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ABSTRACT 27 

Inputs from the ventral hippocampus (vHPC) to the prefrontal cortex (PFC) play a key role in 28 

working memory and emotional control. However, little is known about how excitatory inputs 29 

from the vHPC engage different populations of neurons in the PFC. Here we use optogenetics 30 

and whole-cell recordings to study the cell-type specificity of synaptic connections in acute slices 31 

from the mouse PFC. We first show that vHPC inputs target pyramidal neurons whose cell 32 

bodies are located in layer 2/3 (L2/3) and layer 5 (L5) of infralimbic (IL) PFC, but only in L5 of 33 

prelimbic (PL) PFC, and not layer 6 (L6) of either IL or PL. We then compare connections onto 34 

different classes of projection neurons located in these layers and sub-regions of PFC. We 35 

establish vHPC inputs similarly contact cortico-cortical (CC) and cortico-amygdala (CA) neurons 36 

in L2/3 of IL, but preferentially target CC neurons over cortico-pontine (CP) neurons in L5 of both 37 

IL and PL. Of all these neurons, we determine that vHPC inputs are most effective at driving 38 

action potential (AP) firing of CC neurons in L5 of IL. We also show this connection exhibits 39 

frequency-dependent facilitation, with repetitive activity enhancing AP firing of IL L5 CC neurons, 40 

even in the presence of feed-forward inhibition. Our findings reveal how vHPC inputs engage 41 

defined populations of projection neurons in the PFC, allowing preferentially activation of the 42 

intratelencephalic network. 43 

 44 

SIGNIFICANCE 45 

We examined the impact of connections from the ventral hippocampus (vHPC) onto different 46 

projection neurons in the mouse prefrontal cortex (PFC). We found vHPC inputs were strongest 47 

at cortico-cortical (CC) neurons in layer 5 (L5) of infralimbic (IL) PFC, where they robustly 48 

evoked action potential (AP) firing, including during repetitive activity with intact feed-forward 49 

inhibition.  50 
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INTRODUCTION 51 

The prefrontal cortex (PFC) mediates the top-down control of diverse high-level cognitive and 52 

emotional behaviors (Euston et al., 2012). Local processing in the PFC is driven by multiple 53 

long-range excitatory inputs that arrive from other brain regions (Miller and Cohen, 2001; Hoover 54 

and Vertes, 2007). Connections from the ventral hippocampus (vHPC) to the PFC are thought to 55 

be particularly important for the regulation of both short-term and long-term memories (Siapas et 56 

al., 2005; Fanselow and Dong, 2010; Sotres-Bayon et al., 2012; O'Neill et al., 2013; Spellman et 57 

al., 2015; Kim and Cho, 2017). Disruption of vHPC to PFC connections is also implicated in a 58 

variety of neuropsychiatric disorders, including schizophrenia, stress and anxiety (Adhikari et al., 59 

2010; Sigurdsson et al., 2010; Sigurdsson and Duvarci, 2015; Padilla-Coreano et al., 2016). 60 

However, while the importance of this circuit is broadly appreciated, relatively little is known 61 

about the cellular and synaptic properties of vHPC inputs to the PFC.  62 

 63 

Long-range afferents can innervate multiple sub-regions of the PFC, including the prelimbic (PL) 64 

and infralimbic (IL) areas, which have different functional roles (Heidbreder and Groenewegen, 65 

2003; Hoover and Vertes, 2007). While there is no layer 4 (L4) in the PFC, inputs can ramify 66 

through both superficial and deep layers to influence neural activity. A variety of projection 67 

neurons are also found in each cortical layer, which themselves send long-range outputs to other 68 

brain regions (Gabbott et al., 2005). For example, cortico-amygdala (CA) neurons in layer 2/3 69 

(L2/3)  project to basolateral amygdala (BLA), cortico-pontine (CP) neurons in layer 5 (L5) 70 

project via the pyramidal tract (PT), and cortico-cortical (CC) neurons across layers 2 to 6 project 71 

to the contralateral PFC and other intratelencephalic targets (Hattox and Nelson, 2007; 72 

Dembrow et al., 2010; Morishima et al., 2011; Otsuka and Kawaguchi, 2011; Harris and 73 

Shepherd, 2015; McGarry and Carter, 2016; Anastasiades et al., 2018; Collins et al., 2018). Due 74 

to their locations in specific sub-regions and layers of the PFC, these projection neurons can 75 

sample distinct synaptic inputs (Little and Carter, 2012; McGarry and Carter, 2016; Anastasiades 76 
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et al., 2018; Collins et al., 2018). Moreover, given their unique physiology, these neurons can 77 

differentially process their synaptic inputs to generate distinct patterns of action potential (AP) 78 

firing (Sheets et al., 2011; Anastasiades et al., 2018). 79 

 80 

Recent studies indicate that long-range inputs to the PFC are often biased onto particular 81 

projection neurons, and this specificity can vary between PL and IL. BLA inputs are strongest at 82 

L2/3 CA neurons in PL (Little and Carter, 2013), but greatest at L5 PT neurons in IL (Cheriyan et 83 

al., 2016). In contrast, callosal inputs show no bias for different L2/3 pyramidal neurons (Little 84 

and Carter, 2013), but are stronger onto L5 PT neurons in PL (Anastasiades et al., 2018). vHPC 85 

afferents to the PFC are uniquely unidirectional, with no reciprocal projections from PFC back to 86 

the vHPC (Gabbott et al., 2005; Hoover and Vertes, 2007). Instead, vHPC inputs may 87 

preferentially target one or more projection neurons in the PFC to influence specific output 88 

pathways, and thereby regulate the top-down control of behavior (Euston et al., 2012). However, 89 

while in vivo studies have highlighted the functional importance of vHPC inputs for the encoding 90 

of both memory and emotional valence (Sotres-Bayon et al., 2012; Spellman et al., 2015; 91 

Padilla-Coreano et al., 2016), their ability to engage different PFC projection neurons is still 92 

unknown. 93 

 94 

Here we combine optogenetics and whole-cell recordings in acute slices to study the cell-type 95 

specificity of vHPC to PFC connections in the mouse brain. We show that vHPC inputs target 96 

both IL and PL, but make distinct laminar connections in these adjacent sub-regions. We find 97 

that vHPC inputs make similar connections onto CC and CA neurons in superficial layers of IL. 98 

In contrast, vHPC inputs make preferential connections onto CC over CP neurons in deep layers 99 

of both IL and PL. We show that this connectivity leads to preferential recruitment of IL L5 CC 100 

neurons by vHPC inputs, even in the presence of feed-forward inhibition. Finally, we establish 101 

that vHPC inputs facilitate at high frequencies, leading to enhanced activation of the cortical 102 
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network. Together, our findings reveal the cell-type specific organization of vHPC inputs, and 103 

provide a mechanistic description for how these connections can drive specific circuits in the 104 

PFC. 105 

106 
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MATERIALS AND METHODS 107 
 108 

Animals: Experiments used wild-type mice of either sex in a C57BL/6J background (all 109 

purchased from Jackson Laboratories). All experimental procedures were approved by the 110 

University Animal Welfare Committee of New York University. 111 

 112 

Stereotaxic injections: Mice aged 4-6 weeks were deeply anesthetized with a mixture of 113 

ketamine and xylazine, and head fixed in a stereotax (Kopf Instruments). A small craniotomy 114 

was made over the injection site, using these coordinates relative to Bregma: PFC = −2.3, ±0.4, 115 

+2.0 mm, BLA = -3.1, -5, -1.2 mm, Pons = -0.6, -4.7, -4.0 mm, MD = -0.4, -3.6, -0.5 mm, vHPC = 116 

-3.3, both -3.6 and 4.2, -3 mm (dorsoventral, mediolateral, and rostrocaudal axes). For 117 

retrograde labeling, pipettes were filled with either red or green retrogradely transported beads 118 

(Lumafluor), Cholera Toxin Subunit B (CTB) conjugated to either Alexa 488, 555, or 647 (Life 119 

Technologies), or RV-∆G-ChR2-mCherry (Salk). AAV1-CB7-CI-mCherry-WPRE-rBG (UPenn; 120 

AV-1-PV1969) was used for anterograde anatomy. For anterograde labeling of vHPC inputs for 121 

optogenetic experiments, pipettes were filled with AAV1-hSyn-hChR2(H134R)-EYFP (UPenn; 122 

AV-1-26973P). Borosilicate pipettes with 5 to 10 μm diameter tips were back-filled with dye 123 

and/or virus, a typical volume of 130-550 nl was pressure-injected using a Nanoject III 124 

(Drummond) at 30 s intervals. The pipette was left in place for an additional 5 min, allowing time 125 

to diffuse away from the pipette tip, before being slowly retracted from the brain. For retrobeads, 126 

CTB and AAV, animals were housed for 2-3 weeks before recording. For RV, animals were 127 

housed for 7-10 days before imaging.  128 

 129 

Slice preparation: Mice aged 6-8 weeks were anesthetized with a lethal dose of ketamine and 130 

xylazine, and perfused intracardially with ice-cold external solution containing the following (in 131 

mM): 65 sucrose, 76 NaCl, 25 NaHCO3, 1.4 NaH2PO4, 25 glucose, 2.5 KCl, 7 MgCl2, 0.4 Na-132 
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ascorbate, and 2 Na-pyruvate (295–305 mOsm), and bubbled with 95% O2/5% CO2. Coronal 133 

slices (300 μm thick) were cut on a VS1200 vibratome (Leica) in ice-cold external solution, 134 

before being transferred to ACSF containing (in mM): 120 NaCl, 25 NaHCO3, 1.4 NaH2PO4, 21 135 

glucose, 2.5 KCl, 2 CaCl2, 1 MgCl2, 0.4 Na-ascorbate, and 2 Na-pyruvate (295–305 mOsm), 136 

bubbled with 95% O2/5% CO2. Slices were kept for 30 min at 35°C, before being allowed to 137 

recover for 30 min at room temperature. All recordings were conducted at 30−32°C. 138 

 139 

Electrophysiology: Whole-cell recordings were obtained from pyramidal neurons located in 140 

specific layers of prelimbic and infralimbic PFC. Neurons were identified by infrared-differential 141 

interference contrast, as previously described (Chalifoux and Carter, 2010), and projection target 142 

was established by the presence of retrobeads or Alexa-conjugated CTB under fluorescent 143 

illumination, as previously described (Little and Carter, 2013). Pairs of adjacent neurons were 144 

chosen for sequential recording, ensuring they received similar inputs (typically < 50 μm 145 

between cells). Borosilicate pipettes (2–5 MΩ) were filled with one of two internal solutions. For 146 

current-clamp (in mM): 135 K-gluconate, 7 KCl, 10 HEPES, 10 Na-phosphocreatine, 4 Mg2-ATP, 147 

and 0.4 Na-GTP, 290–295 mOsm, pH 7.3, with KOH. For voltage-clamp (in mM): 135 Cs-148 

gluconate, 10 HEPES, 10 Na-phosphocreatine, 4 Mg2-ATP, and 0.4 Na-GTP, 0.5 EGTA, 10 149 

TEA-chloride, and 2 QX314, 290–295 mOsm, pH 7.3, with CsOH. In some experiments involving 150 

2-photon imaging, 30 μM Alexa Fluor 594 was included to allow morphological reconstruction of 151 

dendrites. Fluorescent dye was allowed to diffuse throughout the dendritic arbor for at least 152 

20 min before imaging cell morphology. 153 

 154 

Electrophysiology recordings were made with a Multiclamp 700B amplifier (Axon Instruments), 155 

filtered at 4 kHz for current-clamp and 2 kHz for voltage-clamp, and sampled at 10 kHz. The 156 

initial series resistance was <20 MΩ, and recordings where ended if series resistance rose 157 

above 25 MΩ. For voltage-clamp recordings, EPSCs and IPSCs were recorded at -70 mV and 158 
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+10 mV, respectively. In some experiments, 1 μM TTX was added to block APs, along with 159 

100 μM 4-AP and 4 mM external Ca2+ to restore presynaptic release. In many experiments, 160 

10 μM CPP was used to block NMDA receptors. In dynamic-clamp experiments, 10 μM NBQX, 161 

10 μM CPP and 10 μM gabazine were used to block both excitation and inhibitory synaptic 162 

transmission. All chemicals were purchased from either Sigma or Tocris Bioscience. 163 

 164 

Dynamic-clamp recordings: Dynamic-clamp recordings were performed using an ITC-18 165 

interface (Heka Electronics) with Igor Pro (Wavemetrics) running MafPC (courtesy of Matthew 166 

Xu-Friedman) (Carter and Regehr, 2002). Experimentally recorded EPSCs were first converted 167 

into excitatory postsynaptic conductances (EPSGs) by dividing by the driving force. These 168 

conductances were then “injected” into neurons, with the dynamic-clamp updating current 169 

injections based on voltage recordings at 50 kHz. The reversal potential for excitation was set to 170 

the experimentally measured value of +10 mV. Conductances were multiplied by a range of 171 

scale factors (1-10X) to mimic increasing activity, with unit scale factor of IL L5 CC cell 172 

corresponding to 3.5 nS conductance (Anastasiades et al., 2018). 173 

 174 

Optogenetics: Channelrhodopsin-2 (ChR2) was expressed in presynaptic neurons, and 175 

activated with a brief light pulse from a blue LED (473 nm) (Thorlabs). For wide-field illumination, 176 

light was transmitted via a 10x 0.3NA objective (Olympus) centered 350 μm from the midline. 177 

For subcellular mapping, a 60x 1.0NA objective (Olympus) was focused on the dendrites (Collins 178 

et al., 2018). The aperture was minimized to reach an effective diameter of approximately 179 

50 μm. Maximum LED power was measured as 10 mW at the back aperture of the objective. For 180 

each experiment, LED pulse power and duration were adjusted to obtain reliable responses, with 181 

typical values of 0.4-10 mW and 3 ms, respectively.  182 

 183 

Two-photon microscopy: Two-photon imaging was performed on a custom microscope, as 184 
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previously described (Chalifoux and Carter, 2010). A Ti:Sapphire laser (Coherent) at 810 nm 185 

was used to excite Alexa Fluor 594 to image morphology with a 60x 1.0NA objective (Olympus). 186 

 187 

Histology and fluorescence microscopy: Mice were anesthetized with a lethal dose of 188 

ketamine and xylazine and perfused intracardially with 0.01 M phosphate buffered saline (PBS) 189 

followed by 4% paraformaldehyde (PFA) in 0.01 M PBS. Brains were fixed in 4% PFA in 0.01 M 190 

PBS overnight at 4°C. Slices were prepared at a thickness of 70 μm (Leica VT 1000S vibratome) 191 

and mounted under glass coverslips on gelatin-coated slides using ProLong Gold antifade 192 

reagent with DAPI (Invitrogen). Whole-brain images were acquired using a slide-scanning 193 

microscope (Olympus VS120) with a 10x 0.25NA or 20x 0.75NA objective. Image processing 194 

involved adjusting brightness, contrast, and quantifying fluorescence level using ImageJ (NIH).  195 

 196 

Data analysis: Electrophysiology and imaging data were acquired using National Instruments 197 

boards and custom software in MATLAB (MathWorks). Off-line analysis was performed using 198 

Igor Pro (WaveMetrics). PSC amplitudes were measured as the average value across 1 ms 199 

around the peak. PSC charge transfers were measured as the area between PSC trace and 200 

baseline. For axon fluorescence analysis in the PFC, fluorescence intensity along a selected 201 

axis was quantified using ImageJ. For each trace of axon fluorescence, values were scaled to 202 

the peak fluorescence within the slice. Scaled traces collected from 3 animals were used to plot 203 

averages ± SEM. For co-localization analysis in PFC, cell counting was performed in ImageJ on 204 

a multi-color image of retrogradely labeled neurons with DAPI labeling. Labeled cell bodies were 205 

manually counted in regions 300 μm x 900 μm in PFC. Distance from the pial surface was used 206 

to sort cells into 50 μm bins. The number of cells per bin was averaged across 3 slices from 207 

each animal, and these average values were used to calculate averages ± SEM across animals. 208 

Reconstruction of dendritic morphology was performed using Neurolucida 360 (MBF 209 

Bioscience). 210 
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 211 

Experimental design and statistical analysis 212 

Each data set was collected from at least 3 animals. For any physiology experiment, a total 213 

number of at least 7 cells, pairs or triplets are sampled. Statistical analysis is performed using 214 

Prism 7.0 (GraphPad). Summary data of raw values are reported in the text and figures as 215 

arithmetic mean ± SEM, ratios are reported as geometric mean in the text, and with ± 95% 216 

confidence interval (CI) in the figures, unless otherwise noted. Comparisons between unpaired 217 

data were performed using unpaired t-tests. Comparisons between data recorded in pairs were 218 

performed using ratio-paired t-tests. Comparisons of values across multiple variables were 219 

performed using two-way ANOVA, with Sidak’s test for multiple comparisons. Two-tailed p 220 

values < 0.05 were considered significant. 221 

222 
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RESULTS 223 

 224 

vHPC projects to the infralimbic (IL) and prelimbic (PL) PFC  225 

We initially used anatomical approaches to determine which part of the hippocampus (HPC) 226 

projects to the medial prefrontal cortex (PFC). We first injected an mCherry-expressing rabies 227 

virus (RV-mCherry) into the PFC and waited 7-10 days for retrograde expression (Fig. 1A). We 228 

observed minimal labeling of dorsal hippocampus (dHPC), but prominent labeling across the 229 

dorsal-ventral axis of the ventral hippocampus (vHPC). To confirm that neurons in vHPC project 230 

to the PFC, we then injected an mCherry-expressing adeno-associated virus (AAV-mCherry) into 231 

the vHPC and waited 14-21 days for expression (Fig. 1B). We observed red fluorescent axons in 232 

both the infralimbic (IL) and prelimbic (PL) regions of the PFC, which was especially robust in IL, 233 

consistent with a direct projection. Quantifying axon density profiles in IL and PL showed distinct 234 

projection patterns, with vHPC inputs to the superficial and deep layers of IL, but only to deep 235 

layers of PL (Fig. 1C; n = 3 animals). These findings indicate that the hippocampal-prefrontal 236 

projection primarily originates from the vHPC, and may differentially influence IL and PL. 237 

 238 

vHPC contacts superficial and deep pyramidal neurons 239 

We next used optogenetics and whole-cell recordings to examine connections made by vHPC 240 

inputs at pyramidal neurons in the PFC. We injected ChR2-expressing virus (AAV-ChR2-EYFP) 241 

into the vHPC, waited 2-3 weeks for expression, and prepared ex vivo slices of medial PFC 242 

(Fig. 2A). We recorded from pyramidal neurons whose cell bodies were located in layer 2/3 243 

(L2/3), layer 5 (L5) or layer 6 (L6) of IL or PL (Fig. 2A). In dendritic reconstructions from 244 

2-photon images, we found these neurons have characteristically distinct morphologies, with 245 

L2/3 neurons sampling inputs to superficial layers, L6 neurons sampling primarily deep layers, 246 

and L5 neurons sampling both. We activated vHPC inputs using wide-field illumination and 247 

compared synaptic responses at sequentially recorded pairs or triplets of neurons in the same 248 
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slice of PFC, with all comparisons including a L5 neuron. To isolate monosynaptic inputs, we 249 

included TTX (1 μM), 4-AP (100 μM) and elevated Ca2+ (4 mM), which blocks action potentials 250 

(APs) but restores presynaptic release (Petreanu et al., 2009; Little and Carter, 2012). We kept 251 

light intensity and duration constant within pairs or triplets in the same slice, which allowed us to 252 

account for variability in viral expression across animals and slices (Little and Carter, 2013; 253 

McGarry and Carter, 2016; Anastasiades et al., 2018; Collins et al., 2018). vHPC inputs evoked 254 

pronounced EPSCs at a holding potential of -70 mV at cells located in both IL and PL. Within IL, 255 

we found robust EPSCs in both L2/3 and L5 neurons, but negligible responses in L6 neurons 256 

(Fig. 2B; L2/3 = 681 ± 188 pA, L5 = 647 ± 83 pA; L6 = 49 ± 14 pA; L2/3 / L5 ratio = 0.89, p = 0.7; 257 

L6 / L5 ratio = 0.05, p = 0.005, ratio-paired t-tests; n = 7 pairs each, 6 animals). In contrast, we 258 

observed that EPSCs were strongly biased towards L5 neurons in PL, with minimal responses in 259 

both L2/3 and L6 neurons (Fig. 2C; L2/3 = 5 ± 3 pA, L5 = 375 ± 91 pA, L6 = 69 ± 34 pA; L2/3 / 260 

L5 ratio = 0.01, p = 0.0001; L6 / L5 ratio = 0.10, p = 0.03, ratio-paired t-tests; n = 7 pairs each, 6 261 

animals). Together, these findings indicate that vHPC targets three different areas of the PFC, 262 

with sizeable synaptic responses in both superficial and deep IL, but only in deep PL. 263 

 264 

vHPC equally targets CC and CA neurons in superficial IL PFC 265 

Hippocampal afferents to superficial IL are thought to be important for engaging fear-related 266 

behaviors (Marek et al., 2018). Other long-range inputs can target specific classes of L2/3 267 

projection neurons, with basolateral amygdala (BLA) inputs biased onto cortico-amygdala (CA) 268 

neurons (Little and Carter, 2013; McGarry and Carter, 2016). To examine whether vHPC inputs 269 

show similar specificity, we first co-injected different colors of retrogradely transported, 270 

fluorescently-tagged Cholera Toxin Subunit B (CTB) into the BLA and contralateral PFC (cPFC) 271 

of the same animals (Fig. 3A). We observed minimal overlap between CC and CA neurons in 272 

superficial layers of IL, indicating that these cells represent distinct populations (Fig. 3B; 2.0 ± 273 

0.4% co-labeling, n = 4 animals, 3 slices per animal). To examine synaptic responses, we then 274 
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repeated these retrograde tracer injections, while also co-injecting AAV-ChR2 into the vHPC. 275 

Making sequential recordings from neighboring pairs of CA and CC neurons within the same 276 

slice (Fig. 3C), we observed that vHPC inputs evoked prominent EPSCs recorded at -70 mV in 277 

both cell types (Fig. 3C). Interestingly, response amplitudes were similar at CA and CC neurons 278 

(Fig. 3D; CA = 388 ± 90 pA, CC = 412 ± 103 pA; CA / CC ratio = 0.92, p = 0.84, ratio-paired t-279 

test; n = 7 pairs, 4 animals), without the bias previously seen for BLA inputs onto CA neurons 280 

(Little and Carter, 2013; McGarry and Carter, 2016). These findings show that vHPC inputs 281 

make equivalent connections onto neurons projecting to the cPFC or BLA, and are thus capable 282 

of engaging both networks. 283 

 284 

vHPC preferentially targets CC neurons in deep IL and PL PFC 285 

Our initial experiments indicated that vHPC inputs also make prominent connections onto L5 286 

pyramidal neurons in both IL and PL. Cortical L5 contains CC and CP neurons, which are 287 

spatially intermingled but distinct populations (Harris and Shepherd, 2015). Previous studies 288 

have shown that BLA and callosal inputs are strongest onto cortico-pontine (CP) and other 289 

pyramidal tract neurons in L5 of IL and PL, respectively (Cheriyan et al., 2016; Anastasiades et 290 

al., 2018). However, whether vHPC inputs preferentially contact CC or CP neurons in L5 of 291 

these two sub-regions remains unclear. To examine this targeting, we first co-injected separate 292 

CTBs into the cPFC and ipsilateral pons of the same animals (Fig. 4A). We observed minimal 293 

overlap between CC and CP neurons in either IL or PL, confirming that they are distinct cell 294 

types (Fig. 4B; co-labeling: PL = 0.20 ± 0.17%, IL = 0.04 ± 0.04%, n = 3 animals, 3 slices per 295 

animal). In reconstructions from 2-photon images, we also found that CC neurons have much 296 

sparser dendrites in both IL and PL (Fig. 4C & D), consistent with previous observations that CP 297 

neurons possess denser apical dendrites than CC neurons  (Hattox and Nelson, 2007; Dembrow 298 

et al., 2010; Avesar and Gulledge, 2012; Anastasiades et al., 2018; Collins et al., 2018). To 299 

examine synaptic responses, we next co-injected AAV-ChR2 into the vHPC of the same 300 
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animals, and sequentially recorded from pairs of adjacent CC and CP neurons in the same slice. 301 

We found that vHPC inputs evoked EPSCs at -70 mV in both cell types and regions of the PFC 302 

(Fig. 4C & D; IL CC = 862 ± 92 pA, IL CP = 615 ± 122 pA, PL CC = 665 ± 89 pA, PL CP = 198 ± 303 

45 pA). However, response amplitudes were larger at CC neurons, with a slight bias in IL (CP / 304 

CC ratio = 0.61, p = 0.035, ratio-paired t-test; n = 13 pairs, 5 animals), and strong bias in PL (CP 305 

/ CC ratio = 0.17, p = 0.007, ratio-paired t-test; n = 10 pairs, 5 animals) (Fig. 4E - G). Thus, CC 306 

neurons receive much stronger inputs from the vHPC than neighboring CP neurons, indicating 307 

that vHPC inputs to deep layers of PFC preferentially contact neurons that project within the 308 

cortex. 309 

 310 

Dendrites of L5 neurons differentially sample vHPC inputs 311 

While vHPC axons ramify throughout superficial and deep layers of IL, they are primarily 312 

restricted to deep layers of PL. Therefore, L5 pyramidal neurons may sample both superficial 313 

and deep vHPC inputs in IL, but only deep vHPC inputs in PL. Moreover, the larger apical 314 

dendrites of L5 CP neurons may allow them to sample more superficial vHPC inputs relative to 315 

L5 CC neurons (Anastasiades et al., 2018; Collins et al., 2018). By targeting different dendritic 316 

compartments, long-range inputs can evoke distinct functional responses at different L5 neurons 317 

(Dembrow et al., 2015). To examine dendritic targeting of vHPC inputs at defined PFC cell types, 318 

we cycled a focused light beam across multiple dendritic locations, eliciting spatially restricted 319 

EPSCs (Petreanu et al., 2009) (Fig. 5A). Although these somatic recordings do not compensate 320 

for dendritic filtering, they can reveal the targeting of a given input in the dendrites. For example, 321 

callosal inputs primarily target the proximal dendrites of L5 CC and cortico-thalamic (CT) 322 

neurons (Anastasiades et al., 2018), whereas thalamic inputs preferentially target apical 323 

dendrites of L5 CT neurons (Collins et al., 2018). For vHPC inputs, we found synaptic responses 324 

were strongest near the soma and proximal dendrites and diminished towards the distal 325 

dendrites for both L5 CC and CP neurons in PL and IL (Fig. 5B; n = 7 cells each, 3 animals 326 
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each). Interestingly, vHPC inputs targeted the proximal dendrites more in CP neurons than CC 327 

neurons, and this bias was greater in IL (Fig. 5B - D; arithmetic mean of charge ratio (+200 μm 328 

dendrite / soma) in IL: CC = 0.31, CP = 1.17, p = 0.026, unpaired t-test; n = 7 cells, 3 animals 329 

each). These findings suggest that the larger dendrites of CP neurons allow them to better 330 

sample the superficial vHPC inputs to IL, although most of these connections remain close to the 331 

soma. 332 

 333 

vHPC inputs weakly target CT neurons in both L5 and L6 of IL PFC 334 

Our initial experiments also showed that vHPC inputs are relatively weak in L6 of the PFC, which 335 

is enriched in CT neurons that project to the thalamus (Collins et al., 2018). To further explore 336 

how vHPC inputs influence these neurons, we next co-injected fluorescently-tagged, 337 

retrogradely transported beads and CTB into the mediodorsal thalamus (MD) and cPFC, along 338 

with AAV-ChR2 into the vHPC of the same animal (Fig. 6A). We then examined synaptic 339 

responses at sequentially recorded triplets of CC and CT neurons in L5 and L6 of the same 340 

slice. Dendritic reconstructions showed that both L5 and L6 CT neurons have extended 341 

dendrites that are positioned to sample the hippocampal axonal field (Fig. 6B). However, when 342 

we stimulated vHPC inputs and recorded at -70 mV, we observed large EPSCs at L5 CC 343 

neurons, smaller responses at L5 CT neurons, and negligible responses at L6 CT neurons 344 

(Fig. 6B &C, L5 CC = 529 ± 43 pA, L5 CT = 296 ± 57 pA, L6 CT = 57 ± 10 pA; L5 CT / CC ratio 345 

= 0.50, p = 0.02; L6 CT / L5 CC ratio = 0.10, p < 0.0001, ratio-paired t-tests, n = 8 triplets, 5 346 

animals). Together, these results indicate that vHPC inputs have limited mono-synaptic access 347 

to the cortico-thalamic pathway emerging from L5 and L6 CT neurons of the PFC. 348 

 349 

vHPC preferentially activates deep CC neurons in IL PFC 350 

Our results suggest that vHPC inputs make particularly strong connections onto CC neurons in 351 

multiple parts of the PFC. To determine the primary target, we next compared vHPC-evoked 352 
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EPSCs in sequential triplets of IL L2/3 CC, IL L5 CC and PL L5 CC neurons in the same slice. 353 

The strongest EPSCs were observed at IL L5, followed by IL L2/3, with much weaker responses 354 

at PL L5 (Fig. 7A). Comparing the ratio of responses confirmed that IL L5 CC neurons are the 355 

primary recipient of vHPC inputs (IL L2/3 CC / IL L5 CC ratio = 0.63, p=0.03; PL L5 CC / IL L5 356 

CC ratio = 0.26, p=0.004; n = 10 triplets, 5 animals). We next used these response ratios to 357 

normalize EPSC strength across the six cell-types recorded in IL and PL (Fig. 7B). For example, 358 

in order to compare responses at IL L5 CC neurons with those at PL L5 CP neurons, we 359 

multiplied the (PL L5 CP / PL L5 CC) ratio by the (PL L5 CC / IL L5 CC) ratio. This provided a 360 

hierarchy of the relative input strengths, with strongest inputs onto IL L5 CC neurons and 361 

weakest onto PL L5 CP neurons. 362 

 363 

Having established the targeting of vHPC inputs onto PFC projection neurons, we sought to 364 

determine which is most strongly driven to fire APs. Postsynaptic responses reflect both synaptic 365 

input and the intrinsic properties of postsynaptic neurons, which also depend on projection class. 366 

For example, superficial CC and CA neurons have indistinguishable intrinsic properties and 367 

excitability (Little and Carter, 2013). In contrast, L5 CC neurons have a higher input resistance 368 

than L5 CP neurons, and lack appreciable h-current, making them much more excitable 369 

(Dembrow et al., 2010; Sheets et al., 2011; Anastasiades et al., 2018). To assess action 370 

potential (AP) firing without triggering network activity, we used dynamic-clamp recordings to 371 

inject synaptic conductances into specific cells (Carter and Regehr, 2002; Dembrow et al., 2015; 372 

Anastasiades et al., 2018). We first converted the normalized EPSCs into conductances, and 373 

then multiplied them by a range of linear scale factors (Fig. 7C). We then injected these 374 

conductances into their respective neuronal subtypes, evoking sub-threshold EPSPs at lower 375 

scale factors and supra-threshold APs at higher scale factors (Fig. 7C). Quantifying AP 376 

probability as a function of scale factor, we established the order of firing in the six cell-types 377 

(Fig. 7D), with strongest activation of IL L5 CC (IL L5 CC vs other cell types, scale factor  cell 378 
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type interaction: F(45,380) = 4.15, p < 0.0001, two-way ANOVA; n = 7 cells, 3 animals for each 379 

cell type), followed by weaker activation of IL L2/3 CC and CA, and minimal activation of CP and 380 

CC neurons in PL. Together, these findings predict that the cell-type specific targeting translates 381 

to the preferential activation of IL L5 CC neurons over all other projection neurons. 382 

 383 

Activation of IL L5 CC neurons persists with inhibition 384 

Our dynamic-clamp recordings suggested that IL L5 CC neurons are most strongly activated by 385 

vHPC inputs. However, vHPC inputs can also engage inhibitory interneurons in PFC (Marek et 386 

al., 2018), which could prevent evoked AP firing (Pouille and Scanziani, 2001; Tierney et al., 387 

2004; Isaacson and Scanziani, 2011). We next assessed the extent to which vHPC inputs 388 

engage feed-forward inhibition at the three types of CC neurons. We used similar viral and 389 

labeling approaches, but in this case conducted experiments in the absence of TTX and 4-AP, in 390 

order to allow for feed-forward inhibition in the network. In sequential recordings from triplets of 391 

IL L2/3, IL L5 and PL L5 in the same slice, we observed pronounced vHPC-evoked EPSCs in 392 

CC neurons at -70 mV and IPSCs at +10 mV (Fig. 8A). Both EPSCs and IPSCs were strongest 393 

in IL L5 CC neurons (Fig. 8B; EPSCs: IL L2/3 / IL L5 ratio = 0.49, p = 0.012; PL L5 / IL L5 ratio = 394 

0.24, p = 0.0003; IPSCs: IL L2/3 / IL L5 ratio = 0.73, p = 0.16; PL L5 / IL L5 ratio = 0.33, p = 395 

0.004, ratio-paired t-tests; n = 11 triplets, 6 animals), mirroring our findings with isolated 396 

monosynaptic EPSCs. Interestingly, the EPSC / IPSC (E / I) ratio was similar across the three 397 

cell types, suggesting balanced excitation and inhibition (Fig. 8B). To assess the functional 398 

consequences of this targeting, we examined vHPC-evoked EPSPs and AP firing at triplets of 399 

CC neurons (Fig. 8C). Consistent with our earlier results, we found that vHPC most strongly 400 

activated IL L5 CC neurons (Fig. 8D; AP probability: IL L2/3 = 0.04 ± 0.04, IL L5 = 0.72 ± 0.11, 401 

PL L5 = 0; IL L5 vs. IL L2/3, p = 0.0005; IL L5 vs. PL L5, p = 0.0006, paired t-tests; n = 7 triplets, 402 

4 animals), indicating preferential activation even in the presence of feed-forward inhibition.  403 

 404 
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Facilitating vHPC activation is frequency dependent 405 

While much of our analysis used single stimuli, hippocampal neurons projecting to PFC fire 406 

repetitively in behaving animals (Siapas et al., 2005). In addition, repetitive trains of optogenetic 407 

stimuli are commonly used to assess functional connections in vivo (Do-Monte et al., 2015; 408 

Kitamura et al., 2017; Roy et al., 2017). During repetitive activity, short-term synaptic dynamics 409 

could strengthen or weaken vHPC inputs (Zucker and Regehr, 2002). Moreover, feed-forward 410 

inhibition can change during repetitive activity, depending in part on the types of interneurons 411 

that are involved (Cruikshank et al., 2012; McGarry and Carter, 2016; Tremblay et al., 2016). 412 

Therefore, to study the sustained influence of vHPC projections during repetitive activity, we next 413 

examined excitation and feed-forward inhibition evoked by trains of vHPC inputs at 20, 8 and 414 

4 Hz, as these frequencies cover the range where synchronized theta hippocampal-prefrontal 415 

oscillations peak in working memory tasks (Adhikari et al., 2010; O'Neill et al., 2013).  416 

 417 

We observed that repetitive stimulation of vHPC inputs evoked sustained EPSCs at -70 mV and 418 

IPSCs at +10 mV at IL L5 CC neurons (Fig. 9A). Over the course of trains, EPSCs showed 419 

frequency-dependent facilitation, which was most prominent at 20 Hz, and largely absent at 4 Hz 420 

(Fig. 9B; EPSC2 / EPSC1: 20 Hz = 1.21 ± 0.05; 8 Hz = 1.14 ± 0.07; 4 Hz = 1.01 ± 0.03; n = 9 421 

cells, 3 animals). In contrast, IPSCs tended to show gradual depression over a range of 422 

frequencies (Fig. 9B; IPSC2 / IPSC1: 20 Hz = 1.01 ± 0.09; 8 Hz = 0.83 ± 0.05; 4 Hz = 0.85 ± 423 

0.03). These diverging dynamics increased the excitation / inhibition (E / I) ratio over the course 424 

of trains at a range of frequencies (E / I 1 vs. E / I 5: 20 Hz = 0.53 ± 0.08 vs. 0.73 ± 0.08; 8 Hz = 425 

0.49 ± 0.08 vs. 0.83 ± 0.14; 4 Hz = 0.51 ± 0.10 vs. 0.75 ± 0.15). Finally, we found that vHPC 426 

trains evoked pronounced EPSPs and AP firing at IL L5 CC neurons, even with intact inhibition 427 

(Fig. 9C). The increase in AP probability was also frequency dependent, and again largest at 428 

20 Hz (Fig. 9D; Pulse2 AP probability: 20 Hz = 0.93 ± 0.03; 8 Hz = 0.56 ± 0.11; 4 Hz = 0.25 ± 429 

0.05; n = 9 cells, 3 animals). Together, these results indicate that vHPC inputs are able to 430 
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robustly activate the CC network during repetitive activity, even in the presence of feed-forward 431 

inhibition, with synaptic responses strongly depending on frequency. 432 

  433 
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DISCUSSION 434 

We have determined the connections made by vHPC inputs onto specific regions and cell types 435 

in the mouse PFC. We first showed that vHPC inputs innervate cells in both superficial and deep 436 

layers of IL, but only the deep layers of PL. We then determined that this projection is cell-type 437 

specific, contacting both CA and CC neurons in L2/3 of IL, but predominantly CC neurons in L5 438 

of both IL and PL. vHPC inputs also engage local interneurons, leading to feed-forward inhibition 439 

onto these different projection neurons. Ultimately, these inputs most strongly activate CC 440 

neurons in L5 of IL, in either the presence or absence of inhibition. Finally, this influence is 441 

frequency dependent, with synaptic facilitation strongly enhancing AP firing during repetitive 442 

activity. Together, our findings highlight how vHPC inputs preferentially engage and drive activity 443 

of CC neurons in the IL subdivision of the PFC (Fig. 9E).  444 

 445 

Our retrograde anatomy showed that hippocampal innervation of PFC derives from vHPC, with 446 

minimal input from dorsal hippocampus (dHPC). These findings suggest that any influence of 447 

dHPC on the PFC is likely to be indirect, through an intermediate brain region, such as the 448 

lateral entorhinal cortex or nucleus reuniens (Burwell and Amaral, 1998; Vertes et al., 2007). In 449 

contrast, our anterograde anatomy showed that vHPC densely innervates IL, with sparser axons 450 

in PL. These findings are consistent with both vHPC and ventral medial PFC being involved in 451 

emotional control (Heidbreder and Groenewegen, 2003; Fanselow and Dong, 2010; Euston et 452 

al., 2012). PFC sub-regions also differentially influence fear learning, with IL primarily 453 

responsible for extinction (Burgos-Robles et al., 2007; Sotres-Bayon and Quirk, 2010; Do-Monte 454 

et al., 2015), and PL enabling fear expression (Burgos-Robles et al., 2009). The preferential 455 

targeting of IL observed in our study could help explain why vHPC inputs have a particularly 456 

strong impact on fear extinction (Peters et al., 2010; Sotres-Bayon et al., 2012; Marek et al., 457 

2018). Although it is challenging to selectively target PL and IL with stereotaxic injections in 458 
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order to study their sub-circuitry in mice, in the future it will be interesting to address if PL and IL 459 

are contacted by distinct populations of hippocampal projection neurons.  460 

 461 

Throughout the cortex, superficial and deep layers are thought to compute different input-output 462 

functions (Weiler et al., 2008; Harris and Shepherd, 2015). While neurons in L2/3 PL have been 463 

shown to respond to vHPC inputs (Little and Carter, 2012), our findings indicate this input is 464 

relatively weak. Instead, vHPC inputs preferentially contact pyramidal neurons in L2/3 and L5 of 465 

IL, but primarily L5 of PL, with minimal targeting to L6 neurons of either region, even though L6 466 

neurons extend their dendrites into the hippocampal axonal field. Importantly, this bias would 467 

likely be missed if responses from L5 were pooled with L6, as the latter receives little input. 468 

Notably, this innervation pattern also differs from other long-range afferents to the PFC, whose 469 

axons arborize in different layers. For example, callosal inputs innervate multiple layers 470 

(Anastasiades et al., 2018), thalamic inputs target superficial layers (Cruikshank et al., 2012; 471 

Delevich et al., 2015; Collins et al., 2018), and BLA targets deep IL and superficial PL (Little and 472 

Carter, 2013; Cheriyan et al., 2016). These different patterns of connectivity indicate that 473 

different long-range inputs activate distinct microcircuits and trigger unique network dynamics 474 

across layers of PFC.  475 

 476 

Our recordings also highlight how vHPC inputs contact specific populations of projection neurons 477 

in the PFC. vHPC inputs are equally strong at L2/3 CC and CA neurons in IL, reminiscent of 478 

callosal inputs to these neurons in PL (Little and Carter, 2013). However, this targeting is very 479 

different from BLA inputs, which preferentially contact L2/3 CA neurons (Little and Carter, 2013; 480 

McGarry and Carter, 2016). By targeting different regions and projection neurons, vHPC and 481 

BLA inputs will have distinct influences on the network, contributing to their divergent impact on 482 

PFC control of emotion (Sotres-Bayon et al., 2012). vHPC inputs to L5 are strongly biased onto 483 

CC over CP neurons in both IL and PL, in marked contrast to callosal inputs to PL (Anastasiades 484 
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et al., 2018) and BLA inputs to IL (Cheriyan et al., 2016). Importantly, CC neurons also send 485 

axons collaterals to other intratelencephalic targets, including the striatum and claustrum (Harris 486 

and Shepherd, 2015). Thus, vHPC activation of CC neurons may enable local cortical 487 

processing and engage cortico-claustral and cortico-striatal pathways. vHPC inputs have limited 488 

direct access to cortico-thalamic pathway both in L5 and L6, suggesting they must first be 489 

processed by the local cortical circuit in order to influence CT neurons in this circuit (Collins et 490 

al., 2018). Stronger inputs onto CC neurons are enhanced by the intrinsic properties of these 491 

cells, generating much larger EPSPs and AP firing in this subpopulation (Anastasiades et al., 492 

2018). These comparisons highlight how different long-range inputs can selectively access 493 

projection neurons, providing a circuit-level substrate for integrative computations in top-down 494 

control (Miller and Cohen, 2001).  495 

 496 

Understanding the targeting of vHPC inputs proved critical for assessing how different types of 497 

projection neurons are activated. For example, while responses in L2/3 and L5 IL initially 498 

appeared similar, this was only because unlabeled L5 neurons contained both highly-contacted 499 

CC neurons and poorly-contacted CP neurons. Comparing synaptic strength in triplets of CC 500 

neurons showed a hierarchy of synaptic strength, with IL L5 CC > IL L2/3 CC > PL L5 CC. While 501 

our finding that vHPC inputs target CC neurons in L5 agrees with previous studies (Dembrow et 502 

al., 2015), we observed interesting differences between IL and PL. First, the bias onto CC 503 

neurons over CP neurons is much larger in PL, with similar results observed for other pyramidal 504 

tract neurons, including those that project to the thalamus or the VTA (data not shown). Second, 505 

vHPC inputs preferentially target the dendrites of L5 CP neurons, with the strongest targeting 506 

observed in IL, consistent with the presence of vHPC inputs to the superficial IL, which allows 507 

them to be sampled by these neurons. However, we did not observe any vHPC inputs to the 508 

most distal dendrites of either CC or CP neurons, consistent with their relative absence in layer 509 

1. Although we did not assess dendritic filtering in detail, our approach showed the majority of 510 
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vHPC inputs contact perisomatic areas of L5 neurons, similar to cPFC inputs (Anastasiades et 511 

al., 2018) but in contrast to thalamic inputs (Collins et al., 2018). Overall, our findings indicate 512 

important differences in the targeting of IL and PL, which could be missed when pooling 513 

recordings from both of these regions.  514 

 515 

In many of our experiments, we isolated monosynaptic responses in order to assess direct input 516 

strength at different neurons. However, long-range inputs to the PFC can also strongly engage 517 

local GABAergic interneurons to drive feed-forward inhibition (Cruikshank et al., 2012; Delevich 518 

et al., 2015; McGarry and Carter, 2016; Anastasiades et al., 2018; Collins et al., 2018). Recent 519 

studies suggest that vHPC predominantly engage PV-expressing interneurons in the PFC to 520 

mediate behavioral effects (Marek et al., 2018). We observed that vHPC inputs evoke robust 521 

feed-forward inhibition at CC neurons, which is largely balanced with excitation, and again 522 

largest in L5 IL. Interestingly, similarly balanced excitation / inhibition ratios across cell types are 523 

observed for other long-range inputs to the PFC, including those from the BLA and the 524 

contralateral PFC (McGarry and Carter, 2016; Anastasiades et al., 2018). This balance may 525 

reflect a universal theme for the regulation of reliable information processing in neocortices 526 

(Isaacson and Scanziani, 2011; Yizhar et al., 2011). In the future, it will be important to further 527 

assess which interneurons are engaged by vHPC inputs and determine how the balance of 528 

excitation and inhibition changes over the course of development and after learning (Sotres-529 

Bayon et al., 2012; Li et al., 2013; Xue et al., 2014).  530 

 531 

In the intact brain, hippocampal neurons fire at high frequencies (Siapas et al., 2005), generating 532 

streams of inputs to pyramidal neurons and interneurons. Synchronized theta oscillations 533 

between hippocampus and the PFC are particularly important for working memory (Siapas et al., 534 

2005; O'Neill et al., 2013; Sigurdsson and Duvarci, 2015). Our recordings demonstrate that 535 

vHPC-evoked EPSCs are facilitating, and this short-term plasticity grows with frequency, with 536 
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greatest magnitude at 20 Hz, which is often used for in vivo optogenetics (Do-Monte et al., 2017; 537 

Roy et al., 2017). In contrast, feed-forward IPSCs are depressing, suggesting that inhibitory 538 

responses may be mediated by fast-spiking neurons, which often receive depressing inputs, and 539 

make depressing synapses onto pyramidal neurons (Reyes et al., 1998; McGarry and Carter, 540 

2016). These dynamics resulted in an elevated E / I ratio over the course of stimulus trains, 541 

allowing PFC neurons to become further engaged, supporting the dominance of theta frequency 542 

in synchronizing vHPC-PFC activity during working memory tasks. Together, these findings 543 

suggest that correlated bouts of hippocampal activity are likely to strongly activate the local 544 

microcircuit. 545 

 546 

In summary, our study reveals the region- and cell-type specific synaptic organization of 547 

hippocampal inputs to the PFC. The hippocampal-prefrontal pathway is important for both 548 

cognition and emotion (Euston et al., 2012), and our findings suggest that direct activation of 549 

specific populations of CC neurons by vHPC inputs plays an important role. Normal function of 550 

this pathway supports working memory and emotional learning (Siapas et al., 2005; Sotres-551 

Bayon et al., 2012; O'Neill et al., 2013; Spellman et al., 2015). Aberrant activity contributes to 552 

anxiety-related behaviors and cognitive deficits (Adhikari et al., 2010; Sigurdsson et al., 2010; 553 

Godsil et al., 2013; Sigurdsson and Duvarci, 2015; Padilla-Coreano et al., 2016), which may 554 

reflect the lack or disruption of regulated hippocampal drive that maintains normal activity in the 555 

PFC. Our results suggest that IL is particularly important in these interactions, motivating future 556 

studies to focus on this area. Moreover, our experiments highlight the importance of considering 557 

how inputs contact different regions, layers and cell types in the PFC, and cortical circuits in 558 

general. 559 

  560 
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FIGURE LEGENDS 695 

 696 

Figure 1: vHPC projects to the infralimbic and prelimbic PFC 697 

A) Left, RV-mCherry injection into the PFC. Right, Fluorescent images of injection site (PFC), 698 

lack of retrograde labeling in dorsal hippocampus (dHPC), and prominent retrograde labeling in 699 

ventral hippocampus (vHPC). Red = mCherry, Grey = DAPI, Scale bars = 800 μm.  700 

B) Left, AAV-mCherry injection into the vHPC. Right, Fluorescent images of injection site (vHPC) 701 

and prominent anterograde labeling in PFC (bregma +2.0 mm), scale bars = 800 μm, and 702 

expanded view of infralimbic (IL, 1400 – 2000 μm from dorsal surface) and prelimbic (PL, 500 – 703 

1400 μm from dorsal surface) regions, scale bar = 200 μm. Red = mCherry, Grey = DAPI.  704 

(C) Left, vHPC axon distribution in PL (measured at 900 – 1200 μm from dorsal surface) and IL 705 

(measured at 1600 μm – 1900 μm from dorsal surface), as a function of the distance from the 706 

midline pia along the medial-lateral axis. Right, vHPC axon distribution along dorsal-ventral axis 707 

in L2/3 (measured at 250 – 350 μm from pia) and L5 (measured at 400 – 500 μm from pia) of IL 708 

and PL regions, as a function of the distance from the dorsal surface along the dorsal-ventral 709 

axis. Plots show axon fluorescence normalized to the peak fluorescence within the slice (n = 3 710 

animals). 711 

  712 
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Figure 2: vHPC inputs contact L2/3 and L5 pyramidal neurons in the PFC 713 

A) Left, AAV-ChR2 injection into the vHPC. Right, Reconstructed dendritic morphologies of 714 

pyramidal neurons recorded in L2/3, L5 and L6 of the infralimbic (IL) and prelimbic (PL) PFC.  715 

B) Left, Average vHPC-evoked EPSCs recorded from pairs or triplets of pyramidal neurons in 716 

L2/3, L5 and L6 of the IL region. For each group, the amplitudes of EPSCs are normalized to 717 

those of the L5 pyramidal neuron. Blue arrow = 3 ms light stimulation. Middle, Summary of 718 

EPSC amplitudes. Right, Summary of EPSC amplitude ratios (n = 7 pairs, 6 animals). 719 

C) Same as (B) but for neurons in PL (n = 7 pairs, 6 animals). 720 

* p<0.05 721 

 722 

  723 
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Figure 3: vHPC inputs contact L2/3 CC and CA neurons in IL PFC 724 

A) Left, AAV-ChR2 injection into the vHPC, and simultaneous injection of CTB-488 or -647 into 725 

the basolateral amygdala (BLA) and contralateral PFC (cPFC). Right, Example fluorescent 726 

image of injection sites in the BLA. Scale bar = 800 μm.  727 

B) Left, Distribution of cortico-cortical (CC, white) and cortico-amygdala (CA, green) neurons in 728 

the IL PFC. Scale bar = 100 μm. Right, Summary of CC and CA neuron distribution in IL.  729 

C) Left, Reconstructed dendritic morphologies of CC and CA neurons. Scale bar = 100 μm. 730 

Right, Average vHPC-evoked EPSCs at -70 mV from pairs of L2/3 CC (black) and L2/3 CA 731 

(green) neurons in IL. Blue arrow = 3 ms light stimulation. 732 

D) Left, Summary of EPSC amplitudes from recordings in (C). Right, Summary of EPSC 733 

amplitude ratios (n = 7 pairs, 4 animals). Note the logarithmic axis. 734 

* p<0.05 735 

 736 

  737 
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Figure 4: vHPC inputs target L5 CC neurons in both IL and PL PFC 738 

A) Left, AAV-ChR2 injection into the vHPC, and simultaneous injection of CTB-488 or -647 into 739 

the pons and cPFC. Right, Example confocal image of injection sites in the pons. Scale bar = 740 

600 μm.  741 

B) Left, Distribution of cortico-cortical (CC, white) and cortico-pontine (CP, purple) neurons in the 742 

IL and PL PFC. Scale bar = 100 μm. Right, Summary of CC and CP neuron distributions in IL 743 

and PL. 744 

C) Left, Reconstructed dendritic morphologies of L5 CC and CP neurons in IL. Right, Average 745 

vHPC-evoked EPSCs at -70 mV from pairs of L5 CC (black) and L5 CP (purple) neurons in IL 746 

(n = 13 pairs, 5 animals). Blue arrow = 3 ms light stimulation. 747 

D) Similar to (C) for L5 CC and CP neurons in PL (n = 10 pairs, 5 animals). 748 

E) Left, Summary of EPSC amplitudes from (C). Right, Summary of EPSC amplitude ratios from 749 

(C). Note the logarithmic axis. 750 

F) Similar to (E) for L5 CC and CP neurons in PL, summarized from (D). 751 

G) Summary of CC / CP EPSC amplitude ratios from recordings in (E & F) between pairs of cells 752 

in PL and IL. Note the logarithmic axis. 753 

* p<0.05 754 

 755 

  756 
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Figure 5: vHPC inputs differentially contact the dendrites of L5 neurons 757 

A) Recording schematic. Focused light was delivered along the main apical dendrite of the 758 

recorded cell, with 50 μm increments between stimulation spots. Darker spots represent the 759 

soma and a location +200 μm along the dendrite, as shown in (B). 760 

B) Average vHPC-evoked EPSCs recorded at -70 mV when stimulating at either the soma (dark) 761 

or apical dendrites (+200 μm from the soma, light) in L5 CC (black) and L5 CP (purple) neurons 762 

in either IL or PL. For each cell, EPSCs were normalized to the response evoked from 763 

stimulation of the soma. Blue arrow = 3 ms light stimulation (n = 7 cells, 3 animals for each cell 764 

type). 765 

C) Summary of EPSC charges (arithmetic mean and SEM, normalized to the responses evoked 766 

at soma) measured at different distances from the soma in L5 CC (black) or L5 CP (purple) 767 

neurons in either IL (left) or PL (right). 768 

D) Ratios of EPSC charges evoked in proximal apical dendrites (+200 μm) and soma. Individual 769 

values, arithmetic mean and SEM are plotted for each cell type.  770 

* p<0.05 771 

 772 

  773 
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Figure 6: vHPC inputs are weaker onto CT neurons in both L5 and L6 774 

A) AAV-ChR2 injection into the vHPC, and co-injection of red retrobeads (RB) and CTB-647 into 775 

the mediodorsal thalamus (MD) and cPFC.  776 

B) Reconstructed dendritic morphologies of L5 cortico-cortical (CC), L5 cortico-thalamic (CT) 777 

and L6 CT neurons in IL. 778 

C) Average vHPC-evoked EPSCs at -70 mV from triplets of L5 CC (black), L5 CT (red) and L6 779 

CT (dark red) neurons in IL (n = 8 triplets, 5 animals). Blue arrow = 3 ms light stimulation. 780 

D) Left, Summary of EPSC amplitudes from (C). Right, Summary of EPSC amplitude ratios from 781 

(C). Note the logarithmic axis. 782 

* p < 0.05 783 

 784 

  785 
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Figure 7: vHPC inputs preferentially activate L5 CC neurons in IL 786 

A) Left, Average vHPC-evoked EPSCs recorded from triplets of CC neurons in IL L2/3, IL L5 and 787 

PL L5. Blue arrow = 3 ms light stimulation. Middle, Summary of EPSC amplitudes. Right, 788 

Summary of EPSC amplitude ratios (n = 10 triplets, 5 animals). Note the logarithmic axis. 789 

B) vHPC-evoked EPSCs in the six studied cell types, normalized to responses in IL L5 CC 790 

neurons, based on the geometric means of their vHPC-evoked EPSC amplitude ratios from 791 

experiments in Fig. 3, 4, and 6.  792 

C) Left, Synaptic conductances used for dynamic-clamp recordings in IL L5 CC neurons, shown 793 

across a range of linear scale factors (1-10x), corresponding to conductances of 3.5 to 35 nS. 794 

Right, AP firing of an IL L5 CC neuron in response to these synaptic conductances at resting 795 

membrane potential (n = 7 cells, 3 animals). 796 

D) Summary of AP firing probability of the six cell types shown in (B), as a function of scale 797 

factor (n = 7 cells, 3 animals for each cell type). 798 

* p<0.05 799 

 800 
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Figure 8: Activation of IL L5 CC neurons persists in the presence of inhibition 802 

A) Average vHPC-evoked EPSCs at -70 mV and IPSCs at +10 mV, recorded from triplets of IL 803 

L2/3 CC neurons, IL L5 CC neurons and PL L5 CC neurons. Blue arrow = 3 ms light stimulation. 804 

B) Left, Summary of EPSC amplitudes. Middle, Summary of IPSC amplitudes. Right, Summary 805 

of excitation / inhibition (E / I) ratio (n = 11 triplets, 6 animals). 806 

C) vHPC-evoked EPSPs and APs recorded in current-clamp at resting membrane potentials 807 

from an example triplet of CC neurons, with 10 traces superimposed for each cell.  808 

D) Summary of AP firing probability (n = 7 triplets, 3 animals). 809 

* p<0.05 810 

 811 

  812 
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Figure 9: vHPC activation of IL L5 CC neurons depends on input frequency 813 

A) Average vHPC-evoked 20 Hz trains of EPSCs at -70 mV and IPSCs at +10 mV at IL L5 CC 814 

neurons (n = 9 cells, 3 animals). 815 

B) Left, Summary of EPSC PPR (EPSCN / EPSC1) as a function of pulse number for 20, 8 and 816 

4 Hz trains. Right, Similar for IPSC PPR. Gray dashes line: EPSCN / EPSC1 = 1.  817 

C) vHPC-evoked 20 Hz trains of EPSPs and APs in an example IL L5 CC neuron, recorded in 818 

current-clamp at resting membrane potential, with 5 staggered traces. Blue arrow: five 3 ms light 819 

pulses at 20 Hz.  820 

D) Summary of AP firing probability as a function of pulse number for 20, 8 and 4 Hz trains 821 

(n = 9 cells, 3 animals). 822 

E) Summary schematic of vHPC to PFC projections. vHPC inputs activate CC and CA networks 823 

by targeting superficial and deep IL, along with deep PL.  824 

 825 




















