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Abstract

Many studies exist of thalamocortical synapses in primary sensory cortex, but much
less in known about higher-order thalamocortical projections to higher-order cortical
areas. We begin to address this gap using genetic labeling combined with large vol-
ume serial electron microscopy (i.e., “connectomics”) to study the projection from
the thalamic posterior medial nucleus to the secondary somatosensory cortex in a
mouse. We injected into this thalamic nucleus a cocktail combining a cre-express-
ing virus and one expressing cre-dependent ascorbate peroxidase that provides an
electron dense cytoplasmic label. This “intersectional” viral approach specifically
labeled thalamocortical axons and synapses, free of retrograde labeling, in all lay-
ers of cortex. Labeled thalamocortical synapses represented 14% of all synapses in
the cortical volume, consistent with previous estimates of first-order thalamocortical
inputs. We found that labeled thalamocortical terminals, relative to unlabeled ones:
were larger, were more likely to contain a mitochondrion, more frequently targeted
spiny dendrites and avoided aspiny dendrites, and often innervated larger spines with
spine apparatuses, among other differences. Furthermore, labeled terminals were
more prevalent in layers 2/3 and synaptic differences between labeled and unlabeled
terminals were greatest in layers 2/3. The laminar differences reported here contrast
with reports of first-order thalamocortical connections in primary sensory cortices
where, for example, labeled terminals were larger in layer 4 than layers 2/3 (Viaene
et al., 2011a). These data offer the first glimpse of higher-order thalamocortical syn-
aptic ultrastructure and point to the need for more analyses, as such connectivity

likely represents a majority of thalamocortical circuitry.

Abbreviations: AAV, Adeno-associated virus; DV, Dorso-Ventral; ML, Medio-Lateral; AP, Antero-Posterior; APX-C, Cytoplasmic Targeted Ascorbate
peroxidase; APEX2, Engineered Ascorbate peroxidase; ATUM, Automatic Tape-collecting Ultramicrotome; DAB, Di-Amino-Benzidine; FOV, Field of
View; H,0,, Hydrogen Peroxide; L1, Layer 1; L2/3, Layer 2/3; L4, Layer 4; L5, Layer 5; L6, Layer 6; POm, Posterior medial nucleus of the thalamus; PSD,
Postsynaptic density; S2, Second somatosensory cortical area; M1, Primary motor cortical area; VPm, Ventral Posteromedial nucleus of thalamus; S1,
Primary somatosensory cortical area; SEM, Scanning Electron Microscope.
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1 | INTRODUCTION

Classification of thalamic nuclei into first- and higher-order
relays was an important step in understanding principles of
thalamocortical interactions (Sherman, 2016; Sherman &
Guillery, 2013)). In this scheme, first-order thalamic nu-
clei transmit information from a subcortical source to pri-
mary cortical areas (e.g., retinal input to lateral geniculate
nucleus to primary visual cortex), and higher-order nuclei
transmit information from layer 5 neurons of one cortical
area to another (e.g., as is the case for much of pulvinar
and corticocortical communication between primary visual
cortex and secondary visual areas). Because all cortical
areas receive an input from thalamus and because higher-
order thalamic nuclei underlie much of this trans-thalamic
corticocortical processing (Sherman, 2016; Sherman &
Guillery, 2013), it is of obvious importance to better un-
derstand the functional organization of higher-order
thalamocortical circuitry. Such an understanding inevita-
bly relies heavily on morphological analysis, and the “gold
standard” for morphologically identifying neuronal con-
nections remains electron microscopy. However, to date
all or nearly all such studies have focused on first-order
thalamocortical pathways, primarily from the lateral genic-
ulate nucleus to primary visual cortex (Ahmed et al., 1994;
Anderson et al., 2009; Hornung & Garey, 1981; Peters &
Feldman, 1977; Peters et al., 1976) and the ventral pos-
terior nucleus to primary somatosensory cortex (White &
Rock, 1979; Hersch & White, 1981; White et al., 2004;
Rah et al., 2013; Bopp et al., 2017; Rodriguez-Moreno
et al., 2018; Motta et al., 2019; but see Zhou et al., 2018;
Chomsung et al., 2010). What is sorely needed are ul-
trastructural data from further examples of higher-order
thalamocortical circuitry.

To begin to address this, we have undertaken an ultrastruc-
tural analysis of the higher-order thalamocortical pathway
from the posterior medial nucleus to the second somatosen-
sory area in a mouse. To do so, we paired recent advances in
engineering proteins for electron-dense genetic labeling with
automated large volume serial electron microscopy (Kasthuri
et al., 2015; Lam et al., 2015; Martell et al., 2017) to clearly
identify the terminals and synapses of these higher-order
thalamocortical neurons in all layers of secondary somato-
Sensory cortex.

Our findings include evidence for significant differ-
ences between labeled thalamocortical terminals and
synapses and unlabeled examples, evidence for laminar
variation in the density and synaptic organization of thal-
amocortical connections, and evidence for differences in
some parameters between our analysis of the higher-order
relay and prior published data of the first-order relay from
the ventral posterior nucleus to the primary somatosensory
cortex.
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Significance

Most thalamocortical projections are from higher-
order thalamic nuclei to higher-order cortical areas,
yet detailed ultrastructural studies have been mostly
limited to first-order projections. To begin to bridge
this gap, we used virally mediated labeling and serial
electron microscopy to detail a higher-order thalam-
ocortical projection from the posterior medial nu-
cleus to the secondary somatosensory cortical area in
the mouse. We document how labeled thalamocorti-
cal synapses differ from unlabeled ones, how these
vary across cortical layers, and how this pathway
differs from first-order projections. This extends our
understanding of thalamocortical organization while
piloting a useful approach for ultrastructural study
of long-range projections. Further, such studies are
needed to gain insights into this circuitry, which is
so important to cognitive functioning.

Clearly, a better understanding of thalamocortical func-
tioning requires additional characterization of these path-
ways, and we regard our effort as an early attempt at this
effort.

2 | Methods
All procedures were performed in accordance with the
University of Chicago Institutional Animal Use and Care
Committee. Data were obtained from one male wild-type
C57/b16 mouse (JAX).

2.1 | Viral injections
We injected a cocktail (1:1 ratio, 60 nL total volume) of two
types of AAV using stereotactic coordinates to target the
posterior medial nucleus of the thalamus (from bregma in
mm: DV, -3.3; ML, +1.3; AP, -1.3; Mo & Sherman, 2019).
One virus expressed Cre in local neurons (pENN.AAVI.
hSyn.Cre. WPRE.hGH Addgene viral prep # 105553-AAV1)
and the second expressed APX-C in a cre-dependent fash-
ion (rAAV9/AAV-CAG-DIO-APEX2NES made at the
Gene therapy center vector core at UNC at Chapel Hill).
AAV-CAG-DIO-APEX2NES was a gift from Joshua Sanes
(Addgene plasmid # 79907; http://n2t.net/addgene:79907;
RRID:Addgene_79907).

The mouse was injected with this cocktail at 10 weeks of
age, returned to its cage for 4 weeks to allow for transgene
expression and transport of the label, and then processed for
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peroxidase staining and large volume electron microscopy as
described below.

2.2 | Electron microscopy
The mouse was heavily anesthetized with pentobarbital
(60 mg/kg intraperitoneal) to be non-responsive to toe pinch
and transcardially perfused with 50 ml of 0.1M cacodylate
buffer followed by 20 ml of buffered 2% paraformaldehyde
and 2.5% glutaraldehyde at the rate of 3ml/min. The brain
was removed, and vibratome sections (350 um thick) were
cut containing the cortical and thalamic regions of inter-
est using the angle for cutting that maximizes connectivity
in somatosensory thalamocortical connections (Agmon &
Connors, 1991). The sections were then stained with Di-
Amino-Benzidine (DAB) and H,O, to visualize APX-C labe-
ling (Joesch et al., 2016). The samples were evaluated at the
macro scale for the intensity of the DAB reaction and its lo-
calization to the appropriate brain regions, namely, the poste-
rior medial nucleus and second somatosensory cortical area.
The posterior medial nucleus was distinguishable by eye, and
the second somatosensory cortical area was localized based
on its distinctive pattern of labeling via the observed projec-
tion from the posterior medial nucleus and its clear border
with the primary somatosensory, or barrel cortex. Samples
with appropriate staining were subsequently stained with
multiple rounds of osmium and reduced osmium, en bloc
uranium and lead, dehydrated, and then plastic embedded
(Hua et al., 2015). Approximately three-thousand 50-nm-
thick ultra-thin serial sections were cut with a cross-section
of 1.7x1.1 mm, collected on Kapton tape, attached to wafers,
and carbon coated (Kasthuri, 2015; Morgan et al., 2016). We
subsampled this volume for higher-resolution tracing for each
layer: about 200 sections for layers 1, 4, 5, and 6 and 100 sec-
tions for layers 2/3. Cortical layers were identified using cy-
tological features like cell size and density and distance from
pia and white matter tracts along with reference to the Allen
Mouse Brain Atlas (© 2004 Allen Institute for Brain Science.
Allen Mouse Brain Atlas, https://mouse.brain-map.org/stati
c/atlas). Briefly, layer 1 was identified by the sparse popula-
tion of cell bodies, in contrast with layer 2. Layers 2/3 were
distinguished by cytoarchitecture and by being sufficiently
distant from layers 1 and 4 using distance from pia and the
Allen Institute Mouse Atlas. The border between layers 4 and
5 was seen due to a higher cell density in layer 4, and layer 5
can be identified by the presence of large pyramidal cells, in
contrast with layers 4 and 6

Ultra-thin sections were then imaged with a backscatter
detector on a Zeiss Gemini SEM 300 and ATLAS software.
Low-resolution data were imaged at 40 nm X, y pixel reso-
lution and large fields of view were collected by montaging
individual tiles (three tiles each of 16k x12k pixels stitched

together with 10% overlap to produce a 44.7k x 12k pixel
image; because of the 10% overlap; the result is 44.7k x 12k
pixels rather than 48k x 12k). Fine-resolution electron mi-
croscopic imaging was done at 6 nm resolution and was a
single-tile FOV (12k x 12k pixels). Imaging rates were 0.8
ps per pixel for low-resolution images and 1.6 us /pixel for
fine-resolution images. Individual tiles for lower-resolution
datasets were stitched in 2D and linearly aligned in 3D using
a plugin, TrakEM?2 (Cardona et al., 2012), in the open source
image processing program [mageJ. Fine-resolution image
stacks often required further alignment using non-linear de-
formations of the image, which was performed using the pro-
gram aligntk (https://mmbios.pitt.edu/about-us/acknowledg
ements) on local desktops.

2.3 | Tracing neurons and their connections

For tracing APX-C labeled axons, classifying their postsyn-
aptic targets morphologically, and identifying and character-
izing their synaptic features (e.g., measuring spine, terminal,
and glia diameters), we used Knossos annotation software
(Boergens et al., 2017). For determining density of APX-C
labeled terminals and synapses across all layers, we chose
three subvolumes of cubes 5 um on a side in each cortical
layer, targeting a vertical zone of the highest APX-C labeling
density as identified from the lower-resolution datasets. In
these subvolumes, we annotated all unlabeled and APX-C-
labeled synapses. In the same volumes, we randomly selected
dendrites (>5 um in diameter), annotated all potential spines
from that dendrite in the volume, and classified it as aspiny
or spiny, the latter defined as >0.5 spines/um. Specifically in
layers 2/3, where APX-C labeling was densest (see RESULTS),
we annotated every terminal as APX-C labeled or unlabeled
on spines on those dendrites. We defined a ‘potential syn-
apse’ in our datasets as any membrane to membrane apposi-
tion between a labeled axon with any sign of a synapse, either
an axonal terminal (see below) or the presence of postsynap-
tic densities in targets immediately opposed to labeled ter-
minals. We define axonal terminal as a swelling of the axon,
often with clearly identified synaptic vesicles (Figure 2). We
searched in the immediate vicinity of these axonal swellings
to look for postsynaptic targets, which are identified by post-
synaptic densities. In addition, for postsynaptic sites with a
clear labeled terminal, we searched each postsynaptic site,
particularly spines, for evidence of other synaptic contacts
(i.e., we look for additional vesicle filled axonal boutons and
other postsynaptic densities on the same spine). For measur-
ing diameters of axonal terminals, spines, and glial apposi-
tions, we examined electron microscopic stacks and used the
largest diameter for that object in the stack. We often relied
on XZ or YZ projections as provided by the Knossos an-
notation software. Finally, we also cross checked our work
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by having each synapse independently annotated by at least
two of the authors, and only synapses agreed by each judge
(which in our case was >99% agreement) were included for
analyses.

Statistical analyses (Mann-Whitney, Chi-Square, and
Kruskal-Wallis tests) were performed on the data using cus-
tom software in Matlab.

3 | Results

We injected a dual viral “cocktail” into the posterior me-
dial thalamic nucleus using stereotactic coordinates (POm;
Figure 1A). The first AAV construct expressed cre recom-
binase (pENN.AAV1.hSyn.Cre. WPRE.hGH) and the second
AAYV construct expressed cytoplasmic targeted, cre-depend-
ent APEX2 (Lam et al., 2015; Martell et al., 2017);APX-C,
Figure 1B). We found that this “intersectional” viral strategy
works: vibratome sections viewed with the light microscope
and containing the posterior medial nucleus and secondary

FIGURE 1
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somatosensory cortex showed dark staining with Di-Amino
Benzene (DAB) (Joesch et al., 2016) in the posterior medial
nucleus and putative axonal labeling in S2 cortex (Figure 1B,
bottom). Serial electron microscopy of the posterior medial
nucleus revealed thalamic neurons with APX-C labeling
throughout their cytoplasm (Figure 1C, top) and synapses
from axons of these neurons were clearly visualized along
with their postsynaptic targets in S2 cortex (Figure 1C
bottom).

We analyzed all layers from an individual animal with a
single injection site to accurately describe synapses from a
single population of labeled POm neurons. In our analyses,
we did not assume that all posterior medial cells projecting to
the second somatosensory cortex in our injection zone were
labeled but rather that our sample is fairly representative of
the projection.

We used the ATUM approach (Kasthuri, 2015) to section
approximately 3000 50 nm sections from a vibratome slice
of secondary somatosensory cortex containing all cortical
layers (Figure 1C, 1.7 x Imm x 0.05mm tissue volume). We

munlabeled

= -
380 37

Overview of methodology. (A) We simultaneously injected two types of AAV in the POm of thalamus in wild-type mice: one

AAV expressed cre recombinase in most or all neurons and a second that expressed APEX2 targeted to the cytoplasm (APX-C) in a cre-dependent

fashion. (B) Diagram of slicing angles is shown in top. The bottom shows the APX-C staining. After injections, dark APX-C labeling is clearly

visible at the light level in a vibratome slice stained with diaminobenzidine and hydrogen peroxide. The labeling in POm avoids the first-order

somatosensory nucleus VPm and the characteristic laminar patterns of POm innervation are visible in S1 and S2 cortex. (C) Electron micrographs

showing a POm neuron with the cytoplasm completely filled with APX-C label (fop) and an APX-C labeled axonal terminal (bottom) in S2 (blue

arrow) (D) We performed multiscale electron microscopy on the resulting sections which spanned the depth of cortex. At lower resolution, we

established cortical areas and layers (numbered), and at higher resolution within cortical layers (yellow boxes), we reconstructed APX-C labeled

and unlabeled synapses. (E) Example synapses onto spines made by APX-C labeled axons from POm in all layers; the layers indicated by the

numbers in the upper left corner of each panel. The orange shading denotes postsynaptic spines. (F) Synaptic density (synapses/pm3) plots for

three volumes separately selected from within each of the yellow boxes in (D). For each volume, every APX-C labeled and unlabeled synapse was

identified and counted. The total numbers of synapses for each grouping are also shown
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FIGURE 2 Example of a POm synapse. Shown are four serial

electron micrographs (~40 nm thick) of an APX-C labeled synapse
onto a spine in layer 4. Purple asterisks mark sites of the postsynaptic
density, and synaptic vesicles can be seen in the APX-C labeled
terminal (e.g., see slice n+3 and inset, which is magnified 2.5 times
the rest of the micrographs). Synaptic vesicles in nearby synapses are
highlighted by blue arrows for comparison

first performed low-resolution (i.e., 40 nm voxel resolution)
serial electron microscopy on ultra-thin sections of cortex in
order to identify cortical layers (see METHODS) and esti-
mate APX-C labeling density (Figure 1D). We identified
zones in each layer (yellow boxes in Figure 1D) for further
analysis, and took care to avoid regions near laminar borders.
We found axons from the posterior medial nucleus through-
out cortex, and closer inspection of the same sections with
finer resolution (i.e., 6 nm X & y resolution) showed uniform
staining of APX-C even in the finest tips of axons, millime-
ters away from their cell bodies in thalamus, including clear
labeling in layer 1 (Figure 1E). This indicated that the expres-
sion of APX-C labels all neuronal processes and overcomes
a potential disadvantage of similar experiments with dye in-
jection requiring diffusion of the dye inside the neuron. We
then re-imaged five subvolumes of the full cortex dataset at
roughly 6 nm x & y resolution for examining the connectiv-
ity of labeled thalamocortical axons in each of the cortical
layers (Figure 2). As expression depends on a neuron being
infected with both viruses, accidental retrograde labeling can
be reduced or eliminated. Indeed, we found no labeled cells
in cortex, and thus the thalamic injections did not label corti-
cothalamic cells retrogradely (Figure 3).

We found APX-C labeled thalamocortical synapses in all
cortical layers. We determined for each layer the relative in-
nervation density of labeled posterior medial synapses rela-
tive to all unlabeled synapses. To do this, we reconstructed
three small volumes (approximately 125 pm3 each; see
Methods) in each cortical layer, identified every labeled and

e

FIGURE 3 Lack of retrogradely APX-C labeling. Shown are
two EM sections ~15 pm apart in a lower-resolution EM stack (40 nm
X, Yy, and z resolution, fop and bottom panels, A and B) of S2 cortex
from this dataset. These lower-resolution images show all layers of
cortex from layer 1 to white matter (WM). Higher-resolution insets
within layer 6 are shown from the two labeled fields of view (red
and green rectangles). No cell body or dendrite in any layer, and
especially layers 5 and 6, showed APX-C labeling throughout the
depth of the EM stack (~50 um thick total). Clear APX-C labeling
was seen in myelinated axons (blue arrows) and occasionally in
unmyelinated axons (see text)

unlabeled synapse therein, and calculated synapse density for
labeled and unlabeled synapses across cortex (Figure 1F).
Even in regions with dense thalamocortical labeling, the syn-
apses from the posterior medial nucleus in every layer were
a minority of the synaptic population: based on 2131 total
synapses in all layers, 332 APX-C labeled and 1799 unla-
beled, we found 0.15 labeled synapse/pm3 versus 1 unlabeled
synapse/pm3 (» =2.8E-120n a Xz-test). We found a laminar
relationship for the density of APX-C labeled synapses, with
a higher density in layers 2-4 (Figure 1F; p = 1.3461E-09 on
a Xz—test). In contrast, there was no statistically significant
laminar relationship for unlabeled synapses (p = 0.35 on a
Xz-test). Thus, the relative increased ratio of labeled-to-unla-
beled synapses in layers 2-4 was due mainly to the increased
density of labeled APX-C synapses in these layers.

We next characterized the frequency at which APX-C la-
beled terminals in each layer synapsed with dendritic spines
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or dendritic shafts and furthermore whether the dendrite was
spiny or aspiny (see Methods). We analyzed 1137 APX-C
labeled terminals, across all cortical layers (by layer L1:
218, L2/3: 371, L4: 387, L5: 109, L6: 52; Figure 4A,B) and
found that only 17 of 1137 synapses from the posterior me-
dial nucleus contacted dendritic shafts. Only 6 of these were
on aspiny dendrites; the other 11 were found on dendritic
shafts between spines. In order to determine whether this low
fraction of innervation on aspiny dendrites (6/1137, 0.53%)
reflected an underlying distribution of aspiny dendrites in
our dataset, we randomly reconstructed 20 or 21 dendrites in
each layer of cortex (Figure 4C). We found that 28% (29/104
dendrites) of the dendrites reconstructed in each layer were
aspiny, similar to values reported in the literature (Figure 4D;
Sahara et al., 2012). Thus, the low innervation fractions of
synapses from the posterior medial nucleus on aspiny den-
drites were unlikely to have occurred by chance (p = 1.1E-4
ona Xz_ test) and instead suggests that synapses from the pos-
terior medial nucleus selectively target spiny dendrites.

In order to better appreciate the pattern of thalamocorti-
cal connectivity on excitatory neurons, we reconstructed 444
spine synapses onto 21 randomly selected dendritic segments
in layers 2/3 of our dataset, thereby sampling the region of

EJN European Journal of Neuroscience  FENS

highest labeling density (Figure 4B). Of these 21 dendritic
segments, 19 received at least one synapse from a posterior
medial neuron and 16 received multiple labeled synapses
(Figure 4E). As we likely failed to label all neurons of the
posterior medial nucleus projecting to the secondary somato-
sensory cortex, and no other thalamic nuclei were labeled,
this is a minimum estimate of the thalamic innervation of this
cortical area. We next asked whether the pattern of connec-
tivity onto spines of excitatory dendrites possibly reflected
specific targeting by APX-C terminals or could have oc-
curred by chance. APX-C labeled axons innervated 51/444 or
9% of the spines on dendrites in this volume (Figure 4E). We
found that the innervation pattern on individual dendrites was
consistent with this average. It did not appear that APX-C
axons clustered or showed preference for selectively targeting
some spiny dendrites and avoiding others. Thus, we could not
exclude the possibility that the frequency of APX-C innerva-
tion on individual excitatory dendrites differed from chance
(»=0.350na Xz—test).

As the majority of APX-C labeled thalamocortical syn-
apses occurred on spines, we next asked whether these spine
synapses were distinct from unlabeled synapses on spines
throughout all layers. We annotated APX-C and unlabeled
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FIGURE 4 Axons from the posterior medial nucleus selectively target spiny dendrites. We reconstructed APX-C labeled and unlabeled

synapses onto dendritic shafts (A) and spines (B) of randomly selected dendrites throughout the layers of S2 cortex. (A) Example reconstruction

of an aspiny dendritic segment (red dendrite, upper) innervated only by unlabeled synapses where each shaft synapse and its size are annotated

(yellow spheres). The single green sphere (right) is an unlabeled synapse shown in the electron micrograph below. Synapse density on this dendritic

segment was 3 synapses/um. (B) Example reconstructions of 12 spiny dendritic segments from layers 2/3 where every spine synapse was annotated
as APX-C labeled (blue) or unlabeled (red); bouton sizes are also indicated. (C) Plot of the number of synapses made by APX-C labeled boutons
on spiny (blue dots) and aspiny (red dots) dendrites by layer. The number of synapses sampled for each layer is indicated. For every layer, the

proportion of APX-C labeled synapses on aspiny dendrites was significantly lower than chance (see text). (D) Plot of fraction of aspiny dendrites

randomly selected in each layer. The dashed green line is the average percentage of aspiny dendrites across all layers. (E) The fraction of APX-C

labeled synapses on dendritic segments in (B)
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synapses randomly throughout each cortical layer (n= 1131
labeled and 891 unlabeled synapses) and focused on six mea-
surements for comparison (Figure 5A): (a) the presence or
absence of mitochondria in the terminal (Figure 5B); (b) the
presence or absence of “coiled” smooth endoplasmic retic-
ulum in the postsynaptic spine, also known as the spine ap-
paratus ((Spacek, 1985); Figure 5C); (c) the diameter of the
postsynaptic spine Figure 5D; (d) the diameter of the pre-syn-
aptic axonal terminal (Figure 5E); (e) the diameter of asso-
ciated glial processes, if any (Figure 5F); and (f) the number
of postsynaptic spines per terminal (Figure 5G). We chose
these specific parameters as they have all been implicated in
synaptic function (see Discussion).

We found that APX-C labeled synapses are statistically
different from unlabeled synapses for each of the above pa-
rameters. The labeled synapses derived from larger termi-
nals (1.6 um mean, 1.5 um median, for labeled terminals vs.
1.25 ym mean, 1.2 ym median, for unlabeled (Figure 5E;
p = 5.05e-15, on a Mann-Whitney U-test)) and contacted
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FIGURE 5 Quantitative differences between APX-C labeled

and unlabeled synapses onto spines in cortex. (A) Cartoon parameters
measured and illustrated in (B-G). (B) Presence or absence of
mitochondria in the presynaptic bouton. (C) The presence of absence
of spine apparatus in postsynaptic spines. (D) Maximum spine
diameter. (E) Maximum bouton diameter. (F) Maximum diameter

of glial process, if present, contacting the synapse. (G) Number of
postsynaptic spines innervated by each bouton

larger spines (1.26 um mean, 1.2 yum median, diameter unla-
beled spines, 1.6 pm mean, 1.5 pm median, diameter APX-C
spines, Figure 5D; p = 2.10E-44, on a Mann-Whitney U-test).
The posterior medial synapses were more likely to have as-
sociated glial processes: of APX-C labeled synapses, 86%
(828/964) had an associated glial process, whereas only 53%
(296/563) of unlabeled synapses did (p = 8.16E-43 on a xz—
test). Furthermore, the glial processes at their widest points on
labeled synapses were larger, with labeled synapses having a
glial diameter of 1.1 um mean, 1.0 um median, versus 0.7 yum
mean, 0.75 pm median, for unlabeled synapses (p = 1.77E-
19, on a Mann-Whitney U-test; Figure 5F). Labeled ter-
minals were more likely to synapse with multiple targets
(Figure 5G), averaging 1.4 targets versus 1.2 for unlabeled
synapses (n=1085 labeled and 863 unlabeled; p = 3.71E-06,
on a Mann-Whitney U-test). In addition, we randomly anno-
tated 1,545 of all the axonal terminals annotated, 823 labeled
and 722 unlabeled, for the presence of mitochondria in the
terminal. Of labeled terminals, 78% (644/823) contained a
mitochondrion, whereas only 37% (270/722) of unlabeled
terminals did so (Figure 5B, p = 7.90E-07 on a Xz-test). We
then randomly analyzed 1994 spines, 1108 innervated by la-
beled terminals and 886, by unlabeled terminals, for the pres-
ence of a spine apparatus. We found that 49% (971/1994) had
a prominent spine apparatus. Of spines innervated by labeled
terminals, 56% (623/1108) had a spine apparatus, whereas
39% (348/886) of spines associated with unlabeled terminals
had a spine apparatus (Figure 5C, p = 4.84E-04 on a XZ— test).

Finally, we asked how labeled synapses from the pos-
terior medial nucleus differed from unlabeled synapses for
the 6 metrics from Figure 5 but now analyzed separately for
each cortical layer (Figure 6, see also Table 1). We found that
APX-C labeled terminals and synapses differed statistically
from unlabeled synapses, with larger values for postsynap-
tic spine diameter, terminal diameter, associated diameter of
glia, presence of mitochondria and postsynaptic spine appa-
ratuses, and number of postsynaptic spines per terminal, in
24 of the 30 comparisons across layers (Mann-Whitney U-
test and Xz-test; Table 1). These differences had clear lami-
nar correlations: APX-C labeled synapses showed the largest
deviations from unlabeled synapses in layers 2/3, and to a
lesser extent in layer 4, and the six comparisons for which
we could not statistically distinguish between APX-C and
unlabeled synapses occurred in layers 5 and 6. For example,
in layers 2/3, APX-C labeled terminals synapsed onto larger
spines than did unlabeled terminals: 1.92+.03 um (mean
+ sem; 1.96 um median) in diameter versus 1.29+.04 um,
1.33 median, p = 7.09E-27 on a Mann-Whitney U-test.
Conversely, in layer 6, APX-C labeled terminals contacted
spines that were not significantly different in diameter from
those contacted by unlabeled terminals (1.47+.06 um vs.
1.24+.06, 1.35 vs. 1.18 median, p = 0.17 on a Mann-Whitney
U-test). Moreover, spine diameters contacted by APX-C
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FIGURE 6 Layer-specific differences between APX-C labeled
and unlabeled synapses in cortex. (A-C) Plots showing medians and
interquartile ranges. (D) Plot showing means + SEM. (E-F) Plots
showing fraction of synapses. The solid blue and red lines show the
mean across all layers for labeled (red lines) and unlabeled (blue lines)
synapses

labeled terminals showed clear statistical laminar differences
across layers (APX-C spine diameter across layers; p = 1.2E-
12, Kruskal-Wallis), whereas those contacted by unlabeled
terminals showed no laminar difference in size (p= 0.47
Kruskal-Wallis). We found similar results across the 5 re-
maining synaptic measures (see Table 1 for statistical values)
as follows. The largest differences between APX-C labeled
and unlabeled synapses occurred in layers 2/3 (Figure 6A-C).
APX-C labeled synapses showed clear laminar differences in
the synaptic measures shown in Figure 6A-E, whereas unla-
beled synapses showed no such laminar differences. The lone
exception to this pattern was the presence of spine appara-
tuses in postsynaptic profiles (Figure 6F). Although overall,
APX-C labeled terminals more frequently contacted spines
with spine apparatuses than did unlabeled terminals, this pa-
rameter showed a laminar difference for unlabeled terminals
but not labeled ones.

4 | Discussion

We leveraged advances in automated serial electron mi-
croscopy paired with electron-dense genetic labeling using

EJN European Journal of Neuroscience  FENS

ascorbate peroxidase (APX-C) to analyze long distance con-
nections in a mouse from the posterior medial nucleus of the
thalamus to the second somatosensory area of cortex. We
found that the labeling strategy works extremely well: clearly
labeled synapses in cortex were identified millimeters away
from their thalamic cell bodies of origin without signs of re-
duction in labeling from diffusion or pathological changes
to the tissue at the ultrastructural level. We also found that
the labeling was orthograde only. This avoids the potential
problem of retrograde labeling, which in our case could have
labeled corticothalamic cells from layer 5 or 6 and thereby
marked local synaptic terminals from these cells, creating
false-positive labeling.

However, we recognize at least two provisos in the inter-
pretation of our quantitative analyses. One is that we cannot
assume that all thalamocortical cells contributing to the path-
way under study were successfully labeled, and of course,
other thalamic nuclei innervating the second somatosensory
area, such as the ventral posterior nucleus, would have con-
tributed to the population of unlabeled thalamocortical ter-
minals in our study. Related to this, we cannot exclude the
possibility that we have labeled a particular population of
thalamocortical neurons, and unlabeled ones from the pos-
terior medial nucleus might exhibit properties different from
those reported here. It’s therefore likely that our analysis un-
dersampled the totality of thalamocortical input. However,
the significant differences still found between labeled and
unlabeled synapses suggest that the distinctions we highlight
here are robust. Additionally, as is common in ultrastructural
studies of this type, the analyses are limited to a single ani-
mal. We cannot exclude minor individual differences, even
among inbred mouse strains.

Figure 7 provides a highly schematized view of much of
our work with more details below. Axons of the posterior me-
dial nucleus of the thalamus (POm) innervate all layers of
the second somatosensory cortical area (S2). There is lam-
inar variation to this innervation pattern: layers 2/3 receive
relatively denser innervation with larger terminals that tend
to innervate larger spines, among other measures. In con-
trast, unlabeled terminals, whose origin is unknown, tend to
be smaller and innervate smaller spines, and these terminals
show relatively little laminar variation in these parameters.

4.1 | Ultrastructural properties of terminals
labeled from the posterior medial nucleus

We found labeled synapses from the posterior medial nucleus
in every layer of the second somatosensory area. In all lay-
ers, labeled terminals specifically targeted spines and spiny
dendrites, suggesting a strong preference for innervating ex-
citatory rather than inhibitory cortical neurons (McDonald
& Pearson, 1989; Somogyi et al., 1983). While comparing



SAMPATHKUMAR ET AL.

EJ N European journal of Neuroscience  FENS

WILEY

758

raIseaw jey) I0j whu\ﬁﬁ S$soIdoe

sosdeuks pajoqeyun 1o Po[aqe[ JAYIS JO suosLeduod oIk SUWN(0d JO PUS ) Je SS9 [eINsNe)S "Inseaw jey) Joj J9Ae] jey) ur sasdeuss pojoqerun pue pojoqe] Uadm)aq suosLedurod aIe 9[qe) dY) Ul SMOI JO PUd Y} 18 $1s9) [eoNsnels

ST[[EA\-[ESRIY L X8 1 Kommym-uue 4 18189, [BONSTIEIS
v1°0 = d§ €20°0 $=d§ rAarg=di 61°0=di

650 0T 8¢ T LT ¥0-40S ' v1°0 8S°1 6691 ¥0°0 SI'1 TS °80°1 91

€00 8% 9 99 9 79°0 S0°0 €'l 601 ‘€T'1 ¥0°0 STl €IT°CI'T ¢1
¥0-420°C 81 861 621 8¢ So-arie €00 4 LSEOF'1 €00 €e'l 681°9T'1 ¥
01-9L°L Gel (454 9zl1 6S 81-dE6'8 €00 91 ILE SST 200 Tl G8T ‘60'1 €71
LO-ILY'T o1 101 €61 8G1 01-9€6'T €00 8T'1 81T €Tl S0°0 'l €Se STl '
=d§ INASIV INASHYd  INASAV  LNASHId =d,  NAS  UBIPIN UUBSN  NHS  UBIPIN u‘ueoy  1oker
J-XdV pafeqe[un J-XdV pajeqequn
smeseddy surdg sjagae ], ondeuss)sod Jo "ON
1100 =d§ €0 =d§ G-a8' 1 =di 91'0=d\

€20 9T ST 4 61 LYEY0 700 S50 590 200 90 SIS0 91
90-d+6't LT 29 69 6T €100°0 S0°0 €l 601 ‘€T €00 80  €ITPL0 S1
81-A¥S'T 19 0ST 001 8¢ $200°0 S0°0 LT LSELT'T €00 L8°0 681 °8L0 71
S0-a¥0'1 0¢ ¥S1 18 8¢ €I-dsy'l S0°0 9¢'l 1L€°TE1 €00 L0 S81°69°0 €/T1
Y0-dCL'T e €61 0LT 9TI1 ¥0-40T'1 ¥0°0 Tl 81T T'1 €0°0 60  €S€¥80 11

=d§ INASaV INASHId  INASAY  LNASHd =d, NS  UCIPIN L) A ic (1) u‘uedy  1oke

J-XdV pajeqequn D-XdV paaqe[un
BLIPUOYD0)IW JO *ON WPIM BID
9-a8'¢ = d. 170=di TI-de1 =di Ly'0=d}

S0°0 60°0 SI'1 TSLO'T Tl TSLIT 9691°0 90°0 Se'l S LY L¥'1 8I'1 WY1 91
90-91T'S 90°0 691 601 “€L'1 ¥0°0 SET  EIT'eC’T  90-HASHE SO0 Sl 801 ‘€S'1 ¥0°0 YTl €11 2T 1 Sl
81-d08'8 200 L1 L8EE9'T €0°0 €1 681°9CT  01-H89°€ 200 Sl LSE8F'1 €00 1 681 °ST'1 ¥
TE-d8S'1 €0°0 T L€ °10°C 70°0 €eT  S8ILTT  LT-HGOL €0°0 961 1LE‘T6'T 0] €e'l G81°6T'1 €71
80-489°C ¥0°0 91 81T ‘SS'I 200 STl €SE°C'T  90-HO0I'T ¥0°0 86'1 81T ‘951 200 (4 €5l 1

HQ* JNAS UBIPIJA u U9\ INAS UBIPIIA u ,:moz HQ.* JNAS UBIPIA u ,ﬁmoz INAS UBIPIJA u ,ENQE .S%NA

J-XdV pajeqequn J-XdV pafeqequn
JIjouwreI(] [euluLIad J, J3)puwel(q Gﬁmmw

7S 01 wOd woiy indur ondeuds jo syrerep oanenuend) [ ATAV.L



SAMPATHKUMAR ET AL.

| 1 vaeL

23 Yee
4 ....0

P S
6 ® ®

® [abeled POm terminal
unlabeled terminal

POm

FIGURE 7 Cartoon summary of results. See text for details

ultrastructural data with physiology and light-level anatomy
can be difficult, this result is surprising given that thalamic
projections to primary cortical areas affect cortical activity
through monosynaptic connections with both excitatory and
inhibitory cells (Kloc & Maffei, 2014; Wall et al., 2016).
There is, however, some precedent for this result. A previ-
ous ultrastructural study showed that thalamocortical pro-
jections avoid inhibitory neurons in layer 4 of M1 (Bopp
et al., 2017), and a recent comparison of terminals from the
posterior medial nucleus to primary motor and primary so-
matosensory cortices also determined that there were very
few labeled terminals on inhibitory interneurons in motor
cortex (Rodriguez-Moreno et al., 2020). Combined with the
current findings, this observation may represent a differ-
ence for higher-order thalamic nuclei projecting to primary
or higher-order cortical areas. That is, higher-order thalamo-
cortical projections to motor cortex and higher-order sensory
areas, projections that densely innervate layer 4 of cortex
and display the properties of glutamatergic driver synapses
(Mo & Sherman, 2019), largely avoid monosynaptic connec-
tions with inhibitory interneurons; whereas higher-order tha-
lamic projections to primary sensory cortex, projections that
densely innervate layers 5 and 1 and display the properties of
glutamatergic modulator synapses (Viaene et al., 2011) target
both excitatory and inhibitory postsynaptic targets.
Furthermore, the parameters of these labeled synapses
varied with layer: layers 2/3 received the largest relative
number of terminals from the posterior medial nucleus, and
layer 6, the smallest. Labeled synapses in layers 2/3 also had
larger terminals and targeted larger spines than did those in
other layers (summarized in Figure 7). Finally, other common
properties of the labeled thalamocortical terminals included
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EJN ' Eropean joumarorNewroscence  FENS WI LEYJ—

the presence of mitochondria, the presence of spine appara-
tuses in their postsynaptic spine targets, and the presence of a
relatively thick glial wrapping.

The synaptic metrics measured here have known func-
tional implications. The size of postsynaptic spines is associ-
ated with spine stability over time and spine size has a strong,
positive linear relationship with the magnitude of synaptic
currents (Holler-Rickauer et al., 2019). Mitochondria in the
bouton serve potentially important roles in vesicle recycling,
enhancing short-term plasticity, and stabilizing synaptic
connections over time and often suggest highly active ter-
minals (Cserép et al., 2018; Feldman & Peters, 1978; Lees
et al., 2020). The presence of a spine apparatus in spine is
correlated with potentiated synapses (Deller et al., 2003;
Jedlicka et al., 2009). Finally, increasing evidence suggests
that glia interact with neurons directly at synapses to mod-
ify synaptic function (Eroglu & Barres, 2010). Overall, our
anatomical findings strongly suggest that thalamocortical
synapses from the posterior medial nucleus to the second so-
matosensory cortex tend to be functionally more robust and
stable than other synapses, which is consistent with limited
evidence that these synapses are glutamatergic drivers (Lee
& Sherman, 2008; Viaene et al., 2011b).

4.2 | Differences between labeled and
unlabeled terminals

The labeled terminals differed from unlabeled ones along a
number of parameters. For one thing, unlike the labeled syn-
apses, unlabeled ones showed very little evidence of laminar
variations in the parameters we measured. Overall, compared
to unlabeled terminals, labeled terminals were larger, tar-
geted larger spines that more frequently had spine appara-
tuses, more often targeted multiple spines, more often had
mitochondria, and tended to be associated with larger glial
profiles. Because of the variation in layering with these pa-
rameters for labeled terminals, the differences between la-
beled and unlabeled terminals were greatest in layers 2/3.

43 | On difference between first- and
higher-order somatosensory thalamocortical
projections

One of our observations for the higher-order somatosensory
projection is that labeled terminals are significantly larger in
layers 2/3 than in layer 4. This is in stark contrast to the first-
order projections from the ventral posterior nucleus to the
primary somatosensory cortex and the ventral division of the
medial geniculate nucleus to the primary auditory cortex in
which the terminals in layer 4 were described as significantly
larger than those in layers 2/3 (Viaene et al., 2011a). This is
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in keeping with a presumed important functional difference
between these first- and higher-order thalamocortical projec-
tions. In the first-order projection, thalamocortical inputs to
layers 4-6 are all glutamatergic drivers, whereas those to lay-
ers 2/3 are mostly glutamatergic modulators, in keeping with
the smaller size of thalamocortical terminals in layers 2/3
(Viaene et al., 201 1a). This suggests that, whereas most first-
order thalamocortical somatosensory and auditory inputs to
layers 2/3 are modulators, in the higher-order somatosensory
projection, most or all may be drivers.

5 | Conclusions

We draw two main conclusions from this work. First, our use
of an intersectional viral tracing method for ultrastructural
connectivity offers many advantages, including more com-
plete electron-dense labeling compared to labeling often seen
with intracellular diffusion of various dyes, and the ortho-
grade labeling we achieved with this technology is free of
artifacts often presented by unwanted and uncontrolled ret-
rograde labeling seen with most dye labeling. Our approach
is amenable to more general ultrastructural studies of long
pathways in the central nervous system.

Second, we believe that this is the first detailed ultra-
structural study of this higher-order thalamocortical pathway.
Most studies to date have targeted projections to primary
sensory cortices, such as from the lateral geniculate nucleus
to primary visual cortex (Ahmed et al., 1994; Anderson
etal.,2009; Hornung & Garey, 1981; Peters & Feldman, 1977;
Peters et al., 1976) and from the ventral posterior nucleus
to the primary somatosensory cortex (Bopp et al., 2017;
Hersch & White, 1981; Rah et al., 2013; Rodriguez-Moreno
et al., 2018; White & Rock, 1979; White et al., 2004). The
few published studies of higher-order thalamocortical pro-
jections we could find (e.g. Chomsung et al., 2010; Zhou
et al., 2018) concentrated on other more specific issues rather
than the connectomics analysis of the present study. If we are
to gain a better understanding of thalamocortical functioning
writ large, we need more descriptions of higher-order thal-
amocortical examples. Indeed, we have above documented
some clear differences between first- and higher-order so-
matosensory thalamocortical circuits that suggest important
functional differences between them.

More generally, it is important to gain a broader under-
standing of higher-order thalamocortical functioning. First-
order thalamic nuclei, such as the lateral geniculate nucleus
and ventral posterior nucleus, and their projections to cortex
have been relatively well studied. These nuclei relay infor-
mation from the periphery to cortex (e.g., from the retina
for the lateral geniculate nucleus and from the medial lem-
niscus for the ventral posterior nucleus). In contrast, high-
er-order thalamic nuclei such as the posterior medial nucleus

relay information already in cortex from layer 5 of one area
to another area, and thus play a key role in corticocortical
communication (reviewed in Sherman, 2016; Sherman &
Guillery, 2013)). It is thus especially important to gain a bet-
ter understanding of these higher-order circuits.

Finally, we are confident in our annotation of synapses, as
we independently verified each synapse with at least two sci-
entists. However, if we have miscounted or annotated spines,
it is likely that it is the smallest synapses that are potentially
missed. These represent a small proportion of the >1000
synapses analyzed, ~10-15 %. The bulk of our results point
to differences in POm innervation in the numbers of large
synapses (Figure 4) across cortical layers, which we feel are
less likely to suffer from potential misinterpretation of small
synapses. Thus, even these potential errors in identifying syn-
apses should have little effect on our results. Indeed, as much
of our analyses are comparisons of POm synapses across lay-
ers, and such errors, if they occur, will occur in all layers.
Our robust statistical results in these comparisons strongly
suggest that that is not an issue in these analyses.

We view the current study as a bare beginning of an at-
tempt to broaden our understanding of thalamocortical cir-
cuitry and the functioning of higher-order thalamocortical
pathways. While a great deal more study of this issue is war-
ranted, we hope that the strategy of combining virally me-
diated labeling with high-throughput electron microscopy
contributes to our understanding of previously understudied
projections in the brain.
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