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Higher-order thalamic nuclei contribute to sensory processing via projections to pri-
mary and higher cerebral cortical areas, but it is unknown which of their cortical and
subcortical inputs contribute to their distinct output pathways. We used subpopulation
specific viral strategies in mice to anatomically and physiologically dissect pathways of
the higher-order thalamic nuclei of the somatosensory and visual systems (the posterior
medial nucleus and pulvinar). Employing a complementary optogenetics and electrical
stimulation strategy, we show that synapses in cortex from higher-order thalamus have
functionally divergent properties in primary vs. higher cortical areas. Higher-order tha-
lamic projections onto excitatory targets in S1 and V1 were weakly modulatory, while
projections to S2 and higher visual areas were strong drivers of postsynaptic targets.
Then, using transsynaptic tracing verified by optogenetics to map inputs to higher-
order thalamus, we show that posterior medial nucleus cells projecting to S1 are driven
by neurons in layer 5 of S1, S2, and M1 and that pulvinar cells projecting to V1 are
driven by neurons in layer 5 of V1 and higher visual areas. Therefore, in both systems,
layer 5 of primary and higher cortical areas drives transthalamic feedback modulation of
primary sensory cortex through higher-order thalamus. These results highlight con-
served organization that may be shared by other thalamocortical circuitry. They also
support the hypothesis that direct corticocortical projections in the brain are paralleled
by transthalamic pathways, even in the feedback direction, with feedforward transthala-
mic pathways acting as drivers, while feedback through thalamus is modulatory.

thalamus | thalamocortical | transthalamic | synapse physiology | circuit anatomy

Higher-order (HO) thalamic nuclei and their contributions to sensory processes remain
poorly understood both in terms of the information they transmit to cerebral cortex
and the effects they exert on specific cortical targets. First-order (FO) thalamic nuclei
receive driving input from subcortical sources and act only as feedforward relays. On
the other hand, HO thalamic nuclei may receive mixed driving inputs from the cortex
and brainstem, and in turn project to primary sensory cortex and higher cortical areas.
Therefore, the individual cells of HO thalamus may transmit information in the feed-
forward or feedback direction depending on their projection target and the source of
relevant inputs that drive their activity. For instance, a transthalamic pathway from S1
through the HO somatosensory thalamic nucleus, posterior medial (POm), to S2
would be feedforward, but one from S2 through POm to S1 would be feedback.

Converging lines of evidence suggest that HO thalamic nuclei play an active role in
early sensory processing in rodents and primates (1-5). For instance, POm has been
shown to exert strong effects on S1 responses to whisker stimulation (6, 7), and it has
been suggested that POm integrates incoming bottom-up input from the spinal trigem-
inal nucleus (SpV) with descending cortical inputs (8). A potential role for POm in
integrating motor and sensory cues has been proposed (9-11), and it also regulates
interactions between cortical areas (12, 13).

Similarly, damage to the HO visual thalamic nucleus, the pulvinar* (Pul), in humans
and nonhuman primates has been associated with a range of visual and attentional deficits
(14-16). Inactivation of Pul in primates or cats alters V1 responses to visual stimuli (17,
18), and the activity of Pul axons in V1 of mice can be used to predict motor actions and
visuomotor discrepancies (19). The Pul has also been shown to regulate attentional selection
in primates and enable functional transmission of information from one cortical area to
another (18, 20), generating another parallel between POm and Pul and lending support to
the noton that HO thalamic nuclei play a role in interpreting sensory cues in behavioral
contexts (4). However, a more detailed appreciation of the underlying circuitry is required
to understand the specific ways in which HO thalamus contributes to cortical processing.

*The pulvinar in mice and rats has also been referred to as the lateral posterior nucleus (4).
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We directly compared input and output features of the HO
somatosensory nucleus, POm, with those of the HO visual
nucleus, Pul, to clarify which aspects of functional organization
are specific to each system or alternatively conserved across both.
We asked two major questions of these HO pathways. The first
question is: What effects do HO thalamocortical terminals exert
on excitatory neurons at different levels of the cortical hierarchy?
In particular, do POm and Pul drive or modulate targets in cor-
tex? It has been recently shown that silencing Pul in cats results
in different effects on sensory responses at different points of the
visual cortical hierarchy (17). What differences in the synapse phys-
iology at each target site might underlie this finding? The driver vs.
modulator framework for classifying glutamatergic synapses using
anatomical and physiological criteria has proven useful for parsing
glutamatergic projections that can exert very different types of
functional influence over postsynaptic targets (see reviews in 1 and
21). To apply the driver/modulator framework to HO thalamo-
cortical projections in the visual and somatosensory systems of
mice, we developed an optogenetics protocol in an in vitro slice
preparation consistent with similar approaches using electrical
stimulation (22, 23). We then evaluated physiological and phar-
macological characteristics of HO thalamocortical synapses onto
excitatory neurons in different layers of primary and secondary
somatosensory cortex (S1 and S2) as well as in primary and
higher visual areas (V1 and HVAs, mostly area LM). The
somatosensory and visual systems both exhibited a similar diver-
gence of synaptic properties between primary and higher cortical
areas, wherein HO thalamus modulated S1 and V1 while
strongly driving S2 and HVAs.

The second question is: Of the diverse cortical and subcorti-
cal inputs to HO thalamic cells, where does the activity relayed
by HO thalamus to primary sensory cortex originate? We
focused on the inputs to the POm — S1 and Pul — V1 path-
ways, because in both systems, evidence suggests that HO tha-
lamic input to secondary areas are driven by layer 5 of primary
sensory cortex in feedforward transthalamic pathways (12, 24),
possibly in combination with subcortical inputs (25, 26). How-
ever, it is not known to what extent HO thalamic cells projec-
ting to S1 or V1 carry signals from primary or higher sensory
cortex, motor areas, subcortical sources, or a mixture. We
addressed these questions using output-defined anatomical trac-
ing in combination with optogenetic circuit mapping to reveal
further similarities in the organization of the two systems.

These data reveal a previously undescribed form of transtha-
lamic feedback from higher cortical areas to lower, running par-
allel to direct corticocortical feedback projections in both the
somatosensory and visual systems; this arrangement is similar to
transthalamic pathways connecting cortical areas in the feedfor-
ward direction (4). They also suggest that, whereas feedforward
transthalamic projections appear to drive postsynaptic targets,
feedback transthalamic projections modulate targets earlier in
the cortical hierarchy. We find that these results in combina-
tion with other recent findings contribute insights into HO
thalamocortical organization and information processing in sen-
sory systems.

Results

HO Thalamocortical Projections Differentially Affect Primary
vs. Higher Cortical Areas. We first developed an optogenetic
stimulation approach to characterize HO thalamocortical physi-
ology in acute slices, validated by comparison with previous
approaches using electrical stimulation (see Fig. 1 and 22)
and employing a slice preparation in which much of the
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connectivity between thalamus and cortex is preserved (27).
We confirm previous findings regarding the POm projection to
S1 (22) and extend them by recording postsynaptic responses
to POm stimulation from cells in layers 2-6 of S2. Further-
more, since a connected slice preparation is not readily available
in the visual system due to the geometry of thalamocortical
projections in the adult mouse (28), we extended the above
observation to the visual system by using optogenetics to stimu-
late axons arising from Pul while recording from cells in layers
2-6 of V1 and HVAs (largely area LM, but also areas AM and
AL) (S Appendix, Table S1 and Discussion).

An important synaptic variable we measured was paired-
pulse ratio (PPR), either depression or facilitation. However,
several virally mediated optogenetics protocols appear to affect
PPRs when terminals are directly photostimulated (11, 29). We
thus adopted a strategy for measuring PPRs by photostimulat-
ing afferents via their axons >300 pm from the recorded cell
and terminals, which ameliorated this problem (see below).
Thalamocortical synaptic properties for POm projections to S1
and S2. Expressing ChR2-Venus by AAV injection in POm
(while avoiding the neighboring FO nucleus VPm) (Fig. 14)
led to characteristic laminar distributions of labeled axons and
terminals in S1 (most dense in layer 5a) and S2 (most dense in
layer 4) (Fig. 1B). In mice with such expression, we made acute
slices and established whole-cell recordings of putatively excit-
atory neurons in layers 2—6. In voltage clamp mode, excitatory
postsynaptic currents (EPSCs) were recorded from many of
these cells while applying 10 Hz focal laser stimulation through
the microscope objective to measure the PPR. As noted above,
laser stimulation targeted ChR2-expressing axons >300 pm
from the recording site, recruiting the axons’ action potential
transmission without optically activating the terminals directly.
In keeping with previous data, all POm synapses in S1 showed
paired-pulse facilitation (i.e., the amplitude of the second
evoked EPSC being larger than that of the first, leading to a
PPR >1) with a mean PPR of 1.27 + 0.07 (mean + SEM
throughout; n= 12 cells) (Fig. 1 E and /). By comparison,
POm synapses in S2 evoked paired-pulse depression (i.c., the
second EPSC amplitude being smaller than that of the first,
leading to a PPR <1) with a mean PPR of 0.64 + 0.05 (» =
13 cells). Thus, recorded PPRs were significantly different in
S1 vs. S2 when pooling across all layers (P = 3.9 x 1077,
Mann Whitney U test throughout unless otherwise specified)
or when considering only cells in layers 2/3 (n = 6 cells in S1;
n=38 cellsin S2, P= 6.7 x 10~%). As discussed further below,
for comparison with previous studies of responses to FO tha-
lamic stimulation in layers 2/3 of cortex, recordings in S2
focused on layers 2/3, but paired-pulse depression was observed
in all layers (ST Appendix, Table S1 for data specific to each
layer). In separate animals where the connection between thala-
mus and somatosensory cortex was entirely preserved, 10 Hz
electrical stimulation of POm axons under otherwise identical
recording conditions produced a similar divergence of PPR in
S1 and S2 (Fig. 1G), suggesting that our optogenetic stimula-
tion approach minimally altered release probability. All
responses in cortex to 10 Hz stimulation were blocked by bath
application of ionotropic glutamate receptor (iGluR) antago-
nists DNQX and AP5 and optogenetic responses had short
latencies (3.51 ms + 0.14) consistent with previous measure-
ments of monosynaptic responses to axonal stimulation of tha-
lamocortical afferents (11). Initial EPSC amplitudes evoked
were smaller for cells in S1 (12.0 pA + 1.60, 7 = 12 cells) than
for those in S2 (37.8 pA + 7.24, n= 13 cells) (P= 3.4 X 10~*
when pooling across all layers, P = 1.3 x 107> for cells in
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Fig. 1. HO thalamocortical synapses exert different effects on primary vs. higher cortical areas. (A) A schematic of experimental strategy to evaluate HO

thalamocortical synapses in the somatosensory system. AAV9-pACAGW-ChR2-Venus was injected into the HO thalamic nucleus POm, allowing visualization
and focal laser stimulation of POm axons in an acute slice during whole-cell recordings from S1 or S2. AP denotes rostrocaudal distance in mm from bregma
throughout. (B) ChR2-Venus + POm axons densely innervate layer 5a of S1 and layers 2/3 and 4 of S2, showing a clear border. (C) Same experimental strat-
egy as in (A), but evaluating HO thalamocortical synapses of the visual system by injecting AAV9-pACAGW-ChR2-Venus into Pul, allowing visualization and
focal laser stimulation of Pul axons during whole-cell recordings from V1 or HVAs. (D) ChR2-Venus + Pul axons densely innervate layer 5a of V1 and layers 2/
3 and 4 of HVAs, showing a clear border. (E) Example voltage clamp recordings from S1 and S2 during optogenetic stimulation of POm axons (10 Hz, 1 ms
pulse duration, >300 pm away from the recording site), or from V1 or HVAs during stimulation of Pul axons also >300 pm away from the recording site. All
10 Hz responses blockable with iGIUR blockers DNQX and APV. (F) Example current clamp recordings during high frequency stimulation over presynaptic ter-
minals (83 Hz, 1-ms pulse duration) of the same HO thalamic axons as in (E). Blue traces are responses before the application of drugs. Black traces are dur-
ing bath application of iGIuR blockers DNQX and APV, and red traces are in the presence of iGIuR blockers and group 1 mGIuR blockers LY367385 and
MPEP. (G) Example voltage clamp recordings from S1 and S2 during electrical stimulation of POm axons (10 Hz, 0.1-ms duration) in a connected thalamo-
cortical slice. (H) mGIluR-dependent responses to high frequency stimulation in S1 (n = 4 cells), S2 (n = 6), V1 (n = 6), and HVAs (n = 6). mGIuR responses in

S1(0.58 mV + 0.07) and S2 (0.03 mV =+ 0.02) are significantly different from each other (P = 9.5 x 1073,
specified), and mGIuR responses in V1 (0.59 mV + 0.19) and HVAs (-0.015 mV + 0.028) are significantly different from each other (P =2.2 x 10~

Mann-Whitney U test throughout unless otherwise
3). Here and

later figures, bars represent the mean while dots represent the data for individual cells. (/) Scatterplot showing relationship of paired-pulse ratio (second
EPSC amplitude/first EPSC amplitude) and amplitude of the first evoked EPSC in a train for thalamocortical inputs to cortical neurons. Data include cells in
S1(n =12, green), S2 (n = 13, tan), V1 (n = 12, red), and HVAs (n = 16, purple). PPRs in S1 (1.27 + 0.07, mean + SEM throughout) and S2 (0.64 + 0.05) are sig-

nificantly different from each other (P =3.9 x 10~

7), and PPRs in V1 (1.30 + 0.09) and HVAs (0.57 + 0.05) are significantly different from each other (P = 6.6 x

1078). Response amplitudes in S1 (12.0 pA + 1.60) and S2 (37.8 pA + 7.24) are significantly different from each other (P = 3.4 x 107, and response ampli-

tudes in V1 (13.3 pA + 2.35) and HVAs (38.8 pA + 10.21) are significantly different from each other (P = 2.0 x 10~

context of glutamatergic drivers and modulators.

layers 2/3 only [#n = 6 cells in S1, n = 8 cells in S2]) (Fig. 1 E
and 1), despite no significant difference in input resistances
across areas (183 MQ + 17.4 in S1 vs. 166 MQ + 9.44 in S2,
consistent with previous recordings in adult mice) (11).

We also verify the observation that the stimulation of ChR2
terminals directly (rather than remotely stimulating the axons)
results in an artificial synaptic depression in some pathways. In
particular, the facilitating responses observed here with axonal

PNAS 2022 Vol.119 No.21 2201481119

2.0 Summary of data interpreted in the

activation became depressing when focal stimulation was deliv-
ered over the terminals and postsynaptic cell body (87
Appendix, Fig. S1A4). With axonal stimulation >300 pm from
the recorded cell, we always measured facilitation in S1 and
depression in S2. In depressing pathways (e.g., when recording
in S2 or recordings below), terminal stimulation did not pro-
duce depression that significantly differed from that seen with
axonal stimulation.
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In current clamp mode, high frequency optogenetic stimula-
tion (83 Hz) was delivered over presynaptic terminals to test
for the activation of a slow metabotropic glutamate receptor
(mGluR) dependent excitatory postsynaptic potentials (EPSPs)
(Fig. 1F). In all completed tests during S1 recordings, high fre-
quency stimulation evoked slow EPSPs (mean amplitude 0.58
mV + 0.07, » = 4 cells), which were blocked by group I
mGluR antagonists (LY367385 and MPEP) and were depen-
dent on repetitive stimulation (30) (S/ Appendix, Fig. S1B).
mGluR-dependent EPSPs were absent in all recordings in S2
(0.03 mV + 0.02, n= 6 cells, P= 9.5 x 10~°) (Fig. 1H).

Therefore, properties of synapse physiology and pharmacol-
ogy with known functional implications diverged notably for
POm synapses in S1 vs. S2, consistent with their characteriza-
tion as glutamatergic modulators and drivers, respectively
(Fig. 1 J, Lef?).

Thalamocortical synaptic properties for Pul projections to V1 and
HVAs. We then applied the same experimental approaches to
the visual system. We expressed ChR2-Venus by AAV injection
limited to Pul while avoiding delivering ChR2-Venus to neigh-
boring structures, especially the lateral geniculate nucleus
(dLGN) (Fig. 10). As with the POm thalamocortical projec-
tions, Pul axons densely innervate layer 5a of V1 and layer 4 of
HVAs (Fig. 1D). Again, putatively excitatory cells were targeted
for whole-cell recordings. For all cells recorded in layers 2-6 in
V1, responses to 10 Hz stimulation of ChR2-axons >300 um
from the recorded cells evoked facilitating responses, with a
mean PPR of 1.30 + 0.09 (n = 12 cells) (SI Appendix, Table
S1), while those recorded in layers 2—6 of HVAs always evoked
depressing responses (mean PPR 0.57 + 0.05 n = 16 cells)
(Fig. 1 E and ]). PPRs were significantly different in V1 than
HVAs when pooling across all layers (P = 6.6 X 10~°) or when
comparing only cells in layers 2/3 (n=5 cells in V1, n = 8 cells

A AAV-FLEX- TVA-mCherry
AAV-FLEX-0G +
EnvA-RVdG-GFP

AAV2-retro
or Cre

in HVAs, P = 1.6 x 107°). Initial EPSC amplitudes were
smaller in V1 cells (13.3 pA + 2.35) comgared with those in
HVAs (38.8 pA + 10.21, P = 2.0 X 10"~ pooling across all
layers) (Fig. 1 £ and 1) despite no significant difference in input
resistances across areas (194 MQ + 20.2 for V1 vs. 176 MQ +
14.5 for HVAs) and were blocked by bath application of iGluR
antagonists. Finally, high frequency stimulation over presynap-
tic terminals evoked slow mGluR-dependent EPSPs in record-
ings in V1 (mean amplitude 0.59 mV + 0.19, #» = 6) but not
in HVAs (—0.015 mV + 0.028, n =6, P=2.2 X 10 °; Fig. 1
Fand H).

Overall, the visual system showed the same pattern as the
somatosensory system, with properties of synapse physiology
and pharmacology differing substantially between Pul synapses
in V1 vs. HVAs, consistent with the hypothesis that Pul synap-
ses in V1 act as glutamatergic modulators while those in HVAs
act as drivers (Fig. 1)).

POm and Pul Cells Projecting to Primary Sensory Cortex Are
Innervated by Layer 5 Cells from Multiple Cortical Areas.
Since thalamocortical projections from the POm and Pul evoke
different postsynaptic responses at different points on the sen-
sory cortical hierarchy, we asked: What are the driving inputs
to POm and Pul cells projecting to these different cortical tar-
gets? Evidence suggests that HO thalamic input to secondary
areas in both systems is driven by layer 5 of primary sensory
cortex forming feedforward transthalamic pathways (11, 12,
24), possibly integrated with subcortical inputs (25, 26).
Because this input-output relationship has already been
explored, we wanted to identify the driving inputs to POm and
Pul cells projecting to primary sensory cortices. We first used
an anatomical tracing technique to identify putative inputs to
POm — SI and Pul — VI cells. We used an output-defined
G-deleted rabies tracing strategy (31, 32), which retrogradely
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Fig. 2. Retrograde transsynaptic tracing of inputs to the POm — S1 pathway. (A) Schematic of the anatomical labeling strategy for labeling presynaptic
inputs to the POm — S1 pathway (see Results and Materials and Methods for details) (B) Representative images of POm, with GFP+ (B, i) and mCherry+ (B, ii)
“starter” cells double labeled (yellow arrows) in POm only (overlay in B, iii). (C) Higher magnification image of a double labeled “starter” cell in POm, Top Left,
GFP; Top Right, mCherry; Bottom Left, DAPI; Bottom Right, overlay. (D-H) Representative epifluorescence images of GFP+ presynaptic “input” cells, projecting
to the POm — S1 pathway. Cortical layers are labeled L2/3, L4, etc. Abbreviations: BC, barrel cortex S1, TRN, thalamic reticular nucleus; SC int, SC intermedi-
ate layers; MRN, midbrain reticular nucleus. (/) Location of presynaptic GFP+ input cells as a proportion of the number of input cells found in each mouse (n
=4 animals). Of note are labeled input cells in layer 5 of several cortical areas and a lack of labeling in brainstem nucleus SpV.
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and transsynaptically labels inputs to a particular subpopulation
of cells as defined by projection identity (see Materials and
Methods for details).

Identifying inputs to the POm — S1 pathway. By delivering cre to
the POm — S1 population (via injection of AAVretro-cre or
CAV-cre in S1), as well as cre-dependent rabies machinery (via
AAV-FLEX-TVA-mCherry and AAV-G injection in POm), we
rendered the POm — S1 population receptive to subsequent
pseudotyped rabies infection (i.e., RV-GFP), causing them to
be double-labeled with mCherry and GFP. Only the double-
labeled POm — S1 “starter cells” had the necessary receptor to
accept rabies virus infection, and also had the rabies glycopro-
tein (G) necessary to transsynaptically label their presynaptic
inputs (Fig. 24). After validating that double-labeled “starter
cells” were only present in POm, we searched for distant GFP-
labeled presynaptic “input cells.”

Due to well-known difficulties with leaky expression of TVA-
mCherry and potential for false positives and negatives using this
approach (32), we developed a protocol with limited viral volumes
to generate sparse labeling. We then did as follows: we manually
screened each brain section; we discarded data from any animals
with starter cells in the neighboring FO thalamic nucleus projec-
ting to the same sensory cortical areas; we carefully assessed con-
trols lacking cre recombinase (S7 Appendix, Figs. S2 D-F and S3
D-F); and we validated key findings using optogenetics-based
methods (below). Even with care taken to ensure the quality of
anatomical data from G-deleted-rabies experiments, there are still
many cell-type biases inherent to viral tracing techniques. There-
fore, we regard these results as qualitatively informative regarding
which areas project to the targeted POm — S1 and Pul — V1
subpopulations, and indeed they guided our optogenetics experi-
ments described below, but they are not reliable for providing
quantitative comparisons of input areas.

A AAV-FLEX-TVA-mCherry +
AAV-FLEX-0G +

EnvA-
RVAG-GFP AAV2-retro

to V1
Cortex

Inhibitory inputs from thalamic reticular nucleus (Fig. 2G)
and zona incerta were labeled, as well as the layer 6 corticotha-
lamic cells (Fig. 2 D-F) known to exert modulatory rather than
driving input to thalamocortical cells (4, 26, 33). Among
expected inputs, negligible label was seen in the spinal trigemi-
nal nucleus (SpV) (two cells in two animals, and no label in
two animals) (Fig. 21), which is known to relay whisker-related
signals to POm (34, 35).

Prominent contributions of input to the POm — S1 path-

way were found in layer 5 cells of S1 itself (Fig. 2 D and E) as
well as in layer 5 of S2 (Fig. 2D) and M1 (Fig. 2F); other
inputs were also seen scattered in other areas (Fig. 2J). Because
the layer 5 input to thalamus has been shown in many studies
to be a strong, driving input (below) (4, 26, 33), we used these
anatomical results to direct further experiments testing whether
the layer 5 cells identified by this transsynaptic tracing
approach (those in S1, S2, and M1) indeed drive POm cells
projecting to S1. We also explored the surprising lack of inputs
from SpV (see below).
Identifying inputs to the Pul — V1 pathway. We next performed
the analogous anatomical experiment aimed to identify inputs
to Pul — VI cells (Fig. 34). We limited cre expression to the
Pul — VI subpopulation by delivering it via a retrograde viral
injection in V1, then cre-dependent rabies machinery tagged
with mCherry was delivered to the Pul, followed by RV-GFP,
leaving double-labeled Pul — V1 “starter cells” (Fig. 358), and
distant GFP-only presynaptic “input cells.”

Again, expected inputs were found in the inhibitory cells of
thalamic reticular nucleus and zona incerta, as well as layer 6 of
V1 and HVAs (Fig. 3 C, D, and G). Inputs from layer 5 of cor-
tex were again observed in both V1 (Fig. 3 C D, and F) and
HVAs (Fig. 3 C, D, and G); SC also had cells innervating Pul
— V1 (Fig. 3E). Notably, Pul includes at least 2 populations of
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Fig. 3. Retrograde transsynaptic tracing of inputs to the Pul — V1 pathway. (A) Schematic of the anatomical labeling strategy for labeling presynaptic inputs
to the Pul — V1 pathway (see Results and Materials and Methods for details) (B) Representative images of Pul, with GFP+ (B, /) and mCherry+ (B, ii) cells dou-
ble labeled (yellow arrows) in Pul only (overlay in B, iii). (C-G) Representative epifluorescence images of GFP+ presynaptic “input” cells, projecting to the Pul
— V1 pathway. Cortical layers are labeled L2/3, L4, etc. Abbreviations: APN, anterior pretectal nucleus, Ret. Cx, retrosplenial cortex. (H) Location of presynap-
tic GFP+ input cells as a proportion of the number of input cells found in each mouse (n = 3 animals). Of note are labeled input cells in layer 5 of several
cortical areas and SC cells labeled in two animals, although missing in an animal with a slightly more anterior Pul injection.
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Pul — VI cells, one in the striate-recipient rostral pulvinar and
one in the SC-recipient caudal and lateral Pul (36, 37). Slight
variation in the anterior-posterior position of the rabies virus
injections in Pul likely accounts for differences between animals
in these results, with a slightly more anterior injection in one
animal (S Appendix, Fig. S3 B, 1) resulting in more labeled
inputs coming from layer 5 of higher visual areas and a total
lack of SC inputs, whereas a more posterior injection in
another animal (87 Appendix, Fig. S3 B, ii) favored the labeling
of SC inputs, and an intermediate position in a third animal
(thus targeting both Pul — VI populations) labeled both
inputs from layer 5 of HVAs as well as SC inputs (Fig. 3H).
Layer 5 of V1 provided input to Pul — V1 cells in all animals,
in agreement with recent results that V1 can strongly drive
some SC-recipient cells in the lateral Pul (26).

Layer 5 of Multiple Cortical Areas Can Drive Transthalamic
Feedback to S1 and V1. We used an optogenetics-assisted circuit
mapping approach in layer 5 cre transgenic mice (Rpb4-cre) to
validate the above anatomical findings and the expectation that
layer 5 corticothalamic terminals should be strong drivers of tha-
lamic activity (4, 26, 33). Specifically, a retrograde label (Fluoror-
uby) was injected into all layers of S1 or V1, while an AAV
expressing cre-dependent (FLEX) ChR2-eYFP was injected into
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Fig. 4. Layer 5 of S1, S2, or M1 can drive the POm — S1 pathway. (A

candidate input cortical areas identified above. We then prepared
acute slices in which we could target for whole-cell recording the
retrolabeled POm — S1 or Pul — V1 cells while optogenetically
stmulating layer 5 axons from the candidate input area and
thereby verify and describe the properties of these putative inputs.
Typical patterns of labeling in thalamus are shown in S/
Appendix, Fig. S4. Note that in many cases, retrograde labeling
looks quite sparse in HO thalamus, especially Pul, consistent
with previous reports (19). However, even in these cases, at
higher magnification retrogradely labeled cells are visible, as in
Fig. 4 A, ii, Botrom.

Transthalamic pathways innervating S1. While making whole-
cell recordings from retrolabeled POm — S1 cells, focal laser
stimulation of ChR2 axons or terminals from layer 5 of S1, S2,
or M1 evoked depressing EPSCs (7 = 13 cells, 4 cells, and 4
cells, respectively, PPRs = 0.57 = 0.08, 0.72 =+ 0.14, 0.59 =+
0.07, Fig. 4 A-C), dependent on iGluRs with no evidence of a
postsynaptic contribution of mGluRs (87 Appendix, Fig. S1E),
with a mixture of large and small amplitudes (104 pA + 20.7,
11.2 pA + 5.61, 21.9 pA + 9.17) (8] Appendix, Fig. S10), all
consistent with previous observations of layer 5 input to thala-
mus (1, 4, 11, 26, 33). In the case of all layer 5 corticothalamic
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, ) A schematic of the experimental strategy to validate layer 5 input from S1 to the
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POm — S1 pathway and epifluorescence images of injection and recording sites. A retrograde label (Fluororuby) was injected into S1 to label the POm — S1
cells (as well as other cells projecting to S1, e.g., in VPm) and an AAV expressing cre-dependent ChR2 (AAV9-pAAV-EF1a-DIO-hChR2(H134R)-EYFP-WPRE-
HGHpA) was injected into the candidate input area, in this case S1 itself, in layer 5 cre (RBP4-cre) transgenic animals. The white recording pipette drawn
over the epifluorescence image points to the recording site in POm, where red retrograde label and green layer 5 axons overlap. (A, ii) A schematic of the
recording configuration. Labeled POm — S1 cells as shown (Bottom) were targeted for whole-cell recordings while photostimulating axons and/or terminals
from layer 5 of S1. (4, iii) Example voltage clamp recording of a POm — S1 cell during 10 Hz photostimulation of axons from L5 of S1. All layer 5 responses
were blocked with iGIuR antagonists DNQX and APV (S/ Appendix, Fig. S1E). (B, i, if) Same as in (A), but the cre-dependent ChR2 was expressed in layer 5 of
M1. (B, iiiy Example voltage clamp recording from POm — S1 cell during 10 Hz photostimulation of axons from L5 of M1. (C, i, ii) Same as in (A) and (B), but
the cre-dependent ChR2 was expressed in layer 5 of S2. (C, iii) Example voltage clamp recording from POm — S1 cell during 10 Hz photostimulation of axons
from L5 of S2. (D j, if) Same as in (A)-(C), except ChR2 was expressed in SpV (interpolaris region). (D, iii) Example trace from a retrolabeled POm — S1 cell dur-
ing photostimulation of axons from SpV. These failed to evoke EPSCs onto labeled POm — S1 cells (n = 12 cells). (D, iv, v) Example traces from an unlabeled
POm cell of unknown projection identity during SpV photostimulation (n = 3). (E) PPRs (second EPSC amplitude/first EPSC amplitude) for responses of retro-
labeled POm — S1 cells to photostimulation of layer 5 of S1 (n = 13 cells), S2 (n = 4), or M1 (n = 4).
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terminals or distant axons produced paired-pulse depression (57
Appendix, Fig. S14).

SpV innervation of POm. We had seen that SpV was not strongly
labeled by transsynaptic retrograde tracing as a source of input
to the POm — S1 subpopulation (Fig. 21). Consistent with that
finding, despite the dense innervation of POm by ChR2-eYFP
axons from SpV (Fig. 4 D, 1), while optogenetically stimulating
SpV axons, we were not able to record EPSCs from retrolabeled
POm — SI cells, only from unlabeled cells in POm of uncertain
projection identity (z = 5 cells, Fig. 4D).

These results fail to provide evidence for a feedforward path-
way from SpV through POm to S1 but do confirm the exis-
tence of transthalamic feedback pathways whereby layer 5 of
S1, S2, and M1 drive POm — S1 cells, which in turn modu-
late activity in SI.

Transthalamic pathways innervating V1. We used the same
approach as in the somatosensory system to study the analogous
circuits in the visual system. Thus, a retrograde label was
injected into all layers of V1, while cre-dependent ChR2 was
expressed in layer 5 of candidate input areas V1 and the HVA
LM, the mouse cortical area most similar to V2 (see Discussion)
(Fig. 5). When targeting for whole-cell recording the retrola-
beled Pul — V1 cells and optogenetically stimulating layer 5
axons from V1 or LM, we observed similar depressing EPSCs
(n =9 cells and 5 cells, respectively, PPRs = 0.60 + 0.04 and
0.39 + 0.14) (Fig. 5 A-C) dependent on iGluRs and no evi-
dence of postsynaptic mGluRs, with a mixture of small and

large amplitudes (16.4 pA + 4.68, 21.3 pA + 6.81) (S/

Appendix, Fig. S1D). These results confirm the existence of a
transthalamic feedback pathway whereby layer 5 of V1 and LM
drive Pul — V1 cells that in turn modulate activity in V1.

Discussion

Thalamocortical Drivers vs. Modulators. We found many simi-
larities in the organization of HO thalamocortical circuitry in
the somatosensory and visual systems (see Fig. 6). First, HO
thalamic terminals synapsing onto excitatory cells in S1 and V1
evoke small, facilitating EPSCs reflecting a low initial probabil-
ity of neurotransmitter release (38), and when stimulated at
high frequency, evoke mGluR-dependent slow EPSPs, proper-
ties of glutamatergic modulator synapses (1, 4, 39). This con-
firms and extends earlier work showing the same features for
HO thalamic input to primary somatosensory and auditory
cortices (22, 23). By comparison, HO thalamic terminals in
higher cortical areas S2 and HVAs (with most such data deriv-
ing from LM) evoked stronger, depressing responses dependent
on iGluRs only, consistent with descriptions of glutamatergic
driver synapses (1, 4, 39).

The observed pattern of physiological and pharmacological
properties reported here has been a central part of the driver/
modulator framework for classifying glutamatergic synapses.
Within that framework, our data suggest HO thalamocortical
projections modulate activity in S1 and V1, while driving activ-
ity in higher cortical areas. The underlying hypothesis for the
functional significance of this is as follows: driving projections
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Fig. 5. Layer 5 of V1 or HVA LM can drive the Pul — V1 pathway. (A, /) A schematic of the experimental strategy to validate layer 5 input from V1 to the Pul
— V1 pathway and epifluorescence images of injection and recording sites. A retrograde label (Fluororuby) was injected into V1 to label the Pul — V1 cells
(as well as other cells projecting to V1, e.g., in LGN) and an AAV expressing cre-dependent ChR2 (AAV9-pAAV-EF1a-DIO-hChR2(H134R)-EYFP-WPRE-HGHpA)
was injected into the candidate input area, in this case V1 itself, in layer 5 cre (RBP4-cre) transgenic animals. The white recording pipette drawn over the epi-
fluorescence image points to the recording site, where red retrograde label and green layer 5 axons overlap. (4, ii) A schematic of the recording configura-
tion. Labeled Pul — V1 cells as shown (Bottom Right) were targeted for whole-cell recordings while photostimulating axons and/or terminals from layer 5 of
V1. (A, iii) Example voltage clamp recording of a Pul — V1 cell during 10 Hz photostimulation of V1L5. All layer 5 responses were blockable with iGIuR block-
ers DNQX and APV (SI Appendlix, Fig. S1E). (B, i, ii) Same as in (A), but the cre-dependent ChR2 was expressed in layer 5 of HVA LM. B, iii: Example voltage
clamp recording from a Pul — V1 cell during 10 Hz HVAsL5 photostimulation. (C) PPRs (second EPSC amplitude/first EPSC amplitude) for responses of retro-
labeled Pul — V1 cells to photostimulation of layer 5 of V1 (n = 9 cells) or HVA LM (n = 5).
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Fig. 6. Summary of main conclusions. In the feedforward direction, trans-
thalamic pathways from S1 to S2 (A), V1 to HVAs (B), or S1 to M1 (C), all
drive postsynaptic targets. Additionally, all inputs from layer 5 of cortex to
HO thalamus are driver. However, the thalamocortical projections to pri-
mary cortical areas are modulatory, and are themselves driven by layer 5
of cortex in both reciprocal feedback pathways (layer 5 of ST — POm — S1
and layer 5 of V1 — Pul — V1) as well as in transthalamic feedback from
higher cortical areas to lower (layer 5 of S2 — POm — S1, layer 5 of M1 —
POm — S1, and layer 5 of HVA LM — Pul — V1). Taken together, these data
suggest that feedforward transthalamic pathways are mainly information-
bearing, whereas feedback transthalamic pathways serve mainly a modula-
tory role.

provide temporally precise excitation well suited to the efficient
transfer of information and have been shown in many cases to
do so [examples in (26, 40), reviewed in (1, 4)]. Glutamatergic
modulatory inputs are so named because their effects resemble
those of classical neuromodulators; these exert modulatory
influence, likely affecting how postsynaptic targets process
driver inputs (1, 4).

Along with PPRs, response amplitudes, and mGluR-
dependent conductances, the size of synaptic terminals has also
been used as an important criterion for the driver/modulator
framework. Driver pathways form larger presynaptic terminals
than do modulatory pathways (11, 22, 23, 41, 42). Data pre-
sented here are consistent with these previous studies of thala-
mocortical terminal sizes. Pul terminals in V1 have generally
been described as smaller than those in HVAs (37), and POm
terminals in S1 are smaller than those in S2 (22).

Differences between FO and HO Driving Pathways. It is worth
noting that the FO projection in the somatosensory and audi-
tory systems (i.e., VPm — S1 and MGBv to Al) provide only
driver input to the cells in layers 4-6, but for cells in layers 2/3,
most receive modulator input, and the rest, driver (23). Consis-
tent with this physiology, terminals from VPm in S1 were
found to be smaller on average in layers 2/3 than in layers 4-6
(23). For the purpose of comparing FO vs. HO driving path-
ways, we acquired data from all layers 2-6 with emphasis on
layers 2/3, and we found a very different pattern for the HO
thalamocortical inputs to layers 2/3 of higher cortical areas.
That is, HO thalamocortical input to all of the cells in layers 2/
3 of S2 and HVAs were driver in nature [8 of 8 cells in layers
2/3 of S2 and 8 of 8 cells in layers 2/3 of HVAs, a significant
difference from the driver/modulator ratio predicted by
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findings in the VPm — S1 and MGBv — Al pathways in
(23), P=3.95 x 107 2°, x* test with Yates correction]. Consis-
tent with that result, we recently showed that POm terminals
in layer 4 of S2 (classical drivers) are not significantly larger
than those in layers 2/3 (43). This distinction between FO and
HO driving projections is not without precedent, due to the
recent finding that the inputs from POm to M1 in all layers,
including layers 2/3, are exclusively driver (11). Therefore, it
may be a pattern common to other cortical circuitry that FO
thalamic input strongly drives layer 4 and provides mixed
inputs to layers 2/3 of primary cortical areas while HO tha-
lamic input to higher cortical areas provides uniformly driving
input to all layers.

Technical and Experimental Considerations. In our experi-
ments using ChR2 to stimulate HO thalamic axons in cortex,
we coactivated many individual thalamocortical afferents, and
therefore postsynaptic responses may represent combined
responses, where responses to a minority of synapses of one
type could be overwhelmed by those of the other type. That is,
what we see as a driver (or modulator pathway) could contain
small modulator (or driver) components. While possible in
some cases, this type of error is unlikely to strongly affect our
results for the following reasons. If a mostly driver pathway
contained a significant representation of modulator inputs, we
would expect to see measurable mGluR-dependent responses,
which were never seen in our recordings from S2 or HVAs. A
more likely scenario would be missing a sparse driver input
among a mostly modulator pathway, since driver synapses are
generally a smaller proportion of cortical synapses. However,
the distribution of EPSC amplitudes across areas suggests that
this did not happen to any appreciable extent in our recordings
in SI and VI, since these amplitudes were all quite small.
Thus, while we cannot rule out some mixing of input types, if
such contamination exists it is functionally meager.

Area LM was chosen as the extrastriate cortical area of mice
to represent “higher visual areas,” because LM is the main
downstream target of V1 (44), is considered hierarchically next
above V1 (44, 45), and thus most closely resembling S2 hierar-
chically. Most cortical recordings reported here in HVAs were
made in LM, but Pul stimulation evoked similar responses in
AL [another intermediate or secondary area (44), and a recipi-
ent of a feedforward transthalamic pathway from V1 through
Pul (24)] and area AM [described as near the top of the cortical
hierarchy (45)] (SI Appendix, Table S1).

Last, this project focused on thalamocortical synapses onto
putative excitatory neurons, and it is important to note that
projections from HO thalamus to primary sensory cortices also
target inhibitory interneurons, particularly through their axon
terminations to layer 1 (37, 46), forming another, likely closely
related mechanism for HO thalamic control of cortical activity.
However, it was recently shown that the projection from POm
to S2 targets only excitatory neurons (43), so this feature too
may differ depending on hierarchical position or other circuit
demands.

Sensory Role of Higher-Order Thalamic Projections to Cortex.
The current results complement work exploring HO thalamic
contributions to sensory responses in somatosensory and visual
cortex. Zhang et al. (6) recently showed that inactivating POm
during whisker stimulation does not disrupt the initial sensory
response in layers 2/3 of S1 (presumably dependent on driver
projections from VPm) but abolishes persistent activity that
typically lasts for hundreds of milliseconds, presumably
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dependent on the modulatory POm — S1 pathway, and possi-
bly the mGluR conductances described here, which act over a
similar timescale. Similarly in the visual system, deSouza et al.
(17) recently showed in the cat that silencing Pul altered sen-
sory responses less in V1 than in a HVA, consistent with the
proposed modulator/driver roles of pulvinar synapses in V1
vs. HVAs.

Layer 5 Cortical Inputs to POm — S1 and Pul — V1. With
regard to layer 5 cortical inputs to the POm — SI and Pul —
V1 pathways, transthalamic pathways between two separate
cortical areas in the feedback direction had never been
described before. We add to recent evidence showing the exis-
tence of reciprocal loops between a primary sensory cortical
area and HO thalamus (45, 47, 48), wherein HO thalamic cells
projecting to one area receive input from layer 5 of that same
area. Given that HO thalamic projections to S1 and V1 appear
modulatory, these reciprocal loops do not violate Francis
Crick’s no-strong-loops hypothesis, stipulating that closed
driver-driver loops are unlikely to exist in the brain since they
would cause runaway excitation (49). It remains unclear if such
reciprocal loops in thalamocortical processing are always modu-
latory in nature or if some indeed violate Crick’s hypothesis. As
noted in the Introduction, we refer to transthalamic pathways
connecting  different cortical areas as “feedforward” or
“feedback,” depending on the direction of communication
given the hierarchical relationship of the two relevant cortical
areas, which seems intuitive. However, we more cautiously refer
to reciprocal transthalamic pathways terminating in the area
from which they arise as feedback (e.g., SIL5 — POm — S1),
since POm does not clearly contribute new subcortical infor-
mation to S1 via this route, but the distinction between feed-
forward and feedback becomes much less clear in this case,
especially when considering that some individual POm and Pul
cells have recently been shown to integrate driving inputs from
more than one source (13, 26).

As shown here and elsewhere (47), layer 5 terminals from S1
and V1 overlap convincingly with HO thalamic cells that send
projections to S1 and V1 (Figs. 44 and 54 and detailed in S/
Appendix, Fig. S4 A and E), while layer 5 terminals from higher
cortical areas appear to overlap only partially with these cells
(Figs. 4 Band Cand 5B and SI Appendix, Fig. S4 B, C, and F).
However, our data show that these partially overlapping termi-
nal fields from layer 5 of higher cortical areas also contribute
driving input to some of the POm — S1 and Pul — V1 cells
in adults, possibly via relatively few robust axons whose fluores-
cence signal is overwhelmed by nearby denser terminal fields.
These synapses were not identified in a previous study of S1
and M1 connectivity through thalamus (47), likely due to small
cortical injections allowing for topographical mismatch between
S1 and M1. It is also the case that HO thalamic dendrites are
not confined to well-defined input zones (36, 37). Therefore,
while reciprocal loops undoubtedly contribute driving input to
HO thalamus, the current results suggest that these reciprocal
transthalamic feedback loops exist nested within “open” trans-
thalamic pathways connecting separate cortical areas in both
the feedforward and feedback directions.

Subcortical Inputs to POm — S1 and Pul — V1. Several subcor-
tical sources of input to HO thalamus were also identified in
our g-deleted-rabies experiments (e.g., SC is known to send
input to both POm and Pul), and we have attempted to under-
stand where those subcortical inputs fit into our model of
HO thalamus. In our optogenetics assisted circuit mapping
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experiment in the visual system, stimulating layer 5 cells from
V1 or higher visual area LM evoked depressing EPSCs on ret-
rolabeled Pul — V1 cells in both the striate-recipient (more
rostral) Pul and SC-recipient (more caudal/lateral) Pul. These
results are consistent with the idea that the rostral Pul — V1
population is cortically-driven without much subcortical input,
much as in our findings on the POm — S1 pathway. On the
other hand, the lateral Pul — V1 population can apparently
still receive driving input from layer 5 of V1 and HVAs, but
also receives dense subcortical innervation from SC. This view
is also supported by the recent finding (26) that individual cells
in lateral Pul can receive convergent driving input from layer 5
of V1 and SC.

In the somatosensory system, the sparsity of SpV input to
the POm — S1 pathway was of particular interest to us. SpV
densely innervates POm, and stimulation of SpV afferents
evokes a mixture of driver and modulator-type responses in
POm (35). However, our population-specific retrograde label-
ing failed to reveal a feedforward circuit from SpV to POm —
S1 cells, and optogenetic SpV activation failed to evoke EPSCs
onto retrolabeled POm — S1 cells. These data call into ques-
tion the routing of the paralemniscal pathway through POm to
S1, but agree with recent findings by El-Boustani et al. (25)
that suggest that SpV input may preferentially innervate POm
— S2 cells. It is not known whether the bottom-up inputs
from SpV converge onto the same POm — S2 cells comprising
the feedforward transthalamic pathway (S1 — POm — S2), or
whether these are two separate populations of POm — S2 cells.

Transthalamic Feedback Pathways Appear Modulatory While
Feedforward Ones Appear to Drive Higher Cortical Areas.
Our data suggest that feedback through thalamus is generally
modulatory while feedforward transthalamic pathways can
strongly drive activity in higher cortical areas. A few implica-
tions of this hypothesis are noteworthy.

First, the marked homogeneity of responses in each cortical
area reported here (e.g., all driver-type responses from POm to
S2 and Pul to HVAs) suggest the possibility that feedback
through thalamus could skip over cortical areas of intermediate
hierarchical position and only modulate primary sensory cortex.
That is, no modulator-type responses were observed in areas S2
or LM, even though both are considered to be hierarchically
secondary and therefore might be expected to receive feedback
from even higher-order cortical areas. It may be true that areas
highest along the cortical hierarchy indirectly exert feedback
control over intermediate areas through transthalamic feedback
modulation of primary cortex. Alternatively, cortical hierarchy
in the mouse may be “shallower” than in other species, such
that no cortical area is in a position to send robust feedback sig-
nals to S2 or HVA LM. Or last, feedback to these areas
through HO thalamus may violate our hypothesis and act as a
driver.

Second, while transthalamic communication from layer 5 of
S1 — POm — M1 had been described previously to drive M1
activity (11), our data verify the existence of a modulatory
transthalamic pathway from layer 5 of M1 — POm — SI.
Because POm projections to M1 appear to be driver to all
layers (11) while POm projections to S1 are modulatory as
described here, these two transthalamic pathways appear to
have distinct functions. If the hypothesis is correct that feedfor-
ward routes through thalamus are drivers while feedback
through thalamus is modulatory, this suggests a sensorimotor
hierarchy in which S1 is lower than M1.
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Last, these data also support the hypothesis that all direct
corticocortical projections are paralleled by transthalamic path-
ways, now with our evidence that this pattern also exists in the
feedback direction. It has been suggested that in corticocortical
communication feedforward projections are more specifically
organized and robust while feedback projections are more dif-
fuse and likely to be modulatory (50). However, limited data
have shown in the mouse that, in direct connections between
V1 and HVAs as well as between Al and A2, a mixture of
driver and modulator inputs exist in both directions (41, 51),
raising the possibility that purely feedforward driver and feed-
back modulator inputs are limited to transthalamic circuitry.

Given their organizational conservation across systems, it is
likely that reciprocal and nonreciprocal connections between
cortex and HO thalamus are critical to the stability of cortical
representations and are integral to the flow of information in
the brain. However, several key questions remain: Why do cor-
tical areas that are directly connected to each other have addi-
tional transthalamic connections through HO thalamus in both
feedforward and feedback directions? Does this parallel pattern
always exist, or are some cortical areas connected by just direct
or transthalamic pathways? How do transthalamic and cortico-
cortical routes of information recombine in target areas? Is such
integration different in the feedforward and feedback direc-
tions? Finally, how general is the pattern that feedforward
transthalamic pathways operate in a driver capacity, and feed-
back, in a modulatory one?

Materials and Methods

Animals. Experiments were approved by the Institutional Animal Care and Use
Committee at the University of Chicago. Transgenic mice expressing cre recombi-
nase in layer 5 of cortex were bred by crossing male Rbp4-cre KL100Gsat/Mmcd
mice (GENSAT RP24-285K21) with female C57BL6J mice. Cre positive offspring
of both sexes were used in experiments, along with wild type C57BL6J
mice (JAX).

Surgeries. Stereotactic injections of viruses and tracers were performed as previ-
ously described (11) using a 0.5 L Hamilton syringe. Surgeries for optogenetics
were performed at p17-25 with coordinates in mm from bregma as follows (AP,
ML, DV):

S1: —0.7, +3.1, =0.5; M1: #.1, +1.2, —0.5; S2: —0.1,
4.0, —=1.0; V1: —4.2, +2.2, —0.5; HVA— LM : —4.0, +3.5,
—0.8; POm: —2.0, +1.25, =3.1; Pul : —1.8, +1.25,

—2.4SpV: —6.5, +1.9, —5.0.
Surgeries for G-Deleted rabies tracing were performed at age 8 wk, with coordi-
nates from bregma as follows:

S1: —0.8, +3.1, —=0.5; V1: —4.2, +2.2, —0.5; POm
: —2.2, +1.25, — 3.2; Pul: —1.9, +1.25, 2.5

Viruses and Tracers. For optogenetics experiments, 50-90 nL of AAV9-
pACAGW-ChR2-Venus (Addgene, 20071-AAV9) was injected to allow photostimu-
lation and visualization of thalamocortical projections, 200 nL were injected for
SpV, and 120-300 nL of AAV9-pAAV-EF1a-DIO-hChR2(H134R)-EYFP-WPRE-
HGHpA (Addgene, 20298-AAV9) was used to allow photostimulation and visu-
alization of layer 5 corticothalamic projections in a cre-dependent fashion,
depending on the injection target. Three weeks were given for expression
before recordings were obtained.

For retrograde labeling of thalamocortical projections to cortex, 150-300 nL
of 10% Fluororuby (Thermo Fisher: D1817) in PBS was injected into appropriate
cortical regions. Fluororuby is known to label cell bodies and sometimes pro-
cesses without altering electrophysiological properties (11).

For G-deleted rabies tracing experiments, a protocol was developed using
minimal viral volumes for sparse labeling, as described below. A total of 200 nL
of either CAV2-CMV-Cre (Montpellier Vectorology, Institut de Génétique
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Moléculaire de Montpellier) or AAVretro-Ef1a-Cre (Salk Institute, 55636) was
injected in cortical areas ST or V1 to deliver cre retrogradely to higher-order thal-
amus. At the same time, 80 nL of a 1:1 mixture of AAV8-CAG-FLEX-TCB (TVA-
mCherry) and AAV8-CAG-FLEX-0G-WPRE-SV40-PA (Optimized G) (Salk Institute,
48332 and 74292, respectively) was injected into the relevant HO thalamic
nucleus, POm, or Pul. After 3 wk allowing for expression, 80 nL EnvA-G-Deleted
Rabies-eGFP (Salk Institute, 32635) was injected also in POm or Pul.

Strategy for G-Deleted-RV Tracing. For this output-defined G-deleted-rabies
tracing strategy (31, 32), there is always a concem that a small percentage of
cells in the “starter” region (here POm and Pul) may express TVA-mCherry and G
in a cre-independent fashion without receiving cre from the relevant projection
region, and thus retrogradely labeling spurious “input” cells merely projecting
to the region. Likewise, there is a possibility for a small percentage of
cre-expressing cells in the projection regions, S1 and V1, to pick up the
cre-dependent TVA-mCherry and pseudotyped RV-GFP in thalamus, allowing for
spurious GFP* labeling in cortex. To avoid this second scenario, all cortical GFP*
input cells were screened for MCherry labeling (they should be GFP™ mCherry-
unless incidental retrograde labeling from thalamus occurred). No mCheny
labeling was observed outside of thalamus in the animals included in analysis.
To minimize the probability of either pitfall affecting results, a protocol was
designed to sparsely label the relevant "starters” and “inputs” with relatively
small viral volumes. This approach allowed careful manual screening of each
labeled cell through a 10x objective, and any data were discarded from animals
with any spuriously double-labeled cells in cortex or starter cells in the neighbor-
ing FO thalamic nuclei outside of the target zone.

Images taken through a 5% objective were overlaid with the Allen Institute
Mouse Brain Atlas for assessment of subcortical and cortical areas. Cortical layers
were determined using these lines, distance from the pia (dorsal surface of
cortex), and other visible landmarks (such as barrels in S1). Negative controls
without Cre were also assessed and found to have small amounts of mCherry
labeling in thalamus, but no cre-independent GFP labeling of inputs (S/
Appendix, Figs. S2 and S3). While this approach limits the quantitative assess-
ment of large numbers of labeled cells, such assessments can be affected by
poorly understood cell-type biases. We find this sparse labeling approach yields
more reliable qualitative data about synaptic inputs to heterogeneously orga-
nized brain areas such as HO thalamus.

Anatomical Tissue Preparation and Microscopy. As described previously
(18), animals were transcardially perfused with phosphate-buffered saline fol-
lowed by 4% paraformaldehyde in phosphate-buffered saline, pH 7.4. The brain
was extracted and postfixed in 4% paraformaldehyde for at least 12 h before
transferring to a cold 30% sucrose solution for >48 h. Brains were then cryosec-
tioned coronally at 40-um thick on a sliding microtome.

Brain sections were mounted on Superfrost Plus (Fisher Scientific) slides and
coverslipped with DPX or Vectashield with DAPI (Vector Laboratories). A micro-
scope with a 100 W mercury lamp with fluorescence optics (Leica Microsystems)
was used to image the sections and photos were taken with a Retiga 2000
monochrome CCD camera and Q Capture Pro software (Qimaging). Leica TX2 fil-
ter cubes (excitation 560 nm, emission 645 nm, dichroic 595 nm) were used to
visualize Fluoro-Ruby and mCherry fluorescence, L5 filter cubes (excitation
480 nm, emission 527 nm, dichroic 505 nm) were used to visualize GFP and
eYPF fluorescence. Q Capture Pro software and FIJI (NIH) were used to overlay
images and adjust brightness and contrast. High-resolution photomicrographs of
input cells were captured with LAS AF Leica software on a Leica SP5 Tandem
Scanner Spectral 2-phtoon confocal microscope.

Electrophysiological Slice Preparation. Animals were anesthetized to be
nonresponsive to toe pinch and transcardially perfused with 4 mL of cold oxy-
genated (95% 0y, 5%CO,) artificial cerebrospinal fluid, which contained the fol-
lowing (in mM): 125 NaCl, 25 NaHCO3, 3 KCI, 1.25 NaH,P0,4, 1 MgCl,, 2 CaCl,,
and 25 glucose. The brain was extracted, blocked in accordance with the desired
slice angle (see below), glue-mounted on a vibratome platform (Leica), and
sliced in cold (1-4 °C), oxygenated slicing solution containing the following (in
mm): 2.5 KCl, 1.25 NaH,P0Oy4, 10 MgS0y, 0.5 CaCl,, 25 NaHCOs, 11 glucose,
and 206 sucrose. Slices were cut at 420-um thickness.

While many recordings could be made in coronal slices, to facilitate the dis-
tant optical stimulation of presynaptic axons, for recordings in cortex, many
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brains were cut at angles preserving some but not all of the complete circuit,
referred to as “pseudo-connected" slices. For somatosensory thalamocortical pro-
jections, brains were cut at 55° from the midline and 10° from the horizontal to
preserve thalamocortical projections (27). For visual thalamocortical projections,
brains were cut at 55° from horizontal as in Maclean et al. (28). In experiments
recording in thalamus, slices were made coronally.

Brain slices were then transferred to 33 °C oxygenated artificial cerebrospinal
fluid that was allowed to return to room temperature thereafter. Recovery in arti-
ficial cerebrospinal fluid occurred in the dark for at least 1 h and all slicing and
patching were performed in minimal light.

Whole-Cell Recordings. Slices containing the relevant regions of thalamus or
cortex were visualized using differential interference contrast with a Axioskop
2FS microscope (Carl Zeiss). Fluorescent ChR2 expression was confirmed using
the 5x air objective with a fluorescein isothiocyanate filter (set 37; Zeiss) and
Fluororuby-labeled cells were identified under 40x magpnification with a rhoda-
mine filter (set 15; Zeiss). Recordings were made with a Multiclamp 700B ampli-
fier and pCLAMP software (Molecular Devices). Recording glass pipettes with 4-6
MQ2 resistance were filled with intracellular solution containing the following (in
mm): 117 K-gluconate, 13 KCI, 1 MgCl,, 0.07 CaCl,, 10 Hepes, 0.1 EGTA, 2
Na,-ATP, 0.4 Na-GTP, pH 7.3, 290 mOsm, and 0.5-1 dinitrostilbene-2,2-disul-
fonic acid (a GABA, antagonist). Pharmacological inactivation of iGluRs was
induced by bath application of 50 M DNQX and 100 xM APS5, while group |
mGluRs were blocked with 40 «M LY367385 and 30 M MPEP. The locations of
each patched cell within cortex was imaged along with its recording pipette and
assigned to a layer by distance from pia and white matter, along with differences
in transmitted brightness under DIC, and relation to other relevant landmarks
(e.g., barrels in S1). Transition areas near laminar borders were avoided. Once
whole-cell recordings were achieved, the excitatory identity of thalamic relay cells
were verified by characteristic responses to current injections (rebound bursts in
response to hyperpolarization). The excitatory identity of cells in cortex was veri-
fied by layer and area-specific responses to positive and negative current injec-
tions which easily distinguish GABAergic interneurons (52), as well as by size
and shape (all excitatory cells were pyramidal with the exception of S1 layer 4),
as described previously (22, 23, 52).

Optogenetic stimulation was delivered using a 355 nm laser (DPSS:
3505-100), controlled with galvanometer mirrors (Cambridge Technology)
focused on the slice through a 5x air objective using custom software in MAT-
LAB (MathWorks). Four pulses of 1-ms duration were delivered at 100 ms inter-
stimulus interval (ISI) during recordings in voltage clamp. Laser intensity at the
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slice was varied by a neutral density filter wheel before in the beam path. Stimu-
lations were attempted at low intensity before slowly increasing until postsynap-
tic responses were observed. At a typically used intensity for near-threshold
activation, the beam produced an 80-um diameter illuminated spot with a
power of 5 mW at the level of the slice using an optical power meter (Thorlabs).
Focal laser stimulation was directed either over the patched cell to activate the
ChR2-expressing presynaptic terminals or at a distance of >300 um away to acti-
vate distant ChR2-expressing axons in accordance with previous work (18).
For high-frequency optogenetic stimulation, 20 pulses of 1-ms duration were
delivered at 12 ms ISI (83 Hz), and responses were recorded in current clamp.
Electrical stimulation of POm — S1 pathway was achieved with a 2 x 1 matrix
tungsten bipolar electrode with 115-um separation (FHC) placed along labeled
thalamocortical fibers in the internal capsule. Four 0.1-ms-long pulses were
delivered at 10 Hz.

Data Analysis and Statistics. Electrophysiological data were collected using
custom MATLAB software and analyzed using RStudio (v1.3.959). The amplitude
of responses to stimulation pulses was measured by subtracting the average
value for 20 ms before the delivery of a pulse (baseline) from the maximum
value of the peak. The PPR was calculated by dividing the amplitude of the sec-
ond pulse by that of the first pulse. Statistical analyses were also conducted in
RStudio. All comparisons between groups are Mann-Whitney U tests, except for
the comparison of the driver/modulator ratio observed in our recordings in 52
and HVAs with the driver/modulator ratio from FO thalamic stimulations
recorded in $1 and A1 from Viaene et al. (23), which used a »? test with Yates
correction. Image analysis was conducted in FUI (NIH), and figures were pro-
duced using Corel Draw (v21).

Data Availability. All study data are included in the article and/or S/ Appendix.
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