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Abstract

The midbrain central gray (periaqueductal gray; PAG) mediates defensive behaviors and is
implicated in the rewarding effects of opiate drugs. Projections from the PAG to the ventral
tegmental area (VTA) suggest that this region might also regulate behaviors involving motivation
and cognition. However, studies have not yet examined the morphological features of PAG axons
in the VTA or whether they synapse onto dopamine (DA) or GABA neurons. In this study, we
injected anterograde tracers into the rat PAG and used immunoperoxidase to visualize the
projections to the VTA. Immunogold-silver labeling for tyrosine hydroxylase (TH) or GABA was
then used to identify the phenotype of innervated cells. Electron microscopic examination of the
VTA revealed axons labeled anterogradely from the PAG, including myelinated and unmyelinated
fibers and axon varicosities, some of which formed identifiable synapses. Approximately 55% of
these synaptic contacts were of the symmetric (presumably inhibitory) type; the rest were
asymmetric (presumably excitatory). These findings are consistent with the presence of both
GABA and glutamate projection neurons in the PAG. Some PAG axons contained dense-cored
vesicles indicating the presence of neuropeptides in addition to classical neurotransmitters. PAG
projections synapsed onto both DA and GABA cells with no obvious selectivity, providing the
first anatomical evidence for these direct connections. The results suggest a diverse nature of PAG
physiological actions on midbrain neurons. Moreover, as both the VTA and PAG are implicated in
the reinforcing actions of opiates, our findings provide a potential substrate for some of the
rewarding effects of these drugs.
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INTRODUCTION

Fluctuations in dopamine (DA) release within forebrain regions targeted by projections from
the ventral tegmental area (VTA) have important significance for determining behavioral
responses to salient environmental stimuli and for attention shifting (Overton and Clark
1997; Redgrave et al. 1999; Schultz 1997). Changes in DA cell activity and DA efflux in
target areas also support performance of executive functions (Brozoski et al. 1979; Floresco
and Magyar 2006; Stefani and Moghaddam 2006; Watanabe et al. 1997). Consequently,
studies of afferent regulation of the VTA are essential for understanding DA modulation of
cognitive and motivated behaviors.
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The midbrain central gray, also called the periaqueductal gray (PAG), provides the third
heaviest subcortical source of glutamate input to the VTA (Geisler et al. 2007). Based on its
functions, the PAG is likely to supply VTA neurons with information important for
processing nociceptive signals, defensive and stress behaviors, and rewarding responses to
opiates (Bandler and Shipley 1994; Behbehani 1995; Brandao 1993; Carrive 1993; Keay and
Bandler 2001; Lovick 1993a; Lovick 1993b; McBride et al. 1999; Wise 1989). The
synaptology of PAG inputs to the VTA has not yet been explored, although the variety of
functions mediated by PAG neurons suggests that synapses formed by these axons are likely
to be complex in morphology and cellular targets. Nevertheless, a specific hypothesis
regarding synaptology can be formulated by considering the possibility that the PAG may
serve as a source of excitation to VTA DA cells in response to opiates.

It is well established that DA VTA cells play an important role in the reinforcing effects of
many drugs of abuse, including opiates (Koob 1996; Spanagel and Weiss 1999). Systemic
administration of opiates increases the firing rate of VTA DA neurons, promotes burst
firing, and enhances forebrain DA efflux (Georges et al. 2006; Gysling and Wang 1983;
Matthews and German 1984; Zhang et al. 2008). In contrast, in vitro analyses of VTA brain
slices report that application of these drugs does not affect DA neurons directly (Johnson
and North 1992a; Lacey et al. 1989). Opiates do inhibit local GABA cells (Gysling and
Wang 1983; Johnson and North 1992a; Lacey et al. 1989), suggesting that DA neuron
activation by these drugs may be mediated in part via the local collaterals of these secondary
cells (Johnson and North 1992b; Nugent and Kauer 2008; Omelchenko and Sesack 2009;
Phillipson 1979). Consequently, brain regions that are afferent to the VTA can excite DA
cells in response to opiates by removing GABA tone (Johnson and North 1992a; Xi and
Stein 2002b). An enhancement of glutamate tone, such as that which drives burst firing
(Overton and Clark 1997), may also underlie opiate activation of DA neurons (Harris et al.
2004; Shabat-Simon et al. 2008; Xi and Stein 2002a).

It is important to note that acute lesions of the medial forebrain bundle do not alter the
response of VTA DA neurons to systemic morphine (Gysling and Wang 1983), suggesting
that an ascending afferent projection may be important. The PAG is known to play a key
role in the circuits responsible for opiate responding (Brandao 1993; McBride et al. 1999;
Wise 1989). For example, intracranial administration of morphine into the PAG is
reinforcing and also produces conditioned place preference (David and Cazala 1994;
Olmstead and Franklin 1997; van der Kooy et al. 1982). Furthermore, the region has a high
density of u-opioid receptors (Mansour et al. 1994). The supposition that the PAG projection
to the VTA may contribute to the activation of DA cells in response to opiates leads to the
specific hypothesis that PAG afferents will form predominantly excitatory synaptic inputs to
VTA DA neurons and/or inhibitory inputs directed to GABA cells.

We tested this hypothesis by combining anterograde tract-tracing from the PAG with
immunocytochemistry and electron microscopy as detailed in our prior publications (Carr
and Sesack 2000; Omelchenko and Sesack 2005; Omelchenko and Sesack 2006). A
preliminary report of a portion of this work has appeared in abstract form (Omelchenko and
Sesack 2007a).

MATERIALS AND METHODS

Subjects and surgeries

Five adult male Sprague-Dawley rats (Hilltop Lab Animals Inc, 330—-360 g) were used in
accordance with the NIH Guide for the Care and Use of Laboratory Animals and with the
approval of the Institutional Animal Care and Use Committee at the University of
Pittsburgh. Animals were anesthetized with an i.m. injection of 34 mg/kg ketamine, 1 mg/kg
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acepromazine, and 7 mg/kg xylazine. A stereotaxic apparatus was used to fix the skull, and a
hole was drilled over the midbrain. lontophoretic injections (+5 pA pulsed 10 seconds on/
off) of a 10% solution of biotinylated dextran amine BDA (10,000 MW; Molecular Probes,
Eugene, Oregon) in 10 mM sodium phosphate buffer (4 animals) or Phaseolus vulgaris
leucoagglutinin (PHAL, 1 animal) were conducting over 15 minutes using glass
micropipettes with 75 um tip diameters (15 um for PHAL), lowered at a 5° angle. The
coordinates for PAG injections were, according to the atlas of Paxinos and Watson (Paxinos
and Watson 1998), 5.3 mm posterior to Bregma, 0.5 mm lateral to midline, and 5.3 mm
ventral to the skull surface. The pipettes were left in place for 5 minutes before extracting
them.

After 13-25 days post-surgery, the rats were injected with pentobarbital (60 mg/kg, i.p.,
with supplemental doses if necessary). Treatment for 15 min with 1 g/kg i.p. of the zinc
chelator diethyldithiocarbamic acid (Sigma, St. Louis, MO) was used to prevent silver
intensification of endogenous zinc (Veznedaroglu and Milner 1992). After this treatment,
the rats were killed by a transcardial perfusion of heparin saline (Elkins-Sinn, NJ; 1000 U/
ml), followed by 50 ml of 3.75% acrolein and 2% paraformaldehyde in 0.1 M phosphate
buffer (PB; pH 7.4) and 200-400 ml of 2% paraformaldehyde in 0.1 M PB. Blocks of the
brain containing the forebrain, diencephalon, PAG, VTA, or rostral brainstem were post-
fixed in 2% paraformaldehyde for 0.5-1 hr. Coronal sections were sliced at 50 um using a
vibratome and collected in PB. The fixation process was stopped by placing sections in 1%
sodium borohydride in PB for 30 min and then rinsing in PB.

Immunocytochemistry

The immunolabeling procedure was performed as previously described (Carr and Sesack
2000; Omelchenko and Sesack 2005; Omelchenko and Sesack 2006). The anterograde tracer
in axons was detected with immunoperoxidase, whereas the dendrites of DA or GABA cells
were identified using immunogold-silver labeling for the catecholamine synthetic enzyme
tyrosine hydroxylase (TH) or for GABA.

Evidence for the specificity of the primary antibodies directed against PHAL, TH and
GABA are provided in our prior publications (Carr and Sesack 2000; Omelchenko and
Sesack 2005; Sesack et al. 1995) and outlined here. The rabbit antibody against PHAL
(Vector, Burlingame, CA) does not label sections from naive animals or brain regions that
do not receive projections from the PAG. For the mouse monoclonal antibody directed
against TH (Chemicon #MAB318), western blot analysis demonstrates recognition of a 59—
63 kDa protein from the outside of the N-terminus of TH and not other monoamine synthetic
enzymes (manufacturer’s information). Finally, a dot blot assay has confirmed that the
mouse monoclonal antibody raised against GABA (Sigma #A-0310) does not recognize
several closely related amino acids (manufacturer’s information).

Immunolabeling procedures were held at room temperature, included constant agitation of
free-floating sections, and alternated exposure to different immunoreagents with extensive
rinses in buffer. Following rinses in 0.1 M tris-buffered saline (TBS; pH 7.6), sections were
incubated for 30 min in a blocking solution containing 1% BSA and 3% normal goat serum
in 0.1 M TBS. The blocking solution also contained Triton X-100 (Sigma) at 0.04% for
electron microscopy or at 0.2% for light microscopy for improvement of immunoreagent
penetration.

Sections were incubated overnight in blocking solution with either mouse anti-TH (1:5000;
Chemicon) or mouse anti-GABA (1:2000; Sigma), in one case in combination with rabbit
anti-PHAL. After rinses, sections from the PHAL case were exposed for 30 min to the
blocking solution containing donkey anti-rabbit biotinylated secondary antibodies (1:400;
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Jackson ImmunoResearch Laboratories, West Grove, PA). At this point, all cases had biotin
incorporated, either as part of the tracer in the four cases with BDA transport or on the
secondary antibody in the one case using PHAL. Subsequent processing steps were the
same. The peroxidase enzyme was incorporated by incubation for 30 min in 1:100 avidin-
biotin peroxidase complex (Vectastain Elite kit; VVector Laboratories). Peroxidase product
was visualized by placing sections into 0.022% diaminobenzidine (Sigma) and 0.003%
hydrogen peroxide in TBS for 3—-3.5 min. The reaction was terminated by extensive rinses in
TBS. A single labeling procedure was used for sections processed for light microscopic
examination of injection sites and transport patterns.

For dual immunocytochemistry, immunogold-silver staining of TH or GABA was developed
after immunoperoxidase labeling. First, sections were incubated in a washing buffer for 30
min containing 0.8% BSA, 0.1% fish gelatin, and 3% normal donkey serum in 10 mM
phosphate buffered saline (PBS; pH 7.4). Then sections were placed overnight in this
solution to which was added 1:50 donkey anti-mouse 1gG conjugated to 1 nm gold particles
(Electron Microscopy Sciences, Washington, PA). Following extensive rinsing, 2%
glutaraldehyde in PBS was used for 10 min in order to postfix the sections. After several
rinses in PBS and then 0.2 M sodium citrate buffer, pH 7.4, the size of the gold particles was
enhanced by placing sections in silver solution (Amersham) for 4-6 min followed by rinsing
in citrate buffer.

Tissue preparation for light and electron microscopy

Bright field microscopy was used to verify the correct position of the injections, absence of
retrograde transport of BDA, and adequate anterograde transport to the ventral midbrain.
Sections were dried onto glass slides, dehydrated in graded alcohol solutions, defatted in
xylene, and coverslipped with DPX. Digital photomicrographs of the sections were matched
for brightness and contrast in Adobe Photoshop.

After postfixation in 2% osmium tetroxide in PB for 1 hr, sections developed for electron
microscopy were dehydrated in alcohol solutions, placed in propylene oxide, and then left
overnight in equal volumes of propylene oxide and epoxy resin (EM bed 812; Electron
Microscopy Sciences). The following day, sections were placed into straight epoxy resin for
2 hr and then embedded between sheets of commercial polymer film. The epoxy resin used
for section embedding was hardened in an oven for 48 hr at 60°C.

Sections from the anterior to middle portions of the VTA were photographed to record the
exact position of ultrastructural analysis. Ultrathin sections were cut from the interface of
the plasticized tissue sections. Serials of 3-5 sections were placed onto copper mesh grids,
and uranyl acetate and lead citrate were used to counterstained the tissue before examination
on a transmission electron microscope: FEI Morgagni (Hillsboro, Oregon). Brightness,
contrast and sharpness of the photomicrographs captured by an XR-60 digital camera from
Advanced Microscopy Techniques (Danvers, MA) were adjusted in Adobe Photoshop.

Ultrastructural analysis

The ultrastructural analysis of the tissue was conducted at 14,000-22,000X magnification.
Estimations of the area sampled were made by multiplying the approximate percentage of
each grid square that contained tissue (versus embedding media), area of the grid square
(3,025 um?) supplied by the manufacturer, and the number of grid squares analyzed. In total,
2,939,544 um? of tissue was examined from TH-labeled sections and 4,788,575 um? from
GABA-labeled sections. The neuronal and glial elements in the tissue were identified using
criteria of Peters (Peters et al. 1991).
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The analysis of the tissue was confined to the outmost surface of vibratome sections in order
to overcome limited penetration of the immunoreagents. False negative findings due to this
technical limitation were further addressed by including in the analysis only those images of
immunoperoxidase labeled PAG profiles that had specific immunogold-silver labeling
evident within the same photographic field (approximately 13.8 um?2). Specific gold-silver
labeling was defined as profiles containing at least 3 particles in one section or 4 spatially
distinct particles in two sections. Typically labeled dendrites contained many more than 3-4
particles. Serial section analysis was conducted in all cases when immunolabeling was weak
or sparse, as well as in cases when synaptic type had to be verified. Occasionally gold-silver
particles were observed in axons containing peroxidase product, and this was considered
evidence of specific labeling if at least 3 such particles were counted in a single section.
Although an affinity of silver for the diaminobenzidine reaction product has been reported
(Smiley and Goldman-Rakic 1993), in our experience this artifact does not occur
consistently and is easily discriminated by its markedly small size and dust-like, uniform
distribution over peroxidase product. Furthermore, large, discretely-placed silver granules
do not occur when the gold-conjugated secondary antibody is omitted.

RESULTS

Light microscopy

In this study, immunoperoxidase was used to visualize the injections of BDA or PHAL into
the PAG and the anterograde transport to the VTA in the rat. The injection sites varied little
in overall size and appeared as dense cores surround by more diffuse labeling (Fig. 1A).
Injection sites were positioned near the center of the PAG along the dorsoventral axis (3
animals), within the dorsolateral quadrant (1 animal), or within the ventral portion of the
PAG (1 animal; Fig. 1A). In the rostrocaudal dimension, injections were located between
—5.2 and —5.6 posterior to Bregma. In one case, a slight diffusion of tracer was observed
along the pipette track into the overlying medial superior colliculus, an area that projects
only weakly to the VTA as compared to the substantia nigra (Comoli et al. 2003).

Following tracer injections into the PAG, we observed numerous anterogradely-labeled
axons emanating from the injection sites. No retrogradely labeled cells were observed in
regions of the forebrain, diencephalon, and rostral brainstem that are known afferents of the
PAG. This finding indicates that artifactual labeling of divergent axon collaterals, which can
occur with BDA (Sesack et al. 2006), did not compromise the outcomes of our study. There
were no apparent differences in the appearance of the injection sites or anterograde labeling
in the VTA with either BDA or PHAL tracers.

Many labeled axons were observed in the VTA and in the substantia nigra pars compacta
(Fig. 1B), with the density of transport modestly higher on the ipsilateral than the
contralateral side. Significantly fewer fibers were observed in the substantia nigra pars
reticulata and in the interpeduncular nucleus. Within the VTA, the distribution of labeled
axons was relatively uniform, and similar numbers of fibers were seen in paranigral,
parabrachial and midline subregions. Many of these axons exhibited a beaded appearance
(Fig. 1B, insert).

Ultrastructural examination of PAG axons in the rat VTA

Immunoperoxidase labeling for BDA and PHAL transported from the PAG to the VTA was
seen as a dark flocculent product within axons. The majority of immunoperoxidase-
containing profiles were myelinated and unmyelinated passing fibers (Fig. 2).
Immunoperoxidase was also detected in varicose axon profiles that contained small clear
vesicles and occasional mitochondria (Figs. 3-6; Table 1). A few of these profiles also
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exhibited immunogold silver labeling for TH (3 out of 97, 3%; Fig. 3A) or GABA (10 out of
128, 8%; Figs. 3B, 6B), and some contained dense-cored vesicles (12 out of 227, 5%; Fig.
3A,C). There was no apparent difference in the morphology of identified PAG axons
following anterograde transport of BDA or PHAL.

The majority of PAG axon varicosities directly contacted dendrites without glial separation
(170 out of 227, 75%, Table 1); the remaining terminals were completely surrounded by
glial processes or were apposed to other axons. A significant number of PAG profiles were
observed to form synapses (52 out of 227 axons, 23%). Of these junctional contacts, 46%
had thickened postsynaptic densities characteristic of asymmetric synapses (24 out of 52,
Fig. 4A, Table 1); the remaining junctions exhibited thin to absent densities featured by
symmetric synapses (Fig. 4B). No difference in synaptic morphology was observed when
comparing transport from dorsal, central, or ventral regions of the PAG. However, the
density of varicosities innervating the VTA following injections in the dorsal PAG was low.
Furthermore, anterograde transport of PHAL produced slightly fewer synapses than
observed with BDA, which was therefore the preferred tracer for this pathway.

Projection targets of PAG axons in the VTA

Immunogold-silver labeling for TH or GABA was seen as electron dense granules dispersed
within labeled profiles throughout the VTA as previously described (Carr and Sesack 2000;
Omelchenko and Sesack 2005; Omelchenko and Sesack 2007b). The majority of these
profiles were defined as dendrites or soma. Axonal labeling was also observed for each
marker, particularly near the tissue surface, and more commonly in GABA-labeled tissue.
GABA labeling was also frequently detected in glial processes (Fig. 4B).

In tissue labeled for TH, 40 out of 76 PAG terminals contacted dendrites immunoreactive
for TH (53%, Table 1). This number included 6 asymmetric (Fig. 5A) and 6 symmetric
synapses (Fig. 5B,C) onto TH positive dendrites. The remaining terminals contacted TH-
negative profiles.

In tissue immunoreacted for GABA, 43 out of 94 terminals contacted GABA-labeled
dendrites (46%, Table 1). These contacts included 4 asymmetric (Fig. 6A) and 7 symmetric
synapses (Fig. 6B) onto GABA-immunoreactive dendrites. The remaining terminals
contacted unlabeled profiles.

DISCUSSION

The present ultrastructural analysis provides the first anatomical data indicating that PAG
neurons synapse directly onto DA and GABA cells in the rat VTA. The innervation is
moderately dense, arises from diverse populations of PAG cells, and likely provides a
variety of physiological actions on ventral midbrain neurons. In addition to the glutamate
innervation previously reported in the literature (Geisler et al. 2007), we provide some
evidence that GABA and DA cells located in the PAG also contribute to the VTA
projection. Consistent with our initial hypothesis, we reveal presumably excitatory inputs
coming onto VTA DA cells as well as the potential for disinhibitory circuitry via
presumably inhibitory synapses directed to VTA GABA cells. However, evidence was also
obtained for putative inhibitory synapses onto DA neurons and excitatory connections to
GABA cells. Hence, further studies are needed to identify the precise role that PAG
projections mediate in regulating the activity patterns of VTA neurons and their responses to
drugs and environmental stimuli.
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Methodological considerations

All studies that rely upon immunoelectron microscopy and tract-tracing have a common
concern of false negative outcomes (Carr and Sesack 2000; Omelchenko and Sesack 2005;
Sesack et al. 2006). Tracing studies cannot label all the neurons of a given pathway, so that
our anterograde tracing only represented a portion of the projection from the PAG to the
VTA. Nevertheless, we know of no evidence for differential uptake of tracer into PAG
neuron classes, so that the whole of the projection population was likely to have been
represented. Second, tissue profiles that actually contain the antigen of interest may remain
unlabeled due to incomplete penetration of immunoreagents. In our experience, this second
limitation particularly affects smaller profiles like axons, for which gold-silver penetration is
often suboptimal compared to dendrites, particularly when axons also contain
immunoperoxidase product (Omelchenko and Sesack 2009; Sesack et al. 2006). This factor
is likely to have influenced estimates of dually-labeled PAG terminals, so that only the
presence of GABA or TH in these profiles and not their exact contribution to the pathway
can be reported here.

In order to minimize false negative counting, we limited analysis of the tissue to the section
interface where antibody penetration is optimal. Moreover, as peroxidase labeling is more
sensitive than immunogold-silver staining (Sesack et al. 2006), only PAG-labeled profiles
that had immuno-gold silver labeling within the same photographic field were included in
the analysis of projection targets of PAG axons (see Materials and Methods). Moreover, we
analyzed serial sections to verify all cases with sparse labeling. Despite these precautions,
we acknowledge that false negative results cannot be fully avoided. Nevertheless, the data
are likely to represent with good accuracy the major characteristics of the PAG to VTA
pathway.

PAG terminals within the VTA

The current observations confirm previous light microscopic evidence that the VTA receives
substantial innervation from the PAG (Cameron et al. 1995; Eberhart et al. 1985; Geisler et
al. 2007; Geisler and Zahm 2005). The fact that we found anterograde transport in many
myelinated and unmyelinated fibers traveling in axon bundles suggests that a portion of the
PAG projection passes through the VTA toward other structures. Of course these axons may
synapse within more rostral or caudal levels of the VTA. The observation of both
asymmetric and symmetric synapses formed by PAG axons indicates that this pathway
arises from phenotypically diverse populations of cells. Electrophysiological analyses of
VTA responses to PAG stimulation have not yet been conducted, but in other target areas,
stimulation evokes mixed excitation and inhibition (Lovick 1992; Snowball et al. 1997; van
der Plas et al. 1995). Given the functional distinction between dorsal and ventral divisions of
the PAG (Lovick 1992) (see below), synaptic morphology might reflect the region of origin
within the PAG, but this was not observed in the present study.

Analysis of synaptic morphology alone provides only a correlation to physiological action
and not a direct indication of transmitter phenotype. Nevertheless, the detection of
asymmetric synapses traditionally associated with an excitatory physiology (Carlin et al.
1980) is consistent with evidence that the PAG provides a source of glutamate innervation to
the VTA (Geisler et al. 2007). Observation of symmetric synapses suggests that some of this
innervation has a likely inhibitory (Carlin et al. 1980) or modulatory influence. This
suggestion is supported by evidence for GABA immunolabeling in some PAG axons,
keeping in mind that the extent of such labeling was probably underestimated as discussed
above. This observation also agrees with a previous report of GABA neurons in the PAG
(Barbaresi and Manfrini 1988). Although one paper has shown GABA neurons with
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extrinsic projections outside the PAG (Gervasoni et al. 2000), to our knowledge the present
study is the first to report a GABA projection from the PAG to the VTA.

Other classical transmitters that can be present in PAG axons include DA and serotonin
(Barbaresi and Manfrini 1988; Flores et al. 2006; Li et al. 1989; Lu et al. 2006; Zeng et al.
1991). The possible contribution of serotonin to the PAG projection to the VTA was not
analyzed here, although it is likely to be minimal given that the injection sites did not
include the ventromedial regions where serotonin neurons are densest. Our finding of a few
PAG axons that also contained TH immunoreactivity represents the first report that DA
PAG neurons contribute to the synaptic regulation of the VTA. A population of DA neurons
with extrinsic projections has previously been demonstrated in the PAG (Arsenault et al.
1988; Flores et al. 2006; Freeman et al. 2001; Hasue and Shammah-Lagnado 2002; Lu et al.
2006; Takada et al. 1990; Yoshida et al. 1989). Further studies are needed to determine the
true proportion of different neurotransmitters in PAG projections to the VTA.

The finding of dense-cored vesicles in some PAG terminals suggests that neuropeptides are
also involved in regulating the activity of VTA neurons. The candidate peptides that have
been localized to PAG cells include substance P, leucine-enkephalin, somatostatin, and
neurotensin (Beitz et al. 1983b; Li et al. 1990b; Zeng et al. 1991). Of these peptides, only
neurotensin has been specifically reported in a small number of PAG cells projecting to the
VTA (Zahm et al. 2001). The identification of other neuropeptides contributing to the PAG
to VTA projection will require further analysis.

Additional studies are also needed to identify whether PAG neurons projecting to the VTA
issue collaterals to other brain regions. The projections of PAG cells to multiple brainstem
nuclei reportedly arise from predominantly non-collateralized projections (Beitz et al.
1983a). On the other hand, PAG cells innervating the forebrain and diencephalon send
branched projections to the medullary nucleus raphe magnus (Li et al. 1990a; Reichling and
Basbaum 1991), and PAG neurons also provide collateralized axons to different
subdivisions of the thalamus (Barbaresi et al. 1982). In the future, such analyses will be
essential for determining whether PAG afferents to the VTA form part of a discrete circuit
or contribute to a divergent functional output designed to coordinate activity in multiple
targets.

VTA neuronal populations innervated by PAG terminals

Consistent with our initial prediction, we observed asymmetric, presumably excitatory
synaptic inputs from the PAG onto VTA DA cells as well as symmetric, presumably
inhibitory synapses onto GABA neurons. However, PAG synapses of both morphological
types also provided innervation to the other cell populations identified in the study,
suggesting an overall lack of selectivity in PAG target populations. A third population not
identified in the current study includes a small set of glutamate-containing neurons that is
most dense in medial portions of the VTA (Hur and Zaborszky 2005; Kawano et al. 2006;
Nair-Roberts et al. 2008; Yamaguchi et al. 2007). Determining whether this population
receives PAG synaptic input onto its dendrites will require development of markers for
glutamate neurons that are suitable for electron microscopy. To date, these cells have only
been identified by mRNA localization within soma.

Functional considerations

Our findings of putative excitatory innervation of DA cells and presumed inhibitory
regulation of GABA cells is at least consistent with the possibility that PAG afferents could
be involved in modulating VTA responses to opiates. The PAG consists of several
subdivisions with differential connectivity and functions (Bandler and Shipley 1994;

J Neurosci Res. Author manuscript; available in PMC 2011 April 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Omelchenko and Sesack Page 9

Behbehani 1995; Cameron et al. 1995; Carrive 1993; Lovick 1993b; Vianna and Brandao
2003). Although these were not well dissociated in the current study, it is unlikely that PAG
cells involved in opiate responses are organized in a strictly topographical manner. Cells
contributing to VTA projections (Geisler and Zahm 2005) and those expressing opioid
receptors (Mansour et al. 1994) are essentially evenly spread across PAG subdivisions.
Nevertheless, different subtypes of opioid receptors may be expressed by PAG neurons
(Schurr et al. 1981; Schurr et al. 1982) with distinct neurotransmitter phenotypes (Flores et
al. 2006), leading to dissimilar responses to systemic opiates. Future studies are needed to
determine the protein expression patterns of PAG cells that respond to opiates and project to
the VTA.

PAG afferents to the VTA may also be involved in other functions related to pain. For
example, VTA neurons receive nociceptive information (Coizet et al. 2006; Ma et al. 1993;
Ohtori et al. 2000; Smith et al. 1997; Ungless et al. 2004) and are involved in pain
modulation (Altier and Stewart 1999; Morgan and Franklin 1990). The PAG also plays a
key role in regulating pain responses (Bandler and Shipley 1994; Behbehani 1995; Clement
et al. 2000; Lovick 1993a), making it plausible that the specific connection between these
areas is important for processing and responding to pain signals. In this regard, putative
inhibitory inputs from the PAG to VTA DA cells, or putative excitatory synapses to VTA
GABA cells, may mediate the interruption of firing that occurs in response to aversive
stimuli (Ungless et al. 2004). Aversive events trigger either active or passive defensive
behaviors in animals, both of which are strongly regulated by the PAG (Bandler and Shipley
1994). Hence, projections of the PAG to VTA DA cells may act to facilitate the locomotor
responses most appropriate to the situation (Redgrave et al. 1999).

PAG afferents may provide the VTA with information related to circadian rhythm, given
that many PAG cells change activity across sleep-wake states, including GABA and DA
neurons (Gervasoni et al. 1998; Gervasoni et al. 2000; Lu et al. 2006; Ni et al. 1990).
Although most VTA DA cells are not affected by sleep/wake state (Miller et al. 1983;
Steinfels et al. 1983; Trulson and Preussler 1984), but see (Dahan et al. 2007), the firing
patterns of many secondary (presumably GABA) cells are altered (Lee et al. 2001; Miller et
al. 1983), suggesting that PAG afferents may mediate some of this rhythmic drive.
Alternatively, both the VTA and PAG may be similarly influenced by a common afferent
that exhibits circadian rhythmicity.

Another potential function of projections from the PAG to the VTA is to establish a
feedback loop. The VTA provides a GABA projection to the PAG that reportedly functions
in cardiovascular depressor responses (Kirouac et al. 2004). It remains to be determined
whether the GABA cells shown here to receive synaptic input from the PAG include those
with reciprocal projections.

The PAG is an essential region coordinating the defensive behaviors, stress responses, and
autonomic functions associated with aversive events (Bandler and Shipley 1994; Behbehani
1995; Carrive 1993; Keay and Bandler 2001; Lovick 1993a; Lovick 1993b). The PAG is
also an important component of the neurobiological substrates for opiate responding
(Brandao 1993; McBride et al. 1999; Wise 1989). The connections between the PAG and
VTA that were explored in the current study are likely to be important for regulating the
motivated behaviors that are controlled by VTA cells. They also elucidate pathways not
fully appreciated in the literature that may be involved in opiate responses.
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3N SNr BLT

Figure 1.

Light micrographic images of rat coronal brain sections showing the injection of BDA into
the PAG (A) and the anterograde transport of tracer to the VTA (B). Arrows in B and in the
insert indicate the same axon cluster with multiple beaded varicosities. Abbreviations: 3n,
oculomotor nucleus; Aqg, cerebral aqueduct; mp, mammillary peduncle; SNr, substantia
nigra reticulata. Scale bar represents 500 um for A and B, 125 um for the insert.
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Figure 2.

Electron micrographs showing immunoperoxidase labeling in PAG axons within the rat
VTA. The majority of immunoperoxidase labeled profiles are myelinated (ma) and
unmyelinated passing axons (pa) located in bundles of unlabeled axons. In panel B,
immunogold-silver labeling for TH in dendrites (TH-d) is evident in the adjacent neuropil.
Scale bar, 0.5 um.
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Figure 3.
Electron micrographs showing immunoperoxidase labeling in PAG axon terminals in the rat

VTA. Some PAG terminals also exhibit immunogold-silver labeling for TH (TH+PAG-t) or
GABA (GABA+PAG-t), and some contain dense-cored vesicles (arrowheads in A and C).
Many profiles are closely apposed to unlabeled dendrites (ud) which occasionally receive
synaptic input (black arrow) from unlabeled terminals (ut in B). In panel A, a TH-labeled
dendrite (TH-d) is evident in the adjacent neuropil. Scale bar, 0.5 um.
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Figure 4.

Electron micrographs of the rat VTA showing immunoperoxidase labeling in PAG axon
terminals (PAG-t) forming asymmetric or symmetric synaptic specializations (arrows in A
and B, respectively) onto unlabeled dendrites (ud). In B, the unlabeled dendrite receives an
additional symmetric synapse from a GABA-labeled terminal (GABA-t). GABA
immunoreactivity is also evident in a glial process (asterisks). Scale bar, 0.5 um.
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Figure 5.

Electron micrographs showing immunoperoxidase labeling in PAG terminals (PAG-t) in the
VTA forming asymmetric and symmetric synapses (arrows in A and B-C, respectively) onto
dendrites containing immunogold-silver labeling for TH (TH-d). The sparse labeling for TH
in panel B is confirmed by serial section analysis in panel C. Scale bar, 0.5 um.
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Figure 6.

Electron micrographs showing immunoperoxidase labeling in PAG axon terminals (PAG-t)
in the VTA forming asymmetric and symmetric synapses (arrows in A and B, respectively)
onto dendrites labeled for GABA (GABA-d). In B, the PAG terminal also contains sparse
immunogold-silver labeling for GABA (GABA+PAG-t). Scale bar, 0.5 um.
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