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Abstract
Corticotropin-releasing factor (CRF) and glutamate are critical signaling molecules in the central
nucleus of the amygdala (CeA). Central amygdala CRF, acting via the CRF type 1 receptor (CRF-
R1), plays an integral role in stress responses and emotional learning, processes that are generally
known to involve functional NMDA-type glutamate receptors. There is also evidence that CRF
expressing CeA projection neurons to the bed nucleus of the stria terminalis (BNST) play an
important role in stress related behaviors. Despite the potentially significant interactions between
CRF and NMDA receptors in the CeA, the synaptic organization of these systems is largely
unknown. Using dual labeling high resolution immunocytochemical electron microscopy, it was
found that individual somata and dendrites displayed immunoreactivity for CRF and the NMDA-
NR1 (NR1) subunit in the mouse CeA. In addition, CRF-containing axon terminals contacted
postsynaptic targets in the CeA, some of which also expressed NR1. Neuronal profiles expressing
the CRF type 1 receptor (CRF-R1), identified by the expression of green fluorescent protein (GFP)
in bacterial artificial chromosome (BAC) transgenic mice, also contained NR1, and GFP
immunoreactive terminals formed synapses with NR1 containing dendrites. Although CRF and
GFP were only occasionally co-expressed in individual somata and dendritic profiles, contacts
between labeled axon terminals and dendrites were frequently observed. A combination of tract
tracing and immunocytochemistry revealed that a population of CeA CRF neurons projected to the
BNST. It was also found that CRF, or GFP expressing terminals directly contacted CeA-BNST
projection neurons. These results indicate that the NMDA receptor is positioned for the
postsynaptic regulation of CRF expressing CeA neurons and the modulation of signals conveyed
by CRF inputs. Interactions between CRF and NMDA receptor mediated signaling in CeA
neurons, including those projecting to the BNST, may provide the synaptic basis for integrating
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the experience of stress and relevant environmental stimuli with behaviors that may be of
particular relevance to stress-related learning and the emergence of psychiatric disorders,
including drug addiction.
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INTRODUCTION
The central nucleus of the amygdala (CeA) is a key component of neural systems that
coordinate sensory experience, psychological states, and memory with physiological
responses, relevant behaviors, and learning (Davis et al. 2010; Koob 2009a; LeDoux 2000;
Van de Kar and Blair 1999). Consistent with its critical role in stress responses, as well as
emotional learning and memory, the CeA has been implicated in several abnormal
psychiatric states including anxiety disorders (Davis et al. 2010) and drug addiction (Glass
2010; Koob 2009b).

The CeA contains diverse populations of neuropeptide expressing neurons (Cassell and Gray
1989; Gray et al. 1984), and is a prominent member of the extra-hypothalamic corticotropin-
releasing factor (CRF) system (Cummings et al. 1983; Pilcher and Joseph 1984; Sakanaka et
al. 1986; Swanson et al. 1983). The CeA CRF system is highly sensitive to the experience of
several types of stress (Hand et al. 2002; Makino et al. 1999; Merali et al. 2008), and is
implicated in a broad spectrum of physiological and behavioral processes, including
cardiovascular function (Brown and Gray 1988; Wiersma et al. 1993), pain related behaviors
(Fu and Neugebauer 2008), body weight regulation (Arvaniti et al. 2001), feeding behavior
(Cottone et al. 2009), the regulation of affect (Regev et al. 2011), and emotional learning
(Pitts and Takahashi 2011; Pitts et al. 2009). The CeA CRF system is also sensitive to the
exposure to various drugs of abuse, as well as withdrawal from many of these agents
(Lowery-Gionta et al. 2012; Zorrilla et al. 2012).

The brain glutamate system also plays an important role in normal behaviors,
neurobehavioral plasticity, and psychiatric disease states. Like CRF, glutamate signaling in
the CeA has been implicated in cardiovascular (Salome et al. 2001), nociceptive (Li and
Neugebauer 2004), stress-related (Skorzewska et al. 2009), and ingestive (Andrzejewski et
al. 2004) processes. The CeA receives a diverse compliment of glutamate afferents involved
in cognitive function, learning and memory, as well as arousal and sensory processing.
These glutamate projections include inputs from limbic cortices (McDonald 1998), the
hippocampal formation (Canteras and Swanson 1992), thalamic nuclei (Li and Kirouac
2008; Turner and Herkenham 1991), and other regions of the amygdala (Pitkanen et al.
1997); some of these glutamatergic inputs have been shown to terminate in areas of the CeA
that contain CRF expressing neurons (Li and Kirouac 2008). Fibers entering the CeA
express immunoreactivity for CRF and/or the CRF type 1 receptor (CRF-R1), the major
local receptor for CRF in the CeA, which also has been strongly implicated in several stress-
related disorders (Kehne and Cain 2010). In addition, many of the aforementioned glutamate
afferents originate in brain regions that express both CRF or CRF-R1 (Justice et al. 2008;
Van Pett et al. 2000).

Ionotropic N-methyl-D-aspartate (NMDA) type glutamate receptors are expressed in CeA
neurons (Monaghan and Cotman 1985; Petralia et al. 1994; Sato et al. 1995) and play an
important role in local neural signaling (Samson and Paré 2005), as well as cellular plasticity
(Pollandt et al. 2006). Functional CeA NMDA receptors are also required for aversive

Beckerman et al. Page 2

Exp Neurol. Author manuscript; available in PMC 2014 March 03.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



learning, including conditioned fear (Goosens and Maren 2003) and aversive context
conditioning in response to opioid withdrawal (Glass et al. 2008), implicating CeA NMDA-
dependent plasticity in behaviors relevant to emotional and addictive disorders.

There is evidence for interactions between CRF and NMDA receptors in both stress
reactions and drug-related plasticity. For example, it has been reported that in vivo
administration of CRF in the CeA results in elevated local presynaptic glutamate release in
response to novel as well as conditioned stressors (Skorzewska et al. 2009), whereas in vitro
application of CRF results in an NMDA receptor-dependent long-term potentiation of
amygdala inputs to the CeA, which is heightened by withdrawal from drugs of abuse via a
postsynaptic process (Pollandt et al. 2006). These findings suggest that diverse presynaptic
and/or postsynaptic interactions may underlie signaling involving activation of the NMDA
receptor, release of CRF, and activation of CeA CRF neurons. Despite the significant roles
that CRF and the NDMA receptor play in local signaling, neural plasticity, and stress-related
behaviors, the ultrastructural relationship of these molecules within the CeA is unknown.

Experience dependent neural plasticity involving inputs to, and the output of, CeA CRF
neurons, is likely to contribute to stress-related neurobehavioral adaptability (Walker and
Davis 2008). The bed nucleus of the stria terminalis (BNST) is believed to be a major target
of CRF CeA neurons. This pathway is implicated in neurobehavioral responses to stress
(Jasnow et al. 2004), as well as stress-induced reinstatement of drug self-administration (Erb
et al. 2001), processes that critically involve NMDA receptor activation. Although it has
been shown that NMDA receptors are prominently expressed in CeA neurons that project to
the BNST (Beckerman and Glass, 2012), aside from previous indirect light microscopic
approaches (Sakanaka et al. 1986), there is no direct ultrastructural data characterizing the
expression of CRF in somata and dendrites of CeA-BNST projection neurons, as well as
CRF expressing axons that contact them.

Given the ability of high resolution immunoelectron microscopy to identify cellular and
synaptic sites of peptide and protein localization, a combination of dual labeling
immunochemical electron microscopy (EM) and tract tracing were used to characterize the
synaptic organization of the NMDA-NR1 (NR1) receptor subunit and CRF in the CeA, as
well as the localization of CRF in the CeA-BNST pathway in wild-type mice. The
ultrastructural distribution of NR1 in CRF-R1 expressing neurons was also examined using
CRF-R1 transgenic bacterial artificial chromosome (BAC) mice, which are useful in
identifying proteins that are difficult to detect via conventional immunohistochemical
methods (Justice et al. 2008).

METHODS
Animals

Experimental protocols involving animals and their care were approved by the Institutional
Animal Care and Use Committee at Weill Cornell Medical College and conformed to the
2011 Eighth Edition of the NIH Guide for the Care and Use of Laboratory Animals. Two
strains of mice were used in these studies. To investigate the ultrastructural relationships
between NMDA receptors, CRF, and the latter peptide's distribution in CeA-BNST
projections neurons, adult (25-30 grams) male C57BL/6 mice were used. In studies
requiring identification of CRF-R1 expression, we used a transgenic mouse line generated
by BAC technology, where the reporter green fluorescent protein (GFP) is expressed by the
CRF-R1 promoter, as previously described (Justice et al. 2008). Adult male (25-30 grams)
CRF-R1 BAC mice were maintained on the C57BL/6 background, and were bred and
genotyped as previously described (Justice et al. 2008).
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Tracer Microinjections
Tracers were administered as previously described (Beckerman and Glass 2012). Under
deep isoflurane anesthesia, either fluorogold (FG [Fluorochrome, Denver, CO], 2% in
phosphate buffer [PB]) or BDA ([Invitrogen, Carlsbad, CA]; 10% in PB) were unilaterally
microinjected in the BNST or CeA, respectively. Approximately 50 nl of each tracer was
injected over a 10 minute interval at 1.1 mm posterior and 2.5 mm lateral to bregma, at a
depth of 4.8 mm ventral to the skull surface for the CeA, or 0.3 mm anterior and 0.8 mm
mediolateral to bregma, at a depth of 4.3 mm for the BNST. Microinjections were made by
interfacing a picospritzer (Picospritzer II, General Valve Corp., Fairfield, NJ) to a glass
pipette (WPI, Sarasota, FL), whose tip was pulled to a diameter of ~50 μm, via a pipette
holder and plastic tubing. In all cases, to prevent leakage of solution, the pipette was left in
place for an additional 10 minutes. Bone wax was used to cover the bore-hole, and the mice
were allowed to recover in their home cages. For tracer studies, animals were sacrificed at
least 7 days post-injection.

Antisera
A guinea pig anti-CRF antiserum (Bachem Peninsula, San Carlos, CA) was used to label
CRF. A mouse (Pharmingen, San Diego, CA) anti-NR1 antibody was used to label NR1.
The specificity of these antisera have been described in recent publications (Glass et al.
2009; Jaferi and Pickel 2009). The retrograde tracer FG was labeled with an antiserum
generated in rabbit (Chemicon, Temecula, CA), and its specificity was shown in FG injected
animals by the lack of labeling in brain areas without direct contacts to the BNST. A chicken
anti-GFP antibody (Aves Labs, Tigard, OR) was used to label the reporter protein. The
specificity of this antiserum was verified by the lack of immunoreactivity in GFP negative
BAC mice.

Tissue preparation
Mice were anesthetized with pentobarbital (150 mg/kg, i.p.), and their brains were fixed by
aortic arch perfusion sequentially with: (a) 15 ml of normal saline (0.9%) containing 1000
units/ml of heparin, (b) 40 ml of 3.75% acrolein in 2% paraformaldehyde (PFA) in 0.1 M
PB (pH 7.4), and (c) 100 ml of 2% paraformaldehyde in PB, all delivered at a flow rate of
25 ml/minute. The brains were removed and post-fixed for 90-120 minutes in 2%
paraformaldehyde in PB. Coronal sections (40 μm) from the forebrain at the level of the
CeA, or, for animals receiving the tracer administration, the BNST, were cut with a
vibrating microtome. Tissue sections were treated with 1.0% sodium borohydride in PB and
then washed in PB. To enhance tissue permeability, sections were immersed in a
cryoprotectant solution (20% sucrose and 8% glycerol in 0.05M PB) at room temperature
followed by 15 minutes in −80° C.

Dual labeling immunocytochemical procedures for EM
Sections were processed for dual immunoperoxidase (ABC) and immunogold-silver (IGS)
immunocytochemistry as previously described (Milner et al. 2011). Briefly, tissue was
rinsed in Tris-buffered saline (TBS; pH 7.6) and then blocked with 0.5% bovine serum
albumin (BSA) in TBS for 30 min. Tissue then was incubated for 24 (GFP)-48 (other
antisera) hours in one of several cocktails of primary antisera as follows: 1). NR1 (1:100
[ABC], 1:50 [IGS]) and CRF (1:10,000 [ABC], 1:5000 [IGS]); 2). NR1 (as above) and GFP
(1:10,000 [ABC], 1:5000 [IGS]); 3). CRF (as above) and GFP (as above); 4). CRF (as
above) and FG (1:1000 [ABC], 1:500 [IGS]); 5). GFP (as above) and FG (as above).
Primary antisera were diluted in 0.1% BSA in TBS. As a control for potential antisera cross-
reactivity, adjacent brain sections were processed for ABC and IGS, except that one of the
respective primary antisera was omitted during primary incubation. Following primary
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antisera labeling, sections were washed in TBS, placed in their respective biotin conjugated
antisera in 0.1% BSA (1:400, 30 minutes), and then rinsed in TBS. Tissue sections were
then incubated for 30 minutes in ABC in TBS. The bound peroxidase was visualized by
reaction for 6 minutes in 0.2% solution of 3, 3’-diaminobenzidine (DAB) and 0.003%
hydrogen peroxide in TBS. For immunogold labeling, sections were rinsed in 0.01 M
phosphate buffered saline (PBS, pH 7.4), and blocked for 10 minutes in 0.8% BSA and
0.1% gelatin in PBS to reduce non-specific binding of gold particles. Sections then were
incubated for 2 hours in their respective secondary antisera, which were conjugated with 0.6
nm gold particles (1:50, AuroProbeOne, Amersham, Arlington Heights, IL), and rinsed in
0.5% BSA and 0.1% gelatin in PBS, followed rinses in PBS. Next, sections were incubated
for 10 minutes in 2% glutaraldehyde in PBS, and then rinsed in PBS. The bound gold
particles were enlarged by a 5-7 minute silver intensification using an IntenSE-M kit
(Amersham, Arlington Heights, IL). For dual labeling of the anterograde tracer and CRF in
the BNST, tissue sections were processed for dual BDA staining and CRF IGS labeling as
above, except with primary antisera only for CRF.

Tissue preparation and procedures for light microscopic identification of tracer injection
sites

Tissue processing for identification of tracer injections was performed as described for the
ABC procedure above, except as noted below. Sections processed for immunolabeling of
FG were incubated one night in primary rabbit anti-FG antisera. Brain sections from BDA
injected mice were incubated for 30 minutes in ABC. Sections were mounted in 0.05 M PB
on glass slides, dehydrated, and coverslipped with DPX (Aldrich-Sigma). Sections were
examined and photographed on a Nikon 81a light microscope.

Electron Microscopy
For EM processing, tissue was postfixed in 2% osmium tetroxide in PB for one hour, and
dehydrated in a series of alcohols, through propylene oxide, and flat embedded in EM BED
812 (EMS, Fort Washington, PA) between 2 sheets of Aclar plastic. Ultrathin sections
(60-80 nm) from the surface of flat-embedded sections containing the CeA or BNST were
cut with a diamond knife using a Leica Ultracut UCT ultramicrotome, and sections were
collected on 400 mesh thin-bar copper grids (EMS). Electron microscopic images of this
tissue were obtained using a digital camera (Advanced Microscopy Techniques, Danvers,
MA) interfaced with a transmission electron microscope (Tecnai 12 BioTwin, FEI,
Hillsboro, OR). For preparation of figures, images were adjusted for contrast and brightness
using Photoshop 11 software, and imported into PowerPoint X to add lettering.

Ultrastructural analysis
To control for potential labeling artifacts due to penetration of cytological reagents,
sampling was performed at the tissue surface as determined by proximity to the epon-tissue
interface (Milner et al. 2011). This was achieved by collecting electron micrographs
exclusively in the transition zone where one edge of the sampling area was in contact with
epon in a field of at least three grid squares. Digital images were captured and analyzed to
determine the number of single, dual, and triple labeled neuronal and glial profiles. The
classification of labeled profiles was based upon standard morphological descriptions
(Peters et al. 1991). Somata were distinguished by the presence of a nucleus. Dendrites were
identified by the presence of postsynaptic densities, as well as ribosomes and both rough and
smooth endoplasmic reticulum. However, profiles were also considered dendritic whenever
postsynaptic densities were observed, independent of endoplasmic reticulum. Axon
terminals were identified by size (at least 0.2 μm diameter) and the presence of synaptic
vesicles. Astrocytes were identified by their irregular shape, the presence of filamentous
membranes apposing dendrites or axons, or the presence of gap junctions. Synapses were
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defined as either symmetric or asymmetric, according to the presence of either thin or thick
postsynaptic specializations, respectively. Appositions were distinguished by closely spaced
plasma membranes that lacked recognizable specializations, or interposing astrocytic
processes. Immunoperoxidase labeling is identified by a diffuse brown/black precipitate,
while IGS labeling is characterized by dense uniformly black granules. Both markers are
readily distinguishable by visual inspection. With peroxidase and immunogold methods,
non-specific labeling is usually along the membranes of damaged profiles. Background
usually contributes 3% or less of silver-enhanced gold particles (Wang et al. 2003).

RESULTS
CRF is co-expressed with NR1 in somata and dendrites of CeA neurons, and is also
present in axon terminals contacting NR1 labeled postsynaptic profiles

In forebrain sections taken from six wild-type C57BL/6 mice and processed for dual
labeling of NR1 and CRF, a total of 29,520 μm2 of tissue from the CeA was analyzed by
electron microscopy. A total of 23,200 μm2 was analyzed from sections processed for
detection of CRF by the ABC approach and NR1 by the IGS method, whereas 6,320 μm2 of
tissue was analyzed with markers reversed.

Diverse populations of labeled neuronal profiles were observed in the CeA, including those
solely expressing CRF or NR1, as well as processes dually labeled for both. In dual labeled
somata, labeling for CRF was often diffusely distributed throughout the cytoplasm, and
labeling for NR1 was typically found near Golgi complexes and small vesicular organelles
(Fig. 1).

Labeling for CRF also extended outside the cell body and was found in dendrites without or
with NR1 immunoreactivity. Although dual labeled dendritic profiles were frequently
contacted by axon terminals that did not form synaptic specializations in the plane of section
analyzed (Fig. 2A), many did receive synapses, which were commonly asymmetric
junctions (Fig. 2B). In addition to dendritic profiles, small unmyelinated axons, and, more
commonly, axon terminals also showed labeling for CRF (Fig. 2C). When labeled with
immunoperoxidase, reaction product was diffusely distributed throughout the axon terminal
or aggregated in large dense core vesicles. Axon terminals expressing CRF were frequently
in direct contact with NR1 labeled soma and/or dendritic profiles (Fig. 2C).

Of the numerous neuronal profiles exhibiting labeling for both CRF and NR1, these were
most commonly somata (21-23%) or dendrites (71-79%; Table 1). From a total of 133 CRF
labeled axons or axon terminals that were apposed to dendritic profiles, 30 formed direct
appositions with single (85% of contacts) or dual (15% of contacts) labeled dendritic
profiles. Among all the CRF labeled axon terminals that formed identifiable synapses, 69%
(11/16) formed symmetric contacts and 31% (5/16) made asymmetric junctions.

In the CeA of CRF-R1 reporter mice, GFP is found in dendritic or axonal structures that
contain NR1, or contact NR1 expressing profiles, respectively

To determine if NR1 was present in somata or dendritic profiles of CRF-R1 expressing
neurons, or if NR1 labeled profiles were contacted by axons or axon terminals of CRF-R1
expressing neurons, we employed dual labeling for NR1 and the GFP reporter protein that is
expressed by the CRF-R1 promoter in BAC transgenic mice. A total of 25,200 μm2 of tissue
from the CeA of four transgenic mice was analyzed from forebrain sections processed for
dual labeling of GFP and NR1. Electron microscopic analysis was performed on a total of
15,120 μm2 of CeA samples obtained from forebrain sections processed for detection of
GFP by IGS and NR1 by the ABC approach, whereas 10,080 μm2 of tissue was analyzed
with markers reversed.
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Single NR1 labeled and dual labeled dendritic profiles were found in neuropil populated by
unlabeled profiles. Many single GFP labeled dendritic profiles were contacted by unlabeled
axon terminals forming asymmetric excitatory type synapses (Fig. 3A). Dendritic profiles
expressing labeling for both GFP and NR1 also received symmetric type contacts from
unlabeled terminals (Fig. 3B). In addition to dendrites, axon terminals also expressed
exclusive labeling for GFP (Fig. 3C). These presynaptic structures were frequently small in
size, typically expressed exclusive labeling for GFP, and contacted unlabeled or NR1
labeled dendritic profiles (Fig. 3C).

Of the numerous neuronal profiles exhibiting labeling for both GFP and NR1, most were
dendrites (Table 2). The majority of all identifiable synapses involving single GFP labeled
and dual labeled dendritic profiles were formed by unlabeled axon terminals that made
asymmetric synapses (93%; 50/54). Of all GFP labeled axon terminals forming identifiable
synapses, 74% (20/27) formed asymmetric type junctions and 26% (7/27) formed symmetric
type contacts. Among GFP labeled axons contacting single or dual labeled profiles, 64%
(9/14) of GFP labeled axons contacted NR1 labeled dendritic profiles and 36% (5/14)
contacted dual labeled dendrites.

GFP labeling is found in dendritic or axonal structures that contain CRF, or
contact CRF expressing profiles, respectively, in the CeA of CRF-R1 reporter
mice—Tissue sections containing the CeA from CRF-R1 GFP mice were processed for
dual detection of GFP and CRF by alternate immunoperoxidase and immunogold labeling.
Immunolabeling for each antisera was most commonly found in seperate neuronal profiles,
although dual labeled structures were found. Somata and dendrites were most commonly
found to exhibit dual labeling. Dual labeled dendrites were typically large proximal
structures, or intermediate profiles, including those exhibiting intense immunoperoxidase
reaction product for GFP and scattered IGS labeling for CRF (Fig. 4A). Appositions
between CRF and GFP labeled profiles were also observed. Contacts were typically formed
by single labeled axon terminals and single labeled dendrites. These included axon terminals
labeled for CRF, which formed synapses with GFP labeled dendrites (Fig. 4B). A total of
475 profiles were counted, of which 5% (23/475) were dual labeled. Among dual labeld
profiles, 91% (21/23) were somata or dendrites, and 9% (2/23) were axon terminals.
Contacts between GFP and CRF labeled profiles were also observed. Among 26 observed
conacts, 32% (9/28) involved CRF labeled axons apposed to GFP labeled dendrites, and
68% (19/28) of appositions were between GFP labeled axon terminals and CRF labeled
somata or dendrites.

CRF is expressed in CeA somata and dendrites retrogradely labeled from the commisural
BNST and in axon terminals that contact these projection neurons

As shown by light microscopy, injection of FG in the BNST of wild-type C57BL/6 mice
(Fig. 5A) resulted in retrogradely labeled neurons in the CeA (Fig. 5B). For electron
microscopic analysis, forebrain sections containing the CeA from three mice were processed
for dual immunocytochemical labeling of FG and CRF. From this, a total of 15,200 μm2 of
tissue from the lateral CeA, the main area containing retrogradely labeled neurons, was
analyzed.

Single and dual labeled somata and dendrites were found throughout the lateral CeA. Dual
labeled somata contained numerous intracellular organelles such as mitochondria and
endomembraneous structures, and immunoreactivity for both CRF and FG was diffusely
distributed throughout the cytoplasm (Fig. 6). In addition to somata, numerous dual labeled
dendritic profiles were also seen. These included larger proximal dendrites, as well as
smaller distal processes. Immunoreactivity for CRF was typically characterized by punctate
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granules present in the intracellular compartment that also contained diffuse labeling for FG
(Fig. 7A). In addition, distal dendritic profiles exclusively labeled for FG were contacted by
CRF containing axon terminals (Fig. 7B). These presynaptic structures typically formed
non-synaptic appositions with retrogradely labeled dendrites, but when synaptic contacts
were made these were mostly symmetric inhibitory type junctions (Fig. 7C).

Quantitative analysis revealed that over 51% (203/394) of CRF labeled somatodendritic
profiles also contained FG, whereas over 36% (203/566) of FG labeled somata and dendritic
profiles also contained CRF immunoreactivity. Of 42 CRF labeled axon terminals that
contacted single or dual labeled somata or dendritic profiles, 76% (32/42) contacted single
FG labeled somatodendritic processes, while 24% (10/42) contacted single CRF or dual
CRF and FG labeled somata or dendritic profiles.

To verify that CRF was transported in axons of CeA neurons projecting to the BNST, the
anterograde tracer BDA was injected into the CeA. In tissue processed for light microscopy,
BDA labeled fibers were seen in the BNST following CeA administration of the tracer (Fig.
8A-B). Forebrain sections from three mice were processed for dual detection of BDA and
CRF, and samples from the BNST were examined by electron microscopy.
Immunoperoxidase reaction product for BDA was present in axons without CRF labeling
(Fig. 8C) as well as axon terminals that also contained CRF (Fig. 8D).

CeA neurons expressing GFP rarely show retrograde labeling after FG injection in the
commisural BNST, whereas GFP containing terminals contact CeA-BNST projection
neurons

To determine if CeA-BNST projection neurons expressed CRF-R1, FG was injected in the
commissural BNST of CRF-R1 GFP reporter mice (N = 3). In these mice, a total of 17,625
μm2 of tissue was sampled by EM in the lateral CeA, the area of the CeA showing
prominent FG labeling by light microscopy. Immunoreactivity for FG was seen in somata
typically devoid of GFP, although the surrounding neuropil was populated by GFP labeled
dendritic profiles (Fig. 9A), as well as scattered dual labeled dendritic profiles. In addition,
single GFP labeled profiles and FG labeled dendrites were frequently located in close
proximity to each other (Fig. 9B), and GFP labeled axon terminals often contacted FG
labeled dendritic profiles (Fig. 9C).

A total of 526 neuronal profiles showing single labeling for GFP or FG, or dual labeling for
GFP and FG were counted in the sampled region. A total of 347 somatodendritic profiles
showed immunoreactivity for GFP, 33 (9%) of which were co-labeled for FG, and most of
these were dendrites. Of the 76 GFP labeled axons, 22% contacted somata or dendritic
profiles that showed FG and/or GFP immunoreactivity.

DISCUSSION
Our dual labeling electron microscopic studies revealed extensive expression of NR1 within
CRF containing somata and dendrites in the CeA (see Figure 10 for a summary of the major
ultrastructural findings). In addition, CRF containing axon terminals frequently contacted
NR1 labeled postsynaptic structures. Somata and dendrites of GFP expressing neurons also
expressed NR1, and GFP labeled axon terminals contacted NR1 immunoreactive dendritic
profiles in the CeA of mice expressing GFP under the control of the CRF-R1 promoter.
Ultrastructural tract tracing revealed that many somata and dendrites of CeA neurons
projecting to the BNST expressed CRF or were contacted by CRF expressing axon
terminals. However, GFP was found in few projection neurons, although axon terminals
with GFP frequently contacted CeA-BNST projection neurons. These results indicate that
the NMDA receptor is positioned for the postsynaptic regulation of CRF expressing neurons
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in the CeA, and the modulation of signaling induced by presynaptic CRF release from CRF
inputs. In addition, the NMDA receptor is also positioned for the postsynaptic modulation of
CRF-R1 expressing neurons, or inputs from CRF-R1 expressing neurons.

Methodological considerations
Somata, dendrites, and axons originating from CRF-R1 neurons were identified by use of a
transgenic BAC mouse line that expresses GFP under the control of CRF-R1 promoter
activation (Justice et al. 2008). The BAC-based approach provides for the inclusion of most
promoter and enhancer sequences that regulate receptor expression in a manner that, to a
large degree, parallels endogenous gene expression patterns. In this mouse line, the
expression of GFP closely corresponds to CRF-R1 mRNA expression. Moreover, GFP
extensively fills somata, dendrites, and axons of neuronal profiles and can readily provide a
qualitative marker of cells with an active CRF-R1 promoter. However, mismatches in the
turnover or cellular distribution of CRF-R1 protein and GFP would be expected to
contribute to under- or overestimation of the actual content of CRF-R1 in any particular
cellular profile. Thus, although the presence of functional CRF-R1 cannot be inferred by
GFP labeling alone, expression of the reporter does indicate that labeled pre- and
postsynaptic structures originate from neurons that actively express the CRF receptor.
Despite these caveats, we believe the latter possibilities may not be serious concerns given
the close correspondence between the pattern of labeling seen in the GFP reporter mouse
and prior results seen with a low avidity CRF-R1 antisera (Jaferi and Pickel 2009; Treweek
et al. 2009). Thus, it is likely that many GFP labeled profiles do contain the CRF-R1.

Regarding the retrograde labeling study, tracer was injected at the commissural level of the
BNST, generally diffusing into the dorsal medial, as well as the ventral medial and lateral
regions, resulting in preferential, although not exclusive, labeling in the lateral CeA.
However, the existence of subregional differences in the pattern of CeA-BNST projections
has also been described; more medial regions of the CeA have been previously shown to
innervate the anterior BNST (Sun et al. 1991), an area typically outside the boundaries of
tracer diffusion seen in the present study. Thus, in this context, it should be stressed that the
projection patterns of CRF and CRF-R1-GFP expressing neurons described here are
necessarily limited to the specific area of the BNST where tracer was administered.

In the present study, the general pattern of CRF, as well retrograde labeling, in the mouse
was found to be in agreement with prior studies in this species (Beckerman and Glass 2012;
Treweek et al. 2009), and in the rat as well (Cassell and Gray 1989; Jaferi and Pickel 2009;
Justice et al. 2008; Treweek et al. 2009). These broad anatomical similarities correspond to
generally similar responses of the CeA CRF system to relevant behaviors, including
exposure to, or withdrawal from, drugs of abuse (McNally and Akil 2002; Nie et al. 2004;
Roberto et al. 2010; Shaw-Lutchman et al. 2002), in addition to conditioned fear behaviors
(Kolber et al. 2008; Thompson et al. 2004).

NR1 containing somata and dendrites co-express CRF and are contacted by CRF-labeled
axon terminals

Separate populations of neuronal cell bodies in the CeA showed exclusive labeling for either
CRF or NR1, however, another group of somata showed co-labeling for both. In dual
labeled neurons, immunoreactivity for NR1 was often found near sites of protein synthesis,
packaging, and transport, including Golgi complexes and endoplasmic reticula in cell bodies
containing smooth and rough nuclei. In addition, NR1 also was present in both intracellular
and plasmalemmal compartments in proximal and distal dendritic profiles that showed
labeling for CRF. Dual labeled dendritic profiles were frequently contacted by unlabeled
axon terminals, and although these frequently formed non-synaptic associations, when
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synaptic junctions were apparent these were mainly asymmetric excitatory-type
specializations characteristic of glutamatergic inputs. The present results suggest that CRF
neurons express the NMDA receptor, and that this protein is transported to intracellular
locations in proximal and distal dendrites. Moreover, some of these proteins reach the
plasma membrane where they are, presumably, positioned for functional activation by
released glutamate. These characteristics are consistent with prior descriptions of CeA
dendrites that expressed NR1 and the mu-opioid receptor (Glass et al. 2009). The latter
protein also has been shown to be expressed in CRF containing somata and dendritic
profiles (Jaferi and Pickel 2009). Together, these results suggest that a population of CeA
CRF neurons may be capable of integrating signaling by NMDA receptor and mu-opioid
receptor ligands.

In addition to somata and dendritic profiles, axon terminals also showed CRF labeling.
These axon terminals were heterogeneous in size and typically devoid of NR1 labeling.
Axonal profiles labeled for CRF formed appositions or synapses with unlabeled, as well as
single (i.e. NR1, CRF) or dual labeled somata and dendritic profiles. When synapses were
apparent, these were most commonly symmetric inhibitory-type junctions characteristic of
those containing GABA. The presence of CRF within inhibitory-type axon terminals is
consistent with interactions between this peptide and the inhibitory transmitter GABA
(Skorzewska et al. 2009) in fear related behaviors (Pitts et al. 2009). It is also consistent with
the significant enhancement of GABA mediated transmission in the CeA by ethanol and
CRF in mice (Nie et al. 2004) and rats (Cruz et al. 2012; Roberto et al. 2010), as well as the
potentiation of these effects in ethanol dependent rats (Cruz et al. 2012; Roberto et al. 2010).
Moreover, the presence of the CRF-R1 GFP reporter protein in symmetric type synapses is
also consistent with the essential role of functional presynaptic CRF-R1 in the elevation in
GABA transmission by ethanol and CRF (Nie et al. 2004). Although the origin of CRF
inputs to the CeA were not identified in the present study, previously identified CRF
projections into the CeA include functionally relevant contacts from the dorsomedial
serotonergic dorsal raphe nucleus, an area implicated in stress responses and anxiety
disorders (Commons et al. 2003).

GFP is found in somata and dendrites containing NR1 and in axons contacting NR1
labeled dendrites

In the CRF-R1 BAC mouse, immunoreactivity for GFP was expressed primarily within
dendrites, as well as axons and axon terminals, however, it was expressed in only a small
population of neuronal cell bodies. This is consistent with a prior light microscopic report in
this CRF-R1 GFP expressing mouse line, and also is consistent with low levels of CRF-R1
mRNA in the lateral CeA (Justice et al. 2008). Some of the larger proximal GFP labeled
dendritic processes likely arise from the scattered somata in the lateral CeA, while the larger
population of smaller distal profiles are most likely derived from encroaching dendrites
originating from GFP expressing neurons in the medial CeA, or from areas adjacent to the
CeA (Justice et al. 2008). Proximal and distal dendrites expressing GFP also frequently
contained NR1, the latter of which was found in intracellular locations, as well as near the
plasmalemma.

In addition to dendrites, GFP was often found in axons and axons terminals, including a
subpopulation that contacted dendritic profiles expressing NR1. Many GFP labeled axon
terminals formed asymmetric junctions suggesting that they from excitatory contacts. This
finding is consistent with prior in vivo microdialysis (Skorzewska et al. 2009) and in vitro
electrophysiological analysis of CeA slices (Liu et al. 2004) indicating that CRF stimulation
is associated with an increase in CeA glutamate release and neuronal activity, respectively.
In addition, the current finding of extensive co-labeling of GFP and NR1, as well as the
expression of CRF in axon terminals contacting NR1 labeled dendrites, is in agreement with
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the ability of CRF to heighten long-term potentiation in the CeA in a model of
psychostimulant withdrawal via postsynaptic processes that involve activation of NMDA
receptors (Fu et al. 2007; Pollandt et al. 2006). Thus, the current ultrastructural results
provide a synaptic basis for elucidating the relationship between CRF and NMDA receptor
activated glutamate systems in the CeA that are involved in stress and addiction.

CeA-BNST projection neurons commonly express CRF and are contacted by axon
terminals expressing CRF or GFP

In mice injected with FG in the BNST, retrograde labeled neurons in the lateral CeA also
contained CRF as determined by EM analysis. The presence of CRF within axonal
projections of CeA neurons that innervate the BNST also was verified in animals receiving
the anterograde tracer BDA in the CeA. The BNST receives extensive CRF input, and this
peptide has been shown to modulate the local actions of GABA and glutamate (Kash et al.
2008; Kash and Winder 2006). In addition, BNST CRF has also been show to modulate the
interaction between glutamate and monoamine signaling (Kash et al. 2008; Nobis et al.
2011), which may be critical in addiction related behaviors (Dumont et al. 2005). The
present results provide definitive fine structural data showing direct symmetric inhibitory
type synapses between axon terminals of CRF CeA neurons and dendrites of dorsal and
ventral BSNT neurons, and strengthen previous empirical and theoretical work positing that
CRF is a critical signaling molecule in the monosynaptic pathway from the CeA to the
BNST that is critically involved in stress related behaviors (Walker and Davis 2008)
implicated in addiction and other psychiatric disorders.

Somata of CeA neurons expressing labeling for FG and CRF contained large nuclei and a
dense endomembrane system, both cytological features similar to CeA-BNST projection
neurons that express NR1 and mu-opioid receptor as previously shown by triple labeling
immunocytochemistry (Beckerman and Glass 2012). In addition to co-expression in somata
and dendrites, both single FG labeled, and dual FG and CRF labeled somata and dendrites
were contacted by CRF expressing axon terminals. When identifiable synapses were
observed, CRF labeled axon terminals commonly formed symmetric inhibitory type
synapses typically in the perisomatic and proximal dendritic regions of CeA BNST
projection neurons. These results demonstrate that CeA-BNST projection neurons
expressing CRF are contacted by CRF axon terminals, indicating that the output of, at least a
population of these projection neurons, is regulated by CRF.

Unlike CRF, few GFP somata contained retrogradely transported FG following an injection
in the BNST, although dual labeled dendritic profiles were found. However, many GFP
expressing axon terminals formed appositions with retrogradely labeled somata and
dendrites. In addition, GFP expressing axon terminals made synapses with CeA-BNST
projection neurons. These contacts included symmetric inhibitory junctions with somata and
proximal dendrites, as well as asymmetric excitatory-type synapses with smaller distal
dendritic processes. The latter results suggest that the activity of CeA-BNST projection
neurons is influenced by GABA or glutamate release from axon terminals of neurons that
express CRF-R1.

Functional implications
The CeA CRF system is highly sensitive to the experience of diverse types of stress
(Hatalski et al. 1998; Hsu et al. 1998; Makino et al. 1999), including withdrawal from most
drugs of abuse (Koob 2010). Significantly, the sensitivity of the CeA CRF system to stress
exposure can be persistently influenced by prior stress history (McCormick et al. 2007;
Plotsky et al. 2005), suggesting that stress-induced experience dependent plasticity can
modulate the response of the CeA CRF system to subsequent encounters with stressors. In
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the context of the present ultrastructural data, the experience dependent plasticity of the CeA
CRF system is consistent with the known involvement of local NMDA receptors in cellular
models of synaptic plasticity (Samson and Paré 2005), a phenomenon that is itself subject to
drug withdrawal-induced adaptations (Pollandt et al. 2006). The latter findings also comport
with reports that functional CeA NMDA receptors are required for affective learning and
memory (Goosens and Maren 2003), including context learning associated with drug
withdrawal (Glass et al. 2008). Therefore, the extensive presence of NR1 in dendrites of
CeA CRF containing neurons, as well as postsynaptic structures contacted by axon terminals
expressing CRF, may provide a cellular and synaptic framework for understanding how the
experience of stressors elicits behavioral responses, which can, under the proper conditions,
be translated into learned behaviors.

The experience of stress can significantly modulate the behavioral impact of addictive drugs
(Lu et al. 2003). The pathway between the CeA and BNST has been implicated in stress-
related behaviors and the neural response to acute opiate exposure (Beckerman and Glass
2012) and opiate withdrawal (Nakagawa et al. 2005). In addition, within this pathway, CRF
has been implicated in neurobehavioral responses to stress (Jasnow et al. 2004) and models
of stress-induced relapse of drug self-administration (Erb et al. 2001). Therefore, CRF CeA-
BNST projection neurons, and their CRF, CRF-R1, and/or glutamate expressing inputs may
be essential integrators of the experience of stressors, addictive drugs, and learned behaviors
implicated in addiction. In addition, the presence of CRF in GABA-type synapses, may
provide a synaptic substrate for emerging GABA-based therapeutics for addictive disease
(Addolorato et al. 2012).
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Highlights

• Corticotropin-releasing factor (CRF) is expressed in central amygdala (CeA)
neurons

• NMDA-NR1 is present in CRF containing somatodendrites of CeA neurons

• NMDA-NR1 is found in dendrites of CRF type 1 receptor expressing neurons

• CeA neurons projecting to the bed nucleus of the stria terminalis (BNST)
express CRF

• Axon terminals containing CRF synapse with CeA-BNST projection neurons
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Figure 1. The soma of a CeA neuron shows co-labeling for CRF and NR1
The cell body of a CeA neuron (NR1+CRF-s) expresses IGS labeling for NR1 (arrows) and
ABC labeling for CRF (unfilled arrows). This soma contains an irregularly shaped nucleus
(n), numerous mitochondria (m), and endoplasmic reticula (er). Immunogold-silver particles
for NR1 are present throughout the cell body, including near the outer membrane of the
nucleus (n), Golgi complex (Gc), and endomembranes. This soma is contacted by a CRF
labeled axon terminal (CRF-t). Unlabeled dendrites (ud) and axon terminals (ut) are present
in the adjacent neuropil. Scale Bar: 1 μm.
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Figure 2. CRF immunolabeled dendritic or axonal profiles co-express NR1 or contact NR1
labeled somatodendrites, respectively
(A). A dendritic profile (NR1+CRF-d) contains IGS particles for NR1 (arrows) and
immunoperoxidase reaction product for CRF. Immunogold-silver particles are affiliated
with the plasma membrane (circle), and are also present in the intracellular compartment
(arrows). This dendrite is contacted by an unlabeled axon terminal (ut). (B). A dendritic
profile (NR1+CRF-d) of a CeA neuron contains labeling for NR1 (arrows) and CRF.
Immunogold-silver particles for NR1 are present intracellularly, and immunoperoxidase
reaction product is diffusely distributed throughout this profile. This dendrite is contacted by
an unlabeled axon terminal (ut) forming an excitatory-type asymmetric synapse (filled arrow
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head). (C). A CRF labeled axon terminal (CRF-t) contacts the region bordering the soma
(NR1-s) and emerging proximal dendritic shaft (pd) of a neuron expressing IGS labeling for
NR1 (arrows). Unlabeled axon terminals (ut) and dendrites (ud) are also apposed to this
soma. Scale Bars: 0.5 μm.
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Figure 3. GFP immunolabeling is found in dendritic profiles, including those that co-express
NR1, as well as in axon terminals contacting NR1 labeled dendritic profiles
(A). A small caliber GFP labeled dendritic profile (GFP-d) receives an asymmetric
excitatory-type synapse (arrow head) from an unlabeled axon terminal (ut). (B). Both GFP
and NR1 are expressed in an obliquely sectioned dendritic profile (NR1+GFP-d).
Immunogold-silver particles are present near the plasmalemma (circle) and intracellularly
(arrows). This profile is contacted by an unlabeled axon terminal (ut). (C). A GFP labeled
axon terminal (GFP-t) is apposed to a dendritic profile (NR1-d) that expresses IGS particles
for NR1 (arrows). Scale bars: 0.5 μm.
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Figure 4. CRF and GFP are co-expressed in CeA neurons as well as apposed axon terminals and
dendrites
(A). A longitudinally sectioned dendritic profile (CRF+GFP-d) expresses diffuse
immunoperoxidase immunoreaction product for GFP. Immunogold particles for CRF
(unfilled arrows) are also present in this profile. (B). An axon terminal (CRF-t) labeled for
CRF forms a symmetric inhibitory type synapse (open arrow head) with a dendritic profile
(GFP-d) containing IGS labeling for GFP (gray arrows). Scale bars: 0.5 μm.
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Figure 5. Microinjection of FG in the commissural BNST results in retrogradely labeled neurons
in the CeA
(A-B). Light micrographs illustrating a representative example of the site of FG injection in
the BNST (enclosed area) and retrogradely labeled neurons in the CeA (enclosed area).
Retrogradely labeled neurons are found primarily in the lateral division of the CeA. Electron
microscopic analysis of FG and receptor protein labeling was performed in samples taken
from the region of the CeA represented by the area bound by the trapezoid. ac: anterior
commissure; d: dorsal; lv: lateral ventricle; m: medial; ot: optic tract. Scale Bar: 1 mm.
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Figure 6. A CRF labeled CeA soma expresses FG immunoreactivity after administration of the
tracer in the BNST
A cell body (FG+CRF-s) shows diffuse immunoperoxidase labeling for CRF and IGS
labeling for FG (gray arrows). A large nucleus (n), as well as a Golgi complex (Gc) and
numerous mitochondria (m) are present in this profile. Scale bar: 1 μm
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Figure 7. CRF immunoreactivity is found in dendritc profiles that express FG, as well as in axon
terminals that contact retrogradely labeled dendrites
(A). A dendritic profile of a CeA neuron (FG+CRF-d) shows individual intracellular (gray
arrows) IGS particles for FG and diffuse ABC labeling for CRF (open arrow). An unlabeled
axon terminal (ut) forms an asymmetric synapse (arrow head) with this dual labeled
dendrite. (B). An axon terminal (CRF-t) and dendritic profiles (FG-d1-2) show exclusive
labeling for CRF or FG, respectively. The CRF labeled axon terminal shows diffuse
immunoperoxidase reaction product that is especially concentrated in structures
characteristic of large dense core vesicles (dcv). This terminal contacts a dendritic profile
(FG-d1) showing immunogold-silver particles for FG (gray arrows). Another FG labeled
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dendritic profile (FG-d2), as well as unlabeled axon terminals (ut), are present nearby. (C).
A dendritic profile (FG-d) showing IGS labeling for FG (gray arrows) receives a symmetric
type synapse (open arrow head) from an axon terminal labeled for CRF (CRF-t). Scale bars:
0.5 μm
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Figure 8. Microinjection of BDA in the CeA results in anterogradely labeled fibers in the BNST
whose axon terminals express CRF
(A-B). By light microscopy, injection of BDA into the CeA resulted in anterograde transport
in the BNST. Fibers were present throughout the ventral and dorsal BNST. (C). In the
ventral BNST, an axon and varicosity (BDA-t) express immunoperoxidase reaction product
for BDA without CRF labeling. (D). An axon terminal (BDA+CRF-t) contains ABC
labeling for BDA and IGS labeling for CRF. Particles for CRF are widely dispersed
throughout the bouton. ac: anterior commissure; d: dorsal; m: medial; ot: optic tract. Scale
Bars: 1.0 mm (A-B); 0.5 μm (C-D)
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Figure 9. GFP and FG are typically present in distinct neuronal profiles in the CeA
(A). A single labeled soma (FG-s) shows IGS labeling for the retrograde tracer (gray
arrows). Neuronal profiles can be seen in the surrounding neuropil, including unlabeled
dendritic profiles (ud), as well as those showing single ABC labeling for GFP (GFP-d). (B).
Dendritic profiles (FG-d) show IGS labeling for FG (gray arrows). These dendrites are in
close proximity to small dendritic profiles (GFP-d) showing exclusive immunoperoxidase
reaction product for GFP. (C). A dendritic profile (FG-d) shows IGS labeling for FG (gray
arrows). This profile is apposed to an axon terminal expressing diffuse immunoperoxidase
labeling for GFP. This terminal forms a symmetric inhibitory type synapse (open arrow
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head) with the FG labeled dendrite. Gc: Golgi complex; er: endoplasmic reticula; n: nucleus;
ut: unlabeled terminal. Scale bars: 1.0 μm (A); 0.5 μm (B-C)
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Figure 10. Schematic overview of CRF, NR1, and CRF-R1 distributions in CeA neurons
including those projecting to the BNST
Numerous CRF expressing neurons (light gray) were labeled for NR1, indicating the
presence of NMDA receptors (light gray cylinders). Dendrites and somata of these neurons
received extensive contacts from unlabeled (no fill) excitatory (+) and inhibitory (−) inputs.
Axon terminals showing CRF immunoreactivity (light gray) contacted unlabelled (not
shown) as well as NR1 labeled neurons, with or without (not shown) co-expression of CRF.
Axon terminals labeled for CRF were also shown to contact GFP labeled somata and
dendrites (medium gray) in the CRF-R1 reporter mouse. Dendrites of CRF-R1 expressing
neurons also showed extensive NR1 labeling, indicating that CRF-R1 neurons also express
NMDA receptors. Individual somata and dendrites also co-expressed CRF and GFP (black)
in the CRF-R1 reporter mouse; although not directly determined, given the high degree of
co-expression of NR1 with each of the latter, it is highly likely that CRF and CRF-R1
neurons also express NMDA receptors. Neurons expressing CRF, as well as those devoid of
CRF labeling (not shown), were labeled for the retrograde tracer FG (black circles) after
administration into the BNST. A small number of GFP labeled neurons were found to
project to the BNST in the CRF-R1 reporter mouse. Axon terminals labeled for CRF or GFP
were observed to form synapses with FG labeled dendrites. The relative numbers of
projection neurons are indicated by the density of symbols for FG.
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Table 1

Distribution of CRF and NR1 in CeA neuronal profiles

NR1 (gold) CRF (ABC) NR1 (ABC) CRF (gold)

CRF-somata 2% (13/807) 5% (7/148)

CRF-dendrites 47% (382/807) 55% (81/148)

CRF axons 51% (412/807) 40% (60/148)

NR1-somata 11% (24/219) 1% (1/157)

NR1-dendrite 65% (143/219) 89% (140/157)

NR1-axons 23% (52/219) 10% (16/157)

Dual-somata 23% (47/204) 21% (10/48)

Dual-dendrites 71% (145/204) 79% (38/48)

Dual-axons 6% (12/204) 0% (0/48)
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Table 2

Distribution of GFP and NR1 in CeA neuronal profiles

NR1 (gold) GFP (ABC) NR1 (gold) GFP (ABC)

GFP-somata 2% (3/174) 3% (6/239)

GFP-dendrites 70% (122/174) 79% (189/239)

GFP-axons 28% (49/174) 18% (44/239)

NR1-somata 5% (31/620) 3% (19/663)

NR1-dendrites 88% (547/620) 91% (606/663)

NR1-axons 7% (42/620) 6% (38/663)

Dual-somata 6% (6/101) 5% (12/247)

Dual-dendrites 93% (94/101) 93% (231/247)

Dual-axons 1% (1/101) 2% (4/247)
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