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Abstract

Enkephalin plays a role in the social behaviors of many species, but no corresponding role for this 

peptide has been investigated in the male Syrian hamster, a species in which brain nuclei 

controlling social behaviors have been identified. Previous studies have shown the distribution of 

dynorphin and beta-endorphin throughout social behavior circuits within the male hamster brain. 

To date, the only studies of enkephalin in the hamster brain address the distribution of this peptide 

in the olfactory bulb and hippocampus. The present study provides a complete map of 

enkephalinergic neurons within the forebrain and midbrain of the male Syrian hamster and 

addresses the question of whether enkephalin immunoreactive (Enk-ir) cells are found within 

brain regions relevant to male hamster social behaviors. Following immunocytochemistry for 

either methionine enkephalin (met-enkephalin) or leucine enkephalin (leu-enkephalin), we 

observed enkephalin localization consistent with data that have previously been reported in the rat, 

with notable exceptions including lateral septum, ventromedial nucleus of the hypothalamus and 

cingulate gyrus. Additionally, met- and leu-enkephalin localization patterns largely overlap. 

Consistent with the post-translational processing of preproenkephalin, met-enkephalin was more 

abundant than leu-enkephalin both within individual cells (darker staining), and within given brain 

nuclei (more met-enkephalin immunoreactive cells). Two exceptions were the posterointermediate 

bed nucleus of the stria terminalis, containing more neurons heavily labeled for leu-enkephalin, 

and the main olfactory bulb, where only met-enkephalin was observed. Of most interest for this 

study was the observation of Enk-ir cells and terminals in areas implicated in both sexual and 

agonistic behaviors in this species.
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1. Introduction

The well-delineated limbic circuits that mediate sexual behavior and aggression in the male 

Syrian hamster make this animal an excellent model for the study of social behaviors. 

Specifically, neuroanatomical connections [15,19,22,25,29,40,60,71] and sex hormone 

receptor distribution, [13,16,58,103] as well as behavioral correlates of lesions [8,17,23,54–

56,67,74,79,102] and of increased c-fos expression [22,26,38,47–50,89,104] have been 

determined for many areas within these circuits. Much less is known about the chemical 

neuroanatomy of social behavior pathways in the hamster.

The distribution and pharmacology of neurotransmitters and neurotransmitter receptors that 

influence social behaviors has been investigated extensively in the rat (reviewed in Meisel 

and Sachs [63]). These same neurochemicals may also regulate social behaviors in the 

golden hamster. However, documented species differences in the distribution of several 

transmitters preclude the assumption that the chemical neuroanatomy of circuits in the 

hamster brain is the same as that of the rat. For example, substance P is abundant in the 

nuclei of the mating behavior pathway in both rat [11,31] and hamster [71,72], whereas 

CCK, which is heavily distributed in these areas in rat, appears to be absent in hamster 

[64,85]. In contrast, both dopamine [5] and dynorphin [70] have been localized in areas of 

the hamster’s sexual behavior pathway where neither is observed in the rat.

The social status and behavioral experience of an individual animal have been shown to 

have significant influence over the production and stored levels of enkephalin in the brain. 

In a variety of rodents, the concentration of enkephalin found in the brain can vary with the 

dominance status of the animal [24,51,78,80]. Further, in the male rat, Agmo et al. [3] have 

demonstrated that enkephalin levels influence mating behavior. If enkephalin also influences 

social behaviors in the hamster, then immunoreactivity for enkephalin peptides should be 

detected within brain regions, which regulate these behaviors. Thus, we have investigated 

the distribution, behaviorally induced activation, and sex steroid regulation of the 

endogenous opioid, enkephalin, within the social behavior circuitry of the hamster brain.

As the first in a series of reports, the results reported here indicate that in the hamster, 

methionine (met-) and leucine (leu-) enkephalin are localized within pathways that regulate 

mating and aggressive behavior.

2. Materials and methods

2.1. Animals

The brains of eight male Syrian hamsters weighing between 110 and 200 g were studied. 

The animals were group housed in a long day photoperiod (10 h dark and 14 h light) and had 

access to food and water at all times.

2.2. Tissue preparation for Immunocytochemistry

Prior to perfusion six males received an intracerebral ventricular (i.c.v.) injection of 200 µg 

colchicine, to inhibit axonal transport. This dose had been determined to be optimal in 

preliminary experiments. Colchicine dissolved in 2.5 µl of 0.9% saline was stereotaxically 
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delivered into the left lateral ventricle in animals anesthetized with sodium pentobarbital (10 

mg/100 g body weight). Stereotaxic coordinates were +1.5 AP, +1.5 ML, and −3.3 DV 

(from bregma) with bregma and lambda in the same horizontal plane. After 48 h each 

animal was deeply anesthetized with sodium pentobarbital (15 mg/100 g) and perfused 

through the ascending aorta with 150 ml of 0.1 M sodium phosphate-buffered saline (PBS) 

followed by 250 ml of 4% paraformaldehyde in PBS with 0.1% sodium nitrite for 

vasodilatation. The brains were removed from the skull and post-fixed for 1 h in the same 

fixative, then immersed overnight at 4 °C in 20% sucrose in PBS for cryoprotection. Using a 

freezing microtome, each brain was cut coronally into 40-µm sections that were collected 

serially into 12 vials containing PBS with 0.01% sodium azide. Two additional animals were 

perfused without prior injection of colchicine, to optimize staining of enkephalinergic fibers 

and terminals; their brains were processed as described above.

2.3. Met- and leu-enkephalin immunocytochemistry

Met- and leu-enkephalin polyclonal antibodies produced in rabbit (ImmunoStar, Hudson, 

WI [formerly Incstar]) were used to determine the enkephalin distribution reported here. 

Initially four different concentrations of antibody (1:250, 1:500, 1:1000, and 1:5000) were 

tested to determine the optimal concentration for enkephalin immunoreactivity. Free floating 

sections (every 4th section through the forebrain and midbrain) were incubated in one of the 

primary antibodies, with normal donkey serum (1:200; Jackson Laboratories) and 0.3% 

Triton X-100 in potassium phosphate-buffered saline (KPBS) for 48 h at 4 °C on a rotator. 

All subsequent incubations and rinses (3 × 5 min in KPBS) were done at room temperature. 

The tissues were then rinsed and incubated for 1 h on a rotator in biotinylated donkey anti-

rabbit secondary antibody (1:100, Jackson Laboratories) and normal donkey serum (1:200, 

Jackson Laboratories) in 0.3% Triton X-100 in KPBS. After rinsing, they were incubated 

with avidin–biotin complex (Vectastain Elite kit, Vector Labs) in KPBS for 1 h on a rotator 

before the avidin–biotin/HRP complex was visualized using nickel chloride enhanced 

diaminobenzidine (one 10 mg diaminobenzidine tablet from Sigma dissolved in 80 ml 

KPBS and 200 µl H2O2 with 250 µl NiCl) developed over a 6-min period on a shaker. 

Adjacent sections were stained with cresyl violet to assist in cytoarchitectonic localization of 

enkephalin. The sections were mounted from KPBS onto gelatin-coated slides, air-dried, 

dehydrated, and coverslipped using Permount.

2.4. Control procedures

In the descriptions of control procedures below, a “vial” contains serially spaced 40-µm 

sections representing every 12th section through the brain.

2.4.1. Preabsorption of antibody with peptide—For each of the primary antibodies 

studied, one vial of sections from each brain was preabsorbed with either 10 or 75 µM met-

enkephalin (Bachem) or a 10 or 75 µM concentration of leu-enkephalin (Bachem) for 1 h at 

room temperature, after which the standard immunohistochemical procedure was followed. 

Tissues prepared in these four control conditions were compared to tissues processed 

simultaneously but without peptides in the preincubation medium.
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2.4.2. Omission of the primary and secondary antibodies—In two vials of sections 

from each brain that had been injected i.c.v. with 200 µg of colchicine, the primary antibody 

(either met- or leu-enkephalin) was replaced with an equal volume of KPBS. Two additional 

vials of sections from each brain were processed with the primary antisera (one with met- 

and one with leu-enkephalin) but with KPBS replacing the secondary antiserum, 

biotinylated donkey antirabbit. These procedures allowed us to determine that the 

immunolabeling observed was not a result of nonspecific labeling. These control tissues 

were processed concurrently with sections prepared for met- and leu-enkephalin 

immunohistochemistry.

2.5. Histological and data analysis

The distribution of enkephalin immunoreactive cells, fibers, and puncta from all animals 

was plotted onto camera lucida drawings of adjacent cresyl violet stained brain sections. 

Immunoreactive fibers were differentiated from puncta by the clearly visible axon linking 

varicosities (Fig. 1A). The terminal fields (puncta and en passant swellings) appeared as 

clusters of immunostained dots forming a cloud (Fig. 1B). Cell bodies were counted only if 

the pale unstained nucleus was discerned within the immunostained cytoplasm.

3. Results

3.1. Immunolabeling controls

The optimal dilution used for immunolabeling with both antibodies was 1:1000. In general, 

the brain distribution of met- and leu-enkephalin immunoreactivity overlapped (Table 1), 

but the met-enkephalin immunoreactivity was greater than leu-enkephalin immunoreactivity 

in quantity (number of neuronal elements) and quality (intensity) (Fig. 2A,B). This was 

observed throughout the forebrain, with two exceptions: in the olfactory bulbs only met-

enkephalin immunoreactivity was found, and in the posterointermediate subdivision of the 

bed nucleus of the stria terminalis (BNSTpi) the leu-enkephalin immunoreactivity was 

reliably greater in quantity as well as quality than the met-enkephalin immunoreactivity.

Omission of the primary or secondary antibody from the incubation solutions resulted in no 

staining (Fig. 3A and B). Preabsorption of the met-enkephalin antibody with 10 µM met-

enkephalin resulted in no staining (Fig. 3C) while the preabsorption of the met-enkephalin 

antibody with 75 µM leu-enkephalin resulted in normal met-enkephalin staining (Fig. 3D). 

Likewise, the preabsorption of the leu-enkephalin antibody with 10 µM leu-enkephalin 

resulted in no staining (Fig. 3E). Preabsorption of the leu-enkephalin antibody with 75 µM 

met-enkephalin resulted in a slight apparent decrease in leu-enkephalin immunoreactivity 

throughout the brain (Fig. 3F). In order to assess the effect of this decreased labeling, leu-

enkephalin immunoreactive cells were counted in the medial septum and the periaqueductal 

gray. The counts revealed no difference in the mean number of leu-enkephalin 

immunoreactive cells between preabsorbed and non-preabsorbed sections from these two 

regions in the same brain (Table 2; n=6 brains analyzed for each region; PAG p=0.645; 

septum p=0.191).
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3.2. Colchicine effects

Visualization of terminals and fibers throughout the brain was possible without the use of 

colchicine (compare Fig. 4A and B), but to visualize the enkephalinergic cell bodies our 

preliminary experiments had demonstrated that a dose of at least 50 µg of colchicine was 

necessary (compare Fig. 4C and D). Only in the hippocampus were cell bodies observed 

without colchicine (compare Fig. 4E and F). As noted previously, optimal immunolabeling 

was achieved with a colchicine dose of 200 µg.

3.3. Neuroanatomical distribution of enkephalin immunoreactivity

Figs. 5A–F and 6A–F are examples of met-enkephalin immunoreactive cells, fibers, and 

puncta to illustrate the appearance of immunolabeling in selected areas of the telencephalon, 

diencephalon, and midbrain. Figs. 7–14 are tracings of selected coronal sections of the 

hamster brain illustrating the distribution of met-enkephalin immunoreactive cells, fibers 

and terminals throughout the forebrain and midbrain. The identification of, and terminology 

for, anatomical areas in the hamster brain is consistent with Morin and Wood [66].

3.4. Localization of enkephalin immunoreactive elements

3.4.1. Cortex—Many areas of the isocortex caudal to the frontal poles contain met- and 

leu-enkephalin immunoreactive cell bodies. These cells are seen predominantly in layer VI 

(Figs. 8–14). The cells are large, pyramidal-shaped and darkly stained with long processes 

extending towards the more superficial layers of the cortices (Fig. 5A). The frontal pole 

(Fig. 7A) does not contain labeled cells.

In the piriform cortex (Pir), both cells and fibers containing met- and leu-enkephalin are 

observed in layer II, but their distribution across the rostro-caudal extent of this cortex is not 

uniform. In the most rostral region (Fig. 7) the piriform cortex is devoid of enkephalin 

immunoreactivity, whereas in the mid-portion (Figs. 8 and 9) both immunoreactive cells and 

fibers are found. In the caudal piriform cortex (Figs. 10 and 11) immunoreactive staining 

was highly variable, with only cells or only fibers at some levels and no staining at all at 

other levels.

3.4.2. Striatum and pallidum—In the striatum and the pallidum (Fig. 5B), met- and leu-

enkephalin immunoreactive fibers and terminals predominate.

3.4.2.1. Ventral striatum and ventral pallidum: The core of the nucleus accumbens 

(AcbC) contains a patchy fiber network with a few cells scattered throughout the nucleus 

(Figs. 7 and 8) while the substriatal gray or fundus striati (FStr; Fig. 9) contains no cells or 

fibers. In the olfactory tubercle (Tu), a meshwork of darkly stained fibers and/or terminals is 

found in layer II and is especially prominent within the islands of Calleja (ICj) and the 

insula Calleja magna. Immunoreactive cells are sparse and are predominantly found in the 

rostral olfactory tubercle (Fig. 7). The caudal part of the ventral pallidum (VP; Fig. 9B) 

contains a dense plexus of darkly stained fibers and terminals.

3.4.2.2. Caudate/putamen and globus pallidus: The caudate/putamen (CP) has enkephalin 

positive fibers and cells throughout its rostro-caudal extent (Figs. 7–11). Rostrally, labeled 
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cells are more apparent laterally; however the plexus of heavily labeled enkephalin fibers in 

the medial CP hampers our ability to clearly discern labeled cells in this region. The darkly 

labeled, enkephalin fiber plexus of the globus pallidus (GP) is present throughout the 

nucleus (Figs. 9–11). As in the caudate/putamen region, in the globus pallidus the extensive 

labeling of the enkephalin fibers obscures labeled cells (Fig. 4A,B).

3.4.3. Septum—Met- and leu-enkephalin immunoreactivity is found predominantly in two 

septal regions. The ventral lateral septum (LSv) is covered with a dense fiber plexus 

including puncta (Figs. 5C and 9), while the medial septum (MS) contains primarily met- 

and leu-enkephalin immunoreactive cell bodies with very few fibers (Figs. 5D and 9). 

Rostrally, the intermediate lateral septum (LSi) contains a patch of enkephalinergic puncta 

(Fig. 8B) while at more caudal levels no enkephalin staining is present in this region of the 

septum.

3.5. Horizontal Limb of the nucleus of the diagonal band of Broca (HLNDB)

A dense, darkly stained network of fibers extends throughout the horizontal nucleus of the 

diagonal band of Broca (Figs. 8–10). A few, scattered enkephalinergic cells are found 

throughout this nucleus, with the exception of a more numerous population of met- and leu-

enkephalin cells in the mid-caudal HLNDB, at the level of the rostral medial preoptic 

nucleus (Fig. 9B).

3.5.1. Bed nucleus of the stria terminalis (BNST)—The terminology used here is 

from Gomez and Newman [29], Kollack–Walker and Newman [48], and, with the exception 

of the designation of the anterolateral bed nucleus of the stria terminalis, is consistent with 

the terminology of Morin and Wood [66]. At the most rostral extent of the bed nucleus of 

the stria terminalis (BNST) where the fibers of the anterior limb of the anterior commissure 

pass medially beneath the lateral ventricles, the anterolateral (al) and anteromedial (am) 

BNST, dorsal to the anterior commissure, contain met- and leu-enkephalin cell bodies (Figs. 

5E and 9). The anteroventral (av) BNST at this level contains only enkephalinergic fibers 

and no cells.

The anterodorsal portion of the posteromedial (pm) BNST (Fig. 10A) and the 

posterointermediate (pi) BNST at the level of the body of the anterior commissure contain 

both met- and leu-enkephalin immunoreactive cells, some fiber staining and no detectable 

puncta staining. However, in the posterointermediate BNST, both the number of leu-

enkephalin immunoreactive cells and the intensity of labeling are greater when compared to 

met-enkephalin immunoreactivity. This is the only region of the brain in which leu-

enkephalin immunoreactivity predominates. The posterolateral (pl) BNST contains only a 

very few enkephalinergic cells and light fiber staining (Fig. 10A).

3.5.2. Preoptic area—The terminology used here is from Maragos et al. [60] as well as 

Morin and Wood [66]. Numerous darkly stained enkephalinergic cells and few fibers are 

distributed throughout the rostral-caudal extent of the median preoptic nucleus (MPN; Figs. 

5F, 9, and 10), the magnocellular MPN (MPNmag; Fig. 10), and the lateral preoptic area 

(LPOA; Fig. 10). In general, many more cells, fibers, and puncta are found in the rostral 
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two-thirds of the medial preoptic area (MPOA) than in the caudal one-third, which contains 

few cells and no fibers or terminals (Figs. 10 and 11). The enkephalin immunoreactive cells 

throughout the preoptic area exhibit a large nuclear to cytoplasmic ratio when viewed in the 

coronal plane of section.

3.5.3. Anterior hypothalamus (AH)—The anterior hypothalamus contains met- and 

leuenkephalin immunoreactive cells distributed throughout, while fibers and terminals in 

this area are sparse (Figs. 6A, 11, and 12).

3.5.4. Paraventricular nucleus of the hypothalamus (PVN)—The paraventricular 

nucleus of the hypothalamus is cytoarchitectonically divided into several subnuclei by 

Morin and Blanchard [65]. However, here we distinguish only the medial and lateral 

portions of this nucleus. In general, cells are predominantly located medially with fibers and 

some puncta laterally (Figs. 6C, 11, and 12A). The zona incerta (ZI) contains both cells and 

fibers with more fibers in the caudal portion of the nucleus (Fig. 11).

3.6. Ventromedial nucleus of the hypothalamus (VMH)

Although there are a few met- and leu-enkephalin immunoreactive cells scattered throughout 

the VMH, the majority of enkephalinergic cells are clustered in the lateral VMH (Figs. 6B, 

12B, and 13A), whereas the fibers and puncta which are scattered throughout the nucleus 

form a cluster medially.

3.6.1. Amygdala—The terminology for the nuclei of the amygdala utilized in this paper is 

based on Gomez and Newman [28,29] and consistent with Morin and Wood [66]. The massa 

intercalata (MI) contains only a few intensely labeled cells and no fibers or terminals (Fig. 

12A). The central nucleus (Ce) is filled with dense fiber staining with a few moderately 

stained cells dispersed throughout (Figs. 6E, 12B, and 13). Although there are clear 

cytoarchitectonic and connectional differences between the medial and lateral portions of 

this nucleus, our results do not reveal any differences based upon enkephalin staining. The 

anterodorsal (MeAD), anteroventral (MeAV), and posterodorsal (MePD) subdivisions of the 

medial nucleus primarily contain fiber and terminal staining, with an occasional cell located 

in the molecular layer adjacent to the optic tract (Figs. 6D, 11, and 12). The posteroventral 

subdivision of the medial nucleus (MePV) contains no enkephalin immunolabeled elements. 

The anterior cortical nucleus contains very little fiber and terminal staining, but contains a 

small number of medium-sized lightly stained cells (Figs. 11B and 12A). The anterior 

basolateral nucleus (BLa) contains a moderate number of cells and light fiber and terminal 

staining (Figs. 11 and 12). No enkephalin immunoreactivity is present in the posterolateral 

cortical, posteromedial cortical, or basomedial amygdaloid nuclei.

3.6.2. Hippocampal formation—The hippocampal formation contains intense 

immunoreactivity in the hilus of the dentate gyrus and in the mossy fiber system. 

Immunoreactive processes are seen in the dentate molecular layer and scattered throughout 

the CA1 and CA3 fields. An additional plexus of enkephalinergic fibers is found along the 

hippocampal fissure. Cells immunoreactive for enkephaln are located in and just superficial 

to the dentate granule cell layer (Figs. 11–14). These cells are visible even without 
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colchicine treatment (Fig. 4E–F). There are no enkephalin immunoreactive elements in the 

CA1 region of the hippocampus with the exception of fibers in its most caudal region. 

Enkephalin immunoreactive cells are present throughout the CA3 region except in the 

ventral half of the most posterior portion of the CA3.

3.6.3. Olfactory bulb—Immunoreactivity is only observed in the olfactory bulb with a 

concentration of primary antibody at 1:250 using the met-enkephalin antibody. No leu-

enkephalin immunoreactive elements are found in this brain area at any of the 

concentrations of antibody we used (1:250, 1:500, 1:1000, and 1:5000). In the glomerular 

layer, met-enkephalin immunoreactivity is seen in the somata and dendrites of external 

tufted cells. Met-enkephalin immunoreactivity is also observed in the internal granule cells.

3.6.4. Periaqueductal gray (PAG)—Met- and leu-enkephalin immunoreactivity is found 

in the rostral PAG at the level of the superior colliculus. This area surrounding the cerebral 

aqueduct has been divided into subnuclei in the rat by Shipley et al. [9,84] and adapted for 

the hamster by Albers et al. [4]. The dorsal, ventral, and medial portions of the PAG contain 

a few large, intensely stained cells, as well as fibers, and terminals (Figs. 6F, 14) with a 

cluster of labeled cell bodies in the mid dorsal–ventral region medially (Fig. 14).

4. Discussion

4.1. Demonstration of enkephalin immunoreactivity in the hamster brain

This study demonstrates that enkephalin immunoreactive cells, fibers, and terminals are 

widely distributed within limbic areas, the basal ganglia, and the brainstem of the male 

Syrian hamster. Our observations are entirely consistent with those reported earlier for the 

hamster by Davis and his colleagues in the olfactory bulb [20] and nucleus of the tractus 

solitarius [18], as well as by McLean et al. [62] in the hippocampal formation and finally by 

Racz et al. [81] in their comparison of opioids in the hippocampus of four rodent species 

including the hamster. In addition, both the overall pattern and the specific location of 

enkephalin immunoreactive elements in the hamsters we have studied are similar to those 

reported for the rat in most brain areas [30,32,35,36,41–43,57,68,83,96]. Notable exceptions 

include the cingulate gyrus, lateral septum, and the VMH. Kuhar [53] reported met-

enkephalin immunoreactive cell bodies throughout the lateral septum as well as the VMH of 

the rat. In comparison, we report that the hamster lateral septum contains met-enkephalin 

immunoreactive fibers and puncta only, while the pattern of staining for enkephalin cell 

bodies in the VMH is essentially confined to the lateral portion of the nucleus. Additionally, 

the cingulate gyrus of the rat contains enkephalinergic cells and fibers [34,61] while we did 

not identify any enkephalinergic elements in the cingulate gyrus of the hamster.

4.2. Technical considerations

4.2.1. Specificity of the antibodies—Several lines of evidence taken together indicate 

that the immunoreactivity described here is specific for enkephalin. Preabsorption of the 

met-enkephalin antibody with met-enkephalin, and of the leu-enkephalin antibody with leu-

enkephalin, eliminated immunostaining. Further, there was no evidence for cross-reactivity 

of the met-enkephalin antibodies with leu-enkephalin and only a slight reactivity, or 
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diminution of staining, when the leu-enkephalin antibody was preincubated with met-

enkephalin.

The neuroanatomical distribution of leu-enkephalin over-lapped that of met-enkephalin in 

all but one area (the main olfactory bulb), and all but one of the remaining areas contained 

less leu-enkephalin immunoreactivity, both within cells and in the number of 

immunostained cells. This quantitative difference also has been reported in studies 

employing radioimmunoassays for the enkephalins [37] and is consistent with the 

observation that postranslational processing of each preproenkephalin precursor results in 

four copies of met-enkephalin and one of leu-enkephalin [44,97]. The one area that 

contained more intensely labeled leu-enkephalin immunoreactive neurons than met-

enkephalin immunoreactive cells was the posterointermediate subdivision of the BNST.

Finally, the distribution of enkephalin immunoreactivity described here is distinctly different 

from that of other endogenous opiates, including the distribution of prodynorphin as 

demonstrated with antibodies against dynorphin A, dynorphin B, and the C-terminus of the 

prodynorphin precursor molecule [70]. This is important because processing of 

prodynorphin can produce at least transient copies of leu-enkephalin [95,96].

4.2.2. Effects of colchicine on enkephalin production and sequestration—The 

antibodies used in this study for both met- and leu-enkephalin immunohistochemistry 

required the use of an axonal transport inhibitor for optimal visualization of enkephalin in 

cell bodies. A minimal dose of 50 µg of colchicine delivered intraventricularly was essential 

for staining somata above background levels.

A potential limitation of this technique was raised by the report of Cecatelli et al. [14] who 

observed an increase in enkephalin mRNA in the parvocellular paraventricular nucleus 

(PVN) of the rat hypothalamus 30 min following a bolus intraventricular injection of 

colchicine, with a return to normal levels 24 h after colchicine administration but increased 

in the hypothalamus and decreased in the pituitary after 48 h. Bayon et al. [10] also reported 

no change at either time point in the caudate/putamen, globus pallidus, preoptic area, or 

periaqueductal gray.

The results of these studies are consistent with the hypothesis that colchicine administration 

is a physiologically stressful treatment causing a transient and selective increase in 

enkephalin production in the PVN and metabolism and/or secretion in the pituitary, and that 

the subsequent action of colchicine is to prevent axonal transport of this newly produced 

enkephalin to the pituitary. These results indicate that the physiological actions of colchicine 

would limit its usefulness in attempting to determine “basal” levels of enkephalin in various 

areas of the brain and in quantitative comparisons of enkephalin content across brain 

regions.

The objective of the present study was simply to describe the neuroanatomical distribution 

of enkephalin-producing cells and their axonal projections. For this study, the important 

question is simply whether colchicine administration induces enkephalin production in 

neurons that normally produce no enkephalin. This would of course produce false positive 

Holt and Newman Page 9

Brain Res. Author manuscript; available in PMC 2015 September 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



identification of enkephalin immunoreactive areas in the results reported above. We know of 

no evidence demonstrating this.

4.3. Implications for social behaviors

Most important for the purposes of this study is the observation of enkephalin 

immunoreactive cells and terminals in areas of the hamster brain that have been implicated 

previously in both sexual and agonistic behaviors in this species. Much of the circuitry that 

is critical for male hamster mating behavior was demonstrated with lesion, Fos 

immunohistochemistry and tract tracing studies. The circuitry for male hamster agonistic 

behavior has been derived with the same techniques and with data obtained from injections 

of arginine vasopressin (AVP) into brain regions critical for agonistic behavior in this 

species. Fig. 15 is a summary diagram of enkephalinergic neuronal distribution (reported in 

this study) in areas of the hamster brain in which previous studies have reported that lesions 

cause a deficit in male/female mating (Fig. 15A) [21,45,54–56,59,69,73,79,82] and brain 

regions in which lesions [7,8,12,33,39,59,88,90] or AVP injections [7,8] have been shown to 

modulate aggressive behavior (Fig. 15C). The results of previous Fos studies are also 

represented in Fig. 15, which illustrates specific cell groups where behaviorally induced 

increases in Fos protein suggest that either mating (Fig. 15A) or agonistic encounters (Fig. 

15C), or both, increase activity of the neurons [46,47,49]. For comparison, Fig. 15B 

illustrates enkephalin immunoreactive neurons, fibers and/or terminals that are located 

within this social behavior circuitry as demonstrated in the present study.

In several of the areas illustrated in Fig. 15, the distribution of enkephalin containing cell 

bodies corresponds well with that of neurons that increase Fos production following 

agonistic behavior but not after mating. These nuclei include the BNSTal, the AH, the 

medial PVN, and the lateral VMH [47]. Although no studies have specifically explored the 

role of enkephalin in aggression of Syrian hamsters, other endogenous opiates have been 

implicated. For example, cell bodies immunoreactive for endomorphin-1, an endogenous 

opiate shown to block the expression of conditioned defeat [98], were recently demonstrated 

in the AH, PVN, and VMH of the Syrian hamster. In the dorsal PAG where increases in Fos 

immunoreactive cells have been observed after aggression in male hamsters [47], we find 

primarily enkephalin immunoreactive fibers and terminals. The potentiation of the excitatory 

action of NMDA in the periaqueductal gray by the opioid receptor agonist, DAMGO [52] 

suggests that the enkephalin terminals that we observe in the dorsal PAG may play a role in 

the activation of Fos immunoreactive neurons observed following agonistic behavior in the 

hamster.

Finally, in the BNST, enkephalin immunoreactive cell bodies are observed in areas that 

increase Fos production after either mating or aggression (anteromedial, posteromedial and 

posterointermediate subdivisions). Although this may reflect overlapping, but separate, 

functional populations of cells, it is also possible that some of these neurons have a more 

general, but nonetheless important, role in controlling the level of arousal in the male 

hamster during social behavior [47].

At present, direct evidence that enkephalin contributes to the regulation of social behaviors 

in hamster does not exist. However, there is evidence indicating that opioids are crucial for 
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female sexual behavior in the rat. Lordosis, a hormone-dependent mating posture displayed 

by sexually receptive female rodents during mating, is regulated by opioids [1,2,6,27,77,94]. 

These effects of opioids are site-dependent [75–77,86,87], dose-specific [76,77,86,99–101], 

and hormone-sensitive [1,2,91–93]. This report of the distribution of enkephalins in the 

hamster provides a framework for investigations of corresponding questions on the role of 

enkephalins in this species.

Nomenclature

ac anterior commissure

AcbC nucleus accumbens, core

AcbSh nucleus accumbens, shell

acp posterior limb of the anterior commissure

ACo anterior cortical nucleus of the amygdala

ADPN anterodorsal preoptic nucleus

AH anterior hypothalamus

AHi amygdalohippocampal area

AI agranular insular cortex

alac anterior limb of the anterior commissure

AMe medial nucleus of the amygdala

AONp anterior olfactory nucleus, posterior

Apir amygdalopiriform transition area

ARC arcuate nucleus

AVPV anteroventral periventricular nucleus

Au primary auditory cortex

BLa anterior basolateral nucleus of the amygdala

BLp posterior basolateral nucleus of the amygdala

BM basomedial nucleus of the amygdala

BNSTal bed nucleus of the stria terminalis, anterolateral

BNSTam bed nucleus of the stria terminalis, anteromedial

BNSTav bed nucleus of the stria terminalis, anteroventral

BNSTpi bed nucleus of the stria terminalis, posterointermediate

BNSTpl bed nucleus of the stria terminalis, posterolateral

BNSTpm bed nucleus of the stria terminalis, posteromedial

CA cerebral aqueduct
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CA1 cornu ammonus, region 1

CA2 cornu ammonus, region 2

CA3 cornu ammonus, region 3

Ce central nucleus of the amygdala

Cg cingulate gyrus

Cg1 cingulate cortex, area 1

CP caudate, putamen

cp cerebral peduncle

DG dentate gyrus

DGh dentate gyrus, hilus

DMH dorsomedial hypothalamic nucleus

DTT dorsal tenia tecta

EC entorhinal cortex

En endopiriform nucleus

f fornix

fi fimbria of hippocampus

frf fasciculus retroflexus

FP frontal pole

FStr fundus striati

GI granular insular cortex

GP globus pallidus

HLNDB diagonal band of Broca, horizontal limb

ic internal capsule

ICj island of Calleja

ICjM island of Calleja, magna

IL infralimbic cortex

III third ventricle

IPN interpeduncular nucleus

La lateral amygdaloid nucleus, anterior

LGN lateral geniculate nucleus

lot lateral olfactory tract

Lp lateral amygdaloid nucleus, posterior

Holt and Newman Page 12

Brain Res. Author manuscript; available in PMC 2015 September 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



LPOA lateral preoptic area

LSd lateral septum, dorsal

LSi lateral septum, intermediate

LSv lateral septum, ventral

LV lateral ventricle

M motor cortex

M1 primary motor cortex

M2 secondary motor cortex

Me medial nucleus of the amygdala

MeAD medial nucleus of the amygdala, anterodorsal

MeAV medial nucleus of the amygdala, anteroventral

MePD medial nucleus of the amygdala, posterodorsal

MePV medial nucleus of the amygdala, posteroventral

MePO median preoptic nucleus

MGN medial geniculate nucleus

MI massa intercalata

MO medial orbital cortex

MPN medial preoptic nucleus

MPNmag medial preoptic nucleus, magnocellular

MPOA medial preoptic area

MS medial septum

mt mammilothalamic tract

NAOT nucleus of the anterior olfactory tract

NLOT nucleus of the lateral olfactory tract

oc optic chiasm

ot optic tract

OVLT organum vasculosum

PAG periaqueductal gray

pc posterior commissure

Pir piriform cortex

PLCo posterior lateral cortical nucleus of the amygdala

PMCo posterior medial cortical nucleus of the amygdala
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PMD dorsal premammillary nucleus

PMV ventral premammillary nucleus

POC primary olfactory cortex

PrL prelimbic cortex

PT parataenial nucleus

PVN paraventricular nucleus of the hypothalamus

RN red nucleus

RS retrosplenial cortex

S subiculum

S1 primary somatosensory cortex

S2 secondary somatosensory cortex

SC superior colliculus

SCN suprachiasmatic nucleus

SL semilunar nucleus

sm stria medullaris

SNc substantia nigra, pars reticulata

SNr substantia nigra, pars compacta

SON supraoptic nucleus

st stria terminalis

TT tenia tecta

Tu olfactory tubercle

Vi visual cortex

VMH ventromedial nucleus of the hypothalamus

VP ventral pallidum

VTA ventral tegmental area

VTT ventral tenia tecta

ZI zona incerta
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Fig. 1. 
(A) Photomicrograph of a met-enkephalin immunoreactive fiber in the medial nucleus of the 

amygdala; (B) photomicrograph of the met-enkephalin immunoreactive puncta in the ventral 

lateral septum. Measure bar =10 µm for (A) and (B).
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Fig. 2. 
Photomicrographs of the dentate gyrus of the hippocampal formation after 

immunohistochemistry for leu-enkephalin (A) and met-enkephalin (B). Arrows indicate 

immunoreactive neurons. Measure bar =20 µm for (A) and (B).
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Fig. 3. 
Photomicrographs of the hippocampal formation. (A) Immunohistochemistry for met-

enkephalin with omission of the primary antibody; (B) Immunohistochemistry for met-

enkephalin with omission of the secondary antibody; (C) Preabsorption of the met-

enkephalin antibody with 10 µM met-enkephalin. (D) Immunohistochemistry for met-

enkephalin after preabsorption with 75 µM leu-enkephalin; (E) Preabsorption of the leu-

enkephalin antibody with 10 µM leu-enkephalin. (F) Preabsorption of the leu-enkephalin 

antibody with 75 µM met-enkephalin. In (A), (B), (C), and (E), photos were taken with dark 
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field microscopy, images were imported into the graphics program Adobe Photoshop, and 

“inverted” to allow visualization of the anatomy of the unstained sections.
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Fig. 4. 
Photomicrograph of met-enkephalin immunoreactivity in the globus pallidus (A) and (B), 

the periaqueductal gray (C) and (D) and the dentate gyrus of the hippocampal formation (E) 

and (F) in animals without colchicine pretreatment (A), (C), and (E) or with 200 µg of 

colchicine (B), (D), and (F). Measure bar =10 µm for all photomicrographs.

Holt and Newman Page 25

Brain Res. Author manuscript; available in PMC 2015 September 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Photomicrographs of met-enkephalin immunoreactive cells in the cortex (A), medial septum 

(D), the bed nucleus of the stria terminalis (E) (the heavily labeled fibers of the globus 

pallidus are seen on the left), and the medial preoptic nucleus (F). Photomicrographs of 

enkephalin immunoreactive fibers and puncta in the ventral pallidum (B) and lateral septum 

(C).
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Fig. 6. 
Photomicrographs of met-enkephalin immunoreactive cells in the anterior hypothalamic 

nucleus (A), ventromedial hypothalamic nucleus (B), and paraventricular nucleus (C) as 

well as photomicrographs of met-enkephalin immunoreactive fibers and puncta in the 

medial nucleus of the amygdala (D) and central nucleus of the amygdala (E). Large 

enkephalin immunoreactive cells are also found in the periaqueductal gray (F).
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Fig. 7. 
The distribution of enkephalin immunoreactive cells, fibers, and terminals throughout the 

forebrain and midbrain of the male Syrian hamster. The circles represent enkephalin 

immunoreactive cell bodies, the squiggly lines represent enkephalin immunoreactive fibers, 

and the dots represent enkephalin immunoreactive terminal fields. The mapping illustrated 

here represents a composite of the most consistently labeled regions from six colchicine-

treated brains and two non-colchicine-treated brains.

Holt and Newman Page 28

Brain Res. Author manuscript; available in PMC 2015 September 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 8. 
The distribution of enkephalin immunoreactive cells, fibers, and terminals throughout the 

forebrain and midbrain of the male Syrian hamster. The circles represent enkephalin 

immunoreactive cell bodies, the squiggly lines represent enkephalin immunoreactive fibers, 

and the dots represent enkephalin immunoreactive terminal fields. The mapping illustrated 

here represents a composite of the most consistently labeled regions from six colchicine-

treated brains and two non-colchicine-treated brains.
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Fig. 9. 
The distribution of enkephalin immunoreactive cells, fibers, and terminals throughout the 

forebrain and midbrain of the male Syrian hamster. The circles represent enkephalin 

immunoreactive cell bodies, the squiggly lines represent enkephalin immunoreactive fibers, 

and the dots represent enkephalin immunoreactive terminal fields. The mapping illustrated 

here represents a composite of the most consistently labeled regions from six colchicine-

treated brains and two non-colchicine-treated brains.
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Fig. 10. 
The distribution of enkephalin immunoreactive cells, fibers, and terminals throughout the 

forebrain and midbrain of the male Syrian hamster. The circles represent enkephalin 

immunoreactive cell bodies, the squiggly lines represent enkephalin immunoreactive fibers, 

and the dots represent enkephalin immunoreactive terminal fields. The mapping illustrated 

here represents a composite of the most consistently labeled regions from six colchicine-

treated brains and two non-colchicine-treated brains.
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Fig. 11. 
The distribution of enkephalin immunoreactive cells, fibers, and terminals throughout the 

forebrain and midbrain of the male Syrian hamster. The circles represent enkephalin 

immunoreactive cell bodies, the squiggly lines represent enkephalin immunoreactive fibers, 

and the dots represent enkephalin immunoreactive terminal fields. The mapping illustrated 

here represents a composite of the most consistently labeled regions from six colchicine-

treated brains and two non-colchicine-treated brains.
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Fig. 12. 
The distribution of enkephalin immunoreactive cells, fibers, and terminals throughout the 

forebrain and midbrain of the male Syrian hamster. The circles represent enkephalin 

immunoreactive cell bodies, the squiggly lines represent enkephalin immunoreactive fibers, 

and the dots represent enkephalin immunoreactive terminal fields. The mapping illustrated 

here represents a composite of the most consistently labeled regions from six colchicine-

treated brains and two non-colchicine-treated brains.
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Fig. 13. 
The distribution of enkephalin immunoreactive cells, fibers, and terminals throughout the 

forebrain and midbrain of the male Syrian hamster. The circles represent enkephalin 

immunoreactive cell bodies, the squiggly lines represent enkephalin immunoreactive fibers, 

and the dots represent enkephalin immunoreactive terminal fields. The mapping illustrated 

here represents a composite of the most consistently labeled regions from six colchicine-

treated brains and two non-colchicine-treated brains.
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Fig. 14. 
The distribution of enkephalin immunoreactive cells, fibers, and terminals throughout the 

forebrain and midbrain of the male Syrian hamster. The circles represent enkephalin 

immunoreactive cell bodies, the squiggly lines represent enkephalin immunoreactive fibers, 

and the dots represent enkephalin immunoreactive terminal fields. The mapping illustrated 

here represents a composite of the most consistently labeled regions from six colchicine-

treated brains and two non-colchicine-treated brains.
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Fig. 15. 
Schematic representation of nuclei within the hamster brain where lesions or AVP injections 

(gray shading) cause a change in either mating (A) or agonistic (C) behavior with an overlay 

showing Fos production (squares) induced by these behaviors. The enkephalin 

immunoreactivity reported here is shown in B, where circles=cell bodies, squiggly 

lines=enkephalin immunoreactive fibers, and dots=enkephalin immunoreactive terminal 

field.
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Table 1

Met- and leu-enkephalin distribution

Region Methionine
enkephalin

Leucine
enkephalin

Olfactory system

Glomeruli of olfactory bulb cf –

Anterior olfactory nucleus cf cf

Bed nucleus of the stria terminalis cf cf

Paleocortex cf cf

Hippocampal formation

Dentate gyrus cf cf

CA1 cf cf

CA3 cf cf

Anterior continuation of hippocampus f −f

Septal region

Dorsal lateral septum – –

Ventral lateral septum f f

Intermediolateral septum – –

Medial septum c c

Diagonal band of Broca cf cf

Hypothalamus

Magnocellular nuclei (SON, PVN) cf cf

Medial preoptic area cf cf

Ventromedial nucleus cf cf

Suprachiasmatic nucleus cf cf

Anterior hypothalamus cf cf

Lateral hypothalamus cf cf

Arcuate nucleus cf cf

Amygdala

Central nucleus of the amygdala cf cf

Medial nucleus of the amygdala f f

Anterior cortical nucleus of the amygdala c c

Posterior basolateral nucleus of the amygdala – –

Basal ganglia

Olfactory tubercle f cf

Accumbens, caudate/putamen cf cf

Globus pallidus f f

Ventral pallidum f f

Substantia nigra, pars compacta

Thalamus

Anterior nucleus f f

Brainstem

Inferior colliculus cf cf
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Region Methionine
enkephalin

Leucine
enkephalin

Periaqueductal gray cf cf

Nucleus locus coeruleus f f

Trigeminal sensory nuclei (all) cf cf

Raphe nuclei (some) cf cf

Nucleus paragigantocellularis cf cf

Lateral reticular nucleus cf cf

Nucleus tractus solitarius cf cf

Spinal cord, dorsal horn cf cf

c=cells; f=fibers; –=no immunoreactivity.
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Table 2

Mean number of leu-enkephalin immunoreactive cells following incubation with peptide

Brain region Leu-enkephalin
antisera only

Met-enkephalin peptide
and Leu-enkephalin antisera

p-value

PAG 38.83 ± 2.26 37.17 ± 2.12 0.645

Septum 12.58 ± 2.15 10.08 ± 2.58 0.191

The mean number of leu-enkephalin immunoreactive neurons is not statistically different when comparing tissues incubated with leu-enkephalin 
antisera only or leu-enkephalin antisera preabsorbed with 75 µM of met-enkephalin in brains injected with 200 µg of colchicine. The table shows 
the mean number of enkephalin immunoreactive cells±S.E.M. as well as the p-value (Student’s t-test) for each brain region.
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