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Abstract

Modulatory interactions of opioids and norepinephrine (NE) in the anterior subdivision of the
basolateral nucleus of the amygdala (BLa) are critical for the consolidation of memories of
emotionally arousing experiences. Although there have been several studies of the noradrenergic
system in the amygdalar basolateral nuclear complex (BLC), little is known about the chemical
neuroanatomy of opioid systems in this region. To address this knowledge gap the present study
first examined the distribution of met-enkephalin-like immunoreactivity (ENK-ir) in the BLC at
the light microscopic level, and then utilized dual-labeling immunocytochemistry combined with
electron microscopy to investigate the extent of convergence of NE and ENK terminals onto
common structures in the BLa. Antibodies to ENK and the norepinephrine transporter (NET) were
used in these studies. Light microscopic examination revealed that a subpopulation of small
nonpyramidal neurons expressed ENK-ir in all nuclei of the BLC. In addition, the somata of some
pyramidal cells exhibited light to moderate ENK-ir. ENK+ axon terminals were also observed.
Ultrastructural analysis confined to the BLa revealed that most ENK+ axon terminals formed
asymmetrical synapses that mainly contacted spines and shafts of thin dendrites. ENK+ terminals
forming symmetrical synapses mainly contacted dendritic shafts. Approximately 20% of NET+
terminals contacted a structure that was also contacted by an ENK+ terminal and 6% of NET+
terminals contacted an ENK+ terminal. These findings suggest that ENK and NE terminals in the
BLa may interact by targeting common dendrites and by direct interactions between the two types
of terminals.
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1. Introduction

Accumulating evidence indicates that norepinephrine (NE) and opioid systems in the
anterior subdivision of the basolateral nucleus of the amygdala (BLa) are critical for stress
adaptation and memory consolidation of emotionally arousing experiences (Introini-Collison
etal., 1995; Drolet et al., 2001; McGaugh, 2004; Roozendaal et al., 2009). Stressful stimuli
such as footshock induce norepinephrine release in the rat BLa (Galvez et al., 1996; Quirarte
et al., 1998). Post-training drug treatment studies using adrenergic agonists and antagonists
indicate that activating the NE system in the BLa enhances memory retention of inhibitory
avoidance whereas inhibiting the NE system impairs memory retention (Ferry and
McGaugh, 1999; McGaugh, 2004; Ferry and McGaugh, 2008).

Endogenous opioid peptides include endorphin, enkephalin and dynorphin, which are
derived, respectively, from three peptide precursors: proopiomelanocortin, proenkephalin
and prodynorphin (Drolet et al., 2001). These opioid peptides produce their effects via three
types of G-protein coupled receptors: mu, delta and kappa. The opioid antagonist naloxone
has been found to enhance memory retention of inhibitory avoidance, and this effect is
reversed by mu opioid receptor (MOR) agonists (Izquierdo and Graudenz, 1980; Introini-
Collison et al., 1989; Introini-Collison et al., 1995). Memory regulating effects of opioids
are believed to be mediated, at least in part, through the modulation of the NE system in the
BLa, since intra-amygdalar activation of MORs impairs memory by inhibiting NE release,
and facilitating NE function compensates for these memory impairment effects (Introini-
Collison et al., 1995; McGaugh, 2004). Enkephalin or enkephalin-like peptides are the most
likely activators of MORs in the BLa, since the BLa receives an extremely sparse
innervation by beta-endorphin containing axons (Gray et al., 1984), the other main opioid
peptide associated with MORs, and met-enkephalin (ENK) has been shown to inhibit NE
release in the BLa (Tanaka et al., 2000).

In addition to the inhibition of NE release by ENK acting presynaptically, it is also possible
that there could be postsynaptic interactions of the ENK and NE systems. The major
postsynaptic targets of NE inputs in the BLa are distal dendrites and spines of pyramidal
projection neurons (Zhang et al., 2013). These structures are also the main components that
express B-adrenergic receptors (Farb et al., 2010) and MORs (Zhang et al., 2015), which
suggests that NE and ENK inputs might both synapse with these postsynaptic structures,
similar to the locus ceruleus where ENK and epinephrine terminals converge on the same
dendrites (Van Bockstaele et al., 1996). However, there have been no detailed light or
electron microscopic studies of ENK immunoreactivity (ENK-ir) in the basolateral
amygdala, nor have any previous studies examined the convergence of ENK and NE
terminals onto common structures. The present study first examined the distribution of
ENK-ir in the basolateral amygdala at the light microscopic level, and then utilized dual-
labeling immunocytochemistry at the ultrastructural level, using antibodies to ENK and the
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norepinephrine transporter (NET), to investigate the extent of convergence of NE and ENK
terminals onto common structures in the BLa. In addition, the types of synapses formed by
ENK-immunoreactive (ENK+) terminals, as well as their postsynaptic targets, were
analyzed.

2.1 Light microscopic observations of enkephalin-like immunoreactivity

2.2 Electron

The distribution pattern of ENK-ir in the amygdala was similar in sections stained with
nickel-intensified or non-intensified diaminobenzidine (DAB), but all structures were more
intensely stained with the former chromogen (Figs. 1 and 2). The most intense ENK staining
in the amygdala was seen in the central nucleus, especially in its lateral and lateral capsular
subdivisions (Fig. 1A, B). There were many ENK+ somata (12—13 pm in diameter) as well
as dense neuropilar staining in these lateral portions of the central nucleus. Lighter ENK
neuropilar staining and only a few ENK+ somata were seen in the medial subdivision of the
central nucleus. The intercalated nuclei, located lateral, medial and within the basolateral
nuclear complex (BLC; consisting of the lateral, basolateral, and basomedial nuclei),
exhibited moderate to dense neuropilar ENK-ir (Fig. 1A, B). The intercalated nuclei also
contained somata (7-8pm in diameter) that exhibited light to moderate ENK-ir.

ENK neuropilar staining in the nuclei of the BLC was relatively light compared to the
central and intercalated nuclei (Fig. 1). All portions of the BLC, as well as the cortical nuclei
and amygdalohippocampal area, contained small nonpyramidal neurons that exhibited
moderate to strong ENK-ir (Figs.1C, D; Fig. 2A, C, Fig. 3). Their small somata were usually
ovoid and 8-12 um in diameter (Figs. 2A, C). These nonpyramidal ENK+ neurons gave off
3-4 thin aspiny primary dendrities that branched sparingly (Fig. 2A). The axons of some of
these neurons were observed; they arose from the cell body and could be followed for 10-50
um before becoming lost in the neuropil. In addition to the labeling of nonpyramidal neurons
there was light ENK-ir in numerous larger neurons with pyramidal or piriform somata that
obviously belonged to pyramidal neurons. The somata of pyramidal neurons in the ventral
portions of the BLa, which were about 13-18 um long and 10-12 um wide, exhibited
stronger ENK-ir than those in other portions of the BLC (Figs. 1C, D). Varicose ENK+
axons were observed in all portions of the BLC, as well as in the cortical nuclei and
amygdalohippocampal area. In the BLa and posterior basolateral nucleus (BLp) most of the
axonal varicosities were very small and lightly stained, but occasional larger varicosities (ca.
1 um in diameter) with dense ENK-ir were observed (Fig. 2A). The density of axons with
both small and large varicosities was much greater in the lateral nucleus than in the
basolateral nuclei (Figs. 2A, B). The vast majority of both types of axons was located in the
neuropil, and did not appear to contact either pyramidal or nonpyramidal ENK+ somata.

microscopic observations

Particulate reaction product (generated using Vector-VIP [Very Intense Purple] as a
chromogen, see Experimental Procedures) representing ENK-ir was seen in a variety of
neuronal profiles including somata, dendrites, spines, axons, and axon terminals. ENK-ir in
somata was sparse and confined to a few particles in the Golgi complex whereas most ENK-
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ir in dendrites, spines, axons and axon terminals was diffusely distributed (Figs. 4 and 5).
ENK+ terminals were round to ovoid, and most were 0.5-0.75 um in diameter. Synaptic
vesicles in most ENK+ terminals were small, clear, and round or oval. Larger dense core
vesicles, which were seen in a small number of ENK+ terminals, were typically located
distant to the active zone of synapses. A total of 68.4% (158/231) of ENK+ terminals were
observed forming synapses with either ENK+ or unlabeled structures. Nine of these 158
ENK+ terminals formed two synapses, for a total of 167 synapses. ENK+ terminals mainly
formed asymmetrical synapses (85% of synapses; 142/167) and their most frequent targets
were ENK+ and ENK-negative spines (Table 1; Fig. 4B). Symmetrical synapses formed by
ENK+ terminals constituted 15% of all synapses (25/167) and their most frequent targets
were thin ENK+ dendritic shafts (Table 1).

At the light microscopic level the monoclonal NET antibody stained a dense plexus of
varicose axons in the BLa (Fig. 2D). At the electron microscopic level NET+ profiles
consisted of thin unmyelinated axons and axon terminals containing synaptic vesicles (Figs.
4 and 5). The DAB peroxidase reaction product was diffusely distributed throughout these
NET + profiles, with accumulations near the plasma membrane and the outer membrane of
vesicles and mitochondria. This diffuse DAB reaction product was easily distinguished from
the particulate Vector-VIP reaction product of ENK-ir. NET+ terminals were round or ovoid
in shape with closely packed small, round, clear synaptic vesicles, and occasional large clear
vesicles or large dense core vesicles (Fig. 4A), similar to the descriptions of DBH+ profiles
and NET+ profiles reported in previous studies of the basolateral amygdala (Asan, 1998; Li
et al., 2001; Li et al., 2002; Farb et al., 2010; Zhang et al., 2013). NET terminals mainly
formed symmetrical synapses, and they targeted both ENK+ and unlabeled structures,
including dendritic shafts, spines and somata, consistent with previous studies (Li et al.,
2001; Li et al., 2002; Zhang et al., 2013).

Approximately 20% (16/78) of NET+ terminals in the BLa contacted a structure that was
also contacted by an ENK+ terminal (Fig. 5). The targets and types of contacts formed by
converging terminals are listed in Table 2. In general, the most frequent common targets
were small-caliber dendritic shafts and spines (Fig. 5; Table 2). In most instances of
convergence, ENK+ terminals formed asymmetrical synapses or appositions whereas NET+
terminals formed symmetrical synapses or appositions (Table 2). In addition, NET+ and
ENK+ terminals contacted each other in five cases (6.4% [5/78] of NET+ terminals) (Fig.
5B, C).

3. Discussion

This is the first investigation to study the ultrastructural localization of ENK in the BLa, as
well as the possible convergence of NET+ and ENK+ axon terminals onto common
structures in this nucleus. Our results demonstrate that ENK is expressed in at least two
neuronal subpopulations in the BLa: pyramidal neurons and a subpopulation of small
nonpyramidal neurons. Ultrastructural analysis confined to the BLa revealed that most ENK
+ axon terminals formed asymmetrical synapses that mainly contacted spines and shafts of
thin dendrites. ENK+ terminals forming symmetrical synapses mainly contacted dendritic
shafts. Approximately 20% of NET+ terminals contacted a structure that was also contacted
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by an ENK+ terminal and 6% of NET+ terminals contacted an ENK+ terminal. These
findings suggest that ENK and NE terminals in the BLa may interact by targeting common
dendrites and by direct interactions between the two types of terminals.

3.1 Pyramidal neurons and small nonpyramidal neurons in the basolateral amygdala
express ENK-ir

Although most pyramidal neurons in the basolateral amygdala at the light microscopic level
exhibited little or no ENK-ir, perikarya of pyramidal neurons located in the ventral and
ventromedial portions of the BLa were moderately stained. Since it is well established that
BLa pyramidal neurons like cortical pyramidal neurons, use glutamate as a neurotransmitter
(Sah et al., 2003; Pape and Pare, 2010), these findings are consistent with in situ hybrization
studies which found that pyramidal neurons in these portions of BLa co-express mRNAs for
preproenkephalin and vesicular glutamate transporter 1 (VGLUTL1), a marker for
glutamatergic neurons (Poulin et al., 2008). In fact, 95% of neurons in the BLa that
expressed mRNA for preproenkephalin also expressed mRNA for VGLUT1 (Poulin et al.,
2008). It is also of interest that preliminary studies in colchicine-injected animals in our lab
have demonstrated that ENK-ir accumulates in the axon initial segments of these pyramidal
neurons (personal observations of AJM), suggesting that ENK is transported to the axon
terminals of these neurons. Since the great majority of spines in the BLa originate from
dendritic shafts of pyramidal neurons (Muller et al., 2006), most of the ENK+ spines and
spiny dendrites seen at the ultrastructural level are undoubtedly of pyramidal cell origin.

Numerous small nonpyramidal interneurons expressing ENK-ir were seen throughout the
basolateral amygdala. These have been described in previous studies of the amygdala using
antibodies to met-enkephalin, enkephalin-7, and leu-enkephalin (Finley et al., 1981;
Khachaturian et al., 1983; Merchanthaler et al., 1986; Wilson et al., 2002). In some of these
studies injections of colchicine were required for adequate visualization of these cells. In the
present study they were strongly stained with nickel-intensified DAB, and more weakly
stained in sections stained with non-intensified DAB, in non-colchicine-injected rats. Their
distinctive morphology (i.e., small perikaryon and very thin dendrites) closely resembles that
of small nonpyramidal neurons in the basolateral and lateral nuclei that co-express
vasoactive intestinal peptide (VIP), the calcium binding protein calretinin (CR), and
cholecystokinin (CCK) (Mascagni and McDonald, 2003). In fact, preliminary studies
performed in our lab have demonstrated that ENK+ neurons constitute a subpopulation of
VIP+ and CR+ nonpyramidal neurons (personal observations of AJM). Likewise, ENK+
nonpyramidal neurons in the hippocampus also express VIP and CR (Blasco-Ibafiez et al.,
1998). Since these small basolateral nonpyramidal neurons, like other nonpyramidal
neuronal subpopulations in the basolateral amygdala, are GABAergic (McDonald and
Pearson, 1989; McDonald and Mascagni, 2001), they undoubtedly correspond to the
neurons of the lateral nucleus that co-express mRNAs for preproenkephalin and glutamate
decarboxylase 65 (GAD65) (Poulin et al., 2008). Although we observed small ENK+
nonpyramidal neurons in all portions of the basolateral amygdala, very few neurons co-
expressing preproenkephalin and GAD65 mRNAs were observed in the basolateral nucleus
by Poulin and co-workers (2008).
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found in axon terminals in the BLa

ENK+ axon terminals mainly formed asymmetrical synapses in the BLa (85%), but
symmetrical synapses were also observed (15%). The percentage of symmetrical synapses
may be underestimated since they are more difficult to detect if the plane of section is
oblique to the synaptic junction. It is well established that in the BLa, as in the cortex, axons
with terminals forming asymmetrical and symmetrical synapses are mainly glutamatergic
and GABAergic, respectively (Smith and Pare”, 1994; McDonald et al., 2002). ENK can be
co-released with glutamate or GABA in these axons when they fire at high frequencies
(Wagner et al., 1990). ENK released from dense core vesicles located in axon terminals or
non-synaptic intervaricose segments of axons (van den Pol, 2012) can activate mu (MOR)
and delta (DOR) opioid receptors, both of which are found in very high concentrations in the
BLa (Mansour et al., 1987, 1995). Although there have been no ultrastructural studies of
DORs in the BLa, recent studies of MORs indicate that they are expressed in axon terminals,
as well as in dendrites and spines (Glass et al., 2005; Zhang et al., 2015). Enkephalin or
enkephalin-like peptides are the most likely activators of almost all MORs in the BLa, since
the BLa receives an extremely sparse innervation by beta-endorphin containing axons (Gray
et al., 1984), the other main opioid peptide associated with MORs. ENK released from BLa
axons may reach MORs in dendrites via “wired” synaptic transmission or by diffusion in the
extracellular space (“volume” or “parasynaptic” transmission) (Agnati et al., 1986).
Activation of MORs in axon terminals would require volume transmission, but activation of
MOR autoreceptors at synapses formed by ENK+/MOR+ terminals is also possible (see
below).

One likely origin of ENK+ axons forming asymmetrical (putative glutamatergic) synapses
are the local ENK+ pyramidal neurons in the BLa (see above), since these neurons have
extensive local axonal arborizations (Pitkanen et al., 2003; McDonald et al., 2005). These
axons would thus release the excitatory neurotransmitter glutamate as well as ENK, which
would be expected to have largely inhibitory actions via activation of MORs or DORs
associated with Gi protein signaling pathways (Wagner and Chavkin, 1995). Other possible
origins of ENK+ axons forming asymmetrical synapses are afferents from the cerebral
cortex (Hall, 1972; Smith and Paré, 1994; Brinley-Reed et al., 1995; Farb and LeDoux,
1999; Smith et al., 2000, Pinard et al., 2010) and thalamus (Carlsen and Heimer, 1988;
LeDoux et al., 1991), but it is unclear whether these inputs are enkephalinergic. The main
postsynaptic targets of terminals forming asymmetrical synapses, including the ENK+
terminals in the present study, are spines, the great majority of which arise from distal
dendrites of BLa pyramidal neurons (Muller et al., 2006). MORs in the BLa are expressed in
both axon terminals forming asymmetrical synapses as well as in spines (Zhang et al., 2015).
Electrophysiological studies have shown that the ENK analog DAMGO ([D-Ala2, N-
MePhe4, Gly-ol]-enkephalin), a MOR agonist, activates a voltage-dependent potassium
current in dendrites, but not in the somata, of pyramidal neurons in the BLC (Faber and Sah,
2004). Since glutamatergic inputs to BLa pyramidal neurons synapse with dendrites but not
somata (Muller et al., 2006), it is likely that ENK released from glutamatergic axons may
activate this dendritic current in vivo. DAMGO also inhibits glutamate release onto
pyramidal neurons of the BLa via presynaptic MOR activation (Yang et al., 2014). It is
possible that the mechanism of action for this effect involves activation of MOR
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autoreceptors in glutamatergic axon terminals by ENK released from these axons (Zhang et
al., 2015). ENK released from glutamatergic terminals might also activate MORSs in
neighboring glutamatergic terminals synapsing with other spines via volume transmission
(Drake et al., 2002).

ENK+ axon terminals in the BLa that form symmetrical (putative GABAergic or
neuromodulatory) synapses mainly target ENK+ dendritic shafts, but it is not clear whether
these are dendrites of pyramidal neurons, nonpyramidal interneurons, or both. These ENK+
terminals may belong to the axons of the small ENK+ BLa nonpyramidal interneurons
and/or the ENK+ neurons of the intercalated nuclei observed in the present study. Both of
these neuronal populations exhibit colocalization of ppENK and GAD65 mRNA (Poulin et
al., 2008), and have axons that innervate neurons in the BLa (Muller et al., 2003; Marowsky
et al., 2005). These axons presumably release the inhibitory neurotransmitter GABA as well
as ENK, which like GABA would be expected to have largely inhibitory actions (Wagner
and Chavkin, 1995). DAMGO can inhibit the release of GABA from terminals in the
basolateral amygdala (Sugita and North, 1993), including GABAergic terminals that synapse
with pyramidal neurons (Finnegan et al., 2005). The finding of the present study that some
putative GABAergic terminals contain ENK suggests that ENK released from these same
terminals may be responsible for these presynaptic effects via an MOR-mediated
autoreceptor mechanism (Zhang et al., 2015). ENK/MOR mediated inhibition of GABA
release should increase the excitability and firing of pyramidal neurons that are postsynaptic
to these inhibitory terminals via a disinhibitory mechanism. Indeed, one of the major targets
of GABAergic VIP+ interneurons, some of which express ENK (see above), are presumptive
pyramidal cells (Muller et al., 2003). In addition, it is possible that ENK released from
interneuronal axons could inhibit pyramidal cell dendrites by activating voltage-dependent
potassium currents (Faber and Sah, 2004).

In addition to innervating BLa pyramidal neurons, VIP+ interneurons in the BLa innervate
dendrites of other GABAergic interneurons that express calbindin (Muller et al., 2003). This
finding suggests that ENK released from the axons of ENK+/VIP+ neurons could inhibit the
dendrites of one or both of the two main types of calbindin-containing GABAergic
interneurons, parvalbumin (PV) and/or somatostatin (SOM) expressing neurons, if these
interneurons express MORs or DORs (McDonald and Mascagni, 2001, 2002). Indeed, there
is evidence that dendrites of BLa interneurons, including PV+ neurons, express MORs
(Zhang et al., 2015). Since PV+ and SOM+ interneurons inhibit pyramidal cells (Muller et
al., 2006, 2007; Woodruff and Sah, 2007), ENK might have a disinhibitory effect on BLa
pyramidal cells via a disynaptic mechanism. Interestingly, the sole targets of ENK+/VVIP+
and ENK+/CR+ interneurons in the hippocampus are other interneurons (Blasco-1bafiez et
al., 1998), and one of the main actions of enkephalin in the hippocampus is disinhibition of
principal neurons via modulation of the somatodendritic and axonal compartments of
GABAergic interneurons (Zieglgéansberger et al., 1979; Drake et al., 2007).

3.3 Convergence of enkephalinergic and noradrenergic axon terminals in the BLa

Stressful events, including footshock, psychological stress, and fear conditioning, are known
to increase norepinephrine (NE) levels in the basolateral amygdala, and other areas of the
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brain (Quirarte et al., 1998; Tanaka et al., 2000). The release of NE in the BLa is critical for
consolidation of inhibitory avoidance memaory, where rats learn to avoid a dark compartment
in which they previously were administered footshock (McGaugh 2004). There is evidence
that MOR agonists, including ENK, decrease NE release in the BLa, and thereby block NE-
mediated memory consolidation (Quirarte et al., 1998; Tanaka et al., 2000). These findings
suggest that NE and ENK containing axon terminals in the BLa may be in close proximity to
each other, perhaps even contacting the same postsynaptic structures or each other. This
would permit released ENK to block NE release by activating MOR receptors in NE
terminals via volume transmission.

Indeed, the present study demonstrated that it was common for ENK+ axon terminals to be
found within 2-3 um from NET+ terminals in the 5um x 5um fields analyzed in this study.
This close proximity should facilitate interactions via volume transmission (Drake et al.,
2002). Moreover, approximately 20% of NET+ terminals contacted a structure that also was
contacted by an ENK+ terminal, usually a spine or thin distal dendrite, and 6.4% of NET+
terminals were in direct contact with an ENK+ terminal. A common form of synaptic
convergence was an ENK+ terminal forming an asymmetrical synapse, and an NET+
terminal forming a symmetrical synapse or apposition, with a spine. This arrangement might
permit ENK to modulate presynaptic release of glutamate and NE onto the same spine. In
addition, since MORs (Zhang et al., 2013, 2015), p-adrenergic receptors (Farb et al., 2010),
and NMDA receptors (Farb et al., 1995) are expressed in spines in the basolateral amygdala
there is also the possibility of postsynaptic interactions of ENK, NE, and glutamate that
might influence synaptic plasticity (Blair et al., 2001).

4. Experimental Procedures

4. 1. Light microscopy

A total of 10 adult male Sprague-Dawley rats (250-350g; Harlan, Indianapolis, IN) were
used in this study. Seven rats were used for light microscopy and three rats were used for
electron microscopy. All experiments were carried out in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved
by the Institutional Animal Use and Care Committee (IACUC) of the University of South
Carolina. All efforts were made to minimize animal suffering and to use the minimum
number of animals necessary to produce reliable scientific data.

Four of the seven rats used for light microscopy were processed for immunoperoxidase
histochemistry using DAB (3,3 -diaminobenzidine 4HCI; Sigma Chemical Co., St. Louis,
MO, USA) as a chromogen to generate a brown reaction product. These rats were
anesthetized with sodium pentobarbital (40 mg/kg, IP) and perfused through the heart with
0.1 M phosphate-buffered saline (PBS; pH 7.4) containing 1% sodium nitrite (100 ml),
followed by 4.0% paraformaldehyde and 0.2% picric acid in 0.1 M phosphate buffer (PB;
pH 7.4; 500 ml). Following perfusion, brains were removed and postfixed for 3 h in 4.0%
paraformaldehyde in PB. Brains were sectioned at 50 um in the coronal plane using a
vibratome. Amygdalar sections were placed in tissue culture chamber slides for
immunohistochemical processing. In each brain, a one-in-four series of sections through the
amygdala was incubated in a rabbit methionine-enkephalin (ENK) antibody (1:2000; catalog
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#20065, RRID: AB_572250, ImmunoStar, Hudson, W1, USA). Adjacent sections were
Nissl-stained with cresyl violet. Following an overnight incubation in primary antibody

(4 °C), sections were processed for the avidin—biotin immunoperoxidase technique using a
rabbit ABC Elite kit (Vector Laboratories, Burlingame, CA, USA) with DAB as a
chromogen. All immunoreagents were diluted in PBS containing Triton X-100 (0.3%) and
1% normal goat serum. Following immunohistochemical processing, sections were mounted
on gelatinized slides, dried overnight, dehydrated in ethanols, and coverslipped with
Permount (Fisher Scientific, Pittsburgh, PA, USA).

Three of the seven rats used for light microscopy were processed for immunoperoxidase
histochemistry using nickel-intensified DAB as a chromogen. These rats were anesthetized
and perfused through the heart with 0.1 M PBS containing 1% sodium nitrite (100 ml),
followed by 4.0% paraformaldehyde in PB (500 ml). They were then processed as described
above but with nickel-intensified DAB as a chromogen to generate a black reaction product
(Hancock, 1986). In addition, in one of the three brains alternate sections through the entire
amygdala were processed for ENK or Nissl stain to enable the plotting of ENK+ neurons in
the amygdala using a drawing tube attached to an Olympus BX51 microscope; the Nissl
sections were used for determining the boundaries of nuclei in the adjacent ENK-stained
sections.

microscopy

Three rats were anesthetized with an anesthetic mixture (ketamine: 85mg/kg; xylazine:
8mg/kg; acepromazine: 4mg/kg) and perfused intracardially with PBS containing 1%
sodium nitrite, followed by 2% paraformaldehyde-3.75% acrolein in PB for 1 minute,
followed by 2% paraformaldehyde in PB for 20 minutes. The anesthesia for these rats was
switched from the sodium pentobarbital used for the light microscopic studies to the
ketamine/xylazine/acepromazine mixture because pharmaceutical grade sodium
pentobarbital became unavailable. Brains were removed, postfixed in 2% paraformaldehyde
for 1h, and sectioned on a vibratome in the coronal plane at 60um.

Double-labeling immunohistochemistry was performed to localize ENK, and to analyze the
extent of convergence of ENK+ and NET+ terminals onto common structures in the BLa at
the ultrastructural level. To enhance penetration of antibodies for the electron microscopic
studies, but still preserve ultrastructure, sections were incubated with low levels of Triton
X-100 (0.02%) in all of the antibody dilutions. After incubation for 30 minutes in a blocking
solution (PBS containing 3% normal goat serum, 1% bovine serum albumin, and 0.02%
Triton-X), sections were incubated in a mouse monoclonal NET antibody (1:2000; NET-05;
obtained from Dr. Randy D. Blakely, Vanderbilt University Medical Center, Nashville, TN)
diluted in blocking solution overnight at 4°C and then processed for the immunoperoxidase
technique using a biotinylated goat anti-mouse antibody (1:500; Jackson ImmunoResearch,
West Grove, PA, USA) and a Vectastain Standard ABC kit (\ector Laboratories) with DAB
as a chromogen. After rinsing, sections were processed with an Avidin/Biotin Blocking Kit
(\Vector Laboratories). Sections were then incubated overnight at 4°C in the rabbit ENK
antibody (1:1000, ImmunoStar) and processed for the immunoperoxidase technique using a
biotinylated goat anti-rabbit secondary antibody (1: 500, Jackson ImmunoResearch
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Laboratories) and a Vectastain Elite ABC kit with Vector-VIP (Very Intense Purple) as a
chromogen (Vector Laboratories). Vector-VIP produces a reaction product that appears
purple at the light microscopic level and granular at the electron microscopic level. It was
easily distinguished from the diffuse DAB reaction product at the ultrastructural level. Light
and electron microscopic examination of sections processed using this dual-labeling
immunoperoxidase method, but with one of the two primary antibodies omitted, produced
no reaction product for the chromogen associated with the omitted antibody.

After the immunohistochemical reactions, sections were postfixed in 2% osmium tetroxide
in 0.16 M sodium cacodylate buffer for 1 h, dehydrated in ethanol and acetone, and flat
embedded in Polybed 812 (Polysciences, Warrington, PA) in slide molds between sheets of
Aclar (Ted Pella, Redding, CA). Selected areas of the BLa were remounted onto resin
blanks. Silver thin sections were collected on formvar-coated slot grids, stained with uranyl
acetate and lead citrate and examined with a JEOL-200CX electron microscope.
Micrographs were taken with an AMT XR40 digital camera system (Advanced Microscopy
Techniques, Danvers, MA).

4.3. Quantitative ultrastructural analysis

The purpose of the quantitative analysis was to study the ultrastructural localization of ENK-
ir and to determine the extent to which ENK+ terminals and NET+ terminals converged onto
common structures or came into contact with each other. This analysis was modeled after
similar studies of the convergence of cortical and dopaminergic inputs to the striatum and
basolateral amygdala (Sesack and Pickel, 1990, 1992; Pinto and Sesack, 2008; Pinard et al.,
2010). One vibratome section from each of the three rats was selected for thin sectioning
and analysis. From these sections, areas that exhibited staining for both ENK and NET were
chosen for quantitative analysis. This prerequisite eliminates false negatives due to unequal
penetration of reagents (Sesack and Pickel, 1990, 1992). All electron micrographs were
taken at 36,000X magnification. For data collection, each NET+ terminal encountered was
centered in the field and then ENK+ terminals in the same field were analyzed to determine
the extent to which they directly contacted the NET+ terminal or contacted the same
structure as the NET+ terminal. Some fields contained two NET+ terminals near the center
of the field. The area of each field was 5.0 um x 5.0 um. A total of 67 fields containing 78
NET+ terminals and 231 ENK+ terminals were examined. Labeled terminals were followed
in 3 to 11 serial thin sections. Contacts of NET+ and ENK+ terminals with ENK-labeled or
unlabeled neuronal structures in the BLa were classified as either synapses or appositions. In
addition, the types of synapses formed by all ENK+ terminals in these same fields, as well
as their postsynaptic targets, were analyzed. Synapses were identified using standard
criteria: 1) parallel presynaptic and postsynaptic membranes exhibiting membrane
thickening, 2) clustered vesicles associated with the presynaptic membrane, and 3) a
synaptic cleft containing dense material. Contacts which did not meet these criteria were
identified as appositions. Asymmetrical and symmetrical synapses were identified based on
the presence or absence of a prominent postsynaptic density (Peters et al., 1991).
Postsynaptic neuronal profiles were identified as ENK+ or ENK-negative somata, large-
caliber dendritic shafts (=1pum), small-caliber dendritic shafts (<1um), or spines according to
established morphological criteria (Peters et al. 1991).

Brain Res. Author manuscript; available in PMC 2017 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang and McDonald Page 11

4.4 Antibody specificity
The met-enkephalin antibody (catalog #20065, RRID: AB_572250; ImmunoStar) has very
limited recognition of leucine-enkephalin and has no cross reaction with endorphins in
immunodot-blot analyses (Cheng et al., 1995). To further characterize the specificity of this
antiserum in the amygdala we preadsorbed the antibody (diluted 1:1000) with met-
enkephalin (20 pg/ml), dynorphin A (20 and 80 pg/ml), or dynorphin B (20 and 80 pg/ml),
and processed the sections for immunoperoxidase histochemistry using nickel-intensified
DAB as a chromogen. No staining was seen in the amygdala, or any other brain region,
when the antibody was preadsorbed with met-enkephalin, with the exception of a few
lightly-stained dendritic processes in the central amygdalar nucleus. No attenuation of ENK
staining was seen in any brain region, including the amygdala, when the antibody was
preadsorbed with either of the two concentrations of dynorphin A or dynorphin B.

The mouse monoclonal anti-NET primary antibody (1:2000; NET-05, obtained from Dr.
Randy D. Blakely, Vanderbilt University Medical Center, Nashville, TN) used in this study
was raised against amino acids 5-17 of the amino-terminus of mouse NET. The specificity
of this antibody has been demonstrated by absence of staining in NET knock out animals
and following preadsorption with the antigenic peptide (Matthies et al., 2009). It has been
used to localize noradrenergic terminals in both light and electron microscopic studies
(Matthies et al., 2009; Erickson et al., 2011).
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Highlights

Enkephalin (ENK) is contained in perikarya of interneurons in
basolateral amygdala

Lighter levels of ENK are found in pyramidal neurons in the basolateral
amygdala

ENK is also contained in axon terminals forming excitatory or
inhibitory synapses

ENK terminals and noradrenergic (NA) terminals are often in close
proximity

20% of NA terminals contact dendrites that are also contacted by ENK
terminals
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Fig. 1.
Photomicrographs of ENK-ir in the BLC in sections stained with nickel-intensified DAB.

(A) ENK-ir at the bregma —2.2 level. Note strong ENK-ir in the central nucleus (including
its lateral capsular subdivision [CLC]) and caudate-putamen (CP), and moderate ENK-ir in
the intercalated nuclei located in the external capsule along the lateral (left) border of the
anterior subdivision of the basolateral nucleus (BLa). The BLa and dorsolateral subdivision
of the lateral nucleus (Ldl) have light neuropilar ENK-ir and scattered nonpyramidal neurons
that exhibit intense ENK-ir (see C for a view of the BLa at higher magnification). (B) ENK-
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ir at the bregma —3.0 level. Note strong ENK-ir in the central nucleus (including its lateral
subdivision [CL]), caudate-putamen (CP), and intercalated nuclei (including one located at
the border of the lateral and basolateral nuclei [IN]). All nuclei of the BLC, including the
dorsolateral, ventromedial and ventrolateral subdivisions of the lateral nucleus (Ldl, Lvm,
Lvl), the anterior, posterior and ventral subdivisions of the basolateral nucleus (BLa, BLp,
BLv), and the anterior basomedial nucleus (BMa) have light neuropilar ENK-ir and
scattered nonpyramidal neurons that exhibit intense ENK-ir (see D and Fig. 2A for higher
power views of the BLa at this level). The stronger neuropilar staining of the lateral nucleus
versus the other nuclei of the BLC is due to a higher density of ENK+ axons in this nucleus
(see Fig. 2B). (C and D) Higher power photomicrographs of the ventral parts of BLa shown
in A and B, respectively (asterisks mark the same blood vessels in A/C and B/D). Note
intense ENK-ir in small nonpyramidal neurons (arrows show three representative examples
in each pane). In addition, there are numerous larger putative pyramidal neurons with light
ENK-ir in the ventral part of BLa (C; above the blood vessel marked with an asterisk) and
ventromedial corner of BLa (D; below and to the right of the blood vessel marked with an
asterisk) (arrowheads show four representative examples in each pane). Scale bars = 200 um
in A (B is at the same magnification), 100 um in C (D is at the same magnification).
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Fig. 2.

(A?) High power photomicrograph of ENK-ir in the BLa in a section stained with nickel-
intensified DAB. This field contains two ENK+ nonpyramidal neurons that are in the plane
of focus, and numerous small ENK+ puncta presumed to be axon terminals; an axon with
large varicosities (1 um in diameter) is indicated with an arrow. (B) High power
photomicrograph of ENK-ir in the lateral nucleus in a section stained with nickel-intensified
DAB. This field contains numerous ENK+ puncta that average about 1 um in diameter and
appear to be axon terminals. (C) Four small ENK+ nonpyramidal neurons in the BLa in a
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section stained with non-intensified DAB. Small ENK+ puncta can be seen in the neuropil.
(D) NET+ axons in the BLa. All scale bars = 25um.
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Fig. 3.

Plots of ENK+ nonpyramidal neurons in the BLC and cortical nuclei at rostral (A), middle
(B) and caudal (C) levels of the amygdala. Drawings of brain sections are from the atlas by
Paxinos and Watson (1997). Neurons are plotted from two non-adjacent sections at each
level. Each dot represents one neuron. The central nucleus and intercalated nuclei contained
a much higher density of neurons, but these are not plotted. Abbreviations: ACo, anterior
cortical nucleus; AHA, amygdalohippocampal area; AStr, amygdalostriatal transition area;
BLa, anterior basolateral nucleus; BLp, posterior basolateral nucleus; BLv, ventral
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basolateral nucleus; BMa, anterior basomedial nucleus; BMp, posterior basomedial nucleus;
CL, lateral central nucleus; CeC, capsular central nucleus; CM, medial central nucleus; CP,
caudate-putamen; IN, intercalated nucleus; Ldl, dorsolateral lateral nucleus; Lvm,
ventromedial lateral nucleus; Lvl, ventrolateral lateral nucleus; Mad, anterodorsal medial
nucleus; Mav, anteroventral medial nucleus; Mpd, posterodorsal medial nucleus; Mpv,
posteroventral medial nucleus; OT, optic tract; PC, piriform cortex; PLCo, posterolateral
cortical nucleus; PMCo, posteromedial cortical nucleus; ST, stria terminalis; VEn, ventral
endopiriform nucleus.
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Fig. 4.

Elgectron micrographs of ENK-ir (particulate Vector-VIP reaction product) and NET-ir
(dense, diffuse DAB reaction product) in the BLa. Small arrowheads indicate representative
Vector-VIP particles in ENK+ structures. (A) In this field ENK-ir is found in various
structures including a myelinated axon (ENK-AX), spine head (ENK-Sp), and a small-
caliber dendrite (ENK-SD) that gives rise to an unlabeled spine (Sp); an NET+ axon
terminal (t-NET) containing a large dense core vesicle (white asterisk) contacts both this
dendrite as well as its spine. The former contact appears to be a symmetrical synapse (arrow)
while the latter was judged to be an apposition (black asterisk). An unlabeled terminal (t-U)
is also in the field. (B) An NET+ axon terminal (t-NET) forms an apposition (asterisk) with
a small-caliber dendrite (SD) that is very lightly labeled for ENK. This field also contains an
unlabeled axon terminal (t-U) that forms an asymmetrical synapse (arrow) with an ENK+
spine (ENK-Sp). Two ENK+ axon terminals are seen in the lower right corner (t-ENK); the
upper terminal forms an asymmetrical synapse (arrow) with an unlabeled spine. Scale bars =
0.5 pm.
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Fig. 5.

Electron micrographs showing convergence of ENK+ (t-ENK) and NET+ terminals (t-NET)
onto unlabeled small-caliber dendritic shafts (U-SD in A and B) and an unlabeled spine (U-
Sp in C) in the BLa. Small arrowheads indicate representative Vector-VIP particles in ENK+
structures. In A the contacts of both terminals were symmetrical synapses (arrows). The
synaptic nature of the ENK+ terminal was more evident in other sections of the series. The
NET+ terminal is #EM08-T29 of Table 2. In B the ENK+ terminal and the NET+ terminal
form appositions (asterisks), and are also apposed to each other. The NET+ terminal is
#EM11-TO7 of Table 2. In C the ENK+ terminal and the NET+ terminal both form
symmetrical synapses and are in contact with each other. The NET+ terminal is #EM11-T42

of Table 2. Scale bars = 0.5 ym.
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Targets and types of contacts of converging ENK+ terminals and NET+ terminals in the BLa. Contacts were
asymmetrical synapses (AS), symmetrical synapses (S), or appositions (non -synaptic contacts). ENK-positive

and ENK-negative structures are indicated with a plus sign (+) or a minus sign (=), respectively.

Abbreviations: So: soma; LD: large-caliber dendrite (=1pm); SD: small-caliber dendrite (<1um); Sp: spine.

NET+ ENK NET

Terminals | Target Contact Contact
EMO08-T2 Sp+ AS S
EMO08-T24 Sp+ AS Apposition
EM11-T50 Sp+ AS Apposition
EMO08-T16 Sp- AS Apposition
EMO08-T19 Sp- AS S
EM11-T42 | Sp- S S
EMO08-T21 SD+ AS S
EMO08-T22 SD+ S S
EMO08-T31 SD+ Apposition | Apposition
EMO08-T29 SD- S S
EM10-T13 SD- AS Apposition
EM11-T04 SD- S Apposition
EM11-T05 SD- Apposition S
EM11-T07 SD- Apposition | Apposition
EM10-TO07 LD+ Apposition | Apposition
EM10-T25 | go4+Z | Apposition S

1 L ] .
ENK-ir in this So+ soma was confined to the Golgi complex
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