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Abstract

One of the main subcortical inputs to the basolateral nucleus of the amygdala (BL) originates from
a group of dorsal thalamic nuclei located at or near the midline, mainly from the central medial
(CMT) and paraventricular (PVT) nuclei. Although similarities between the responsiveness of BL,
CMT, and PVT neurons to emotionally arousing stimuli suggest that these thalamic inputs exert a
significant influence over BL activity, little is known about the synaptic relationships that mediate
these effects. Thus, the present study used Phaseolus vulgaris-leucoagglutinin (PHAL) anterograde
tracing and electron microscopy to shed light on the ultrastructural properties and synaptic targets
of CMT and PVT axon terminals in the rat BL. Virtually all PHAL-positive CMT and PVT axon
terminals formed asymmetric synapses. While CMT and PVT axon terminals generally contacted
dendritic spines, a substantial number ended on dendritic shafts. To determine if these dendritic
shafts belonged to principal or local-circuit cells, we used immunoreactivity for calcium/
calmodulin-dependent protein kinase Il (CAMKIla) as a selective marker of principal BL
neurons. In most cases, dendritic shafts postsynaptic to PHAL-labeled CMT and PVT terminals
were immunopositive for CaMKIlla.. Overall, these results suggest that CMT and PVT inputs
mostly target principal BL neurons such that when CMT or PVT neurons fire, little feed-forward
inhibition counters their excitatory influence over principal cells. These results are consistent with
the possibility that CMT and PVT inputs constitute major determinants of BL activity.
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We combined tracing and electron microscopy to identify the targets of midline thalamic (MTh)
axon terminals in the basolateral amygdala (BL). MTh axon terminals formed asymmetric
synapses with neurons that were immunoreactive for CAMKIla, a marker of principal neurons.
Thus, MTh inputs exert a prevalently excitatory influence over principal cells.
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INTRODUCTION

Several dorsal thalamic nuclei at or near the midline densely innervate the amygdala,
particularly its basolateral (BL) and central (CeA) nuclei (Russchen, 1982; Turner &
Herkenham, 1991; Vertes, Hoover, Do Valle, Sherman, & Rodriguez, 2006; Vertes &
Hoover, 2008; Vertes, Hoover, & Rodriguez, 2012). The thalamic nuclei at the origin of
these projections include the rhomboid, parataenial, reuniens, paraventricular (PVT), and
central medial (CMT) thalamic nuclei, the latter two respectively sending the densest
projections to Ce and BL, but contributing much weaker projections to other amygdala
nuclei (Vertes, Hoover, Do Valle, Sherman, & Rodriguez, 2006; Vertes & Hoover, 2008;
Vertes, Hoover, & Rodriguez, 2012). Contrasting with the reciprocity of cortico-thalamic
projections (reviewed in Jones, 2007), BL does not project back to PVT and CMT, but to the
mediodorsal thalamic nucleus (Krettek & Price, 1977).

At present, the role of these thalamic afferents to the amygdala is unclear. Indeed, midline
thalamic nuclei have been implicated in a staggering array of functions and disorders
(reviewed in Benarroch, 2008; Price & Drevets, 2010; Van der Werf, Witter, &
Groenewegen, 2002). With respect to PVT, a recurrent theme in the literature is the
exceptional sensitivity of neurons in this nucleus to a variety of psychogenic and physical
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stressors, typically assessed using Fos expression (Bubser & Deutch, 1999; Lkhagvasuren et
al., 2014; Otake, Kin, & Nakamura, 2002; Spencer, Fox, & Day, 2004; Timofeeva &
Richard, 2001). However, PVT is not only recruited by aversive, but also by positively
valenced stimuli, including natural rewards, drugs of abuse, and the cues associated with
them (Brown, Robertson, & Fibiger, 1992; Deutch, Bubser, & Young, 1998; Franklin &
Druhan, 2000; Igelstrom, Herbison, & Hyland, 2010; Johnson, Revis, Burdick, & Rhodes,
2010). Together, these studies suggest that PVT neurons are responsive to emotionally
charged stimuli, irrespective of valence.

In contrast, CMT appears to be mainly involved in the processing of aversive signals.
Indeed, nociceptive (but not innocuous) stimuli induce Fos expression in CMT neurons
(Kuroda, Yorimae, Yamada, Furuta, & Kim, 1995). Moreover, intra-CMT injections of
lidocaine attenuate formalin-induced pain behaviors (McKenna & Melzak, 1994). However,
the CMT also plays a critical role in the maintenance of awareness. Indeed, intra-CMT
injections of minute amounts of nicotine elicit arousal from deep anesthesia (Alkire,
McReynolds, Hahn, & Trivedi, 2007; Leung, Luo, Ma, & Herrick, 2014). Moreover, it was
reported that alterations in CMT activity precipitate the loss of consciousness that occurs at
the onset of slow-wave sleep and the induction of general anesthesia (Baker et al., 2014).

Although the PVT and CMT might influence some of these behaviors via the amygdala,
these projections have received little attention so far. Instead, investigators have focused on
inputs from the posterior thalamic complex because of their involvement in classical fear
conditioning. Yet, recent findings suggest that even the expression of conditioned fear
responses is dependent on inputs from midline thalamic nuclei (Do-Monte, Quifiones-
Laracuente, & Quirk, 2015; Padilla-Coreano, Do-Monte, & Quirk, 2012). Thus, the present
study was undertaken to characterize the ultrastructural features and synaptic targets of PVT
and CMT axon terminals in the basolateral (BL) and central (CeA) nuclei of the amygdala.
To this end, we used anterograde tracing with Phaseolus vulgaris-leucoagglutinin (PHAL) to
label thalamic terminals. In the BL, PHAL immunostaining was combined with
immunocytochemistry for calcium/calmodulin-dependent protein kinase Il (CAMKIla), a
marker of principal cells, at the light and electron microscopic (EM) level.

MATERIALS AND METHODS

Animals and Tract-tracing

Surgical procedures were conducted in accordance with the NIH Guide for the Care and Use
of Laboratory Animals and approved by the Institutional Animal Care and Use Committees
of Rutgers University. We used male Sprague-Dawley rats (n=18) weighing 220-320 g
(RRID RGD_734476, Charles River Laboratories, Wilmington, MA). Rats were maintained
on a 12-hour light/dark cycle with ad /ibitum food and water. After habituation to the animal
facility and handling, rats were anesthetized with isoflurane (~2%, inhaled) and
administered atropine (0.05 mg/kg, i.m.) to aid breathing. After shaving their scalp and
placing the rats in a stereotaxic apparatus, we injected the local analgesic bupivacaine
(0.125% solution, s.c.) at the site to be incised. Then, using sterile procedures, the scalp was
incised above the thalamic region of interest, small holes were drilled into the skull, the dura
materwas opened, and rats received unilateral injections of the anterograde tracer PHAL
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(Catalog # L-1110, RRID AB_2336656, Vector Laboratories, Burlingame, CA) in CMT or
PVT.

The stereotaxic coordinates we used were (in mm relative to bregma for the antero-posterior
—AP- and medio-lateral -ML~- dimensions, and from the dura mater for the dorso-ventral —
DV- dimension): CMT (AP, —=2.4; ML, 0; DV, 6.2); PVT (AP, -3.2; ML, 0; DV, 4.9). These
coordinates were determined using Paxinos & Watson’s (2007) stereotaxic atlas of the rat
brain. Because CMT and PVT are located along the midline, the pipette was inserted using
an oblique (18 degrees), lateromedial approach. PHAL (4%) was dissolved in 0.01M
phosphate buffer (PB; pH 8.0) and injected iontophoretically through a glass pipette (tip
diameter: 25-30 pm) using positive 7 pA current pulses (2 sec on / 2 sec off) for 40 min.

Ten to twelve days after the PHAL injection, under deep isoflurane anesthesia, rats were
perfused through the heart with 150 ml of a cold oxygenated Ringer solution, followed by
500 ml of a fixative solution containing 4% depolymerized paraformaldehyde and 0.1%
glutaraldehyde in 0.1M PB (pH 7.4). Their brains were then removed, cut into blocks
containing the thalamus and amygdala, post-fixed in the same fixative for 24 hours, and
sectioned at 60 um using a vibrating microtome. Brain sections were collected in PBS (0.01
M; pH 7.4) until further processing.

Immunohistochemistry

Overview of methods and specificity of antibodies.—For light and electron
microscopy (EM), we detected PHAL with the immunoperoxidase method, using
diaminobenzidine (DAB) as a chromogen. CAMKIla immunoreactivity was detected using
the pre-embedding immunogold-silver intensification procedure. We used a rabbit anti-
PHAL (1:1000, catalog # AS-2300, lot # Y0806, RRID AB_2313686, \Vector Labs,
Burlingame, CA) antibody. Of note, no differentiated labeling was seen when the PHAL
antibody was used on brain sections obtained from animals that did not receive PHAL
injections. To detect CAMKIla immunoreactivity, we used a mouse monoclonal (6G9) anti-
CaMKIlla antibody (Abcam, Cambridge, MA,; catalog # AB22609, lot # GR30131-1, RRID
AB_447192) that was prepared against purified CaMKIla. The company Abcam evaluated
this antibody for activity and specificity. Western blot analysis yielded positive signals in
human, rat and mouse whole brain tissue lysates, detected as a band with a molecular weight
of 50kDa. Of note, this antibody detects CaMKlla in its phosphorylated and non-
phosphorylated forms (Erondu & Kennedy, 1985; Jung, Kim, & Hoffman, 2008). Expected
reactivity also includes the delta and gamma isoforms, but not the beta isoform.

Immunohistochemistry for light microscopic observations.—PHAL was revealed
by incubating brain sections in sodium borohydride (1% in PBS) for 20 min at room
temperature, repeatedly rinsing them in PBS (0.01M, pH 7.4), and incubating them for 60
min in a blocking solution containing 1% bovine serum albumin (BSA), 1% normal goat
serum (NGS), and 0.03% Triton X-100 in PBS. Sections were then incubated in rabbit anti-
PHAL antibody (1:1000, Vector Labs, Burlingame, CA) overnight. On the following day,
sections were rinsed in PBS (3 x 10 min), incubated for 90 min in biotinylated goat anti-
rabbit 1gG (1:200, catalog # BA-1000, lots# ZA0520 and ZB1007, RRID AB_2313606,
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Vector Laboratories, Burlingame, CA), and then rinsed in PBS (3 x 10 min). Last, sections
were incubated in the avidin-biotin peroxidase complex (ABC, Vector Labs, Burlingame,
CA) for 90 min before being rinsed in TRIS buffer (0.05M, pH 7.6). Peroxidase was
revealed using a solution of 0.025% diaminobenzidine (DAB) and 0.006% hydrogen
peroxide in TRIS buffer (TBS; 0.05M, pH 7.6). Sections were then rinsed in 0.01 M PBS
(pH 7.4). At the end of the incubations, they were mounted onto glass slides, air-dried,
dehydrated in a graded series of alcohol, and coverslipped in Cytoseal XYL mounting
medium (ThermoFisher Scientific, Waltham, MA) for light microscopic observations.

Immunohistochemical procedures for EM observations.—Sections were first
incubated in sodium borohydride (1% in PBS) for 20 min at room temperature, repeatedly
rinsed in PBS (0.01M, pH 7.4), and then placed in a cryoprotectant solution (25% sucrose
and 10% glycerol in PB, 0.05 M, pH 7.4) for 20 min. They were then placed in a -80°C
freezer for an additional 20 min. This procedure permeabilizes cell membranes and
facilitates penetration of antibodies in the tissue. Sections were then thawed, washed in PBS,
and processed as above with two exceptions: Triton X-100 was not used and the incubation
in the primary antibody solution lasted 48 hours at 4°C. Next, sections were rinsed in PB,
post-fixed for 20 min in osmium tetroxide (1% in PB), and rinsed many times in PB. Next,
sections were dehydrated in graded series of alcohol and propylene oxide. Uranyl acetate
(1%) was added to the 70% alcohol for 35 minutes to improve contrast in the EM. Sections
were then embedded in Durcupan resin (Fluka, Gymea, Australia), transferred to glass
slides, coverslipped, and left in an oven at 60°C for two days. After polymerization of the
resin, the regions of interest were cut, removed from the glass slides, adhered onto resin
blocks, and trimmed in a trapezoidal shape before being resectioned with an ultramicrotome
(Ultracut-T, Leica Microsystems, Wetzlar, Germany) at a thickness of 60-70 nm with a 45°-
diamond knife. Ultrathin sections were then collected onto copper single slot grids,
counterstained with Reynold’s lead citrate, air-dried, and stored in grid boxes until EM
observations.

Double immune-EM procedures to localize PHAL and CaMKlla.—The following
procedure was used to localize both PHAL and CaMKIla immunoreactivity in the same
sections. After the sodium borohydride and cryoprotectant steps described above, sections
were pre-incubated in a PBS solution containing 5% milk for 30 min, rinsed in TBS-gelatin
(pH 7.6; 3 x 5 min), and incubated overnight in a TBS-gelatin solution containing 1% milk,
mouse anti-CaMKII (1:4000, Abcam, Cambridge, MA) and rabbit anti-PHAL antibodies
(1:1000, Vector Labs, Burlingame, CA). Sections were next rinsed in TBS-Gelatin (3 x 10
min) and incubated for 2 hours in gold-conjugated goat anti-mouse 1gGs (1:100, catalog #
2002, lot # 32C677, RRID AB_2637031, Nanogold, Nanoprobes, Stonybrook, NY) and in
biotinylated goat anti-rabbit 1gGs (1:200, Vector Laboratories, Burlingame, CA) in a TBS-
gelatin solution containing 1% milk. Sections were next rinsed with TBS-gelatin (2 x 10
min) and a 2% aqueous acetate buffer solution (pH 7.0) for 10 min and then transferred to a
darkroom for silver intensification of gold particles for 8-10 min using the HQ silver kit
(Nanoprobes, Stonybrook, NY). After intensification, sections were rinsed repeatedly in
acetate buffer and in TBS-gelatin for 10 min. They were then incubated with the ABC
solution in TBS-gelatin with 1% milk for 90 min, rinsed in TBS-gelatin (2 x 10 min) and in
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Tris buffer for 10 min. Last, sections were incubated in DAB (0.025%) for 10 min at room
temperature, rinsed thoroughly in PBS, and transferred in 0.1M PB (pH 7.4) for 5 min. The
remaining steps were as described above with the exception that we used 0.5% osmium
tetroxide for 10 min and uranyl acetate for 10 min.

First, slides prepared for light microscopy were examined in order to determine the location
of the PHAL injections in each animal. Only tissue from animals with injection sites
restricted to the targeted locations (CMT and PVT) were included in the data analysis. For
each successful PHAL injection site, two to four blocks of tissue were examined in each
region of interest, depending on the density of labeled terminals that could be analyzed per
blocks. Selected sections were photographed and the area of interest was drawn on the
photographs. The tissue blocks were then cut in 70 nm-thick sections that were collected
onto copper single slot grids. Only the most superficial ultrathin sections of the blocks were
considered to ensure optimal penetration of the antibodies. Grids were examined in a
transmission electron microscope (100 kV; magnification 10,000 to 60,000; JEM-1011,
JEOL, Peabody, MA) and micrographs were digitally imaged by an 11 Megapixel lens-
coupled CCD camera (ES1000W, Gatan, Warrendale, PA). The observer was blind to the
location of the PHAL injection sites and the source of the tissue blocks used for EM
observations.

Controls for single and double immunostaining reaction.—To control for the
specificity of the PHAL reaction, some sections at the level of the injection sites and BL
were incubated with solutions from which the primary rabbit anti-PHAL antibody was
omitted, while the rest of the procedure remained the same. These sections were completely
devoid of peroxidase labeling.

To control for the specificity of the double-labeling procedure (PHAL/CAMKIla), each
primary antibody was omitted in turn from the immunohistochemical reaction. Control
sections incubated in solutions that did not contain the PHAL antibody were devoid of any
peroxidase labeling, whereas omission of the CAMKIla antibody from the incubation
solutions let to a complete lack of gold labeling over the tissue.

Data analysis

Sections were searched systematically for PHAL-labeled axon terminals forming clear
synapses with easily identifiable postsynaptic elements. The presence of the amorphous
electron dense peroxidase reaction product was used to identify PHAL-labeled axon
terminals. Postsynaptic elements were categorized using the ultrastructural criteria defined
by Peters, Palay, & Webster (1991), as detailed in the Results section.

We performed EM observations on tissue processed to reveal either PHAL or PHAL and
CaMKIlla immunoreactivity. In the latter case, CaMKIla was revealed using the pre-
embedding immunogold-silver intensification procedure. However, because this method
only allows to assess CaMKIla immunoreactivity in the most superficial ultrathin sections,
we lumped deeper PHAL-labeled terminals found in areas devoid of CaMKlla
immunoreactivity with those sampled in tissue processed to reveal PHAL only.
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Digital photomicrographs of labeled axon terminals were cropped into Adobe Photoshop
CS5 (Adobe Systems Incorporated, San Jose, CA). Brightness and contrast adjustments
were applied to the entire image using the same software. The photographs were then
imported in Adobe Illustrator CS5 to add labels and scale bars.

Light microscopic observations

A total of 18 rats received iontophoretic PHAL injections in the CMT (n=8) or PVT (n=10),
respectively. While a few nearby midline dorsal thalamic nuclei (rhomboid, parataenial, and
reuniens) also project to the amygdala, prior tracing studies have revealed that they
contribute only minor inputs to BL compared to CMT and PVT (Ruschen, 1982; Turner &
Herkenham, 1991; Vertes, Hoover, Do Valle, Sherman, & Rodriguez, 2006; Vertes &
Hoover, 2008; Vertes, Hoover, & Rodriguez, 2012). Nevertheless, to minimize
contamination of our results by these other midline thalamic inputs, we restricted our EM
analyses to a subset of rats in which nearly all PHAL-labeled somata were located within
CMT (n=5; Fig. 1a,b) or PVT (n=3; Fig. 2a,b). Note that while the PHAL injection sites in
PVT often encroached on the mediodorsal thalamic nucleus and habenula, to the best of our
knowledge these nuclei do not project to BL (reviewed in Amaral, Price, Pitkanen, &
Carmichael, 1992; Pitkanen, 2000).

Consistent with prior reports (Turner & Herkenham, 1991; Vertes, Hoover, Do Valle,
Sherman, & Rodriguez, 2006; Vertes & Hoover, 2008; Vertes, Hoover, & Rodriguez, 2012),
the pattern of anterograde labeling observed following PHAL injections in CMT and PVT
differed markedly. Whereas CMT inputs to the amygdala were mostly confined to BL (Fig.
1d-f), PVT axons heavily targeted both BL and CeA (Fig. 2d-f). The density of
anterogradely labeled axons in BL was higher after PHAL injections in CMT (Fig. 1d-f)
than PVT (Fig. 2d-f). After PVT injections, the density of PHAL-labeled axons was
markedly higher caudally than rostrally. In contrast, CMT axons had a relatively uniform
distribution throughout BL. At high magnification, CMT and PVT axons in BL and CeA
could be seen to contribute numerous en passant axonal varicosities (Fig. 1c, Fig. 2c).

Electron microscopic observations

We first describe the results obtained in BL, using tissue processed to reveal only PHAL
immunoreactivity. PHAL-positive elements could be easily identified because they
contained the electron-dense amorphous DAB reaction product. A total of 241 CMT (Fig. 3)
and 93 PVT (Fig. 4) PHAL-positive axon terminals forming clear synapses were observed in
BL. These samples were obtained in roughly equal proportions across the five CMT and
three PVT rats (range: CMT, 39-63 terminals/rat; PVT, 22-41 terminals/rat).

Similar results were obtained following PHAL injections in CMT or PVT. With one
exception (Fig. 4f), all PHAL-positive CMT and PVT axon terminals formed asymmetric
synapses with their targets (Table 1) and displayed similar ultrastructural features including
an overlapping range of cross-sectional diameters (CMT, 210-1800 nm; PVT, 220-1600 nm),
the presence of a few mitochondria and of densely packed, round electron-lucent synaptic
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vesicles. Another common feature was the relative incidence of the different types of post-
synaptic elements. In both cases, axospinous synapses prevailed (CMT, 96.7%; PVT, 90.3%)
followed by axodendritic synapses (CMT, 2.9%; PVT, 8.6%). In all PVT and CMT animals,
dendritic spines outnumbered, by far, dendritic shafts as the type of element post-synaptic to
PHAL-labeled axon terminals. The proportion of axospinous synapses were 95.2, 93.1, and
85.1% in the three PVT rats and 95.2, 93.8. 100, 94.7, and 100 % in the five CMT rats.

Figures 3 and 4 illustrate various examples of synapses formed by PHAL-labeled CMT and
PVT axon terminals in BL, respectively. Figures 3a-h and 4a-d depict examples of synapses
formed by PHAL-positive axon terminals with dendritic spines, recognized as such by the
the lack of microtubules and mitochondria, coupled to the presence of a spine apparatus
(Peters, Palay, & Webster, 1991). When the plane of the section was favorable, the spines
could be seen to emerge from their parent dendrite (Fig. 3a,g). In other cases, only spine
heads were present in the section (Fig. 4a-d), while in others, the spine neck was also visible
(Fig. 3b,h). Although far less frequent, axodendritic synapses were easy to identify (Fig. 3i,
4e,f) because dendritic profiles were typically larger and contained various combinations of
the following structures: microtubules, mitochondria, and endoplasmic reticulum (Peters,
Palay, & Webster, 1991). Only one instance of axosomatic synapse was encountered,
following a PHAL injection in CMT (Fig. 3j).

Synaptic relationships between PHAL-labeled terminals and CaMKIla-immunoreactive BL

neurons

The above results suggest that CMT and PVT axon terminals preferentially form excitatory
synapses with dendritic spines, and less frequently with dendritic shafts. However, because
BL contains multiple cell types, the identity of the neurons targeted by CMT and PVT inputs
is unclear. As in the cerebral cortex, principal BL cells are glutamatergic neurons with spiny
dendrites whereas interneurons are GABAergic and mostly devoid of dendritic spines
(reviewed in McDonald, 1992; Spampanato, Polepalli, & Sah, 2011). As a result, it is
generally assumed that, as in cortex (Colonnier, 1981; DeFelipe & Farifias, 1992; Peters,
Palay, & Webster, 1991), excitatory inputs to principal BL cells form asymmetric synapses
with dendritic spines whereas asymmetric synapses on dendritic shafts represent excitatory
inputs to local-circuit cells (Carlsen & Heimer, 1988; Muller, Mascagni, & McDonald, 2003,
2006, 2007; Paré, Smith, & Paré, 1995; Smith & Paré, 1994).

To verify whether this assumption is correct in the case of CMT and PVT inputs, we took
advantage of the fact that, as in cortex (Benson, Isackson, Gall, & Jones, 1992; Tighilet,
Hashikawa, & Jones, 1998; Unal, Paré, Smith, & Paré, 2013), immunoreactivity for
CaMKIlla (Liu & Murray, 2012) is a specific marker of principal BL neurons (McDonald &
Mascagni, 2010; McDonald, Muller, & Mascagni, 2002; Muller, Mascagni, & McDonald,
2007, 2009). Indeed, CaMKIla immunoreactivity is found in their soma, proximal and distal
dendrites, and in a proportion of their dendritic spines (McDonald, Muller, & Mascagni,
2002). In contrast, GABAergic interneurons of BL do not express CaMKlla (McDonald &
Mascagni, 2010; McDonald, Muller, & Mascagni, 2002; Muller, Mascagni, & McDonald,
2007, 2009). Thus, we sought to determine whether the targets of PHAL-positive CMT and
PVT axon terminals were immunoreactive for CaMKlla.
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In these experiments, PHAL was detected with the same immunoperoxidase method as
above and CAMKIla immunoreactivity with the pre-embedding immunogold-silver
intensification procedure. Only the most superficial ultrathin sections of the blocks were
considered to ensure optimal penetration of the antibodies. In the electron microscope,
CaMKIlla-positive elements were easily distinguishable by the presence of numerous gold
particles. To avoid false-positive results due to non-specific gold labeling, dendritic profiles
and somata had to contain at least three gold particles to be categorized as immunoreactive.
In the case of dendritic spines, a prior report indicated that they do not consistently display
CaMKIlla-immunoreactivity (McDonald, Muller, & Mascagni, 2002). Thus, lack of
immunoreactivity for CaMKIlla by a dendritic spine was not interpreted as evidence that the
post-synaptic target was an interneuron unless the spine could be seen to emerge from a
dendrite that was also CaMKIlla immunonegative.

In ultrathin sections considered appropriate to assess CaMKlla immunoreactivity, a total of
162 CMT (Fig. 5) and 126 (Fig. 6) PVT axon terminals forming clear synapses were
observed. All of these terminals formed asymmetric synapses, usually with dendritic spines
(CMT, 96.9% or 157 of 162; PVT,; 91.2% or 115 of 126), but occasionally with dendritic
profiles (CMT, 3.1% or 5 of 162; PVT, 8.7% or 11 of 126). In all cases where CaMKlla
immunonegative spines could be seen to emerge from their parent dendrite (CMT, n=5; PVT,
n=5), the latter was immunopositive for CaMKlla (Figs. 5a-d and 6a-e). With respect to
axo-dendritic synapses, all dendritic profiles contacted by CMT axon terminals (n=5) were
CaMKIlla positive (Fig. 5e-h), while 72.7% of dendrites (n=11) contacted by PVT axon
terminals were immunoreactive for CaMKlla (Fig. 6f-g). Figure 6h depicts a rare example
of PVT axon terminal forming an asymmetric synapse with a CaMKIlla-negative dendrite.

Of note, in a substantial proportion of synapses formed by PVT (22.4%) and CMT (29.8%)
axon terminals, the active zone was discontinuous. Examples of such synapses can be seen
in figures 4a,c,d and 5d,g for PVT and CMT, respectively. While these may represent so-
called perforated synapses, confirmation that this is the case awaits EM examination of
serial ultrathin sections.

Synaptic relationships between PHAL-labeled terminals and CeA neurons

For comparison, we also determined the postsynaptic targets of PVT axon terminals ending
in CeA, particularly in its lateral sector (CeL) where PVT inputs were concentrated. Note
that unlike BL, whose cytoarchitecture is reminiscent of cortex (Calsen & Heimer, 1988),
that of CeL is akin to the striatum, including a dominant cell type whose morphological
features are identical to that of medium spiny striatal neurons and a major input from
midbrain dopaminergic cell groups (McDonald, 1982, 1992; Swanson & Petrovich, 1998).
Thus, it is likely that as in the striatum, local-circuit cells account for a minute (~1%)
proportion of CeA neurons (Tepper & Bolam, 2004). Moreover, since projection cells and
interneurons are GABAergic in CeA, CaMKIla is not a useful marker to distinguish these
two CeA cell types.

A total of 99 PVT (Fig. 7) PHAL-positive axon terminals forming clear synapses were
observed in CeA. This data was obtained in two rats (66 and 33 synapses, respectively). The
quality of the ultrastructure proved insufficient for EM observations in the third PVT animal.
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Similar to our observations in BL, the vast majority (96.9%) of PHAL-positive PVT axon
terminals formed asymmetric synapses with their targets. Their ultrastructural features were
indistinguishable from those of PVT axon terminals in BL, including the presence of
mitochondria and of densely packed, round electron-lucent synaptic vesicles. Also as in BL,
axospinous synapses prevailed (89.9%; Fig. 7a,b) followed by axodendritic synapses (7.1%;
Fig. 7c) and no axosomatic synapses were observed. In one rat, we found three PHAL-
positive PVT axon terminals formed symmetric synapses with dendritic profiles (3%; Fig.
7d). It should be noted that symmetric synapses are difficult to identify unambiguously,
especially when the presynaptic element is intensely labeled with DAB. Moreover, because
we did not observe synapses through serial ultrathin sections, we cannot exclude the
possibility that in these rare cases of symmetric synapses, the postsynaptic density would
have been thicker in adjacent sections.

DISCUSSION

CMT and PVT are major sources of subcortical inputs to BL (Turner & Herkenham, 1991;
Vertes & Hoover, 2008; Vertes, Hoover, & Rodriguez, 2012), raising the possibility that they
exert a profound influence over BL activity. However, a deeper understanding of the
synaptic microcircuits through which these thalamic inputs mediate their effects is essential
to elucidate their potential role in shaping BL activity. Thus, using a combination of electron
microscopy, tracttracing, and immunocytochemistry, we examined the ultrastructural
properties and synaptic targets of CMT and PVT axon terminals and found that most of
them formed asymmetric axospinous synapses with principal BL cells. Although a
substantial proportion of CMT and PVT axon terminals formed axodendritic synapses, most
of these dendrites also belonged to principal BL cells, thereby suggesting that CMT and
PVT neurons are heavily connected with principal BL neurons, but not much with
GABAergic interneurons. Below, we consider the significance of these results in light of
prior studies about the ultrastructure, connectivity, and physiology of thalamic inputs to the
amygdala.

Comparison with prior studies on thalamic inputs to the amygdala

Most prior studies of thalamo-amygdala relations have focused on inputs from the medial
portion of the medial geniculate nucleus (MGMm) to the lateral amygdala (LA) because of
their involvement in auditory fear conditioning (LeDoux, 2000; McKernan & Shinnick-
Gallagher, 1997; Rogan & LeDoux, 1995; Rumpel, LeDoux, Zador, & Malinow, 2005).
MGMm neurons that innervate LA are glutamatergic, as shown by the blockade of LA
responses to MGMm inputs by glutamate receptor antagonists (Li, Phillips, & LeDoux,
1995) and the expression of glutamate receptor subunits postsynaptic to MGMm axon
terminals (Farb & LeDoux, 1997; Humeau et al., 2005; Radley et al., 2007). Consistent with
this, MGMm axon terminals exclusively form asymmetric synapses in LA, most frequently
with the dendritic spines of principal cells, but also, in ~30% of cases, with dendritic profiles
(LeDoux, Farb, & Milner, 1991), some of which were positively identified as belonging to
interneurons (Woodson, Farb, & LeDoux, 2000).
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In contrast with MGMm, the transmitter used by CMT and PVT neurons has not been
formally identified. However, the near total absence of GABAergic neurons in the dorsal
thalamus of the rat (Houser, Vaughn, Barber, & Roberts, 1980) suggests that they too are
glutamatergic. Supporting this possibility, we found that the ultrastructural features of CMT
and PVT axon terminals in BL are similar to those of MGMm terminals in LA. That is,
CMT and PVT axon terminals are small- to medium-sized, packed with electron-lucent
vesicles, and form asymmetric synapses, mostly with dendritic spines and, in ~3-9% of
cases, with dendritic shafts. This proportion of axodendritic synapses is markedly lower than
that reported for MGMm inputs to LA (LeDoux, Farb, & Milner, 1991), suggesting a
differential involvement of GABAergic interneurons in mediating feed-forward inhibition in
response to MGMm vs. CMT/PVT thalamic drive of the amygdala.

Because local-circuit cells in BL and the cerebral cortex are aspiny or sparsely spiny
(Colonnier, 1981; DeFelipe & Farifias, 1992; McDonald, 1992; Peters, Palay, & Webster,
1991; Spampanato, Polepalli, & Sah, 2011), axodendritic asymmetric synapses have
generally been assumed to represent excitatory synapses onto inhibitory interneurons
(Muller, Mascagni, & McDonald, 2003, 2006, 2007; Paré, Smith, & Paré, 1995; Smith &
Paré, 1994). In prior studies, a majority of cortical (Brinley-Reed, Mascagni, & McDonald,
1995; Smith, Paré, & Paré, 2000), MGMm (LeDoux, Farb, & Milner, 1991), and intrinsic
(Smith & Paré, 1994; Smith, Paré, & Paré, 2000) axon terminals to the basolateral
amygdaloid complex were found to contact dendritic spines. Most of these studies reported
that axodendritic synapses accounted for only 3-10% of synapses, MGMm inputs to LA
being the sole exception with ~30% targeting dendritic shafts. In the few studies that
attempted to identify the targets of these axodendritic synapses, calbindin (Unal, Paré,
Smith, & Paré, 2014) but not pavalbumin (Smith, Paré, & Paré, 2000) positive interneurons
were found to receive cortical inputs, whereas parvalbumin interneurons constituted a major
target of intrinsic glutamatergic synapses (Smith, Paré, & Paré, 2000).

In contrast with these prior findings, we found that most of the dendritic shafts contacted by
CMT and PVT axon terminals are immunoreactive for CaMKlla, a selective marker of
principal cells in BL (McDonald & Mascagni, 2010; McDonald, Muller, & Mascagni, 2002;
Muller, Mascagni, & McDonald, 2007, 2009). Together, these observations suggest that
CMT and PVT inputs to BL are largely directed to principal cells such that when CMT or
PVT neurons fire, little feed-forward inhibition counters their excitatory influence on
principal neurons. Assuming that thalamic synapses in BL are as strong as in the cerebral
cortex, such that activation of one or just a few thalamic synapses is sufficient to fire
postsynaptic cells (Ahmed, Anderson, Douglas, Martin, & Whitteridge, 1998; Bannister,
Nelson, & Jack, 2002; Douglas & Martin, 1991; Swadlow, Gusev, & Bezdudnaya, 2002),
these results would imply that CMT and PVT inputs constitute a major determinant of BL
activity.

Our results are also consistent with a prior study on the innervation of BL by the

interanteromedial (IAM) thalamic nucleus (Calrsen & Heimer, 1988). This study reported
that nearly all (>99%) PHAL-labeled IAM axon terminals ending in BL form axospinous
synapses. Additional experiments combining IAM lesions with Golgi impregnation of BL
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neurons confirmed that the spines post-synaptic to IAM axon terminals belonged to principal
BL neurons.

Nature of signals conveyed by BL-projecting PVT and CMT neurons

It has long been recognized that BL neurons are responsive to various types of sensory
stimuli, particularly if they have been paired with aversive or rewarding outcomes (for
instance see Uwano, Nishijo, Ono, & Tamura, 1995). In fact, recent studies have revealed
that BL neurons concurrently encode multiple dimensions, including the sensory properties
of stimuli, their reward value, contextual information, the hierarchical rank of con-specifics
as well as various behaviors such as freezing, active avoidance, reward approach, and
movement speed (Amir, Lee, Headley, Herzallah, & Paré, 2015; Belova, Paton, & Salzman,
2008; Kyriazi, Headley, & Paré, 2018; Munuera, Rigotti, & Salzman, 2018; Saez, Rigotti,
Ostojic, Fusi, & Salzman, 2015).

At present the identity of the pathways conveying these various types of signals to BL is
unclear. The potential contribution of CMT and PVT in particular is unknown because little
singleunit data is available in these thalamic nuclei as most studies relied on the expression
of immediate early genes (see references listed in the Introduction). Further complicating
this issue is the fact that, BL, CMT and PVT share many inputs. For instance, the mPFC is a
potential source of multimodal information to all three structures (Ongur & Price, 2000;
Vertes, Linley, & Hoover, 2015). Yet, obvious similarities between the responsiveness of
midline thalamic and BL neurons are consistent with the notion that PVT and CMT inputs
determine, at least in part, the type of information encoded by BL neurons.

For instance, PVT and BL neurons are both responsive to emotionally arousing stimuli
irrespective of valence (Vertes, Linley, & Hoover, 2015). In a fear conditioning paradigm,
inhibition of PVT neurons reduces the expression of conditioned fear responses (Do-Monte,
Quifiones-Laracuente, & Quirk, 2015; Padilla-Coreano, Do-Monte, & Quirk, 2012),
suggesting that PVT relays information about conditioned stimuli to BL. Also, PVT receives
significant inputs from the suprachiasmatic nucleus (Kawano, Krout, & Loewy, 2001),
potentially explaining why BL shows a prominent circadian periodicity in the expression of
the clock protein Period2 (Amir & Stewart, 2009).

Similarly, CMT inputs likely contribute to the response profile of BL neurons. Indeed, CMT
is unusual among midline thalamic nuclei because it is connected with both limbic and
sensorimotor structures (Vertes, Linley, & Hoover, 2015). Among the latter, the deep layers
of the superior colliculus project to CMT, likely providing BL with multimodal sensory
information, including visual, auditory and, somatosensory signals (Basso & May, 2017,
Krout, Loewy, Westhy, & Redgrave, 2001). Similarly, parabrachial inputs to CMT may
contribute to the responsiveness of BL neurons to taste, noxious, and visceral stimuli (Krout
& Loewy, 2000).

Conclusions

Overall, the present study indicates that midline thalamic inputs occupy an unusual position
in the synaptic microcircuitry of the amygdala. Not only do they densely innervate BL
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(\Vertes, Linley, & Hoover, 2015), they also target almost exclusively principal cells, which
distinguishes them from other glutamatergic afferents to BL (Brinley-Reed, Mascagni, &
McDonald, 1995; Smith & Paré, 1994; Smith, Paré, & Paré, 2000; Stefanacci et al., 1992). A
challenge for future studies will be to determine the functional significance of this
differential synaptic connectivity and the type of information these thalamic inputs convey to
BL neurons. In addition, further studies will be needed to better understand the relationships
between thalamic inputs and specific subtypes of CeA neurons.
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Figure 1.
CMT projections to the amygdala are largely confined to the basolateral nucleus (BL). (a,b)

Two adjacent coronal sections processed to revealed the PHAL injection site in CMT (a) or
the localization of thalamic nuclei in a Nissl-stained section (c) adjacent to that shown in a.
(c) High power photomicrograph showing varicose PHAL-containing CMT axons ramifying
in BL. (d-f) Three coronal sections showing the distribution of anterogradely labeled PHAL-
immunoreactive CMT axons at rostral (d), intermediate (e), and caudal (f) levels of BL.
Abbreviations: BL, basolateral nucleus of the amygdala; BM, basomedial nucleus of the
amygdala; CeA, central nucleus of the amygdala CMT, central medial thalamic nucleus;
DG, dentate gyrus; EC, external capsule; Fi, fimbria; LA, lateral nucleus of the amygdala;
LD, laterodorsal thalamic nucleus; LH, Lateral habenula; MD, mediodorsal thalamic
nucleus; ME, medial nucleus of the amygdala; MT, mammillothalamic tract; OT, Optic tract;
nRT, reticular thalamic nucleus; Po, posterior thalamic nuclear group; PVT, paraventricular
thalamic nucleus; rh, rhinal sulcus; Str, striatum; VM, ventromedial thalamic nucleus; VP,
ventroposterior thalamic nucleus; ZI, zona incerta. Scale bar in a also applies to b. Scale bar
in f also applies to d and e.
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Figure 2.
PVT projections to the amygdala target both, the central (CeA) and basolateral (BL) nuclei.

(a,b) Two adjacent coronal sections processed to revealed the PHAL injection site in PVT
(a) or the localization of thalamic nuclei in a Nissl-stained section (b) adjacent to that shown
in a. (c) High power photomicrograph showing varicose PVT axons ramifying in BL. (d-f)
Three coronal sections showing the distribution of anterogradely labeled PVT axons at
rostral (d), intermediate (e), and caudal (f) levels of the CeA and BL. Abbreviations: BL,
basolateral nucleus of the amygdala; BM, basomedial nucleus of the amygdala; CeA, central
nucleus of the amygdala CMT, central medial thalamic nucleus; DG, dentate gyrus; EC,
external capsule; Fi, fimbria; LA, lateral nucleus of the amygdala; LD, laterodorsal thalamic
nucleus; LH, Lateral habenula; MD, mediodorsal thalamic nucleus; ME, medial nucleus of
the amygdala; MT, mammillothalamic tract; OT, Optic tract; nRT, reticular thalamic nucleus;
Po, posterior thalamic nuclear group; PVT, paraventricular thalamic nucleus; rh, rhinal
sulcus; Str, striatum; VM, ventromedial thalamic nucleus; VP, ventroposterior thalamic
nucleus; ZI, zona incerta. Scale bar in a also applies to b. Scale bar in f also applies to d and
e.
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Figure 3.
Examples of synapses formed by PHAL-labeled CMT axon terminals in BL. (a,b,g,h) Four

examples of PHAL-labeled axon terminals (PHAL-t) forming asymmetric synapses with
dendritic spines (s). They are also shown at high magnification (c,d,e,f). In the cases shown
in a and g, the spine targeted by the CMT axon terminal emerges from a large dendritic
profile. In b, a long spine neck is evident. (i) Rare example of a CMT axon terminal forming
an asymmetric synapse with a dendritic profile (d). Inset in i shows the same synapse at a
higher magnification. (j) Sole example of a CMT axon terminal forming an asymmetric
synapse with a somatic profile (soma). Inset in j shows the same synapse at a higher
magnification. Scale bars in b and f apply to all low and high power electron micrographs,
respectively.
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Figure 4.
Examples of synapses formed by PHAL-labeled PVT axons terminals in BL. (a-d) Four

examples of PHAL-labeled axon terminals (PHAL-t) forming asymmetric synapses with
dendritic spines (s). (€) Example of PVT axon terminal forming an asymmetric synapse with
a dendritic profile (d). (f) The sole example of PVT axon terminal forming a symmetric
synapse with a dendritic profile (d). Scale bar in d applies to panels a-d. Scale bar in f
applies to panels e and f.
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Figureb.
Relationship between PHAL-labeled CMT axon terminals and CaMKIla-immunopositive

elements in BL. (a, b) Two examples of PHAL-positive CMT axon terminals (PHAL-t)
forming asymmetric synapses with dendritic spines that emerge from CaMKlla-
immunopositive dendritic profiles (CaMKII+d). These synapses are also shown at high
magnification (c,d). In a, the spine is devoid of gold particles, but it emerges from a labeled
dendritic profile. In b, gold particles are present in both the spine and dendrite. (g, f) Two
examples of PHAL-positive CMT axon terminals (PHAL-t) forming asymmetric synapses
with CaMKIla-immunopositive dendritic profiles. These synapses are also shown at high
magnification (g,h). Scale bars in f and h apply to all low and high power electron
micrographs, respectively.
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Figure®6.
Relationship between PHAL-labeled PVT axon terminals and CaMKIla-immunopositive

elements in BL. (a-c) Three examples of PHAL-positive PVT axon terminals (PHAL-t)
forming asymmetric synapses with dendritic spines that emerge from CaMKlla-
immunopositive dendritic profiles (CaMKII+d). Synapses in b and ¢ are also shown at high
magnification (d,e). (f, g) Two examples of PHAL-positive PVT axon terminals (PHAL-t)
forming asymmetric synapses with CaMKIla-immunopositive dendritic profiles. These
synapses are shown at a higher magnification (i,k). (h) Example of a PHAL-positive PVT
axon terminal (PHAL-t) forming an asymmetric synapse with CaMKIlla-immunonegative
dendritic profile (CaMKII-d). This synapse is shown at a higher magnification (j). Scale bar
in c also appliesto a, b f, g, h. Scale bar in d also applies to e. Scale bar in i also applies to j.
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Figure7.
Examples of synapses formed by PHAL-labeled PVT axons terminals in CeA. (a-b) Two

examples of PHAL-labeled axon terminals (PHAL-t) forming asymmetric synapses with
dendritic spines (s). (c) Example of PHAL-t forming an asymmetric synapse with a dendritic
shaft (d). (d) Rare example of PHAL-t forming a symmetric synapse with a dendritic shaft
(d). A spine (s) can be seen to emerge from this dendrite. Inset in d, magnified view of the
same synapse.
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Number and proportion of different types of synapses (top row) formed by PHAL-positive CMT (second row)

TABLE 1

or PVT (third row) axon terminals in the BL nucleus.

AC AD AS sc sD ss | Tota
CMT | 1(0.41%) | 7(2.9%) | 233 (96.68%) | 0(0%) | 0(0%) | 0(0%) | 241
PVT | 0(0%) | 8(86%) | 84(90.3%) | 0(0%) | 1(1.07%) | 0(0%) | 93

Abbreviations: AC, asymmetric synapse on cell body; AD, asymmetric on dendrite; AS, asymmetric synapse on spine; SC, symmetric synapse on

cell body; SD, symmetric synapse on dendrite; SS, symmetric synapse on spine.
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