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Abstract

Ventral tegmental area (VTA) dopamine (DA) neurons and their forebrain projections are critically
involved in reward processing and cognitive functions. Descending projections from the lateral
habenula (LHb) play a central role in inhibiting DA cell activity in response to the absence of expected
rewards. As LHb efferents are reportedly glutamatergic, their ability to inhibit DA cells would
theoretically require a disynaptic connection involving VTA GABA neurons and their local collateral
inputs to DA cells. To test this hypothesis, anterograde tract-tracing from the LHb was used to
investigate the relative selectivity of LHb synapses onto GABA versus DA VTA neurons. LHb axons
were visualized using immunoperoxidase, and DA and GABA cells were marked by immunogold-
silver labeling for tyrosine hydroxylase (TH) or GABA, respectively. By ultrastructural analysis,
16% of LHb axons were observed to form synaptic contacts in the VTA, and most of these were of
an intermediate morphological type that did not exhibit definitive asymmetric or symmetric character.
LHb axons targeted TH- and GABA-labeled dendrites to a comparable extent (45% and 52%
observed incidence, respectively). Preembedding immunogold labeling for the vesicular glutamate
transporter type 2 and postembedding immunogold staining for GABA confirmed that approximately
85% of LHb terminals were glutamatergic and not GABAergic. These results suggest that the robust
inhibition of DA cells evoked by the LHb is unlikely to arise from a selective innervation of VTA
GABA neurons. Moreover, the LHb may mediate a direct excitation of DA cells that is over-ridden
by indirect inhibition originating from an extrinsic source.
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Dopamine (DA) neurons in the ventral tegmental area (VTA) project to a number of forebrain
targets and critically modulate motivated behaviors and cognitive functions (Koob, 1996;
Overton & Clark, 1997; Schultz, 1998; Redgrave et al., 1999). Performance of these functions
is associated with changes in DA cell activity and DA efflux in target areas (Brozoski et al.,
1979; Watanabe et al., 1997; Schultz, 1998; Redgrave et al., 1999; Stefani & Moghaddam,
2006). The firing patterns exhibited by DA cells include tonic pacemaker-like activity
superimposed by bursts and pauses that reflect excitatory and inhibitory afferents, respectively
(White, 1996; Overton & Clark, 1997; Kitai et al., 1999; Grace et al., 2007; Tepper & Lee,
2007). DA cells fire short bursts in response to unpredicted rewards and novel stimuli, whereas
inhibitory pauses are evoked by the absence of expected rewards and by aversive events
(Horvitz et al., 1997; Schultz, 1998; Ungless et al., 2004). This activity pattern is consistent
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with DA’s role in promoting behaviors that are reinforced and attenuating behaviors with
negative consequences. Understanding the morphological bases of behavioral control requires
characterizing the afferents that regulate firing patterns in midbrain DA neurons, including
those that depress activity when rewards are worse than predicted.

A potentially important afferent to the VTA arises from the lateral habenula (LHb), an
epithalamic region that directs information from limbic and basal ganglia structures toward
brainstem monoamine centers and that reportedly contributes to reproductive, maternal and
stress behaviors (Klemm, 2004; Hikosaka, 2007; Geisler & Trimble, 2008; Hikosaka et al.,
2008). A crucial role for the LHb in reinforcement learning was recently shown in behaving
primates in which LHb cells were inhibited by stimuli predicting reward and excited by stimuli
predicting no reward (Matsumoto & Hikosaka, 2007). The pattern of LHb cell activity is the
inverse of DA neuron firing under the same conditions, and the activation of the LHb to no
reward precedes DA cell inhibition (Matsumoto & Hikosaka, 2007). This temporal correlation
of LHb firing with inverted responses in midbrain DA cells suggests that the LHb is at least
partly responsible for inducing pauses in DA cell activity patterns. This supposition is
supported by electrophysiological studies reporting consistent, short-latency inhibitory
responses in DA neurons following electrical stimulation of the LHb (Christoph et al., 1986;
Ji & Shepard, 2007; Matsumoto & Hikosaka, 2007). LHb activation also reduces extracellular
DA levels in the forebrain, whereas reduced habenular outflow increases DA levels
(Lisoprawski et al., 1980; Lecourtier et al., 2008).

A projection from the LHb to the VTA has been shown by numerous tract-tracing studies
(Herkenham & Nauta, 1979; Araki et al., 1988; Geisler & Zahm, 2005; Geisler et al., 2007;
Kim, 2009). Nevertheless, the synaptic organization of this pathway remains to be established.
Phenotypic data indicates that the majority of LHb neurons (including cells that innervate the
VTA) are glutamatergic and therefore excitatory (Kalen et al., 1985; Matsuda & Fujimura,
1992; Fremeau et al., 2001; Herzog et al., 2004; Geisler et al., 2007; Aizawa et al., 2008).
Hence, the dominant and consistent inhibitory influence of the LHb on DA cell activity
indicates that these effects are almost certainly polysynaptic. These observations give rise to
arelatively simple circuit hypothesis, namely that LHb cells form selective excitatory synapses
onto VTA GABA neurons and these in turn inhibit DA cells through local collaterals
(Phillipson, 1979; Johnson & North, 1992; Nugent & Kauer, 2008; Omelchenko & Sesack,
2009). Such disynaptic connections have been invoked previously to explain paradoxical
excitatory or inhibitory responses of midbrain DA cells to activation of inhibitory or excitatory
afferents, respectively (Grace & Bunney, 1985; Smith & Grace, 1992; Tong et al., 1996; White,
1996; Tepper & Lee, 2007).

We sought to address this hypothesis in rats by combining tract-tracing from the LHb with
immunocytochemistry for markers of DA and GABA neurons. Examination of the tissue by
electron microscopy was used to identify the synaptic contacts and phenotypes of LHb axons.
Some of the preliminary data were presented in an abstract (Bell et al., 2007) and a symposium
related mini-review (Hikosaka et al., 2008).

Materials and Methods

Subjects and surgeries

All procedures involving animals were conducted in accordance with the NIH Guide for the
Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and
Use Committee at the University of Pittsburgh. Thirteen adult male Sprague-Dawley rats
(Hilltop Lab Animals, Scottdale, PA, 260-400g) were anesthetized with a mixture of drugs
(34 mg/kg ketamine, 1 mg/kg acetopromazine, and 7 mg/kg xylazine) injected i.m. Rats were
placed in a stereotaxic apparatus, and the anterograde tracer Phaseolus vulgaris leucoagglutinin
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(PHAL; Vector Laboratories, Burlingame, CA) was injected into the LHb in one hemisphere
(one animal in the study received bilateral injections). PHAL was injected iontophoretically

asa 2.5% solution in 10 mM sodium phosphate buffer by passing anodal current (+5 pA pulsed
10 seconds on/off) for 20 minutes through glass micropipettes with 10-20 um tip diameters.

Injections were made at the following coordinates: 3.2 mm posterior to bregma, 1 mm lateral
to midline, and 5.0-5.1 mm ventral to the skull surface.

Following a survival period that ranged from 4-30 days, rats were anesthetized with an i.p.
injection of pentobarbital at a dose of 60 mg/kg followed by supplemental injections as needed.
Rats also received a zinc chelator to prevent false silver enhancement of endogenous zinc
(Veznedaroglu & Milner, 1992). For this purpose, animals received i.p. injections of 1g/kg
diethyldithiocarbamic acid (Sigma, St. Louis, MO) 15 minutes before they were sacrificed.

In 7 animals, intracardial perfusions were initiated with heparin saline (Elkins-Sinn, Cherry
Hill, NJ; 1,000 U/ml), followed by 50 ml of 3.75% acrolein plus 2% paraformaldehyde in 0.1M
phosphate buffer, pH 7.4 (PB), and then followed by 250-500 ml of 2% paraformaldehyde.
The remaining 6 animals were sacrificed by perfusion with heparin saline, followed by 2%
paraformaldehyde and 1% glutaraldehyde in PB. The brain tissue from these animals was used
for postembedding immunolabeling for GABA. In all cases, the extracted brains were post-
fixed in 2% paraformaldehyde for 0.5 to 1 hour before being switched to 0.1M PB. Brains were
blocked into thick sections containing all of the VTA and LHb, and then sectioned further at
50 um on a Vibratome. Free-floating sections were collected in PB, and then exposed to 1%
sodium borohydride in PB for 30 minutes so as to reduce cross-linking of antigens and enhance
antibody labeling.

Preembedding immunocytochemistry

In order to characterize the projection targets of LHb terminals in the VTA, immunoperoxidase
labeling for PHAL was developed in combination with preembedding immunogold-silver
labeling for tyrosine hydroxylase (TH) in DA neurons or for GABA. The neurotransmitter
phenotype of PHAL-containing terminals was identified by preembedding immunogold-silver
labeling for PHAL in combination with either preembedding immunoperoxidase labeling for
the vesicular glutamate transporter type 2 (VGlut2) (Bellocchio et al., 1998; Fremeau et al.,
2001) or postembedding immunogold staining for GABA (see below). As expected for a
subcortical structure, VGIlut2 is the dominant vesicular glutamate transporter expressed in the
LHb (Herzog et al., 2004; Geisler et al., 2007)

All of these antibodies have been used extensively in our prior studies (Carr & Sesack, 2000;
Omelchenko & Sesack, 2005; 2007; Omelchenko & Sesack, 2009). The mouse monoclonal
TH antibody (Chemicon #MAB318, Temecula, CA) was raised against an N-terminal protein
from the TH molecule purified from PC12 cells and has been shown by Western blot analysis
to label a single band of 59-61 kDA and to specifically recognize TH and not other monoamine
synthetic enzymes (Wolf & Kapatos, 1989). The mouse monoclonal GABA antibody (Sigma
#A-0310) was developed against GABA conjugated to bovine serum albumin (BSA). This
antibody has been shown by the manufacturer to bind to GABA and not several closely related
amino acids. Moreover, this antibody consistently labels axon terminals forming symmetric
and rarely asymmetric synapses (Carr & Sesack, 2000; Omelchenko & Sesack, 2005; 2007;
Omelchenko & Sesack, 2009). We have also demonstrated that the monoclonal anti-GABA
antibody labels axon terminals in the VTA that display additional postembedding
immunoreactivity for GABA detected by a different antibody (Omelchenko & Sesack, 2009).
Specificity of the guinea pig polyclonal antibody against VGlut2 (Chemicon, #23041014) was
demonstrated by the manufacturer using Western blot analysis on rat brain lysate. Further
evidence for specificity has been shown by preadsorption controls in astrocytic preparations,
which were also used to demonstrate that the VGlut2 antibody does not cross react with VGlut3
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(Montana et al., 2004). For the rabbit antibody against PHAL (Vector, Burlingame, CA),
specificity is demonstrated by the absence of immunoreactivity from brain regions that do not
receive projections from the LHb where this tracer was injected.

Sections were rinsed several times in 0.1M Tris-buffered saline, pH 7.6 (TBS) and then
processed separately for light and electron microscopic analysis. Sections for electron
microscopy were placed for 30 minutes in a blocking solution comprised of 1% bovine serum
albumin and 3% normal donkey serum in 0.1 M TBS containing 0.04% Triton X-100 (Sigma).
Light microscopic sections were exposed to the same blocking solution containing 0.2% Triton
X-100. Sections were singly-labeled for PHAL or dually-labeled for PHAL in combination
with TH, GABA or VGIlut2 using an overnight incubation in the blocking solution that
contained rabbit anti-PHAL (1:1,000) with or without mouse anti-TH (1:5,000), mouse anti-
GABA (1:1,000), or guinea pig anti-VGlut2 (1:16,000) antibodies.

For immunoperoxidase labeling, sections were rinsed and placed in the same blocking solution
containing biotinylated goat anti-rabbit 1gG (1:400; Vector Labs) for 30 minutes. Sections were
then rinsed in TBS and placed in a 1:100 dilution of avidin-biotin peroxidase complex
(Vectastain Elite kit; Vector Labs) for 30 minutes. A 3.5 minute incubation in TBS containing
0.02% diaminobenzidine (Sigma) and 0.003% hydrogen peroxide was used to visualize the
peroxidase-labeled antibodies. Sections were then rinsed multiple times in TBS to stop the
reaction.

Sections were prepared for immunogold-silver labeling for PHAL, TH or GABA with a 30
minute incubation in a washing buffer (0.8% bovine serum albumin, 0.1% fish gelatin, and 3%
normal donkey serum in 10 mM phosphate buffered saline, pH 7.4; PBS). The tissue was placed
overnight in a 1:50 mixture of 1 nm gold-conjugated goat anti-mouse or goat anti-rabbit 1gG
(Electron Microscopy Sciences, Hatfield, PA) in the same blocking solution. Sections were
then rinsed multiple times first in this blocking solution and then in PBS. Post-fixation in 2%
glutaraldehyde in PBS was then performed followed by subsequent rinses in PBS and then a
0.2 M sodium citrate buffer, pH 7.4. Gold particles conjugated to the secondary antibodies
were then enlarged with a 4-6 minute incubation step in a silver-enhancement solution (GE
Healthcare Life Sciences).

Tissue preparation for light and electron microscopy

Sections prepared for analysis by light microscopy as described above were mounted onto glass
slides and then dehydrated through an ethanol gradient, followed by xylene. Slides were then
coverslipped using a DPX mounting-medium. An Olympus BX51 microscope and Orca
Hamamatsu digital camera were used to capture photomicrographs of brain sections. Adobe
Photoshop (SanJose, CA) was then used to adjust captured images to maintain consistency in
contrast and exposure between images. A one hour incubation in 2% osmium tetroxide in PB
was used to render membranes electron-dense. Graded alcohol solutions followed by propylene
oxide were used to dehydrate these sections, which were then flat-embedded in epoxy resin
(EM bed 812; Electron Microscopy Sciences) between sheets of commercial polymer film.

A Leica Ultracut was used to collect ultrathin sections from the anterior to middle VTA (-4.8
to —5.8 posterior to bregma). Between 2 and 7 serial ultrathin sections were collected onto
copper or nickel mesh grids and then counterstained with uranyl acetate and lead citrate. All
sections prepared in this way were examined on a FEI Morgagni transmission electron
microscope (Hillsboro, Oregon) and captured with an XR-60 digital microscope from
Advanced Microscopy Techniques (Danvers, MA). Adobe Photoshop was again used to adjust
contrast and exposure.
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Postembedding immunocytochemistry

Although the preembedding method works well for labeling GABA in dendrites (Van
Bockstaele & Pickel, 1995), postembedding provides the most sensitive means for detecting
GABA in axons (Smith et al., 1996; Bokor et al., 2005; Omelchenko & Sesack, 2009). In the
present study, postembedding labeling was performed utilizing a procedure modified from
Smith and colleagues (Shink & Smith, 1995; Smith et al., 1996) and recently described in detail
by our laboratory (Omelchenko & Sesack, 2009). This method was applied to tissue sets where
PHAL was detected by single-label preembedding immunogold that was silver-enhanced to
create particles substantially larger than those associated with postembedding gold labeling for
GABA. The specificity of the rabbit anti-GABA antibody (Sigma, A-2052) used for
postembedding was demonstrated in dot blot assay by the manufacturer and has also shown
excellent specificity in prior postembedding experiments in other brain regions (Watson &
Bazzaz, 2001; Dallvechia-Adams et al., 2002). Specificity of the labeling was further
confirmed in the present study by the substantial difference in labeling density within terminals
forming symmetric versus asymmetric synapses and by the lack of labeling following omission
of the primary antibody. As rabbit primary antibodies were used for both PHAL and GABA,
special attention was paid to ensure that osmication during tissue preparation for electron
microscopy completely destroyed the antigenicity of the primary antibody directed against
PHAL that was incorporated prior to plastic embedding. Consistent with previous reports
(Phend et al., 1995), omission of the GABA primary antiserum followed by application of the
gold-conjugated anti-rabbit secondary 1gG produced no gold particles over PHAL-containing
profiles.

For postembedding, sections were collected on nickel grids and dried overnight. Then the grids
were placed onto drops of filtered reagents (0.22 um filter) with the exception that antibody
solutions were not filtered. To prevent evaporation of the reagents during prolonged
incubations, these steps were performed in a wet chamber kept at room temperature.

After preincubation for 5 min in 0.05 M Tris-buffered saline, pH 7.6, containing 0.1% Triton
X-100, the grids were incubated overnight with rabbit anti-GABA primary antibody (1:1,000)
in 0.05 M TBS, pH 7.6, containing 0.01% Triton X-100 and 1% BSA. The next day, grids were
washed for 50 min in 0.05 M TBS, pH 7.6, containing 0.01% Triton X-100 and 1% BSA and
then for 5 min in 0.05 M TBS, pH 8.2, containing 0.1% Triton. Than the grids were placed for
90 min in a 1:25 dilution of 15 nm gold-conjugated goat anti-rabbit 1gG (Ted Pella, Redding,
CA)in0.05 M TBS, pH 8.2. After several washes in the last buffer, grids were rinsed in distilled
water and counterstained with heavy metal as described earlier.

Ultrastructural Analysis

Systematic examination of VTA sections containing tissue taken from just below the tissue-
resin interface was conducted at 18,000X to 20,000X magnification, and digital electron
micrographs of PHAL labeled axon terminals were captured. For preembedding analysis of
synaptic targets and neurotransmitter phenotype, 5,470,831 um? of tissue was examined from
TH-labeled sections, 3,821,625 um? was examined from GABA-labeled tissue, and 613,319
um? was examined from VGlut2-labeled material. For postembedding analysis of GABA
immunolabeling within LHb axons, 1,121,519 pm? was examined from tissue in which PHAL
was labeled by preembedding immunogold-silver.

The criteria to establish specific preembedding immunolabeling were the same as previously
described (Carr & Sesack, 2000; Omelchenko & Sesack, 2005; 2007). Peroxidase reaction
product was detected as an electron-dense precipitate with a flocculent quality. Profiles were
determined to express specific preembedding immunogold-silver if they contained 3 or more
gold particles. The vast majority of profiles contained many more than 3 particles. In cases
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where gold-silver labeling was limited, serial analysis was used to verify the specificity of
labeling using the minimum criterion discussed above. In order to avoid false negatives due to
the more limited penetration of preembedding immunogold reagents compared to
immunoperoxidase (Sesack et al., 2006), only photographic fields (approximately 13.8 um?2)
that also contained immunogold-silver labeling within the field were analyzed. For
postembedding immunolabeling, profiles were considered to be immunoreactive for GABA
only if they showed a high concentration of gold particles not associated with mitochondria
that exceeded at least 3 times the density of labeling in neighboring terminals forming
asymmetric synapses.

The criteria set forth by Peters et al. (Peters etal., 1991) were used to identify neuronal elements
in electron micrographs. Axon terminals were distinguished from intervaricose axons by the
presence of numerous synaptic vesicles in the former. The presence of parallel membranes,
intercleft filaments across the synaptic cleft, and accumulated presynaptic vesicles defined
synapses. The relative postsynaptic density thickness (Gray, 1959) was used as the criterion
to define either an asymmetric synapse (Gray’s type I) in cases where the postsynaptic density
was thick, or asymmetric synapse (Gray’s type Il) in those cases where the postsynaptic density
was thin or absent. All instances of LHb axon varicosities apposed to dendrites were examined
in 2-4 serial sections in order to increase the likelihood of detecting synaptic specializations.

Light Microscopy

PHAL injection sites within the LHb varied somewhat in their appearance and ranged from
having dense cores surrounded by halos of diffuse labeling to having light, diffuse labeling
throughout the injection site (Fig. 1). Of the 14 total injections (12 unilateral and 2 bilateral in
one rat), 10 were centered either in the medial or lateral LHb or involved both portions. The
remaining 4 injection sites included little of the LHb and constituted control cases (see below).
One case of LHb injection also appeared to involve slight diffusion into the medial habenula,
which probably represents little confound for this study, as a projection from the medial
habenula to the VTA has never been convincingly demonstrated (Geisler & Zahm, 2005).
Moreover, in the animal with bilateral injections, one site was actually centered in the medial
habenula and produced only sparse transport to the VTA,; this hemisphere served as a control
and was not sampled for electron microscopy. In some cases involving the LHb, tracer diffused
up along the pipette into the hippocampus; again, this structure is not known to innervate the
VTA. In other LHb cases, diffusion was observed into the underlying parafascicular thalamic
nucleus immediately surrounding the fasciculus retroflexus. Although the parafascicular
thalamus is reported to innervate the VTA, this is a relatively minor projection (Geisler &
Zahm, 2005). Moreover, in one control case in which tracer was deposited solely in the
parafascicular thalamus, no transport to the VTA was detected. Hence, we retained the cases
in which the LHb injections spread slightly into the parafascicular thalamus. Two additional
control cases involved injections of PHAL into the paraventricular or mediodorsal thalamus;
these injections did not lead to anterograde transport to the VTA. The 4 injections involving
mostly thalamic regions or the medial habenula were removed from the study, leaving ten
injections in ten animals for the ultrastructural analysis.

Following PHAL injections in the LHb, labeled axons were traced into the VTA and were
observed mainly on the ipsilateral side (Fig. 1). Notably fewer fibers were detected in the
contralateral VTA or in the ipsilateral substantia nigra. Within the VTA, the distribution of
anterogradely labeled axons was not uniform. In rostral and middle portions, the highest
concentration of axons was observed along the sheath of the fasciculus retroflexus and in the
paranigral subdivision; fewer axons were observed in the parabrachial region. In more caudal
sections of the VTA, PHAL-labeled axons were observed more medially in interfascicular and
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caudolinear subregions. Many PHAL -labeled axons had morphological features suggestive of
fibers of passage. Nonetheless, some exhibited a beaded appearance (Fig. 1B, insert).

Ultrastructural features of LHb axons in the VTA

In different tissue sets, PHAL transported from the LHb to the VTA was detected by either
immunoperoxidase or by immunogold-silver. Immunoperoxidase labeling was observed as a
dark flocculent product; immunogold-silver labeling was seen as electron dense granules.
Regardless of the labeling method, PHAL was consistently observed within axons.

Consistent with the light microscopic impression, the majority of PHAL-containing LHb
profiles in the VTA were unmyelinated axons; occasional myelinated fibers were also seen
(Fig. 2A,B). PHAL was detected in a modest number of axon varicosities (Figs. 2—6); these
contained mainly small clear vesicles and a few also contained dense-cored vesicles (Fig. 2D),
suggesting the presence of neuropeptides. Many labeled axons were apposed to dendrites in
the VTA, but only a moderate proportion of LHb varicosities were observed to form synapses
(43 out of 274 axons observed at the ultrastructural level, 16%). Some of these synapses had
either thickened postsynaptic densities characteristic of asymmetric synapses (Fig. 2C) or thin
to absent densities associated with symmetric synapses (Fig. 2D). Surprisingly, many of the
synapses formed by LHb axons had intermediate morphological features in which the
postsynaptic density did not match the classical thicknesses associated with asymmetric or
symmetric types (Figs. 3A, 5A). This was true even when synapses were followed in multiple
serial sections or when the specimens were rotated and tilted in the z plane so that synapses
were viewed from optimal angles perpendicular to the pre- and postsynaptic densities. These
observations raised questions regarding the likely transmitter phenotype of LHb axons within
the VTA, given that many glutamate axons in the CNS form predominantly asymmetric
synapses.

Phenotypic markers of glutamate and GABA in LHb axons in the VTA

Given that many LHb axons in the VTA did not form synapses with classical asymmetric or
symmetric morphology, we examined the presence of VGlut2 or GABA in fibers containing
PHAL transported anterogradely from the LHb in two animals. For the study of VGlut2
immunoreactivity, a preembedding dual labeling approach was employed, using the more
sensitive immunoperoxidase method (Sesack et al., 2006) to ensure detection of even low levels
of VGIlut2 and using preembedding immunogold-silver to detect PHAL in LHB terminals. The
morphology and synaptology of VGlut2 labeling in the VTA was entirely consistent with our
previous observations (Omelchenko & Sesack, 2007), including localization to axons forming
primarily asymmetric and occasional symmetric synapses. In this tissue, 40 terminals labeled
for PHAL were observed, the majority of which (34; 85%) also contained immunoperoxidase
labeling for VGIlut2 (Fig. 3A). The remaining terminals were immunonegative for VGlut2,
even in fields were VGlut2-positive profiles were observed in the adjacent neuropil (Fig. 3B).

For dual labeling of anterograde tracer and GABA, preembedding immunogold-silver labeling
for PHAL was combined with postembedding immunogold labeling for GABA as described
in a recent publication from this laboratory (Omelchenko & Sesack, 2009). In the tissue
prepared according to this protocol, the pattern of postembedding labeling for GABA matched
previous descriptions of the VTA. Of the 26 axon varicosities containing preembedding gold-
silver labeling for PHAL, the majority (24, 92%) contained little or no postembedding GABA
immunoreactivity despite the presence of specific GABA labeling nearby in the field (Fig. 4A).
The remaining two profiles were considered to be dually labeled for PHAL and GABA (Fig.
4B). As shown in Figure 5, the density of postembedding gold particles in PHAL-labeled axons
overlaps more with tracer-negative axons forming asymmetric as opposed to symmetric
synapses.
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Synaptic targets of LHb axons in the VTA

Preembedding immunogold-silver labeling for TH or GABA was observed primarily in
dendrites and soma throughout the VTA, consistent with previous descriptions (Carr & Sesack,
2000; Omelchenko & Sesack, 2005; 2007). Occasional axonal labeling for each marker was
also seen and was most common in tissue immunostained for GABA, which also appeared in
glial processes.

The majority of PHAL-labeled LHb axon terminals in tissue immunoreacted for TH or GABA
were observed in apposition to labeled or unlabeled dendrites without forming synaptic
specializations (Table 1). The synapses that were observed were infrequent and had
asymmetric, symmetric or intermediate morphology. Table 1 presents the data combined across
all synapse types. In tissue immunolabeled for TH, 45% (10/22) of PHAL-positive axons
synapsed onto dendrites containing immunogold-silver labeling for TH (Fig. 6); the remaining
axons contacted unlabeled dendrites.

In tissue immunostained for GABA, 52% of PHAL-positive axons (11/21) synapsed onto
dendrites containing immunogold-silver labeling for GABA (Fig. 7). The remaining PHAL-
labeled varicosities formed synapses onto unlabeled profiles. A few PHAL-positive axons also
exhibited gold-silver labeling for GABA, but these were restricted to the immediate surface of
the tissue where it interfaced with plastic embedding.

The unlabeled dendrites postsynaptic to LHb axons might belong to non-DA/non-GABA VTA
neurons. However, these targets might also include the more distal portions of the dendritic
trees of DA and GABA cells where immunoreactivity is below detection threshold. We
therefore measured the short-axis diameter of the dendrites receiving synaptic input from the
LHb (Fig. 8). In the TH-labeled tissue set, the TH-immunoreactive dendrites postsynaptic to
LHb axons had a mean diameter of 1.05 um (£ 0.69 stdev; n = 10), whereas the unlabeled
postsynaptic dendrites had a mean diameter of 0.67 um (z 0.44 stdev; n = 12). In GABA-
labeled tissue, the GABA-immunoreactive dendrites postsynaptic to LHb axons had a mean
diameter of 1.16 um (£ 0.40 stdev; n = 11), and the unlabeled postsynaptic dendrites had a
mean diameter of 0.59 um (z 0.39 stdev; n = 10). These sample sizes are rather small for
rigorous statistical comparisons. Nevertheless, the unlabeled dendrites innervated by LHb
axons in the VTA seem to be smaller on average and to contain more distal profiles, than those
immunoreactive for either TH or GABA (Fig. 8). Furthermore, there appears to be no obvious
difference in the average sizes of the unlabeled dendrites contacted by LHb axons in the TH
and GABA-labeled tissue sets.

Discussion

This study is the first direct ultrastructural analysis of inputs from the LHb to VTA DA and
GABA cells. The goal of the study was to characterize the synaptology of the LHb projection,
which is a potential source for inhibiting VTA DA cells in response to the absence of expected
rewards (Matsumoto & Hikosaka, 2007). The results suggest that the LHb is likely to have
only amodest direct influence on VTA neurons, with only a low density of synaptic innervation
detected. The projection is predominantly glutamatergic and exhibits no overt selectivity for
synapsing onto GABA versus DA cells. The low density of observed synapses together with
evidence for monosynaptic contacts onto DA neurons are inconsistent with physiological data
indicating a nearly uniform inhibition of VTA DA cells evoked by LHb stimulation (Christoph
etal., 1986; Ji & Shepard, 2007; Matsumoto & Hikosaka, 2007). Hence, the discussion of these
findings will include consideration of other possible sources of indirect inhibitory influence
from the LHb that may mask weaker monosynaptic inputs. Figure 9 illustrates the main points
of the study.
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Methodological Considerations

As discussed in several prior publications from this laboratory (Carr & Sesack, 2000; Sesack
etal., 2006; Omelchenko & Sesack, 2007; Omelchenko & Sesack, 2009), the primary technical
limitation for studies combining neuronal tract-tracing and immunoelectron microscopy is the
potential for false-negative outcomes. Tract-tracing agents typically do not label all the neurons
contributing to a pathway, particularly for a structure like the LHb which extends almost the
entire rostro-caudal length of the diencephalon. Furthermore, synapses can be underestimated
if varicosities are viewed in only single sections. Incomplete penetration of immunoreagents
for tracers or markers of cell phenotype can further contribute to false-negative results. The
latter issue was minimized by restricting the analysis to the tissue surface (i.e. interface with
plastic embedding) where antibodies have optimal penetration. The analysis of serial sections
also served to ensure that synapses and profiles with sparse labeling were not overlooked.

Nevertheless, the problem of false-negatives cannot be avoided completely, and the present
data probably do underestimate the full extent of the LHb innervation to the VTA. For example,
the unlabeled dendrites receiving LHb synapses appeared to more commonly include distal
dendrites where antigen levels may have fallen below detection thresholds. However, the fact
that these unlabeled dendrites were of similar diameter in the TH and GABA-immunolabeled
tissue sets suggests that the underestimation of distal dendrites was comparable across target
populations. Furthermore, the conclusion that the LHb produces only a modest synaptic
influence on VTA neurons is based on comparison to studies of other excitatory afferents using
the same methodological approach (Carr & Sesack, 2000; Omelchenko & Sesack, 2005).

Ultrastructure of LHb axons within the VTA

Our data are consistent with prior light microscopic tracing studies describing the projection
from the LHb to the VTA (Herkenham & Nauta, 1979; Araki et al., 1988; Geisler & Zahm,
2005; Geisler et al., 2007; Kim, 2009). Electron microscopic examination revealed that a
significant portion of this pathway consists of fibers passing to more caudal brainstem
structures, although such fibers may issue en passant connections within the VTA. Candidate
targets in the brainstem include the dorsal and median raphe, pontine reticular formation, and
mesopontine rostromedial tegmental nucleus (Herkenham & Nauta, 1979; Araki et al., 1988;
Jhou et al., 2009). The fact that some LHb axons form synaptic varicosities contacting VTA
dendrites is consistent with reports of short latency, potentially monosynaptic responses in this
region evoked by LHb stimulation (Christoph et al., 1986; Ji & Shepard, 2007).

The finding of both asymmetric and symmetric synaptic contacts formed by LHb axons in the
VTA was rather surprising. Although some GABA cells have been reported (Wang et al.,
2006), many LHb neurons appear to be glutamatergic (Fremeau et al., 2001; Herzog et al.,
2004; Aizawa et al., 2008) including many of those projecting to the VTA (Geisler et al.,
2007). Hence, it was expected that the majority of LHb axons would form asymmetric synapses,
as these have been correlated with an excitatory physiology (Carlin et al., 1980). Moreover,
the fact that many LHb synapses in the VTA exhibited intermediate characteristics, suggests
that for this projection, the morphology of the synaptic connections cannot be used to estimate
the probable physiological influence.

Our analysis of VGIlut2 and GABA immunoreactivity in LHb axons confirms the prior reports
of a dominant glutamate phenotype in the projection to the VTA (Brinschwitz et al., 2005;
Geisler etal., 2007). The fact that many of these VGlut2-positive LHb axons formed symmetric
or intermediate-type synapses is consistent with our previous report that approximately 10%
of all VGlut2-containing axons in the VTA form such synapses (Omelchenko & Sesack,
2007).
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The finding of dense-cored vesicles in some LHb axons is also consistent with similar
observations for the population of VGlut2-positive axons in the VTA (Omelchenko & Sesack,
2007) and indicates the presence of peptide co-transmitters (Thureson-Klein et al., 1986).
Substance P was initially reported in the projections of the LHb (Neckers et al., 1979), but this
peptide is now known to be confined to the medial habenula (Ljungdahl et al., 1978; Shinoda
et al., 1984; Aizawa et al., 2008). Cells containing neuropeptide Y have been described in the
LHb at least in the primate (Smith et al., 1985). Further studies are needed to identify which
neuroactive peptides are contained in LHb axons projecting to the VTA, as the presence of
dense-cored vesicles reported here suggests that peptides contribute to the physiological
regulation of VTA neurons by the LHb.

Targets of LHb axons within the VTA

The apparent lack of selectivity of LHb synapses for GABA as opposed to DA neurons in the
VTA is inconsistent with our initial hypothesis. Nevertheless, some LHb synapses onto GABA
cells were observed in the present study. Furthermore, our recent report of local collateral
connections of GABA neurons to neighboring DA cells (Omelchenko & Sesack, 2009)
provides potential anatomical substrates for LHb evoked inhibition of DA neurons (Christoph
et al., 1986; Ji & Shepard, 2007; Matsumoto & Hikosaka, 2007). However, this relatively
modest circuitry does not explain how LHb stimulation could evoke inhibition, or inhibition
followed by delayed excitation, in 97% of all VTA DA neurons recorded in vivo (Ji & Shepard,
2007).

The observed synaptic inputs from the LHb to VTA DA cells are also inconsistent with multiple
in vivo physiological reports that LHb stimulation inhibits these neurons (Christoph et al.,
1986; Ji & Shepard, 2007; Matsumoto & Hikosaka, 2007). In this regard, it is interesting to
note that one in vitro study reported weak excitatory post synaptic potentials (EPSPs) and a
limited number of inhibitory post synaptic potentials (IPSPs) in both presumed DA and non-
DA cells following electrical stimulation of the LHb (Matsuda & Fujimura, 1992). This study
is the only investigation to date that used intracellular recording from an in vitro slice
preparation that preserved the LHb to VTA connection and allowed detection of subthreshold
responses. Indeed, the authors commented that EPSPs typically did not evoke spiking in DA
cells (Matsuda & Fujimura, 1992). Based on their findings, one might expect that the
innervation of VTA cells by LHb afferents is relatively light and targets both GABA and DA
cells with mostly excitatory inputs. This expectation is well matched to the present results. The
absence of strong inhibitory responses in the in vitro study (Matsuda & Fujimura, 1992) further
implies that a critical intermediate structure was not preserved in the slice preparation that was
used.

It is premature to conclude that LHb projections exhibit no selectivity for any VTA cell
population, given that the analysis did not include a third, minor group of glutamate-containing
neurons recently described in this region (Hur & Zaborszky, 2005; Kawano et al., 2006;
Yamaguchi et al., 2007; Nair-Roberts et al., 2008). These cells have only been identified on
the basis of in situ hybridization for VGlut2 mRNA, and this procedure has not yet been reliably
adapted for quality ultrastructural studies in the VTA. Hence, future analysis is needed to
determine whether VTA glutamate neurons are innervated by axons from the LHb.

Functional significance

The observation of only modest synapses within the VTA suggests that the uniform inhibitory
influence mediated by the LHb onto DA cells (Christoph et al., 1986; Ji & Shepard, 2007)
involves some other intermediate source of GABA. The most likely candidate for this
intermediary is a newly discovered region in the caudal-most VTA that has been called the
mesopontine rostromedial tegmental nucleus (RMTg) (Jhou et al., 2009). Importantly, the
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RMT(g receives substantial innervation from the LHb (Herkenham & Nauta, 1979; Araki et
al., 1988; Jhou et al., 2009), contains almost exclusively GABA neurons (Perrotti et al.,
2005; Olson & Nestler, 2007), and projects extensively to the entire nigra-VTA complex
(Ferreira et al., 2008; Jhou et al., 2009). Together, these observations are likely to account for
the ability of LHb output to uniformly inhibit DA neurons in both the substantia nigraand VTA
(Christoph et al., 1986; Ji & Shepard, 2007). Moreover, the fact that RMTg neurons can be
activated by aversive stimuli suggests that they may inhibit DA neurons under these conditions
(Jhou & Gallagher, 2007). Further studies of the RMTg, such as those currently being
performed in our laboratory, will be important for testing whether LHb axons synapse onto
GABAergic RMTg neurons that in turn innervate the nigra-VTA.

The LHb also innervates other brainstem targets that are afferent to the VTA, including the
dorsal raphe nucleus and the mesopontine tegmentum (Herkenham & Nauta, 1979; Araki et
al., 1988; Van Bockstaele et al., 1994; Charara et al., 1996; Varga et al., 2003; Omelchenko
& Sesack, 2005). It is unclear whether these additional indirect routes can account for the
inhibitory influence mediated by the LHb on VTA DA neurons. In the case of the DRN, this
seems unlikely, given that the LHb inhibits most serotonin neurons (Wang & Aghajanian,
1977), which inturn are predominantly inhibitory to DA cells inthe VTA (Gervais & Rouillard,
2000). Nevertheless, the presence of multiple direct and indirect pathways that connect the
LHb to the VTA suggests that the overall functional impact of the LHb on DA cells is likely
to be complex.

The physiological function of the direct projection from the LHb to the VTA remains to be
established. Studies combining retrograde tract-tracing from forebrain targets such as the
nucleus accumbens or prefrontal cortex are needed to determine which populations of VTA
DA and GABA cells receive direct synaptic input from the LHb. However, the sparse nature
of the monosynaptic LHb to VTA connection makes such experiments challenging. One
possible function of the midbrain LHb input is to regulate the modulatory feedback from DA
cells to the LHb. However, recent observations indicate that the LHb projects mainly to the
posterior VTA, whereas the reciprocal projection arises mainly from the anterior VTA (Gruber
et al., 2007). Hence, it is unlikely that the LHb modulates DA neurons that project back to the
LHb. Further investigation is needed to elucidate the role of the direct synaptic projections
observed in the present study.

Increasing evidence indicates that the LHb plays an important role in regulating reward
learning, pain processing, reproductive behavior, sleep-wake cycles, and stress responses
(Klemm, 2004; Hikosaka, 2007; Geisler & Trimble, 2008; Hikosaka et al., 2008).
Dysregulation of activity in this region may contribute to the pathophysiology of mental
disorders such as schizophrenia, depression, and substance abuse (Shepard et al., 2006;
Lecourtier & Kelly, 2007; Hikosaka et al., 2008). The direct clinical implications for the present
results are as yet unclear. Nevertheless, ultrastructural investigations are important for
revealing the exact synaptic connections through which the LHb influences the activity of VTA
DA and GABA neurons and regulates the motivated behaviors that are controlled by these
cells.
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Figure 1.

Light micrographic images of coronal sections through the rat LHb and VTA. Panel A shows
the site of PHAL injection contained within the medial division of the LHb, ventral to the stria
medullaris (sm) and dorsal to the fasciculus retroflexus (fr). Panel B shows anterograde
transport to the VTA bounded by the medial lemniscus (ml), mammillary peduncle (mp), and
interpeduncular nucleus (IPN). The black arrow indicates a cluster of beaded axons that is also
shown at higher magnification in the insert. Scale bar represents 250 um for A and B, 50 um
for the insert.
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Figure 2.

Electron micrographs showing immunoperoxidase labeling for PHAL transported
anterogradely in LHb axons within the rat VTA. The majority of PHAL-labeled profiles are
unmyelinated (a) or myelinated (ma) axons passing within bundles of unlabeled axons. Fewer
PHAL-labeled profiles are axon terminals (LHb-t) forming asymmetric or symmetric (arrows
in C and D, respectively) synaptic specializations onto unlabeled dendrites (ud). The arrowhead
in panel D indicates a dense-cored vesicle. Scale bar, 0.5 um.
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Figure 3.

Electron micrographs of the rat VTA showing immunogold-silver labeling for PHAL in LHb
axons in relationship to immunoperoxidase labeling for VGIut2. In A, an axon terminal dually-
labeled for both markers (LHb+VGlut2-t) synapses (arrow) onto an unlabeled dendrite (ud).
In B, aterminal singly-labeled for PHAL (LHb-t) is positioned next to a VGlut2-labeled profile
(VGlut2-t). Scale bar, 0.5 um.
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Figure 4.
Electron micrographs of the rat VTA showing preembedding immunogold-silver labeling for

PHAL (large, silver-enhanced particles) in LHb axons in relationship to postembedding
immunogold labeling for GABA (small, uniform particles). In A, a terminal singly-labeled for
PHAL (LHb-t) forms a contact which may be a point of attachment (arrow) onto an unlabeled
dendrite (ud). In the adjacent neuropil are small passing axons that are immunoreactive for
GABA (GABA-a). In B, a terminal dually-labeled for PHAL and GABA (LHb+GABA-t)
forms an apparent synapse (arrow) onto an unlabeled dendrite (ud). An unlabeled myelinated
axon (ma) in the adjacent neuropil illustrates the general level of background particles
associated with postembedding. Scale bar, 0.5 pm.
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Figure 5.

Frequency histogram illustrating the extent to which LHb axons (gray bars; n = 26) inthe VTA
contained postembedding immunogold particles for GABA in comparison to tracer-negative
axons in the adjacent neuropil forming symmetric (black bars; n = 41) or asymmetric synapses
(white bars; n = 33). The bins along the X axis correspond to immunogold particles per axon
and range from 0-20, 20-40, 40-60 etc. Two LHb axons with 40-60 and 100-120 gold particles
were considered to contain specific GABA labeling; the latter axon is shown in Figure 4.

Eur J Neurosci. Author manuscript; available in PMC 2010 October 1.



Omelchenko et al. Page 21

Figure 6.
Electron micrographs showing LHb axons in the VTA containing immunoperoxidase labeling

for PHAL and forming synapses (arrows) onto dendrites containing immunogold-silver
labeling for TH (TH-d). The synapse in panel A appears to have an intermediate morphology,
whereas the synapse in panel B is more typically asymmetric. Commonly, the same dendrites
receive additional synaptic inputs from unlabeled terminals (ut). Scale bar, 0.5 um for A; 0.6
um for B.
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Figure 7.

Electron micrographs showing LHb axon terminals (LHb-t) in the VTA forming synapses
(arrows) onto dendrites labeled for GABA (GABA-d). GABA immunoreactivity isalso evident
in glial processes (asterisks in B-D). Scale bar, 0.5 um for A, B and D; 0.6 um for C.
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Figure 8.

Scatter plot illustrating the diameter of dendrites in the rat VTA that received synaptic input
from LHb axons and were either immunoreactive for TH or GABA or immunonegative for
these markers. Horizontal lines indicate the mean diameter for each group. For ease of
presentation, the largest diameter dendrite (2.78 um) in the TH-immunolabeled data set is not
included in the plot but was factored into the mean value.
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Figure 9.

Schematic diagram illustrating the main findings of the present study. LHb projections to the
VTA are predominantly glutamatergic (black) and synapse onto both DA (light gray) and
GABA (dark gray) neurons. The latter have been shown to provide local collateral innervation
of DA cells. However, the relative infrequency of LHb synapses within the VTA and their lack
of selectivity for GABA neurons suggest that an extrinsic source of influence contributes to
the uniform inhibition of DA cells evoked by this region.
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