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SUMMARY

Reciprocal interactions between the prefrontal cortex (PFC) and thalamus play a critical role in 

cognition, but the underlying circuits remain poorly understood. Here we use optogenetics to 

dissect the specificity and dynamics of cortico-thalamo-cortical networks in the mouse brain. We 

find that cortico-thalamic (CT) neurons in prelimbic PFC project to both mediodorsal (MD) and 

ventromedial (VM) thalamus, where layer 5 and 6 inputs activate thalamo-cortical (TC) neurons 

with distinct temporal profiles. We show that TC neurons in MD and VM in turn make distinct 

connections in PFC, with MD preferentially and strongly activating layer 2/3 cortico-cortical (CC) 

neurons. Finally, we assess local connections from superficial CC to deep CT neurons, which link 

thalamo-cortical and cortico-thalamic networks within the PFC. Together our findings indicate that 

PFC strongly drives neurons in the thalamus, whereas MD and VM indirectly influence 

reciprocally connected neurons in the PFC, providing a mechanistic understanding of these 

circuits.

eTOC BLURB

Collins, Anastasiades et al., (2018) show that prefrontal cortex (PFC) engages multiple thalamic 

nuclei. Dorsal and ventral thalamus in turn target distinct networks within the PFC. Finally, local 

connectivity in the PFC completes a loop connecting thalamic input with cortico-thalamic output.

INTRODUCTION

The prefrontal cortex (PFC) plays a central role in cognition (Euston et al., 2012; Miller and 

Cohen, 2001), and is disrupted in neuropsychiatric disorders (Egan and Weinberger, 1997). 

The rodent PFC communicates directly with several higher-order thalamic nuclei, including 

the mediodorsal (MD) and ventromedial (VM) thalamus (Gabbott et al., 2005; Krettek and 
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Price, 1977), which are also engaged in goal-directed behaviors (Guo et al., 2017; 

Parnaudeau et al., 2013). Recent studies highlight an important role for these long-range 

networks in maintaining reverberant activity within the PFC and other parts of frontal cortex 

(Bolkan et al., 2017; Guo et al., 2017; Schmitt et al., 2017). However, little is known about 

the synaptic organization of the underlying circuits, or the dynamics that support ongoing 

communication between PFC and thalamus.

Inputs to first-order sensory thalamus are often divided into feed-forward “driver” and feed-

back “modulator” pathways (Sherman, 2016). Driver inputs stemming from ascending 

sensory pathways are strong but exhibit short-term depression (Castro-Alamancos, 2002; 

Chen and Regehr, 2003). In contrast, modulator inputs arising from layer 6 (L6) cortico-

thalamic (CT) neurons are weak but show marked facilitation (Alexander et al., 2006; 

Cruikshank et al., 2010; Reichova and Sherman, 2004). Higher-order thalamic nuclei like 

MD and VM lack direct sensory input, and instead may receive driver input from layer 5 

(L5) CT neurons (Li et al., 2003; Sherman, 2016). However, while PFC inputs to thalamus 

play a key role in sustaining persistent activity during behavior (Schmitt et al., 2017), the 

relative influence of L5 and L6 CT neurons remains unexplored.

Thalamic inputs to cortex can also be divided into feed-forward “first-order” and feed-back 

“higher-order” pathways (Sherman, 2016). In sensory cortex, first-order inputs densely 

innervate layer 4 (L4) to drive activity in the local network (Agmon and Connors, 1991; 

LeVay and Gilbert, 1976), whereas higher-order inputs target superficial layer 1 (L1) 

(Castro-Alamancos and Connors, 1997; Jones, 2001). In contrast, the PFC lacks a traditional 

thalamo-recipient layer (Van De Werd et al., 2010), with both MD and VM axons targeting 

superficial layers (Deniau et al., 1994; Groenewegen, 1988). MD inputs to PFC are usually 

thought to activate the local network (Pirot et al., 1994; Uylings et al., 2003), but recent 

work suggests a modulatory role (Schmitt et al., 2017). VM inputs to the PFC are less 

explored, but engage a variety of superficial neurons (Cruikshank et al., 2012).

While thalamic input primarily arrives in superficial layers of cortex, CT output arises from 

deep layers (Harris and Shepherd, 2015). To understand how thalamus and PFC generate 

sustained activity, it is critical to uncover how these inputs and outputs are connected. One 

possibility is that thalamic inputs drive cortico-cortical (CC) neurons, which indirectly relay 

activity to deep layer CT neurons. While this arrangement occurs in other cortices (Crandall 

et al., 2017; Yamawaki and Shepherd, 2015), thalamic input to the PFC may also directly 

contact CT neurons to form a direct reciprocal connection (Kuroda et al., 1993; White and 

Hersch, 1982). Moreover, thalamic inputs can evoke robust feed-forward inhibition in the 

cortex, which could regulate activity of local and long-range networks (Cruikshank et al., 

2007; Gabernet et al., 2005; Isaacson and Scanziani, 2011). Understanding how MD and 

VM inputs influence different cell types in the PFC is needed to determine the properties of 

thalamo-cortical loops important for cognitive processing.

Here we combine anatomical tracing, targeted recordings, and a variety of optogenetic 

techniques to assess both long-range and local circuits that link the PFC and thalamus. We 

first show that individual CT axons can bifurcate to both MD and VM, where L5 and L6 

inputs differentially engage reciprocally-connected thalamo-cortical (TC) neurons. We then 
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determine how MD and VM influence distinct populations of projection neurons across 

multiple layers of PFC. Finally, we show how intra-cortical connections from superficial CC 

to deep CT neurons link thalamo-cortical input with cortico-thalamic output. Together, our 

findings highlight the cell-type and input-specific local and long-range circuits that are 

responsible for linking PFC with multiple higher-order thalamic nuclei.

RESULTS

PFC activates reciprocally connected neurons in MD and VM

To identify the higher-order nuclei that mediate long-range reciprocal connections between 

PFC and thalamus, we co-injected AAV-DIO-ChR2-YFP and red retrobeads into the PFC of 

adult Emx1-Cre mice (Fig. 1A). This approach restricted viral expression to the cortex and 

prevented retrograde infection of the thalamus, which often occurred in wild-type mice with 

pan-neuronal viruses, regardless of the viral serotype (data not shown). PFC axons 

overlapped with retrogradely labeled thalamo-cortical (TC) neurons in both mediodorsal 

(MD) and ventromedial (VM) thalamus (Fig. 1B; n = 6 mice), with similar numbers of 

labeled cells in each nucleus (Fig. S1). Consistent with previous studies (Kuramoto et al., 

2017; Vertes, 2001), PFC axons and TC neurons were predominantly found in the lateral 

aspect of MD along its rostro-caudal extent, with no apparent spatial segregation observed in 

VM (Fig. S1). These results provide an anatomical substrate for reciprocal feed-back loops 

linking the PFC with the thalamus.

To study the properties of cortico-thalamic connections, we combined optogenetics with 

targeted whole-cell recordings from retrogradely labeled TC neurons (Fig. S2). Optogenetic 

stimulation of PFC inputs in the presence of TTX and 4-AP (Little and Carter, 2013; 

Petreanu et al., 2009) evoked robust monosynaptic excitatory postsynaptic currents (EPSCs) 

in both MD (n = 7 cells, 4 mice) and VM (n = 7 cells, 4 mice), which were blocked by the 

AMPA receptor antagonist NBQX (10 μM; n = 3 cells each, 3 mice each) (Fig. S2). In 

sensory thalamus, cortico-thalamic synapses often facilitate (Alexander et al., 2006; 

Cruikshank et al., 2010), which could sustain activity between PFC and thalamus. During 

repetitive stimulation in the absence of TTX and 4-AP, we found that PFC-evoked EPSCs 

were also strongly facilitating, with similar paired-pulse ratio (PPR) in MD and VM (Fig. 

1C & S2; PPR = EPSC5/EPSC1: MD = 3.6 ± 0.4, n = 13 cells, 10 mice; VM = 3.0 ± 0.4, n = 

12 cells, 6 mice; p = 0.13).

We next asked whether PFC inputs are sufficiently strong to drive action potential (AP) 

firing of TC neurons. Current-clamp recordings indicated that cells in MD and VM have 

similar subthreshold and suprathreshold physiology (Fig. S2). PFC inputs evoked bursts of 

APs from resting membrane potential (RMP), but only single APs from −55 mV (Fig. S2; 

MD: n = 7 cells, 4 mice, VM: n = 7 cells, 6 mice), consistent with two distinct modes of 

firing in TC neurons (Llinás and Jahnsen, 1982). To study facilitating PFC inputs, we 

delivered trains of 10 Hz stimulation at an intensity that was initially subthreshold. At RMP, 

TC neurons fired bursts of APs on the second or third pulse and were subsequently silent 

(Fig. 1D & S2; MD: n = 7 cells, 4 mice, VM: n = 7 cells, 5 mice). At −55 mV, firing 

progressively increased across the train, reliably following input without decrement (Fig. 1E 

& S2), with faster latency to the first AP (Fig. S2). These findings indicate that PFC inputs 
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evoke AP firing at both MD and VM TC neurons via direct, monosynaptic connections. 

They also highlight how the resting state of TC neurons dynamically regulates synaptic 

responses and evoked firing.

L5 and L6 CT neurons send diverging projections to thalamus

PFC input to MD and VM displayed remarkably similar synaptic properties, suggesting they 

may originate from a single population of dual-projecting pyramidal neurons. To test this 

hypothesis, we next co-injected red and green cholera toxin subunit B (CTB) into the 

ipsilateral MD and VM (Fig. 2A; n = 3 mice). After allowing for retrograde transport, we 

observed MD-projecting cortico-thalamic (CT) neurons in the PFC, and VM-projecting CT 

neurons in both PFC and adjacent motor cortex (Fig. S3). Most PFC CT neurons were 

located in layer (L6), with a second, smaller population also present in layer 5 (L5) (Fig. 2B; 

L5 = 26 ± 0.1%, L6 = 74 ± 0.1%). Interestingly, CT neurons in both layers were often co-

labeled (dual-labeled cells; L5 = 36 ± 10%, L6 = 42 ± 5%), indicating that individual 

pyramidal neurons can make diverging projections to MD and VM (Fig. 2C & S3).

To further confirm that CT neurons can project to both nuclei, we injected canine adenovirus 

expressing Cre recombinase (CAV2-Cre) into either MD (n = 3 mice) or VM (n = 3 mice) 

(Fig. 2D). After allowing for retrograde transfection, we injected Cre-dependent AAV-DIO-

YFP into the ipsilateral PFC to label CT neurons, along with red retrobeads to label PFC-

projecting TC neurons. We observed dense axon labeling in both MD and VM, confirming 

that CT neurons can project to both thalamic nuclei (Fig. 2E). Dual labeling of thalamic 

nuclei was also observed using AAVretro-Cre instead of CAV2-Cre (Tervo et al., 2016), 

although in this case CT neurons were restricted to L5, with minimal labeling in L6 (Fig. S3; 

n = 6 mice). To confirm that injections did not leak across nuclei, we co-injected CTB to 

visualize the injection site (Fig. S3). As a second line of evidence we performed the 

AAVretro-Cre experiments in Ai14 reporter mice, with pronounced retrogradely labeled 

neurons in motor cortex following injection in VM but not MD (Fig. S3; n = 6 mice). 

Retrogradely labeled CT axons were also observed projecting via the pyramidal tract to 

other midbrain and pontine structures, but not to contralateral PFC or basolateral amygdala 

(Fig. 2F). These findings demonstrate that both L5 and L6 CT neurons can send diverging 

axonal projections to both MD and VM.

L5 CT inputs depress and activate TC neurons only temporarily

The presence of CT neurons in multiple layers of PFC is consistent with two distinct output 

streams to the thalamus, with L5 CT neurons providing feed-forward “driver” inputs that 

could strongly activate TC neurons (Sherman, 2016). To isolate L5 CT inputs, we took 

advantage of the fact that they overlap with pyramidal tract (PT) neurons, whereas L6 CT 

neurons do not (Harris and Shepherd, 2015). To confirm the suitability of this strategy, we 

injected AAVretro-Cre into the pons, followed by Cre-dependent AAV-DIO-ChR2-YFP into 

the ipsilateral PFC to label PT neurons, along with red CTB into the ipsilateral MD to label 

CT neurons (Fig. 3A; n = 3 mice). We observed strong overlap of PT and CT neurons in 

superficial L5, which was absent from L6 (Fig. 3B; CT overlap: superficial L5 = 80 ± 3%, 

deep L5 = 8 ± 1%, L6 = 0.6 ± 0.8%). We next used this approach to study connectivity and 

dynamics of L5 CT inputs onto TC neurons in both MD and VM. In contrast to our findings 
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for the total PFC input to thalamus, we found that during repetitive stimulation, L5 CT-

evoked EPSCs strongly depressed at both nuclei, with PPR decreasing during trains (Fig. 3C 

& S3; PPR = EPSC5/EPSC1: MD = 0.3 ± 0.2; VM = 0.5 ± 0.2; p = 0.24; n = 6 cells each, 3 

mice). In current-clamp recordings, L5 CT inputs evoked either an initial burst at RMP, or a 

single AP at −55 mV, with firing restricted to the start of trains and unable to follow 

sustained activity (Fig. 3D,E & S3; MD: n = 4 cells, 4 mice VM: n = 4 cells, 4 mice). These 

findings indicate parallel PFC outputs to MD and VM, with L5 CT depressing and L6 CT 

facilitating.

MD and VM inputs preferentially target L5 over L6 CT neurons

Our findings indicate that PFC can strongly activate reciprocally connected TC neurons 

located in both MD and VM. We next examined if equivalent connectivity exists in the 

reverse direction, with thalamic inputs targeting CT neurons in PFC. To identify thalamic 

inputs, we injected AAV-SynaptoTag into the ipsilateral MD or VM, which labels axons red 

and synapses green (Xu and Südhof, 2013). Consistent with established anatomy (Krettek 

and Price, 1977), we found MD axons were densest in deep L1 and L3, whereas VM axons 

were concentrated in more superficial L1 (Fig. 4A; n = 3 mice each). However, both MD and 

VM axons and synapses were also present in deep layers, suggesting they may contact a 

variety of cell types distributed across multiple layers the PFC (Fig. 4B).

To study thalamo-cortical circuitry, we co-injected AAV-ChR2 into one thalamic nucleus, 

and retrobeads into both nuclei. After allowing for expression and transport, we performed 

targeted recordings from retrogradely labeled L5 (450–550 μm from pial surface) and L6 

(650–850 μm from pial surface) CT neurons (Fig. 4C). We found L5 CT neurons have larger 

dendrites than L6 neurons and distinct physiology (Fig. 4C & S4), but observed no 

differences between MD-, VM- and dual-projecting cells (Fig. S4). To study monosynaptic 

responses and prevent recurrent activity, we recorded synaptic responses from pairs of L5 

and L6 CT neurons in the presence of TTX and 4-AP. Thalamus-evoked EPSCs were larger 

at L5 CT neurons, for both MD (Fig. 4D; L5 vs. L6 = 143 ± 22 pA vs. 24 ± 6 pA, p < 

0.0001, n = 17 pairs, 11 mice) and VM (Fig. 4E; L5 vs. L6 = 126 ± 12 pA vs. 26 ± 11 pA, p 

< 0.0001, n = 18 pairs, 11 mice). We quantified this bias as the EPSC amplitude ratio for 

each pair (L6/L5 amplitude ratio), observing similar ratios for both inputs (Fig. 4F & S5; 

MD = 0.09, CI: 0.04 – 0.23, p = 0.003; VM = 0.04, CI: 0.01 – 0.13, p < 0.0001). These 

results determine that both MD and VM make monosynaptic connections onto L5 CT 

neurons in the PFC, but largely avoid L6 CT neurons, which constitute the main population 

that provides cortical output to thalamus.

MD inputs are strongly biased onto L5 CC over L5 CT neurons

While thalamic inputs contact CT neurons, their primary target could be another population 

of pyramidal neurons. The PFC also contains cortico-cortical (CC) neurons that project to 

contralateral PFC and are distributed over multiple layers (Anastasiades et al., 2018a; 

Dembrow et al., 2010). Recordings from retrogradely labeled CC and CT neurons in L5 

confirmed that the physiological properties of these cells are distinct (Fig. S4 & S6). 

Furthermore, morphological reconstructions from two-photon images indicated that L5 CC 

neurons have more compact apical dendrites, which could limit their ability to sample 
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superficial thalamic inputs (Fig. 5A). To compare thalamic inputs at L5 CC and CT neurons, 

we recorded optogenetically evoked responses at neighboring pairs of retrogradely labeled 

cells in the presence of TTX and 4-AP. Surprisingly, we found that MD-evoked EPSCs were 

much stronger at L5 CC neurons (Fig. 5B; CC = 310 ± 51 pA, CT = 106 ± 24 pA, p < 

0.0001, n = 10 pairs, 6 mice). In contrast, VM-evoked EPSCs showed no such bias (Fig. 5C; 

CC = 177 ± 33 pA, CT = 197 ± 34 pA, p = 0.6, n = 12 pairs, 6 mice). These differences were 

again highlighted in the CC/CT amplitude ratio, which was 2.92 (CI: 1.84 – 4.62, p = 0.002) 

for MD and 0.94 (CI: 0.45 – 1.95, p = 0.62) for VM (Fig. 5D). These findings indicate that 

MD input is biased onto CC neurons over CT neurons in L5, whereas VM input is 

equivalent at both populations, suggesting different functions for these inputs.

In addition to differences in EPSC amplitude at the two L5 cell types, we noted that EPSC 

decays were significantly slower at L5 CT neurons (Fig. 5D & S5). One explanation for 

these prolonged kinetics is targeting to more distal dendrites at these cells (Marlin and 

Carter, 2014; Spruston et al., 1994). To study subcellular targeting, we activated thalamic 

inputs at discrete locations across the dendritic arbor (Fig. 5E) (Anastasiades et al., 2018a; 

Petreanu et al., 2009). In L5 CC neurons, we found that both MD and VM inputs peaked at 

the soma and became progressively smaller in the dendrites. In contrast, in L5 CT neurons, 

both inputs peaked at the apical dendrites, indicating that they selectively target this domain. 

These differences in targeting were highlighted by comparing the normalized distributions of 

EPSCs across the somato-dendritic axis (Fig. 5F; MD: p = 0.0003, n = 8 CC neurons, 7 CT 

neurons, 11 mice; VM: p = 0.0001, n = 7 CC neurons, 8 CT neurons, 6 mice). These 

findings highlight how MD and VM inputs primarily target the soma and proximal dendrites 

of L5 CC neurons, but the distal apical dendrites of L5 CT neurons.

MD inputs preferentially activate L2/3 over L5 CC neurons

CC neurons are also found in superficial layers, which receive prominent input from both 

MD and VM (Cruikshank et al., 2012; Little and Carter, 2012). We next assessed any cross-

laminar bias of MD and VM inputs by recording at pairs of retrogradely labeled L2/3 (200–

350 μm from pial surface) and L5 CC neurons from the same slice in the presence of TTX 

and 4-AP (Fig. 6A). We found that MD-evoked EPSCs were much larger at L2/3 CC 

neurons, indicating that they target superficial layers (Fig. 6B; L2/3 = 467 ± 91 pA, L5 = 

153 ± 30 pA, p = 0.0006, n = 11 pairs, 5 mice). In contrast, VM-evoked EPSCs were similar 

at L2/3 and L5 CC neurons, showing no strong bias between these cell types (Fig. 6C; L2/3 

= 146 ± 33 pA, L5 = 115 ± 20 pA, p = 0.7, n = 10 pairs, 5 mice). The presence and absence 

of layer-specific targeting was reflected in the L2/3 to L5 amplitude ratios, which were 

biased for MD (2.95, CI: 1.48 – 5.88, p = 0.01), but close to unity for VM (1.09, CI: 0.75 – 

1.58, p = 0.56) (Fig. 6D). Interestingly, comparing EPSC amplitudes at L2/3 CC neurons 

indicated that the strength of MD input was much greater than for VM (Fig. 6B & C). 

Plotting EPSC amplitude against LED intensity ruled out an effect of stimulation strength, 

suggesting that MD, but not VM, may provide strong driver input to PFC (Fig. 6D). Finally, 

thalamic inputs may also target L6 CC neurons (Crandall et al., 2017), but we found that 

neither MD nor VM inputs evoked sizeable EPSCs at L6 CC neurons when using 

stimulation parameters that evoked responses in superficial layers (Fig. S5). These findings 
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show that thalamic inputs are prominent in superficial layers, with MD inputs strongest at 

L2/3 CC neurons.

We next asked whether thalamic inputs drive AP firing in PFC, or perhaps have a more 

modulatory influence on local activity (Schmitt et al., 2017). In current-clamp, we found that 

MD inputs robustly drive AP firing of L2/3 CC neurons but yielded only subthreshold 

EPSPs at L5 CC neurons (Fig. 6E & F; p < 0.0001, n = 7 pairs, 3 mice). In contrast, VM 

inputs were unable to drive either L2/3 or L5 CC neurons, instead evoking subthreshold 

EPSPs followed by a brief hyperpolarization, possibly reflecting feed-forward inhibition 

(Fig. 6E, n = 8 pairs, 3 mice). The absence of VM-evoked AP firing again occurred despite 

the higher light intensities used in these recordings (Fig. 6F). The ability of MD inputs to 

evoke elevated EPSC amplitudes and AP firing across separate experiments and despite 

lower light intensities argues against a systematic experimental bias in ChR2 expression. 

These findings support a role for MD in driving L2/3 CC neurons, with VM providing 

broader, more modulatory influence across a variety of cell types and cortical layers.

MD and VM inputs show distinct short-term dynamics in the PFC

Differences in evoked firing between MD and VM could be explained by relative strength of 

direct excitation (E) or feed-forward inhibition (I). To examine differences in E/I balance at 

L2/3 CC neurons, we recorded EPSCs at −70 mV and IPSCs at the excitation reversal 

potential (Erev). We found that both MD and VM evoked EPSCs and IPSCs (Fig. 7A), with 

comparable E/I ratios for inputs from the two nuclei (Fig. 7B; MD = 0.72, CI: 0.57–0.89, n = 

11 cells, 5 mice; VM = 0.51, CI: 0.31–0.85, n = 10 cells, 4 mice; p = 0.13). However, we 

consistently observed larger EPSCs and IPSCs in response to MD stimulation (Fig. 7B), 

indicating that differences in evoked inhibition are unlikely to explain distinct firing 

responses.

Having established that both MD and VM inputs trigger excitation and inhibition at L2/3 CC 

neurons, we next examined responses to repetitive activity. In sensory cortex, first-order 

thalamic inputs often exhibit pronounced depression (Beierlein and Connors, 2002; Stratford 

et al., 1996), whereas higher-order thalamic input in some cases facilitate (Castro-

Alamancos and Connors, 1997; Cruikshank et al., 2012). We found that MD-evoked EPSCs 

depressed during 10 Hz stimulation trains, with progressively decreasing PPR (Fig. 7C,D & 

S7; PPR = EPSC5/EPSC1 = 0.70 ± 0.05; n = 11 cells, 5 mice). In contrast, VM-evoked 

EPSCs initially facilitated, and remained elevated during trains (Fig. 7C,D & S7; PPR = 

EPSC5/EPSC1 = 0.92 ± 0.06; n = 11 cells, 4 mice). These results indicate different short-

term dynamics of these connections, reminiscent of first- and higher-order inputs to sensory 

cortex.

In contrast to excitation, we found that both MD- and VM-evoked IPSCs strongly depressed 

during repetitive activity (Fig. 7C & D; PPR = IPSC5/IPSC1 = MD: 0.13 ± 0.04; VM: 0.21 

± 0.03; p = 0.77). This depressing inhibition suggested a growing E/I imbalance that could 

enable sustained cortical activation (Isaacson and Scanziani, 2011). However, in current-

clamp recordings we found that MD inputs readily evoked AP firing at the start of 

stimulation trains, but ultimately became subthreshold (Fig. 7E & F; n = 7 cells, 3 mice). In 

contrast, VM inputs failed to evoke AP firing at any point during trains, eliciting only 
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subthreshold EPSPs (Fig. 7E & F; n = 6 cells, 3 mice). These results indicate that MD and 

VM inputs exhibit distinct short-term plasticity and have different influences on the PFC.

L2/3 CC neurons contact L5 CT neurons in the local circuit

While thalamo-cortical inputs preferentially activate L2/3 CC neurons, cortico-thalamic 

outputs arise from CT neurons in deep layers of PFC. We next asked whether CC neurons 

can target L5 or L6 CT neurons to complete the feed-back loop that is important for 

reverberant activity (Bolkan et al., 2017; Guo et al., 2017; Schmitt et al., 2017). We injected 

AAVretro-Cre and CTB into the contralateral PFC, along with retrobeads into the ipsilateral 

MD, and Cre-dependent AAV-dflox-ChR2 in the ipsilateral PFC (Fig. 8A). To study local 

connectivity, we then recorded optogenetically-evoked EPSCs from triplets of L5 CT, L6 CT 

and ChR2-negative L5 CC neurons in the presence of TTX and 4-AP. We found that CC-

evoked EPSCs were strongest onto L5 CT neurons, with smaller responses at neighboring 

L5 CC neurons, and negligible responses at L6 CT neurons (Fig. 8B & C; n = 7 triplets, 3 

mice), indicating that the local network contacts cortico-thalamic output pathways.

While these results show that CC neurons contact CT neurons, they do not reveal in which 

layer presynaptic CC neurons are located. To study local connectivity, we used Cre-

dependent, soma-targeted optogenetics, in which a mutated version of the fast opsin Chronos 

is tagged with the C-terminal domain of Kv2.1 (st-ChroME) (Baker et al., 2016; Klapoetke 

et al., 2014; Mardinly et al., in press), restricting expression to the soma and proximal 

dendrites (Fig. 8D). This approach eliminates light-evoked responses at the axon and distal 

dendrites, allowing us to directly correlate the site of light stimulation with the somatic 

location of presynaptic neurons. To confirm restricted activation, we first recorded from st-

ChroME+ L2/3 and L5 CC neurons while stimulating at multiple locations along the X and 

Y axes (Fig. 8E & S8), showing a lateral resolution of 50 μm, with APs restricted to L2/3 or 

L5 (Fig. 8F & S8). We then used this approach to produce layer-specific input maps, 

assessing connections from st-ChroME+ L2/3 and L5 CC neurons onto L5 CT neurons (Fig. 

8G). Light-evoked CC-EPSCs were time-locked and reliable across trials (Fig. 8H & S8), 

due to the rapid spike latency achieved by st-ChroME activation (Fig. S8; L2/3 vs. L5: 2.3 

± 0.05 ms vs. 2.2 ± 0.13 ms; p = 0.22; n = 6 pairs, 3 mice). We found that CC-EPSCs could 

be readily evoked when illuminating over L2/3 and L5 (Fig. 8H & S8), and after correcting 

for differences in presynaptic firing (Fig. S8; Bureau et al., 2004), we observed prominent 

CC input from both layers (Fig. 8I; L2/3 = 43 ± 4%, L5 = 36 ± 4%; n = 16 CT cells, 4 mice). 

Together, these findings indicate that the L2/3 CC neurons activated by thalamic inputs can 

in turn contact L5 CT neurons that project to thalamus, closing the loop between these two 

brain regions.

DISCUSSION

Our findings define the cellular and synaptic properties of reciprocal circuits between the 

PFC and thalamus. Cortico-thalamic pathways are mediated by L5 and L6 CT neurons, 

which send branching projections to MD and VM, and differentially drive AP firing of TC 

neurons. Thalamo-cortical pathways are similarly divided into two projections, with MD 

strongly activating L2/3 CC neurons in PFC, and VM influencing multiple layers. Their 
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distinct targeting, combined with different dynamics during ongoing activity, indicate these 

pathways have unique functions. Finally, although thalamo-cortical inputs do not directly 

activate CT neurons, preferential local connectivity from L2/3 CC to L5 CT neurons 

functions as an intermediary between thalamo-cortical and cortico-thalamic networks.

Our findings illustrate how two populations of CT neurons in PFC communicate with TC 

neurons in two distinct higher-order thalamic nuclei. Cortical inputs to the thalamus are 

often functionally segregated based on their layer of origin (Bickford, 2015). L5 CT inputs 

are “drivers” that have high release probability and reliably drive AP firing of TC neurons 

(Sherman, 2016). Consistent with this idea, L5 CT inputs from PFC to MD and VM evoke 

firing at the start of stimulus trains via depressing synapses. In contrast, L6 CT inputs are 

“modulators” that have low initial release probability and weaker effects on firing (Sherman 

and Guillery, 1998). However, because these cells are more numerous, they may also have 

robust influence on TC neurons, particularly during repetitive activity. In agreement with 

this idea, the overall PFC input to MD and VM evokes robust firing via strongly facilitating 

synapses. These results suggest L6 CT neurons may play an underappreciated role in 

helping to sustain persistent activity of higher-order thalamus during behavior.

Several of our experiments indicate that individual CT neurons send diverging projections to 

both MD and VM. These branching PFC outputs may synchronize AP firing of TC neurons 

across multiple thalamic nuclei. However, it is important to remember that cortico-thalamic 

excitation does not exist in isolation, as L6 CT inputs also innervate the thalamic reticular 

nucleus (TRN) to evoke feed-forward inhibition in thalamic relay nuclei (Cruikshank et al., 

2010; Olsen et al., 2012). Interactions between PFC and TRN are proposed to play an 

important role in shaping thalamic activity during attentional tasks (Halassa and Acsady, 

2016; Wimmer et al., 2015). Ultimately, dynamic shifts in cortically-evoked excitation and 

feed-forward inhibition will influence how PFC activates TC neurons (Crandall et al., 2015), 

and thus gates its own thalamic input via these reciprocal circuits.

Higher-order thalamic nuclei are often envisioned to relay information between cortical 

regions (Sherman, 2016; Theyel et al., 2010). While recent studies have focused on direct 

thalamo-cortical loops (Bolkan et al., 2017; Guo et al., 2017; Schmitt et al., 2017), or direct 

cortico-cortical pathways (Guo et al., 2014; Mao et al., 2011; Suter and Shepherd, 2015; 

Zagha et al., 2013), indirect cortico-thalamo-cortical relays may also be important 

(Saalmann, 2014; Saalmann et al., 2012). PFC provides input across the rostral-caudal and 

ventral-medial axes of VM, with similar distributions observed after injections in motor 

cortex (Guo et al., 2017), suggesting that a reciprocal di-synaptic pathway may functionally 

link these regions. In the future, it will be interesting to determine the relative importance of 

PFC signaling via thalamo-cortical, cortico-cortical and cortico-thalamo-cortical loops.

Our results also show how MD and VM differentially contact and influence a range of 

projection neurons in the PFC. Thalamic inputs to sensory cortices are segregated 

anatomically, with first-order thalamic inputs enriched in L4 (Douglas and Martin, 2004) 

and higher-order thalamic inputs enriched in L1 (Castro-Alamancos and Connors, 1997). 

These inputs also play distinct roles, with the former relaying sensory information, and the 

latter mixed sensory-motor feed-back (Roth et al., 2016; Sherman, 2016). The function of 
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thalamic input to PFC and other frontal cortices is less clear, particularly as rodent PFC 

lacks the traditional thalamo-recipient L4 (Van De Werd et al., 2010), with MD inputs 

arborizing in deep L1 and L3, and VM inputs primarily enriched in superficial L1. We 

observe that MD inputs drive AP firing in L2/3 CC neurons in PFC, similar to first-order 

inputs to L4 of sensory cortex. However, these inputs depress, perhaps suggesting a more 

supportive role during sustained activity in vivo (Schmitt et al., 2017). In contrast, VM 

provides subthreshold excitation across many layers with facilitating synapses, reminiscent 

of higher-order inputs to sensory cortex. Thus, despite major differences in anatomy, both 

sensory and frontal cortices receive two distinct classes of thalamic input, with one directly 

engaging the local network, and the other providing modulatory input.

Despite these similarities, there are notable differences between frontal and sensory cortices, 

which may lead to differences in cortico-thalamic processing. In sensory cortex, ascending 

pathways relay information to L4, where it undergoes local processing before being passed 

on to superficial layers (Douglas and Martin, 2004; Thomson and Bannister, 2003). In 

contrast, callosal input from the contralateral hemisphere primarily targets neurons in L2/3 

and L5, leading to an initial segregation of thalamic and cortical input (Petreanu et al., 2007; 

Wise and Jones, 1976). In PFC, both MD and callosal input converge on L2/3 neurons, 

which also receive input from amygdala and hippocampus (Carter and Little, 2012). 

Reverberant activity in L2/3 is thought to be essential for delay period activity, suggesting 

that this convergence may play an important role in sustaining PFC activity (Kritzer and 

Goldman-Rakic, 1995; Schmitt et al., 2017; Wang et al., 2007; Wang, 2001). In sensory 

cortex, thalamic inputs can also target neurons in deep layers, with prominent bands of 

axons in L5 and L6 (Constantinople and Bruno, 2013; Crandall et al., 2017; Gilbert and 

Wiesel, 1983). In contrast, thalamic axons in deeper layers of PFC are sparse, which may 

explain the relatively weak thalamic input to L6 neurons.

Both MD and VM display pronounced axon labelling in L1, which allows them to target the 

apical dendrites of L5 neurons. Dendritic targeting appears specific to L5 CT neurons, and 

may contribute to neuronal computation in these cells (Spruston, 2008; Takahashi et al., 

2016). For example, MD and VM inputs may trigger dendritic Ca2+ spikes or shape back-

propagating action potentials, despite relatively weak somatic responses (Schiller et al., 

1997; Stuart and Häusser, 2001). Interestingly, such dendritic targeting is not observed for 

other inputs to L5 CT neurons (Anastasiades et al., 2018a). Distal targeting of thalamic input 

may allow for monosynaptic thalamo-cortical feed-back, while simultaneously avoiding 

deleterious strong loops between cortex and thalamus (Crick and Koch, 1998). Indeed, 

avoiding such connectivity appears to be a consistent feature of the cortex, as somatic 

recordings from other regions also observe thalamic bias onto CC neurons over neighboring 

CT neurons (Crandall et al., 2017; Yamawaki and Shepherd, 2015).

Our experiments also provide a synaptic link between thalamic activation of L2/3 CC 

neurons and PFC output by L5 CT neurons. Recent in vivo studies highlight an important 

role for callosal connectivity in maintaining activity in frontal cortex (Li et al., 2016). 

However, it is also clear that reverberant cortico-thalamic activity can be sustained in the 

absence of callosal input (Li et al., 2016). Ipsilateral connections between pyramidal neurons 

may link the site of thalamic input in superficial layers to cortical output in deep layers. 
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However, local circuitry in PFC has been less explored than in other parts of cortex, where 

CC neurons are known to contact cortico-fugal neurons (Anderson et al., 2010; Brown and 

Hestrin, 2009; Morishima and Kawaguchi, 2006). Soma-targeted optogenetics allowed us to 

demonstrate strong connections from L2/3 and L5 CC neurons onto L5 CT neurons. This 

arrangement closes an ipsilateral cortico-thalamo-cortical loop, with connections onto L5 

CT neurons helping to ensure ongoing driver-like input to thalamus.

In addition to activating excitatory networks, thalamic inputs to PFC evoke pronounced 

feed-forward inhibition. As observed in sensory cortices, both MD- and VM-evoked 

inhibition rapidly depressed during sustained synaptic activity (Cruikshank et al., 2007; 

Cruikshank et al., 2010; Gabernet et al., 2005). Within PFC, MD-evoked inhibition is 

primarily mediated via parvalbumin-positive interneurons (Delevich et al., 2015), whereas 

VM inputs can activate a diversity of interneurons in L1 (Cruikshank et al., 2012), including 

those mediating disinhibition (Lee et al., 2013; Letzkus et al., 2011). Therefore, although 

VM does not appear to be a strong driver of PFC, it may regulate E/I balance, which plays a 

key functional role in the cortex (Fu et al., 2014; Letzkus et al., 2015), including within PFC 

(Kamigaki and Dan, 2017; Pi et al., 2013; Wang et al., 2004). Interestingly, deficits in E/I 

balance within PFC have also been implicated in many neuropsychiatric disorders (Marin, 

2012; Yizhar et al., 2011). Our findings suggest perturbing the local circuit, via too much or 

too little inhibition, may also disrupt long-range circuits linking PFC and thalamus. Because 

PFC contacts multiple thalamic nuclei, this will not only impact local activity in PFC, but 

also cause deficits in downstream cortical regions.

Together, our findings provide mechanistic insights into the organization and dynamics of 

cortico-thalamic circuits linked to behavior and psychiatric disorders. In the future, it will be 

important to test the roles of these distinct cell types and connections in both in vivo 
physiology and behavior. In the thalamus, persistent activity during cognitive tasks (Schmitt 

et al., 2017) could reflect either sparse activation of depressing L5 CT inputs (Groh et al., 

2008) or sustained activation of facilitating L6 CT inputs. The diverging projections of L5 

and L6 CT neurons predict PFC will drive synchronous activity in MD and VM (Saalmann 

et al., 2012). In the PFC, MD inputs will preferentially influence L2/3 CC neurons, whose 

projections across hemispheres may contribute to stabilizing cortical activity during the 

delay period (Li et al., 2016). In contrast, VM inputs will broadly influence neurons across 

multiple layers, and may also relay feed-back from motor cortex (Guo et al., 2017). 

Although our findings indicate MD inputs strongly drive the PFC, subthreshold responses 

could also combine with other inputs to sustain activity PFC during behavioral tasks 

(Schmitt et al., 2017). Finally, the connections from L2/3 CC to L5 CT neurons complete an 

indirect thalamo-cortico-thalamic loop, which may contribute to persistent cortical activity 

across time (Bolkan et al., 2017; Guo et al., 2017; Schmitt et al., 2017).

STAR METHODS

Contact for Reagent and Resource Sharing

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Adam Carter (adam.carter@nyu.edu)
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Experimental Model and subject details

Acute slices were prepared from healthy, immune-competent P42-P70 (mean ± STDEV = 

56.6 ± 6.6) wild-type mice, Ai14 reporter mice (Madisen et al., 2010), and Emx1-Cre mice 

(Gorski et al., 2002), all bred on a C57 BL/6J background (n = 235 mice total). No animals 

had been involved in previous procedures. Animals were group-housed with same-sex 

littermates in a dedicated animal care facility and were on a 12-h light/dark cycle at 18–

23°C. Food and water were available ad libitum. All physiology and anatomy experiments 

used male and female mice, and no significant differences were found between groups. All 

procedures followed guidelines approved by the New York University animal welfare 

committee.

Method Details

All experiments were replicated in at least 3 animals. No formal method for randomization 

was used and experimenters were not blind to experimental groups. No pre-test analyses 

were used to estimate sample sizes. No data were excluded from final analyses.

Stereotaxic injections—P28-P42 mice were anesthetized with a mixture of ketamine and 

xylazine and head fixed in a stereotax (Kopf Instruments). A small craniotomy was made 

over the injection site, through which retrograde tracers and viruses were injected. Injection 

site coordinates were relative to bregma (mediolateral, dorsoventral, and rostrocaudal axes: 

PFC = ±0.35, −2.1, +2.2 mm; anterior MD thalamus = −0.4, −3.5, −0.4 mm; anterior VM 

thalamus = −2.9, −3.4, −0.4 mm, at an angle of 30° from upright), pons = +0.5, −4.7, −4.0 

mm. Borosilicate pipettes with 5–10 μm tip diameters were backfilled and 100–500 nl was 

pressure-injected using a Nanoject II (Drummond) with 30–45 second inter-injection 

intervals. For retrograde labeling, pipettes were filled with undiluted red or green retrobeads 

(Lumafluor) or cholera toxin subunit B (CTB) conjugated to Alexa 488 or 647 (Thermo 

Fisher). AAV-DJ-hSyn-mCherry-IRES-eGFP-syb2 (SynaptoTag; Stanford) was used for 

non-conditional axon labeling. Optogenetic stimulation was achieved using AAV1-hSyn-

hChR2-eYFP, AAV1-EF1a-DIO-hChR2-eYFP, AAV1-EF1a-dflox-hChR2-mCherry (UPenn 

Vector Core), or AAV expressing soma-tagged ChroME (st-ChroME), which is a variant of 

Chronos with a M140E point mutation (Mardinly et al., in press) (AAV9-CAG-DIO-

ChronosM140E-ST-p2A-H2B-mRuby, provided by Hillel Adesnik). In some experiments, 

simultaneous virus and retrobead injections were mixed in a 2:1 virus:bead ratio. Following 

injections, the pipette was left in place for an additional 10 min before being slowly 

withdrawn. Retrograde-Cre experiments were carried out in a similar manner, with injection 

of either CAV2-Cre (Montpellier) or AAVretro-Cre (pAAV-EF1a-mCherry-IRES-Cre, 

Addgene), in either wild-type or Ai14 reporter mice. After all injections, animals were 

returned to their home cages for 2–4 weeks before being used for experiments.

Slice preparation—Mice were anesthetized with an intraperitoneal injection of a lethal 

dose of ketamine/xylazine and perfused intracardially with an ice-cold cutting solution 

containing the following (in mM): 65 sucrose, 76 NaCl, 25 NaHCO3, 1.4 NaH2PO4, 25 

glucose, 2.5 KCl, 7 MgCl2, 0.4 Na-ascorbate, and 2 Na-pyruvate (bubbled with 95% O2/5% 

CO2). 300 μm coronal sections were cut in this solution and transferred to ACSF containing 

the following (in mM): 120 NaCl, 25 NaHCO3, 1.4 NaH2PO4, 21 glucose, 2.5 KCl, 2 CaCl2, 
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1 MgCl2, 0.4 Na-ascorbate, and 2 Na-pyruvate (bubbled with 95% O2/5% CO2). Slices were 

recovered for 30 min at 35°C and stored for at least 30 min at 24°C. All experiments were 

conducted at 30–32°C.

Electrophysiology—Targeted whole-cell recordings were made from projection neurons 

in PFC and thalamus using infrared-differential interference contrast. In the PFC, layers 

were defined by distance from the pial surface: L2/3: 200–350 μm; L5: 400–550 μm; L6: 

650–850 μm. CC and CT neurons were identified by the presence of retrobeads or CTB. To 

eliminate biases, the color of beads or CTB used to label MD- and VM-projecting neurons 

was alternated across experiments. For clarity, figures show MD-projecting CT neurons 

were labeled green and VM-projecting CT neurons labeled red. For recordings from st-

ChroME-infected CC neurons, cells in L2/3 or L5 were identified by mRuby expression. In 

the thalamus, MD and VM were defined visually, and TC neurons identified by the presence 

of retrobeads or CTB.

For voltage-clamp experiments, borosilicate pipettes (3–5 MΩ) were filled with the 

following (in mM): 135 Cs-gluconate, 10 HEPES, 10 Na-phosphocreatine, 4 Mg2-ATP, 0.4 

NaGTP, 10 TEA, 2 QX-314, and 10 EGTA, pH 7.3 with CsOH (290–295 mOsm). For 

current-clamp recordings, borosilicate pipettes (3–5 MΩ) were filled with the following (in 

mM): 135 K-gluconate, 7 KCl, 10 HEPES, 10 Na-phosphocreatine, 4 Mg2-ATP, 0.4 NaGTP, 

and 0.5 EGTA, pH 7.3 with KOH (290–295 mOsm). In some cases, 30 μM Alexa Fluor-594 

or -488 (Thermo Fisher) were added to visualize morphology with two-photon microscopy. 

In all experiments, 10 μM CPP was used to block NMDA receptors. In all voltage-clamp 

experiments, 1 μM ZD-7288 was included to block HCN channels. In some voltage-clamp 

experiments, 1 μM TTX was included to block action potentials (APs), along with 0.1 mM 

4-AP and 4 mM external Ca2+ to restore presynaptic glutamate release. In some 

experiments, 10 μM NBQX was used to block AMPA receptors, and 10 μM gabazine was 

used to block GABAA receptors. All chemicals were from Sigma or Tocris Bioscience.

Physiology data were collected with a Multiclamp 700B amplifier (Axon Instruments) and 

National Instruments boards using custom software in MATLAB (MathWorks). Signals 

were sampled at 10 kHz and filtered at either 5 kHz for current-clamp recordings or 2 kHz 

for voltage-clamp recordings. Series resistance was 10–25 MΩ and not compensated.

Optogenetics—Glutamate release was triggered by activating channelrhodopsin-2 (ChR2) 

present in presynaptic terminals of either thalamic inputs to the PFC, or PFC inputs to the 

thalamus, as previously described (Little and Carter, 2012). In the thalamus, MD and VM 

neurons from the same slice were recorded in alternating order. In the PFC, L5 cells were 

always recorded first to allow for a standard comparison across layers. LED power was 

adjusted until responses <1 nA were seen in L5 CT (for L5/L6 CT pairs) or L5 CC (for L5 

CC/CT pairs and L5/L6/L2/3 CC sets) neurons, with the same power used for all cells in that 

slice. ChR2 was activated with 1–8 ms pulses of 473 nm light from a blue light-emitting 

diode (LED; 473 nm; Thorlabs) through a 10X 0.3 NA objective (Olympus) with a power 

range of 0.1–20 mW. Subcellular targeting recordings utilized a 60X 1.0 NA objective 

(Olympus) with an effective illumination diameter <200 μm. For all other recordings in the 

PFC, the objective was always centered 350 μm from the pial surface of the cortex. Similar 
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results were also obtained with the LED centered over the cell body (Fig. S5). For 

recordings in the thalamus, the objective was always centered over the recorded neuron.

Soma-restricted optogenetics—To map the outputs of soma-targeted st-ChroME+ CC 

neurons, stimulation parameters were developed to produce robust, spatially restricted AP 

firing of these cells. Recordings were made from sequential pairs of L2/3 and L5 st-ChroME

+ CC neurons located in the same slice of prelimbic PFC. Blue (473 nm) LED light was 

focused through a 60X 1.0NA objective (Olympus), with the aperture minimized to provide 

an effective beam diameter of ~50 μm. With the objective centered at the soma, LED power 

was adjusted to produce firing in L2/3 st-ChroME+ CC neurons in response to brief (0.25 – 

4 ms) light pulses. Using these parameters, similar firing was observed in whole-cell and 

cell-attached mode, across both L2/3 and L5 (Fig. S8A). For all subsequent experiments, 2 

ms LED pulses were used, as this duration consistently evoked firing in L2/3 and L5 neurons 

across all trials (Fig. S8A). To determine the spatial resolution of this approach, the objective 

was shifted relative to the soma in both x and y axes, using 50 μm steps. This usually yielded 

APs restricted to a single stimulation site, consistent with a 50 μm resolution (Fig. 8F & 

S8C). L5 neurons often fired at multiple stimulation sites along the y-axis, yielding more 

APs per cell than L2/3 neurons (Fig. S8D). However, all recorded cells retained sub-laminar 

resolutions (Fig. 8F), allowing for comparison of inputs evoked from individual layers 

(Anastasiades and Butt, 2012; Anastasiades et al., 2018b)

To account for differences in viral expression across animals and slices (Little and Carter, 

2013; Mao et al., 2011), LED power was initially adjusted while recording from a st-

ChroME+ CC neuron to provide reliable, spatially restricted firing. Layer 5 CT neurons 

were then identified by CTB labelling and targeted for voltage-clamp recording as described 

above. To stimulate st-ChroME+ CC neurons in different layers, the objective was cycled 

along the y (laminar) axis at 0.1 Hz through L1-5 (0–700 μm, 50 μm resolution). Due to the 

reliable and rapid onset of firing in st-ChroME+ CC neurons (~2 ms), LED-evoked inputs 

were time-locked (Fig. 8H), and stable across trials (Fig. S8E). For each CT neuron, raw 

EPSCs were assigned to individual layers based on stimulation distance from the pia, and 

individual input maps were peak normalized, producing cross-layer input maps for each cell 

(Fig. S8F). Finally, to account for differences in excitability at L2/3 and L5 st-ChroME+ CC 

neurons (Fig. S8D), post-hoc scaling was applied to L2/3 input (Bureau et al., 2004).

Two-photon microscopy—Two-photon imaging was performed on a custom 

microscope, as previously described (Chalifoux and Carter, 2010). Briefly, a 

Titanium:Sapphire laser (Coherent Ultra II) tuned to 810 nm was used to excite Alexa 

Fluor-594 or -488 to image dendrite morphology. Imaging was performed with a 60X 1.0NA 

objective (Olympus). Morphological reconstruction and analysis of two-photon images were 

conducted in Neurolucida 360 (MBF Bioscience).

Histology—Mice were anesthetized and perfused intracardially with 0.01 M PBS followed 

by 4% PFA. Brains were stored in 4% PFA for 12–18 hours at 4° C before being washed 

three times (30 minutes each) in 0.01 M PBS. Slices were cut on a VT-1000S vibratome 

(Leica) at 70 μm thickness and placed on gel-coated glass slides. ProLong Gold anti-fade 

reagent with DAPI (Invitrogen) or VectaShield with DAPI (Vector Labs) was applied to the 
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surface of the slices, which were then covered with a glass coverslip. Fluorescent images 

were taken on an Olympus VS120 microscope, using a 10X 0.25NA objective (Olympus). 

For cell counts, images were taken on a Leica TCS SP8 confocal microscope, using a 10X 

0.4NA objective (Olympus).

Data analysis—Off-line analysis was performed using Igor Pro (WaveMetrics). For 

current-clamp recordings, input resistance was measured using the steady-state response to a 

500 ms, −50 or −100 pA current injection. The membrane time constant (tau) was measured 

using exponential fits to these same hyperpolarizations. Voltage sag due to h-current was 

calculated by taking the minimum voltage in the first 200 ms, subtracting the average 

voltage over the final 50 ms, and then dividing by the steady-state value. Action potential 

latencies were measured as the time between LED stimulation and membrane voltage 

crossing 0 mV. Rebound action potentials in thalamic neurons were counted in the 50 ms 

following −100 pA current steps. For voltage-clamp recordings, PSC amplitudes were 

measured as the average value across 1 ms around the peak response.

For co-localization analysis in PFC, cell counting was performed in ImageJ on a multi-color 

image of retrogradely labeled neurons with DAPI labeling. Labeled cell bodies were 

manually counted in regions 300 μm × 1000 μm in prelimbic PFC. Distance from the pial 

surface was used to sort cells into 50 μm bins. The number of cells per bin was averaged 

across 3 slices from each animal (n = 3 animals), and these average values were used to 

calculate averages ± SEM. across animals. For cell counting in the thalamus, ROIs for MD 

and VM were calculated in each slice after aligning to the Allen Brain Atlas at the 

appropriate rostro-caudal co-ordinate. Axon distributions in PFC and thalamus were 

quantified using un-binned fluorescence profiles relative to distance from the pia (in PFC) 

and distance from the midpoint of the MD or VM (in thalamus). The average fluorescence 

profile for each animal was peak-normalized before calculating a final average ± SEM.

Quantification and Statistical Analysis

N values are reported within the Results and Supplemental Figure legends as number of 

recorded cells and animals (for physiology) or number of animals (for anatomy). Summary 

data are reported in the text and figures as arithmetic mean ± SEM. Ratio data displayed in 

figures on logarithmic axes are reported as geometric mean ± 95% confidence interval (CI). 

In some graphs with three or more traces, SEM waves are omitted for clarity. Statistical 

analyses were performed using Prism 7.0 (GraphPad Software). Comparisons between 

unpaired data were performed using two-tailed Mann-Whitney tests. Comparisons between 

data recorded in pairs were performed using two-tailed Wilcoxon matched-pairs signed rank 

tests. Ratio data were log-transformed and compared to a theoretical median of 0 using 

Wilcoxon signed rank tests. For paired comparisons of more than two groups, Friedman tests 

with Dunn’s multiple comparisons tests were performed. Comparisons between groups 

across a range of variables (such as between L2/3 and L5 CC neurons to a range of LED 

pulse durations) were made using repeated measures two-way ANOVA with Sidak’s 

multiple comparison test. For all comparisons, no assumptions were made regarding data 

distributions, and significance was defined as p < 0.05.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• The PFC sends bifurcating projections to both MD and VM thalamus

• Cortical inputs from L5 and L6 differentially drive thalamo-cortical neurons

• MD and VM target distinct layers, cell types, and sub-cellular domains in the 

PFC

• Local PFC circuits connect thalamic inputs in L2/3 to cortico-thalamic 

outputs in L5
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Figure 1. PFC drives reciprocally connected TC neurons in MD and VM
(A) Top: Injection schematic. AAV-DIO-ChR2-YFP and red retrobeads were co-injected 

into the prelimbic PFC of Emx1-Cre mice, followed by imaging in thalamic brain slices. 

Arrows indicate axon direction for projection-specific labeling. Bottom: Representative 

images showing injection site in PFC (left) and labeling in MD and VM thalamus (right). 

Grayscale images show DAPI labeling. Dashed boxes are insets shown in (B). Scale bars: 

1000 μm.

(B) Retrograde cell (red) and anterograde axon (green) labeling in MD and VM thalamus. 

Scale bars: 200 μm.

(C) Top: PFC-evoked EPSCs at retrogradely labeled MD TC neurons, in response to 10 Hz 

LED stimulation trains (triangles) at −60 mV, following injections shown in (A). Traces are 

normalized to the amplitude of the first EPSC. Bottom: Summary of paired-pulse ratio 

(PPR) for PFC-evoked EPSCs at TC neurons in MD (green) and VM (blue) for each pulse 

(n) in the train.

(D) Top: PFC-evoked EPSPs and action potentials (APs) at retrogradely labeled MD TC 

neurons, in response to a similar train (triangles) at resting membrane potential (RMP), with 

five traces overlaid from the same cell. Bottom: Summary showing number of APs evoked at 

TC neurons for each pulse in the train.

(E) As in (D), for the same neurons held at −55 mV.

Values are mean ± SEM.
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See also Figures S1 & S2
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Figure 2. L5 and L6 CT neurons in PFC can project to both MD and VM
(A) Injection schematic and representative image. Retrogradely transported CTBs were 

injected into MD (green) and VM (red) of wild-type mice, followed by imaging in PFC. 

Grayscale image shows DAPI labeling. Scale bar: 1000 μm.

(B) Representative image (left) and quantification (right) of distribution of MD-projecting 

(green), VM-projecting (red), and dual-projecting (yellow) CT neurons across layers of 

prelimbic PFC. Image is from the same animal as in (A). Dashed lines: Layer boundaries. 

Scale bar: 100 μm.

(C) Summary of fraction of L5 and L6 CT neurons that project to MD, VM, or both nuclei.

(D) Injection schematic. Retrograde CAV2-Cre was injected into MD (as shown) or VM of 

wild-type mice, followed by anterograde AAV expressing Cre-dependent YFP and red 

retrobeads into PFC. Arrows indicate axon direction for projection-specific labeling.

(E) Representative images showing anterograde PFC axon (green) and retrogradely labeled 

TC neurons in the thalamus (red) from mice in which CAV2-Cre was injected in MD (left) 

or VM (right). Grayscale images show DAPI labeling. Dashed boxes are magnified in side 

images. Scale bars: 1000 μm or 200 μm.

(F) Representative images showing labeling of PFC neurons and projections following 

injections shown in (D). Left: Retrogradely labeled CT neurons in both L5 and L6 of 

prelimbic PFC (bregma +2.1 mm). Middle & right: CT axons in subcortical targets such as 
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the internal capsule (IC, bregma −2.0 mm) and pons (bregma −4.3 mm), but not BLA 

(bregma −2.0 mm). Scale bars: 1000 μm or 100 μm.

Values are mean ± SEM.

See also Figure S3
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Figure 3. L5 CT inputs have distinct properties at TC neurons
(A) Injection schematic and representative images, with injection of CTB into MD (CT 

neurons), AAVretro-Cre-mCherry into the pons (Retro-Cre), and AAV-DIO-ChR2-YFP into 

the ipsilateral PFC (PT neurons). Scale bar: 100 μm.

(B) Summary distribution of retrogradely labeled CT neurons and AAVretro-Cre x AAV-

DIO-ChR2-YFP co-infected PT neurons in PFC. Blue line indicates dual-labeled CT/PT 

neurons, which are largely restricted to superficial L5.

(C) Top: L5 CT-evoked EPSCs in retrogradely labeled MD TC neurons in response to 10 Hz 

LED stimulation trains (triangles) at −60 mV. Bottom: Summary of paired-pulse ratio (PPR) 

for L5 CT-evoked EPSCs at TC neurons in MD (green) and VM (blue) for each pulse (n) in 

the train.

(D) Top: L5 CT-evoked EPSPs and action potentials (APs) recorded from retrogradely 

labeled MD TC neurons in response to the train (triangles) at resting membrane potential 

(RMP), with four traces overlaid from the same cell. Bottom: Summary of AP probability 

evoked at TC neurons for each pulse in the train.

(E) As in (D), for the same neurons held at −55 mV.

Values are mean ± SEM.

See also Figure S3
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Figure 4. Thalamic inputs contact reciprocally connected CT neurons
(A) Left: Injection schematic, with AAV-SynaptoTag injected into MD or VM of wild-type 

mice, followed by imaging in PFC. Right: Representative images of prelimbic PFC, showing 

labeling of MD (left) and VM (right) axons (red) and synapses (green). Grayscale shows 

DAPI labeling. Scale bar: 100 μm.

(B) Summary of axon (left) and synapse (right) distribution from MD (green) and VM (blue) 

inputs to PFC.

(C) Top: Injection schematic. Bottom: Neuronal morphology and recording scheme. 

Recordings were made from pairs of retrogradely labeled L5 and L6 CT neurons during 

optogenetic activation of thalamic inputs.

(D) Top: MD-evoked EPSCs from paired L5 and L6 CT neurons in response to optogenetic 

stimulation (triangle) at −70 mV. Bottom: Summary of EPSC amplitudes in response to MD 

stimulation. Lines represent individual pairs.

(E) As in (D), for VM input.

(F) Summary of L6/L5 amplitude ratios for each recorded pair, calculated by dividing the L6 

peak EPSC by the L5 peak EPSC. Note the logarithmic axis.

Values are mean ± SEM (B, D, E) or geometric mean ± 95% CI (F). * = p < 0.05

See also Figure S4 & S5
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Figure 5. Differential targeting of MD and VM inputs onto L5 neurons
(A) Top: Injection schematic. Bottom: Neuronal morphology and recording scheme. 

Recordings were made from pairs of retrogradely labeled L5 CT and L5 CC neurons during 

optogenetic activation of thalamic inputs.

(B) Top: MD-evoked EPSCs from paired L5 CC (black) and L5 CT (red) neurons in 

response to optogenetic stimulation (triangle) at −70 mV. Bottom: Summary of EPSC 

amplitudes in response to MD stimulation. Lines represent individual pairs.

(C) As in (B), for VM input.

(D) Top: Summary of CC/CT amplitude ratios for each recorded pair, calculated by dividing 

the CC peak EPSC by the CT peak EPSC. Bottom: CC/CT decay ratios for the same pairs, 

calculated from the EPSC decay constants. Note the logarithmic axes.

(E) Left: Recording scheme for dendritic inputs. Recordings were made from L5 CC and L5 

CT neurons with optogenetic stimulation at different locations along the dendrites. Distances 

shown are measured from the soma. Right: EPSCs evoked by subcellular activation 

(triangles) of MD (top) and VM (bottom) inputs onto L5 CC (black) and L5 CT (red) 

neurons. Traces represent mean EPSC ± SEM. EPSCs were normalized to the soma before 

averaging.

(F) Summary of EPSC amplitude in response to optogenetic stimulation of MD (left) or VM 

(right) inputs at different dendritic locations of L5 CC and L5 CT neurons. EPSC amplitudes 

were normalized to the largest response in each cell before averaging.

Collins et al. Page 28

Neuron. Author manuscript; available in PMC 2019 April 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Values are mean ± SEM (B, C, F) or geometric mean ± 95% CI (D). * = p < 0.05

See also Figure S5
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Figure 6. MD preferentially activates superficial CC neurons in PFC
(A) Top: Injection schematic. Bottom: Neuronal morphology and recording scheme. 

Recordings from pairs of retrogradely labeled L2/3 and L5 CC neurons during optogenetic 

activation of thalamic inputs.

(B) Top: MD-evoked EPSCs from paired L2/3 CC (purple) and L5 CC (black) neurons in 

response to optogenetic stimulation (triangle) at −70 mV. Bottom: Summary showing EPSC 

amplitudes in response to MD stimulation. Lines represent individual pairs.

(C) As in (B), for VM input.

(D) Top: Summary of L2/3/L5 amplitude ratios for each recorded pair, calculated by 

dividing the L2/3 peak EPSC by the L5 peak EPSC. Note the logarithmic axis. Bottom: 

Summary of MD- and VM-evoked (green and blue, respectively) EPSC amplitudes vs LED 

power, as a percentage of maximal power (9.8 mW). Solid lines represent linear regressions 

through the origin.

(E) EPSPs and action potentials (APs) from paired L2/3 CC (purple) and L5 CC (black) 

neurons in response to optogenetic stimulation (triangle) of MD (left) and VM (right) axons 

at RMP. MD example shows five traces from individual cells of the same pair. VM traces 

represent mean EPSPs averaged across all recorded neurons.

(F) Left: Summary of number of APs evoked from L2/3 CC neurons by MD and VM input 

across increasing LED pulse durations. Right: Summary of AP probability from L2/3 CC 

neurons in response to MD or VM input vs LED power, as a percentage of maximum power 

used (19.6 mW). Dashed line represents minimum LED power used for VM stimulation. 

Note the logarithmic axis.

Values are mean ± SEM (B, C, F) or geometric mean ± 95% CI (D). * = p < 0.05
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See also Figure S5, S6, & S7
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Figure 7. MD and VM inputs display distinct short-term dynamics
(A) EPSCs and IPSCs from L2/3 CC neurons in response to optogenetic stimulation of MD 

(left) or VM (right) inputs. Dashed line: Scaled to MD-evoked EPSC.

(B) Left: Summary of EPSC/IPSC (E/I) amplitude ratios for each recorded neuron, 

calculated by dividing the peak EPSC by the peak IPSC. Note the logarithmic axis. Right: 

Plot of EPSC amplitude vs IPSC amplitude for individual L2/3 neurons in response to 

optogenetic stimulation of MD or VM. Dashed line represents E/I = 1.

(C) Thalamus-evoked EPSCs at −70 mV and IPSCs at Erev from L2/3 CC neurons, in 

response to 10 Hz LED stimulation trains (triangles) of MD (left) or VM (right) inputs. 

EPSCs and IPSCs are normalized to the first EPSC amplitude before averaging.

(D) Summary of paired-pulse ratio (PPR) for MD (green) and VM (inputs) for each pulse (n) 

in the train.

(E) Thalamus-evoked EPSPs and action potentials (APs) from L2/3 CC neurons, evoked by 

similar trains of MD (green triangles) or VM (blue triangles) inputs. Cells were recorded at 

RMP. MD example shows five traces from the same cell. VM traces represent mean EPSPs 

averaged across all recorded neurons.

(F) Summary of APs evoked by MD (green) or VM (blue) inputs at L2/3 CC neurons.

Values are mean ± SEM (B, D, F). * = p < 0.05

See also Figure S7
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Figure 8. CC neurons in PFC preferentially contact L5 CT neurons
(A) Left: Injections of retrobeads in ipsilateral MD, AAVretro-Cre and CTB in contralateral 

PFC, and AAV-dflox-ChR2 in ipsilateral PFC. Right: recordings from retrogradely-labeled 

L5 CC, L5 CT, and L6 CT neurons during stimulation of local CC inputs.

(B) EPSCs recorded at −70 mV from triplets of L5 CC (black), L5 CT (red), and L6 CT 

(orange) neurons in response to optogenetic stimulation of local CC neurons.

(C) Summary of EPSC amplitudes, where lines represent individual triplets.

(D) Following similar injections to (A), but expressing st-ChroME in the ipsilateral PFC, 

recordings were made from pairs of st-ChroME-infected L2/3 and L5 CC neurons.

(E) Light-evoked depolarizations and action potentials (APs) from paired st-ChroME-

expressing L2/3 CC (purple, top) and L5 CC (black, bottom) neurons, showing response to 

stimulation at different locations from the pia (0–700 μm, at 50 μm increments). Y–axis 

truncated to better highlight subthreshold responses.

(F) Left: Light-evoked AP probability for pairs of st-ChroME-expressing L2/3 (purple) and 

L5 (black) CC neurons at varying distances from pia. Each column is an individual cell, with 

recordings ordered pairwise from left to right. Soma locations of recorded neurons are 

indicated by white triangles. Right: Summary of AP probability versus distance from pia.

(G) Following similar injections to (D), recordings were made from L5 CT neurons.
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(H) CC-evoked EPSCs from L5 CT neuron, showing responses from multiple trials recorded 

from a single cell, cyan triangle in (I), after stimulation at different locations from the pia. 

L2/3 (purple) and L5 (black) responses are highlighted, corresponding to white boxes in (I).

(I) Left: CC-evoked EPSCs from L5 CT neurons at varying distances from pia. Each column 

is a recorded neuron whose soma is indicated by a triangle. Responses are peak-normalized 

within each neuron and scaled to account for differences in AP probability in L2/3 and L5 

CC neurons. Right: Summary of scaled peak-normalized EPSC amplitude at varying 

distances from pia.

Values are mean ± SEM (C, F, I). * = p < 0.05

See also Figure S8
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