was pro-
cessed with guinea-pig anti-CRF primary antibody, then both Alex-
afluor 647-conjugated donkey anti-guinea-pig and TRITC-conjugated 
donkey anti-rabbit secondary antibodies. d–f Tissue was processed 
with rabbit anti-CB1r primary antibody, then both TRITC conju-
gated donkey anti-rabbit and Alexafluor 647 conjugated donkey anti-
guinea-pig secondary antibodies. a With the absence of rabbit anti-

CB1r primary antibody, TRITC does not fluoresce. b CRF (green) 
peptide is visualized by Alexafluor 647 fluorescence. c Merging 
of TRITC and Alexafluor 647 channels. d CB1r (red) is visualized 
by TRITC fluorescence. e With the absence of guinea-pig anti-CRF 
primary antibody, Alexafluor 647 does not fluoresce. f Merging of 
TRITC and Alexafluor 647 channels. In a and e, minimal non-specific 
background labeling is observed. This demonstrates the specificity of 
both TRITC and Alexafluor secondary antibodies for their respective 
primary antibodies, and does not show any cross reactivity
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bar of the stereotaxic frame (Stoelting Corp., Wood Dale, 
IL). Glass micropipettes (Kwik-Fil, 1.2  mm outer diam-
eter; World Precision Instruments, Inc., Sarasota, FL) with 
tip diameters of 15–20  µm were filled with 2.5% PHAL 
(Vector Laboratories, Burlingame, CA). The tips of the 
glass micropipettes were positioned in the CeA using the 
following coordinates: 2.3 mm posterior from Bregma and 
4.2 mm medial/lateral based on the rat brain atlas of Paxi-
nos and Watson (1997). The glass micropipettes were low-
ered targeting the appropriate coordinates for placement of 
PHAL into the CeA (6.7  mm ventral from the top of the 
skull), and PHAL was injected using a Picospritzer (Gen-
eral Valve Corporation, Fairfield, NJ) at 24–26 psi, 10 ms 
duration and 0.2 Hz. Injection of PHAL was done unilater-
ally into the CeA of each animal. Pipettes were left at the 
site of injection for 5 min after tracer deposit to limit leak-
age of the tracer along the pipette track. After 10 days, rats 
were anesthetized and perfused as described above, and tis-
sue was processed for immunohistochemical detection of 
PHAL, CB1r, and CRF.

Electron microscopy

Rats were anesthetized and perfused as described above, 
using a 2% formaldehyde and 3.75% acrolein (from Elec-
tron Microscopy Sciences) solution. Brains were post-fixed 
in the formaldehyde and acrolein solution for 24  h, and 
40 µm sections were cut on a vibratome (Pelco EasiSlicer, 
Ted Pella, Inc., Redding, CA). Tissues were processed as 
we previously described (Reyes et  al. 2006a, b; Scavone 
et al. 2011). Briefly, alternate sections through the LC were 
processed for CRF and CB1r (n = 4). Tissues were placed 
in 1% sodium borohydride in 0.1 M PB (pH 7.4) for 30 min 
to remove any aldehydes remaining from the perfusion, fol-
lowed by a 30-min incubation in 0.5% BSA in 0.01 M TBS. 
They were then rinsed with TBS and incubated overnight 
with CRF peptide antibody raised in guinea-pig (1:2000, 
Peninsula Laboratories) and CB1r antibody raised in rabbit 
(1:1000). CRF was then visualized with immunoperoxidase 
labeling via biotinylated donkey anti-guinea-pig antibodies 
(1:400) for 30  min, followed by an avidin–biotin incuba-
tion for 30 min (ABC kit, Vector Laboratories, Burlingame, 
CA), and visualization with a 5-min reaction in 3,3′-diam-
inobenzidine (DAB; Sigma–Aldrich Inc., St. Louis, MO) 
and hydrogen peroxide in 0.1 TBS.

CB1r was visualized through immunogold–silver 
enhancement. Tissues were first washed extensively, then 
incubated in goat anti-rabbit IgG, conjugated to 1 nm gold 
particles (Amersham Bioscience Corp., Piscataway, NJ) for 
2 h. Next, tissues were washed in 0.2% gelatin-phosphate 
buffered saline (PBS) and 0.8% BSA buffer followed by 
0.1 M PBS, then incubated for 10 min in 2% glutaraldehyde 
(Electron Microscopy Sciences, Hatfield, PA) in 0.01  M 

PBS. After washing with 0.01 M PBS and 0.2 M sodium 
citrate buffer (pH 7.4) sequentially, silver enhancement of 
the gold particles was done using a silver enhancement 
kit (Amersham Bioscience Corp.). This process was opti-
mized empirically to determine the optimal enhancement 
time, which ranged between 5 and 8  min. Tissues were 
then washed again in 0.2 M citrate buffer and 0.1 M PB, 
then incubated in 2% osmium tetroxide (Electron Micros-
copy Sciences) in 0.1  M PB. After a 1  h incubation, tis-
sues were washed in 0.1  M PB, dehydrated in ascending 
series of ethanol then propylene oxide, and flat embedded 
in Epon 812 between two sheets of aclar (Electron Micros-
copy Sciences). Sections were cut at 70  nm on a Leica 
Ultracut (Leica Microsystems, Wien, Vienna, Austria) with 
a diamond knife (Diatome-US, Fort Washington, PA), col-
lected on copper mesh grids, and examined with an elec-
tron microscope (Morgagni Fei Company, Hillsboro, OR), 
with digital images captured by an AMT advantage HR/
HR-B CCD camera system (Advance Microscopy Tech-
niques Corp, Danvers, MA). Tissue was processed with the 
reverse immunolabels for each primary antibody, with CRF 
immunolabeled with silver-intensified gold particles and 
CB1r with peroxidase.

Controls and data analysis

Tissue sections for electron microscopy were obtained from 
rats with the best immunohistochemical labeling and pres-
ervation of ultrastructural morphology. The semi-quantita-
tive approach used in the present study is well established 
and has been described previously (Reyes et  al. 2006b, 
2007; Van Bockstaele et al. 1996a, b). While acrolein fixa-
tion optimizes the preservation of ultrastructural morphol-
ogy, the caveat of limited and or differential penetration of 
immunoreagents in thick tissue sections exists (Chan et al. 
1990; Leranth and Pickel 1989). Consequently, the limited 
penetration of CB1r and CRF may result in an underesti-
mation of the relative frequencies of their distribution. We 
mitigated this limitation by collecting the tissue sections 
exclusively near the tissue–Epon interface, where penetra-
tion is maximal and profile was sampled only when all the 
markers were present in the surrounding neuropil included 
in the analysis. The cellular elements were identified based 
on the description of Peters and Palay (1996). Somata con-
tained a nucleus, Golgi apparatus, and smooth endoplasmic 
reticulum. Proximal dendrites contained endoplasmic retic-
ulum, were postsynaptic to axon terminals and were larger 
than 0.7 µm in diameter. A terminal was considered to form 
a synapse if it showed a junctional complex, a restricted 
zone of parallel membranes with slight enlargement of the 
intercellular space, and/or associated with postsynaptic 
thickening. A synaptic specialization was only limited to 
the profiles that form clear morphological characteristics of 
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either Type I or Type II (Gray 1959). Asymmetric synapses 
were identified by thick postsynaptic densities (Gray’s type 
I; Gray 1959). In contrast, symmetric synapses had thin 
densities (Gray’s type II; Gray 1959) both pre- and post-
synaptically. An undefined synapse was defined as an axon 
terminal plasma membrane juxtaposed to that of a dendrite 
or soma devoid of recognizable membrane specializations 
and no intervening glial processes. Two individuals quanti-
fied the synapse distributions in all profiles analyzed, both 
reaching the same percentages.

Identification of immunogold–silver labeling in profiles

Selective immunogold–silver labeled profiles were identi-
fied by the presence, in single thin sections, of at least two 
immunogold–silver particles within a cellular compart-
ment. As we previously reported (Reyes et al. 2006b, 2007; 
Van Bockstaele et  al. 1996a, b), single spurious immuno-
gold–silver labeling can contribute to false positive labeling 
and can be detected on blood vessels, myelin, or nuclei. 
Although minimal spurious labeling was identified in the 
present study, the criterion for considering an axon or den-
drite immunogold–silver labeled was defined by the pres-
ence of at least two silver particles in a profile. Whenever 
possible, the more lightly labeled dendritic labeling for 
CRF was confirmed by detection in at least two adjacent 
sections. Profiles containing CRF-labeled axon terminals 
were counted and their association with CB1r receptors 
was determined.

Results

CB1r localization in LC: coexistence with CRF

The LC is a compact cluster of NE neurons in the dorsal 
pons that serves as the primary source of NE in forebrain 
regions such as the hippocampus and cortex that govern 
cognition, memory, and complex behaviors. To examine 
the relationship of CB1r with presynaptic neural profiles, 
CB1r immunoreactivity was combined with immunolabe-
ling of an axonal marker, synaptophysin (Syn). Syn is a 
SNARE protein that is localized to the plasma membrane 
of axonal terminals (Edelmann et  al. 1995). Immunofluo-
rescence microscopy was performed for CB1r and Syn in 
the LC and DAPI was used to denote the nuclei in the LC 
region (Fig.  2). Consistent with its known localization, 
Syn appeared in varicose processes, some of which were 
co-localized with CB1r (Fig.  2d) suggesting that CB1r 
is located presynaptically in axon terminals. There also 
existed areas of CB1r immunoreactivity lacking Syn immu-
noreactivity, suggesting that CB1r is associated with pro-
files other than axon terminals in the LC.

Considering the presynaptic distribution of CB1r, we 
sought to test the hypothesis that the eCB system is posi-
tioned to directly modulate CRF-containing afferents 
within the LC using immunofluorescence detection of CRF 
and CB1r (Fig. 3a–c). As previously described in independ-
ent studies (Scavone et al. 2010; Valentino et al. 1992; Van 
Bockstaele et  al. 1996a, 1999), CB1r and CRF appeared 
in punctate varicose processes that were distributed in the 

Fig. 2  CB1r is localized 
presynaptically in the LC. Con-
focal fluorescence micrographs 
showing that CB1r (red) and 
synaptophysin (Syn; green) are 
co-localized within the LC. a 
DAPI was used to detect nuclei 
in LC cell bodies, b, c CB1r 
was detected using a rhodamine 
isothiocyanate-conjugated 
secondary antibody, and Syn, 
an axonal marker, was detected 
using an Alexafluor 647-con-
jugated secondary antibody 
(pseudocolored in green). d 
CB1r and Syn appear punctate 
throughout. Co-localization of 
CB1r and Syn (yellow) can be 
seen in d. Arrows point to CB1r 
and Syn co-localization, while 
arrowhead and thick arrow 
point to singly labeled CB1r 
or Syn, respectively. Arrows 
indicate dorsal (D) and lateral 
(L) orientation. 4 V, fourth 
ventricle. Scale bar 25 µm
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LC. Triple immunofluorescence revealed co-localization of 
CB1r and CRF-immunoreactive processes adjacent to TH-
immunoreactive neurons (Fig. 3d–g). These data also show 
the presence of CB1r in TH-containing neurons suggesting 
that CB1r is also found postsynaptically, confirming our 
previous studies demonstrating that CB1r is localized both 
pre- and postsynaptically, in the LC (Scavone et al. 2010).

The core of the LC consists of a dense cluster of noradr-
energic neurons, with dendrites that extend into the sur-
rounding area, known as the peri-LC (Shipley et al. 1996). 
CRF afferent nuclei are known to topographically innervate 
the LC (Van Bockstaele et  al. 2001). CRF afferents from 
limbic regions, such as the amygdala and bed nucleus of the 
stria terminalis, have been shown to provide topographic 
innervation of the rostrolateral peri-LC, while medullary 

afferents have been shown to project primarily to the core 
(Valentino and Van Bockstaele 2008a; Van Bockstaele 
et  al. 1996a, 1999). To determine if there is differential 
distribution between the eCB regulation of CRF afferents 
in the core vs. peri-LC, confocal images of CB1r and CRF 
immunoreactivity were analyzed using the imageJ plug-
in coloc2, and the average Pearson’s coefficient (PC) was 
determined: for the core, PC = 48.4 ± 3.12 and for the peri-
LC, PC = 31.6 ± 3.78. PC values represent the linear cor-
relation of CB1r (red) signal intensity with respect to CRF 
(green) signal intensity at each pixel, and a PC > 0 signifies 
that the signal co-localization is greater than it would be at 
random, with a PC = 1 indicating perfect correlation (Adler 
and Parmryd 2010). These values suggest that there is a 
correlation between CB1r and CRF in both the core and the 

Fig. 3  CB1r is co-localized 
with CRF in the LC. Confocal 
fluorescence micrographs show-
ing that CB1r (red) and CRF 
(green) are co-localized in the 
LC. CB1r was detected using 
a rhodamine isothiocyanate-
conjugated secondary antibody 
(a) and CRF was detected using 
an Alexafluor 647-conjugated 
secondary antibody (pseudo-
colored in green) (b). Co-
localization of CB1r and CRF 
(yellow) is shown in a merged 
image in c. Arrows denote CB1r 
and CRF co-localization while 
arrowheads point to singly 
labeled CB1r and CRF. d–g TH, 
a marker for noradrenergic neu-
rons, was detected using fluores-
cein isothiocyanate-conjugated 
secondary antibody (pseudo-
colored in blue) and was used 
to show that co-existing CB1r 
and CRF axon terminals are 
present within the core of the 
LC. In addition, note that CB1r 
are localized to TH-containing 
neurons suggesting that CB1r 
are localized both pre- and post-
synaptically in the LC. g Insets 
show co-localization of CB1r 
and CRF, and are shown at a 
higher magnification. Arrows 
depict triple co-localization of 
CB1r, CRF, and TH. 4 V, fourth 
ventricle. Scale bar 25 µm
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peri-LC. Analysis of co-localization was further carried out 
using immunoelectron microscopy.

Ultrastructural localization of CRF and CB1r in the LC

Immunoelectron microscopy was used to further deter-
mine the precise subcellular co-localization of CB1r in 
relation to CRF afferents in the LC (Fig.  4). Immunoper-
oxidase labeling was used for the detection of CRF, and 

immunogold–silver labeling was used for the detection of 
CB1r. These markers are routinely reversed, and results 
showed a similar distribution irrespective of the secondary 
immunolabel of the primary antibody. The core of the LC 
consists of a dense cluster of noradrenergic neurons, with 
dendrites that extend into the surrounding area, known as 
the peri-LC (Shipley et al. 1996). CRF afferent nuclei are 
known to topographically innervate the LC (Van Bocks-
taele et al. 2001). CRF afferents from limbic regions, such 

Fig. 4  CRF-containing afferents co-localize with CB1r in the LC. 
a–f. Representative electron micrographs showing immunoperoxidase 
labeling for CRF-containing axon terminals (CRF-t) and immuno-
gold–silver labeling for CB1r (arrowheads) in the LC core (a–c) and 
peri-LC (d, e). a CRF-labeled axon terminal containing CB1r forms 
is in direct contact (arrows) with an unlabeled dendrite (ud) in the LC 
core. b Peroxidase-labeled CRF-t co-localizing CB1r (arrowheads) 
forms a symmetric-type synapse (double arrows) with an unlabeled 
dendrite (ud) in the LC core. c Axon terminal containing both per-
oxidase labeling for CRF and immunogold–silver labeling for CB1r 

(arrowheads) forms an asymmetric-type synapse (zig zag arrows) 
with an unlabeled dendrite (ud) in the LC core. d CRF-labeled axon 
terminal containing CB1r (arrowheads) forms an asymmetric-type 
synapse (zig zag arrows) with an unlabeled dendrite (ud) in the peri-
LC. e Peroxidase-labeled CRF axon terminal forming an asymmetric 
synapse (zig zag arrows) with a dendrite containing immunogold–
silver labeled CB1r (arrowheads) f Peroxidase-labeled CRF axon 
terminal can be seen in close proximity to a separate axon terminal 
containing immunogold–silver labeled CB1r. dcv dense core vesicle. 
Scale bar 0.5 µm
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as the amygdala and bed nucleus of the stria terminalis, 
have been shown to provide topographic innervation of the 
rostrolateral peri-LC, while medullary afferents have been 
shown to project primarily to the core (Valentino and Van 
Bockstaele 2008a; Van Bockstaele et al. 1996a, 1999). To 
determine if there is differential distribution between the 
eCB regulation of CRF afferents in the core vs. peri-LC, 
electron micrographs from the core and the peri-LC were 
quantified separately.

For analysis of the LC core, a total of 468 profiles were 
analyzed from at least five grids per LC section. At least 
three LC sections were collected from each Sprague–Daw-
ley rat (n = 4). Several interactions between CB1r and CRF-
containing axon terminals were observed. One type of 
interaction demonstrated axon terminals containing both 
CB1r and CRF, suggesting an anatomical substrate for pre-
synaptic modulation of CRF by CB1r (Fig.  4a–d). It was 
also observed that CRF-containing afferents target den-
drites expressing CB1r, providing a cellular substrate for 
potential postsynaptic effects (Fig.  4e). Of the 468 CRF-
labeled axon terminals analyzed, 44.4% (208/468 profiles) 
also contained CB1r and of the 208 CRF + CB1r co-labeled 
axon terminals and 12.5% (26/208 profiles) contacted den-
drites that expressed CB1r postsynaptically. In addition, 
18.2% (85/468 profiles) of CRF axon terminals that did not 
express CB1r synapsed onto dendrites that contained CB1r. 
The remainder of CRF terminals did not exhibit CB1r or 
was not adjacent to profiles exhibiting CB1r immunoreac-
tivity (37.4%; 175/468 profiles).

For peri-LC analysis, a total of 294 profiles were 
analyzed obtained from at least five grids per LC sec-
tion. At least three LC sections were collected from each 
Sprague–Dawley rat (n = 3). Of the 294 axon terminals ana-
lyzed that contained CRF, 35.37% (104/294 profiles) also 
contained CB1r, and of the 104 CRF + CB1r co-labeled 
axon terminals, and 10.2% (30/104 profiles) contacted den-
drites that expressed CB1r postsynaptically. In addition, 
6.46% (19/294 profiles) of CRF axon terminals that did not 
express CB1r synapsed onto dendrites that contained CB1r. 
The remainder of CRF terminals did not exhibit CB1r or 
were not adjacent to profiles exhibiting CB1r immunoreac-
tivity (47.96%; 141/294 profiles). This provides compelling 
evidence for presynaptic regulation of CRF afferents by the 
eCB system in both the core and peri-LC areas.

CRF and CB1r co-localize at inhibitory and excitatory 
synapses in LC

The type of synapses formed by CRF-labeled axon termi-
nals that either contain CB1r or apposed to CB1r-contain-
ing dendrites were subsequently analyzed. In the LC core, 
of the dually labeled CRF- and CB1r axon terminals that 
formed synapses with unlabeled dendrites (Fig.  4a–c), 

72.0% (131/182 profiles) exhibited symmetric synapses 
(Fig.  4b), 17.0% (31/182 profiles) formed asymmetric 
synapses (Fig.  4c), and 11.0% (20/182 profiles) formed 
undefined synapses (Fig. 4a). For CRF-labeled axon ter-
minals apposed to CB1r-labeled dendrites, 52.9% (45/85 
profiles) formed symmetric synapses, 36.5% (31/85 pro-
files) formed asymmetric synapses, and 10.6% (9/85 
profiles) formed undefined synapses. For dually labeled 
CRF- and CB1r axon terminals apposed to CB1r-labeled 
dendrites, 50.0% (13/26 profiles) formed symmetric 
synapses, 38.5% (10/26 profiles) formed asymmetric 
synapses, and 11.5% (3/26 profiles) formed undefined 
synapses.

In the peri-LC, of the dually labeled CRF- and CB1r 
axon terminals that formed synapses with unlabeled den-
drites (Fig.  4d), 21.15% (22/104 profiles) formed sym-
metric synapses, 53.84% (56/104 profiles) formed asym-
metric synapses (Fig.  4d), and 28.85% (30/104 profiles) 
formed undefined synapses. For CRF-labeled axon ter-
minals apposed to CB1r-labeled dendrites, 21.05% (4/19 
profiles) formed symmetric synapses, 57.89% (11/19 
profiles) formed asymmetric synapses, and 21.05% (4/19 
profiles) formed undefined synapses. For dual CRF- and 
CB1r-labeled terminals apposed to CB1r-labeled den-
drites, 30.0% (9/30 profiles) formed symmetric synapses, 
56.67% (17/30 profiles) formed asymmetric synapses, 
and 13.33% (4/30 profiles) formed undefined synapses. 
As compared to the core of the LC, where CB1r and CRF 
interactions exhibited primarily inhibitory-type synapses, 
the peri-LC showed a different synaptic organization with 
dually labeled terminals exhibiting primarily excitatory 
synapses.

The different morphological characteristics of dually 
labeled CRF and CB1r synaptic specializations in the 
core vs. peri-LC suggested that CB1r modulation of 
either inhibitory or excitatory CRF afferents. To further 
explicate the neurochemical signature of dually labeled 
CRF and CB1r synapses, triple labeling immunofluores-
cence was performed. In addition to staining for CRF and 
CB1r, GAD, the enzyme responsible for GABA synthe-
sis in axon terminals (Fonnum et al. 1970), was used as 
a marker for GABAergic neurons (Fig. 5), and VGlut, a 
protein responsible for filling synaptic vesicles with glu-
tamate (Fremeau et  al. 2004), was used as a marker for 
glutamatergic neurons (Fig.  6). Figures  5 and 6 demon-
strate immunocytochemical evidence that CB1r, CRF, 
and GAD or VGlut are co-localized, suggesting that CB1r 
and CRF are expressed at both excitatory and inhibitory 
synapses. In addition, Figs. 5 and 6 show co-localization 
between CB1r and CRF in axon terminals lacking GAD 
or VGlut, respectively, as well as evidence for CB1r and 
GAD or VGlut in axon terminals lacking CRF.
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Fig. 5  CB1r and CRF co-
localize with GAD in the 
LC. Confocal fluorescence 
micrographs showing CB1r 
(red), CRF (green), and GAD 
(cyan) co-localization in the 
LC. a CB1r was detected using 
a rhodamine isothiocyanate-
conjugated secondary antibody. 
b CRF was detected using an 
Alexafluor 647-conjugated 
secondary antibody (pseudo-
colored in green). c GAD was 
detected using a fluorescein 
isothiocyanate-conjugated sec-
ondary antibody (pseudocolored 
in cyan). d Triple co-localiza-
tion (pink) can be seen in the 
bottom row and is depicted 
by arrows. The inset on the 
bottom left panel d is shown at 
a higher magnification on the 
bottom right (d′). In addition, 
co-localization of CB1r and 
CRF without GAD (yellow, 
double arrowheads) and CB1r 
and GAD without CRF (white, 
asterisks) is observed. Single 
arrowheads point to singly 
labeled CB1r, CRF, and GAD. 
Scale bar 30 µm

Fig. 6  CB1r and CRF co-localize with VGlut in the LC. Confocal 
fluorescence micrographs showing CB1r (red), CRF (green), and 
VGlut (cyan) co-localization in the LC. a CB1r was detected using 
a rhodamine isothiocyanate-conjugated secondary antibody. b CRF 
was detected using an Alexafluor 647-conjugated secondary antibody 
(pseudocolored in green). c VGlut was detected using a fluorescein 

isothiocyanate-conjugated secondary antibody (pseudocolored in 
cyan). d Triple co-localization (pink) can be seen in the right pan-
els and is depicted by arrows. In addition, co-localization of CB1r 
and CRF without VGlut (yellow, double arrowheads) and CB1r and 
VGlut without CRF (white, asterisks) is observed. Single arrowheads 
point to singly labeled CB1r, CRF, and GAD. Scale bar 30 µm
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CB1r and CRF co-localize in amygdalar projections 
to the LC

CRF afferents from both autonomic and limbic regions 
project to the LC, and the central nucleus of the amygdala 
(CeA) is one of the key limbic inputs involved in stress 
signaling (Aston-Jones et  al. 1991; Van Bockstaele et  al. 
1996a, b, 1999). Previous electron microscopy tracing 
studies have shown that within the rostrolateral peri-LC, 
approximately 35% of axon terminals from the amygdala 
co-localize with CRF, and 22% of CRF-labeled profiles 
originate from the amygdala (Van Bockstaele et al. 1998). 
Anterograde transport of PHAL from the CeA (Fig.  7e) 
revealed that amygdalar projections to the LC that contain 
CRF also express CB1r (Fig. 7a–d), suggesting that CB1r 
are positioned to modulate amygdalar CRF release.

Discussion

While it is known that CRF and the eCB system inde-
pendently regulate noradrenergic neurons in the LC, the 
present results demonstrate a direct interaction between 
the two by providing ultrastructural evidence for CB1r 
localization to CRF-containing axon terminals in the 
LC. To our knowledge, these findings provide the first 

anatomical evidence that the eCB system is positioned to 
directly modulate CRF stress-integrative circuitry within 
the LC-NE system. In addition, morphological analyses 
at the electron microscopic level revealed that dually 
labeled CB1r + CRF axon terminals exhibited Gray’s 
Type I (asymmetric or excitatory type) and Gray’s Type 
II (symmetric or inhibitory type) synapses. Interestingly, 
to our knowledge, this is the first subcellular evidence 
that CB1r and CRF are co-localized within the LC. Type 
I synapses were more frequently found in the peri-LC, 
a known source of CRF limbic afferents, while Type II 
synapses were more frequently localized in the core of 
the LC, a known source or autonomic and viscerorecep-
tive afferents. The ultrastructural data were confirmed 
by a triple immunofluorescence labeling approach show-
ing that dually labeled CRF and CB1r afferents contain 
markers for either excitatory or inhibitory-type amino 
acids. These results suggest that eCB modulation of CRF 
afferents will produce differential consequences on LC-
neuronal activity depending on whether distinct CRF 
afferents that contain co-existing excitatory or inhibitory 
amino acid transmitters are engaged, and provide the first 
evidence that topographic distinctions occur between 
CB1r and CRF co-localization with inhibitory and excita-
tory amino acids in the core and peri-LC, respectively. 
Finally, co-localization of CB1r, CRF, and PHAL in the 

Fig. 7  CB1r and CRF co-localize in PHAL-labeled amygdalar affer-
ents to the LC. The anterograde tracer PHAL was injected into the 
central nucleus of the amygdala (CeA) and immunofluorescence labe-
ling was conducted for PHAL, CB1r and CRF in LC sections. a–d 
Confocal fluorescence micrographs demonstrate triple co-colocali-
zation of CB1r, CRF, and PHAL in the peri-LC. CB1r was detected 
using a rhodamine isothiocyanate-conjugated secondary antibody (a) 
and CRF was detected using an Alexafluor 647-conjugated secondary 
antibody (pseudocolored in green) (b) and PHAL was detected using 
fluorescein isothiocyanate-conjugated secondary antibody (pseudoc-
olored in blue) (c). d Triple co-localization (white) can be observed, 

and is depicted by arrows. Double arrowheads point to dual co-
localization of CB1r and CRF (yellow). Single arrowheads point to 
singly labeled CB1r, CRF, and PHAL. Scale bar 25  µm. e. Sche-
matic diagram adapted from the rat brain atlas of Paxinos and Wat-
son (Paxinos and Watson 1997) depicting the location of the CeA. 
The box illustrates the region in which the lower image was taken. 
This image showing an overlay of fluorescein isothiocyanate-labeled 
PHAL injection site with the same section stained with Nissl shows 
that the injection was positioned in the CeA. Opt optic tract. Scale 
bar 0.5 mm
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LC demonstrates that CB1r are localized in CRF-contain-
ing afferents that arise from the amygdala.

Methodological considerations

Dual labeling immunocytochemistry with peroxidase 
detection and immunogold–silver labeling combined with 
electron microscopy makes it possible to identify the sub-
cellular localization of receptors within a defined neuronal 
population. However, some limitations need to be consid-
ered when interpreting results from pre-embedding immu-
noelectron microscopy experiments. Often, there is limited 
and/or differential penetration of the primary and secondary 
antibodies, especially in thicker tissue sections (Chan et al. 
1990; Leranth and Pickel 1989). For example, antibodies 
directed against CRF or CB1r may not have penetrated the 
tissue section sufficiently, resulting in an underestimation 
of the number of CRF-containing afferents or CB1r in the 
LC. To minimize this caveat, only tissue sections where 
both markers could be detected near the tissue–Epon inter-
face were analyzed (Leranth and Pickel 1989). In addition, 
while classifying synapses as symmetric or asymmetric at 
the electron microscopic level is suggestive of inhibitory or 
excitatory-type synapses (Gray 1959; Harris and Weinberg 
2012), it is not definitive. Therefore, triple immunofluores-
cence using GAD as a marker for GABAergic synapses and 
VGlut as a marker for glutamatergic synapses was used to 
unequivocally establish the presence of inhibitory or excit-
atory amino acids in dually labeled CRF + CB1r afferents.

CRF regulation of LC neurons: implications 
for modulation by CB1r

The LC is a stress-integrative system that consists of a 
dense cluster of noradrenergic somata, defined as the core, 
with extensive dendritic processes extending from the core 
into surrounding portions of the neuropil, known as the 
peri-LC (Shipley et al. 1996). CRF fibers have been shown 
to prominently innervate peri-LC areas when compared to 
the core (Valentino et al. 2001; Van Bockstaele et al. 1996a, 
1999). CRF-containing afferents originating from the cen-
tral nucleus of the amygdala (CeA; Van Bockstaele et  al. 
1998), Barrington’s nucleus (Bar; Valentino et  al. 1996), 
the paraventricular nucleus of the hypothalamus (PVN; 
Reyes et  al. 2005), and the nucleus paragigantocellularis 
(PGi; Van Bockstaele et al. 2001) form primarily asymmet-
ric or excitatory-type synapses with LC dendrites. Addi-
tional CRF afferents arise from the BNST (Van Bockstaele 
et  al. 1999), ventrolateral periaqueductal gray (PAG; Van 
Bockstaele et  al. 2001), and the nucleus prepositus hypo-
glossi (PrH; Van Bockstaele et al. 2001) and form largely 
symmetric or inhibitory-type synapses (Fig. 8a). CRF affer-
ents also exhibit topographic innervation of the LC core 

and peri-LC areas, with the CeA and BNST projecting to 
the peri-LC, while Bar, the PVN, PGi, PAG, and PrH, pro-
ject to the core (Fig. 8b) (Van Bockstaele et al. 2001). CRF 
exerts a primarily postsynaptic regulation of LC neurons, 
where it acts upon CRF type 1 receptors that are promi-
nently distributed within the LC (Curtis et al. 1999; Reyes 
et al. 2006a, 2008b).

During stress, CRF is released to shift the activity of 
LC neurons to a high tonic state that promotes scanning 
of the environment and behavioral flexibility (Curtis et al. 
2001, 2002, 2012; Kreibich et  al. 2008; Valentino et  al. 
2001; Valentino and Van Bockstaele 2005; Van Bock-
staele et  al. 2010; Xu et  al. 2004). Previous neuroana-
tomical and electrophysiological studies demonstrated 
selective presynaptic inhibition of CRF afferent input by 
selective KOR agonists (Kreibich et al. 2008; Reyes et al. 
2007). By allowing LC neurons to fire spontaneously, but 
attenuating information from excitatory afferents, presyn-
aptic regulation of CRF by KOR may serve to protect 
the LC from over-activation (Kreibich et  al. 2008). The 
present study reveals an additional component involved 
in the presynaptic regulation of CRF afferents in the LC, 
the CB1r. CB1r are known to be present in stress respon-
sive circuits that are essential to the expression of stress-
related behaviors (Hill et al. 2010; Shimizu et al. 2010). 
For example, the eCB system plays a critical role in glu-
cocorticoid-mediated fast feedback inhibition of the HPA 
axis (Hill and McEwen 2009; Hill et al. 2010), and acute 
restraint stress has been shown to increase the synthesis 

Fig. 8  Functional consequences of eCB modulation of CRF affer-
ents. a Table showing known CRF projections to the LC, their puta-
tive co-localizing amino acid, and function. b Schematic depicting 
the topographic innervation of the LC by CRF afferents. Bar, PAG, 
PGi, PrH, and PVN are all known to project to the core of the LC, 
while the BNST and CeA project to the peri-LC
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of endogenous eCB in limbic forebrain areas (Haller et al. 
2002; Martin et al. 2002; Patel et al. 2005). CB1r agonist 
administration has been shown to alter LC-neuronal dis-
charge and NE release in target regions during basal and 
stress conditions (Herkenham et al. 1990; Oropeza et al. 
2005; Page et al. 2007, 2008; Reyes et al. 2012).

Ultrastructural analysis in the present study reveals that 
a majority of CRF and CB1r dual-labeled afferents in the 
peri-LC form Type I or asymmetric synapses, suggesting 
that the eCB system may modulate release of CRF from 
limbic afferents, such as the amygdala, which was con-
firmed by combining anterograde labeling from the CeA 
with immunofluorescence detection of CRF and CB1r. eCB 
signaling within the amygdala is necessary for habituation 
and adaptation of fear-related behaviors (Kamprath et  al. 
2006; Marsicano et  al. 2002; Wyrofsky et  al. 2015). It is 
tempting to speculate that eCB modulation of the amygda-
lar CRF afferents in the LC could also play a role in attenu-
ating emotionally-charged stimuli. LC activation causes an 
increase in NE release in the mPFC, which plays a critical 
role in aversive memory extinction, and NE dysregulation 
can lead to the development of anxiety disorders (Wyrofsky 
et al. 2015; Mueller and Cahill 2010; Mueller et al. 2008). 
CRF release from the amygdala is known to increase LC 
activity. The co-localization of CB1r on amygdalar CRF 
afferents provides a potential mechanism for the eCB sys-
tem to modulate the stress response and attenuate stress-
induced dysregulation of frontal cortical activity, which 
may result in enhancing traumatic memory extinction and 
diminish anxiety-like behaviors.

A smaller percentage of CRF afferents co-expressing 
CB1r in the peri-LC formed Type II or symmetric syn-
apses; therefore, the eCB system could also have an effect 
on CRF projections from the BNST. Unlike the peri-LC, a 
large majority of CB1r and CRF dual-labeled synapses in 
the core region were of the inhibitory type (Type II syn-
apses). GABA + CRF afferents originate in regions respon-
sible for providing sensory and autonomic stimuli to the LC 
(Aston-Jones et al. 1991; Samuels and Szabadi 2008; Van 
Bockstaele et al. 2001). LC-neuronal activity has a bipha-
sic effect on arousal and attention: low tonic activity via 
involvement of GABA is associated with disengagement 
from the environment, while phasic activity is optimal for 
sustained focused attention (Aston-Jones 1985; Aston-
Jones and Cohen 2005). High tonic activity correlates with 
a shift towards scanning the environment and heightened 
arousal (Aston-Jones and Cohen 2005; Berridge and Water-
house 2003; Valentino and Van Bockstaele 2008b). While 
an initial shift to high tonic activity results in CRF-induced 
increases in behavioral engagement and scanning and is 
beneficial for adaptive responses to a stressor, chronic high 
tonic activity disrupts focused attention (Aston-Jones and 
Cohen 2005; Valentino and Van Bockstaele 2008b). In this 

regard, eCB modulation of CRF could act to return LC 
activity to optimal phasic levels.

In other brain regions, such as the hippocampus and 
cerebellum, it has been shown that CB1r can be located in 
the peri-synaptic region of both excitatory and GABAergic 
synapses (Kawamura et  al. 2006; Nyiri et  al. 2005). It is 
possible that further studies examining the regions adjacent 
to CRF afferents would reveal CB1r localization. Moreover, 
while CB1r is the predominant cannabinoid receptor in the 
brain (Scavone et al. 2010; Wyrofsky et al. 2015), eCBs can 
act at other receptors. Specifically, AEA has been shown to 
bind and activate transient receptor potential vanilloid type 
1 receptors (TRPV1), resulting in long-term depression 
within the dentate gyrus in a CB1r-independent manner 
(Chavez et al. 2010; Ryskamp et al. 2014). TRPV1 expres-
sion has been reported in the LC (Caterina 2003; Toth et al. 
2005). Future immunoelectron microscopy studies could 
examine the exact location of TRPV1 receptors, and if they 
are localized to excitatory CRF-containing terminals, they 
could represent another manner in which the eCB system 
could affect stress input from the PVN, Bar, and PGi.

In addition, our data demonstrate CB1r labeling in som-
atodendritic processes, consistent with our previous reports 
(Scavone et al. 2010). It is not clear whether these CB1r are 
functional within the LC or whether these are CB1r being 
transported to noradrenergic axon terminals in the frontal 
cortex. We have previously demonstrated that noradren-
ergic axon terminals in the prefrontal cortex exhibit CB1r 
(Oropeza et al. 2007) and LC neurons express CB1r mRNA 
(Tsou et al. 1998; Matsuda et al. 1993). Interestingly, there 
is evidence for functional postsynaptically distributed CB1 
receptors in other brain regions. Cytoplasmic CB1r distri-
bution has been observed within the rat caudate putamen 
nucleus (Rodriguez et  al. 2001). In addition, in HEK-293 
cells transfected with CB1r, ~85% of CB1r are localized 
in intracellular vesicles (Leterrier et  al. 2004), and the 
changes in subcellular localization seem to be attributed to 
activation-dependent internalization via endosomes dur-
ing steady-state conditions (Thibault et al. 2013). Ongoing 
slice physiology studies within the LC in our laboratory are 
exploring the functional significance of postsynaptically 
distributed CB1r (Wyrofsky et al. 2016). Therefore, future 
studies will provide critical information on the functional 
significance of pre- and postsynaptically distributed CB1r 
in the LC.

Functional implications

Targeting the eCB regulation of the LC-NE stress-inte-
grative circuit could provide therapeutic relief for various 
stress-induced anxiety disorders (Wyrofsky et  al. 2015). 
For example, the inability to extinguish aversive and fearful 
memories coupled with repeated re-consolidation of these 
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memories in limbic circuits underlies the pathophysiology 
of post-traumatic stress disorder (PTSD) and other anxi-
ety disorders (Jovanovic and Ressler 2010; Lehner et  al. 
2009), and NE is involved in both processes. Consolida-
tion of emotional memories involves LC-NE inputs to the 
amygdala (Ferry et al. 1999; McGaugh et al. 1996), while 
extinction of these memories involves LC-NE signaling in 
the mPFC (Mueller and Cahill 2010; Mueller et al. 2008). 
Several cannabinoid receptor ligands, including THC (an 
active component in cannabis) and nabilone (a synthetic 
cannabinoid ligand), have shown promise in clinical stud-
ies at reducing the symptoms and flashbacks associated 
with PTSD (Fraser 2009, US National Institutes of Health 
2012), and many individuals suffering from PTSD self-
medicate with cannabis (Passie et al. 2012).

Interestingly, cannabinoids are known to affect anxiety 
in a bidirectional and dose-dependent manner, with lower 
doses generally producing anxiolytic effects, while higher 
doses result in anxiogenesis (Rey et  al. 2012; Trezza and 
Vanderschuren 2008; Viveros et al. 2005). A recent study 
using CB1r conditional knock out mice showed that CB1r 
activation on GABAergic neurons in the forebrain is nec-
essary for the anxiogenic effects of cannabinoids, while 
CB1r activation on cortical glutamatergic neurons is neces-
sary for the anxiolytic effects (Rey et al. 2012). It is tempt-
ing to speculate that a similar mechanism applies to eCB 
modulation of CRF afferents in the LC. We have previously 
shown that CB1r is positioned to modulate at symmetric 
and asymmetric synapses (Scavone et al. 2010). Moreover, 
using single-unit extracellular recordings has demonstrated 
that CB1r activation can modulate synaptic transmission 
within the LC via the glutamatergic and GABAergic sys-
tems (Muntoni et al. 2006; Mendiguren and Pineda 2004). 
While these data provide evidence of CB1r activation of 
LC through the excitatory and inhibitory neurotransmis-
sion, our present results are the first report illustrating the 
distribution and topography of CB1r modulation of glu-
tamatergic and GABAergic CRF afferents not only at the 
immunofluorescence level but more importantly and inter-
estingly at the ultrastructural level. In addition, this is the 
first report showing differential topography in synaptic sig-
nature of CB1r and CRF co-localization, where asymmetric 
synapses indicative of excitatory transmission predominate 
in the peri-LC and symmetric synapse predominates in 
LC core indicative of inhibitory transmission. CRF affer-
ents co-localizing CB1r in the peri-LC and forming asym-
metric synapses suggest co-localization with glutamate 
(Van Bockstaele et  al. 1996a, 1999), and we have shown 
CB1r and CRF co-localization within afferents originating 
from the amygdala, a brain region responsible for provid-
ing fear-related stimuli and emotional input (Davis 1992; 
Kamprath et al. 2006; Walker et al. 2003). Blocking signal-
ing from the amygdala via CB1r activation in the peri-LC 

could contribute to cannabinoid-induced anxiolytic effects. 
Because dysregulation of NE in the mPFC is known to con-
tribute to the development of anxiety disorders (Anand and 
Charney 2000; Carvalho and Van Bockstaele 2012; Itoi and 
Sugimoto 2010; Nutt 2006; Southwick et al. 1999), target-
ing the eCB modulation of CRF afferents in the LC dur-
ing stress may underlie the efficacy of nabilone in PTSD 
patients.
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