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SUMMARY

Prefrontal cortex (PFC) is postulated to exert “top-down control” on information processing 

throughout the brain to promote specific behaviors. However, pathways mediating top-down 

control remain poorly understood. In particular, knowledge about direct prefrontal connections 

that might facilitate top-down control of hippocampal information processing remains sparse. 

Here we describe monosynaptic long-range GABAergic projections from PFC to hippocampus. 

These preferentially inhibit vasoactive intestinal polypeptide-expressing interneurons, which 

are known to disinhibit hippocampal microcircuits. Indeed, stimulating prefrontal–hippocampal 

GABAergic projections increases hippocampal feedforward inhibition and reduces hippocampal 

activity in vivo. The net effect of these actions is to specifically enhance the signal-to-noise ratio 

for hippocampal encoding of object locations and augment object-induced increases in spatial 

information. Correspondingly, activating or inhibiting these projections promotes or suppresses 

object exploration, respectively. Together, these results elucidate a top-down prefrontal pathway 

in which long-range GABAergic projections target disinhibitory microcircuits, thereby enhancing 

signals and network dynamics underlying exploratory behavior.

In brief

Long-range GABAergic projections from the prefrontal cortex to dorsal hippocampus are 

identified, which modulate spatial encoding, CA1-PFC gamma synchrony, and object exploration.
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INTRODUCTION

The prefrontal cortex (PFC) is postulated to communicate bidi-rectionally with many 

cortical and subcortical brain regions, providing top-down control of behavior by monitoring 

and gating brain activity (Gazzaley and D’Esposito, 2007; Miller and Cohen, 2001; 

Miller, 2000). One such region is the hippocampus (HPC), a key node for processing 

spatial information to guide behavior. PFC-HPC network interactions play a key role 

in cognitive and emotional behaviors (Eichenbaum, 2017; Jin and Maren, 2015; Preston 

and Eichenbaum, 2013; Shin and Jadhav, 2016; Sigurdsson and Duvarci, 2016; Yu 

and Frank, 2015). Conversely, abnormal PFC-HPC interactions are implicated in several 

neuropsychiatric disorders, including schizophrenia, depression, and anxiety (Cunniff et al., 

2020; Godsil et al., 2013; Kupferschmidt and Gordon, 2018; Li et al., 2015; Sigurdsson et 

al., 2010).

Studies in humans and rodents have shown that concurrent activity in, and communication 

between, the PFC and HPC is essential for exploratory behaviors (Bähner et al., 2015; 

Churchwell et al., 2010; DeVito and Eichenbaum, 2010; Floresco et al., 1997; Wang and 

Cai, 2006; Yoon et al., 2008). Neural activity and network oscillations synchronize across 

the PFC and HPC during exploration (Colgin, 2011; Jones and Wilson, 2005; O’Neill et 

al., 2013; Spellman et al., 2015). Oscillatory activity in HPC leads PFC when rats explore 

spatial contexts, but this switches to PFC leading when rats explore objects (Place et al., 

2016) or arrive at decision points in a maze (Hallock et al., 2016). Furthermore, PFC 
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inactivation alters spatial encoding in the HPC (Guise and Shapiro, 2017; Kyd and Bilkey, 

2003). These findings suggest that the PFC exerts top-down control over HPC activity at 

key behavioral timepoints, but knowledge about direct anatomical projections mediating 

this top-down control has been lacking. The only example of direct excitatory-to-excitatory 

connectivity from PFC to HPC is a sparse projection from the anterior cingulate cortex 

(ACC) (Rajasethupathy et al., 2015). This stands in stark contrast to the much more 

extensive direct projections from HPC-to-PFC (Hoover and Vertes, 2007; Jay and Witter, 

1991). As a result, most top-down communication in the PFC-to-HPC direction has been 

assumed to occur indirectly, via the thalamic nucleus reuniens (NR) (Vertes et al., 2007; Xu 

and Südhof, 2013). Not only are the anatomical substrates for top-down control unknown, 

the manner in which top-down control operates is also unclear, i.e., does the PFC transmit 

specific information, e.g., representations of specific actions or goals, or alternatively, does it 

modulate network dynamics and emergent computations in HPC?

Growing evidence indicates that cortical and hippocampal circuits include long-range 

projecting GABAergic (LRG) inhibitory neurons (Basu et al., 2016; Jinno et al., 2007; 

Melzer and Monyer, 2020; Tamamaki and Tomioka, 2010). In some cases, these 

LRG projections have been shown to control oscillatory synchrony between structures 

(Christenson Wick et al., 2019; Francavilla et al., 2018; Melzer et al., 2012), suggesting 

that they may be important regulators of interregional communication. We recently reported 

that the PFC contains LRG projection neurons capable of influencing behavior (Lee et al., 

2014). Here, we describe how the PFC exerts top-down control over information processing 

in the HPC by acting through a unique circuit motif: long-range GABAergic projections 

that inhibit disinhibitory microcircuits, thereby altering emergent network dynamics and 

promoting specific exploratory behaviors.

RESULTS

Hippocampus-projecting long-range GABAergic (LRG) neurons in the PFC

To label potential PFC-to-HPC LRG projections, we injected AAV to drive Cre-dependent 

expression of eYFP in the PFC of Dlxi12b-Cre mice (Figure 1A) (Lee et al., 2014; Potter 

et al., 2009). After waiting for viral transduction, we observed robust eYFP expression 

in the cell bodies of PFC GABAergic neurons and also observed many axonal fibers in 

the CA1 and dentate gyrus subfields of dHPC (Figures 1B, S1A, and S1B). Importantly, 

no eYFP+ cell bodies were observed in the HPC. Next, we asked whether these PFC 

LRG axon terminals synapse onto dHPC neurons. For this, we expressed ChR2-eYFP in 

PFC GABAergic neurons and made ex vivo recordings from acute hippocampal slices 

(Figure 1C). Notably, optogenetic activation of PFC LRG axonal fibers in dHPC slices 

elicited robust short-latency postsynaptic currents (oPSCs) in dHPC neurons. These currents 

reversed at the GABA reversal potential, were not affected by glutamatergic receptor 

antagonists, and were completely blocked by the GABAA receptor antagonist gabazine 

(Figure 1D).

Following the identification of PFC–dHPC LRG projections, we asked whether dHPC-

projecting PFC LRG neurons have distinct physiological and molecular properties. We 

used an intersectional strategy to selectively express ChR2-eYFP in dHPC-projecting PFC 
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LRG neurons (Lee et al., 2014) (Figures 1E and 1F). We then made ex vivo patch clamp 

recordings from eYFP+ LRG neurons in prefrontal slices and recorded reliable short-latency 

light-evoked action potentials (APs) to confirm they expressed ChR2 (Figure 1G). The 

dHPC-projecting PFC LRG population was physiologically diverse, comprising neurons 

with regular spiking (9/16 neurons), irregular spiking (3/16 neurons), and fast spiking (4/16 

neurons) properties (Figure 1H and Table S1). Furthermore, dHPC-projecting PFC LRG 

neurons were distributed across superficial and deeper layers of the prelimbic (PL) and 

infralimbic (IL) portions of the PFC. To characterize the molecular identity of these LRG 

neurons, we injected a retrograde tracer (Alexa 594-tagged CTb) in dHPC and performed 

immunohistochemistry in prefrontal sections (Figures S1C and S1D). dHPC-projecting PFC 

LRG neurons include parvalbumin (PV), somatostatin (SST), and vasoactive intestinal 

polypeptide (VIP)-expressing subpopulations, as well as small percentages of calretinin 

(CR) and neuropeptide-Y (NPY) expressing neurons (Figures S1E and S1F).

To confirm the molecular diversity of dHPC-projecting prefrontal LRG neurons, we utilized 

a modified intersectional strategy (see STAR Methods) to label dHPC projecting prefrontal 

GABAergic neurons in SST-Cre, PV-Cre, and VIP-Cre mice (Fig. S2A). Similar to our 

findings in Dlxi12b-Cre mice, the anatomical tracing analysis using the SST-Cre, PV-Cre, 

and VIP-Cre mouse lines also showed eYFP+ GABAergic cell bodies in the PFC and 

eYFP+ axon terminals in the dHPC (Figure S2B). Our analysis also revealed sparse axon 

collaterals of PFC–dHPC LRG neurons to other cortical and subcortical brain regions 

(Figure S2C and Table S2). Together, these results illustrate that a heterogeneous population 

of prefrontal GABAergic neurons sends direct projections to dHPC.

PFC LRG projections target hippocampal disinhibitory interneurons

Next, we asked how these PFC LRG projection neurons affect circuit computations in 

the CA1 subregion, the primary output region for HPC. Specifically, we asked whether 

PFC LRG projections target specific CA1 cell-types. We expressed ChR2-eYFP in PFC 

LRG projections and obtained ex vivo patch clamp recordings from excitatory pyramidal 

neurons (PNs) and GABAergic interneurons (INs) located in different topographical layers 

of CA1 subregion (Figure 2A). Interestingly, we observed robust optogenetically-evoked 

IPSCs in CA1 INs (55/70 connected, henceforth referred to as recipient INs), but not in 

CA1 PNs (0/38 connected). Many of the recipient CA1 INs were located near the border 

between stratum radiatum (SR) and stratum lacunosum-moleculare (SLM) (Figure 2B). 

Recipient CA1 INs were also physiologically heterogeneous including regular spiking, 

irregular spiking, and fast spiking subtypes (Figure 2B and Table S3). To determine the 

molecular identities of these recipient INs, we filled a subset of them with biocytin and 

quantified immunoreactivity for three molecular markers commonly expressed in CA1 INs: 

PV, SST, and VIP. Surprisingly, most recipient INs expressed VIP (7/11). By contrast, none 

expressed PV or SST (0/10) (Figure 2C).

PFC LRG projections regulate excitatory input integration in CA1 microcircuit

Since VIP is predominantly expressed by interneuron-selective interneurons (ISIs) which 

produce circuit disinhibition in CA1 (Acsády et al., 1996a, 1996b; Chamberland and 

Topolnik, 2012; Turi et al., 2019), we hypothesized that PFC–dHPC LRG projections may 
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inhibit VIP+ ISIs, thereby reducing disinhibition and increasing feedforward inhibition in 

the CA1 microcircuit. To test this, we quantified the effect of optogenetic stimulation of PFC 

LRG projections on excitatory and inhibitory postsynaptic potentials (EPSPs and IPSPs) 

elicited by two major afferent input pathways: Schaffer collateral (SC) and temporoammonic 

(TA) inputs (Figure 2D). Specifically, during patch clamp recordings from CA1 PNs, we 

electrically stimulated SC or TA inputs concomitant with optogenetic stimulation of ChR2+ 

PFC–dHPC LRG axon fibers. While optogenetic stimulation of PFC–dHPC LRG axons 

alone did not elicit discernable postsynaptic potentials in CA1 PNs, concomitant electrical 

and optogenetic stimulation significantly increased the size of IPSPs relative to EPSPs for 

both SC and TA inputs (Figures 2E, 2F, and S3A–S3C). This reduction in the excitation 

to inhibition ratio (E/I ratio) for SC and TA inputs is consistent with our prediction 

and suggests that the PFC LRG projections increase feedforward inhibition by inhibiting 

disinhibitory VIP+ ISIs in CA1. It is important to note that while the E/I ratio for both SC 

and TA inputs was lowered by activation of prefrontal LRG projections, the relative change 

in EPSPs and IPSPs differed for the two pathways. Reduction in SC pathway E/I ratio was 

driven by significantly reduced EPSPs, whereas the reduction in TA pathway E/I ratio was 

largely mediated by increased IPSPs. This suggests that prefrontal LRG projections might 

differentially target CA1 INs associated with SC and TA inputs (Freund and Buzsaki, 1996; 

Pelkey et al., 2017).

Next, we asked whether the increased feedforward inhibition and reduced E/I ratio elicited 

by PFC LRG projections affects the input-output transformation of CA1 PNs. Coincident 

activation of SC and TA input pathways, often in a theta-burst stimulation (TBS) pattern, 

causes supralinear summation and spiking in CA1 PNs (Ang et al., 2005; Bittner et al., 

2015; Malik and Johnston, 2017). This nonlinear integration and coincidence detection 

by CA1 PNs is tightly regulated by the activity of CA1 INs and considered crucial for 

hippocampal information processing (Grienberger et al., 2017; Milstein et al., 2015). To 

determine how PFC–dHPC LRG projections modulate input integration in CA1 PNs, we 

combined electrical TBS of SC and TA inputs with optogenetic stimulation of PFC–dHPC 

LRG projections (Figure 2G). Again, consistent with increased feedforward inhibition, 

optogenetic stimulation of LRG projections reduced firing and EPSP summation during 

TBS (Figure 2H). Importantly, CA1 PN firing in response to depolarizing current injections 

(i.e., depolarization without recruitment of microcircuit inhibition) was not affected by 

optogenetic stimulation of PFC LRG projections (Figure S3D). Taken together, our ex 
vivo electrophysiological analyses show how PFC–dHPC LRG projections regulate synaptic 

integration and input-output gain by enhancing feedforward inhibition onto CA1 PNs 

(Figure S3E).

PFC–dHPC LRG projection neurons activate during object exploration behavior

PFC-HPC communication is implicated in exploratory behaviors (DeVito and Eichenbaum, 

2010; Jin and Maren, 2015; Preston and Eichenbaum, 2013; Spellman et al., 2015; Yu 

and Frank, 2015). Both structures synchronize at theta frequency with dHPC leading when 

rodents enter a spatial context, but the directionality switches to PFC leading when animals 

sample an object (Place et al., 2016). This suggests an important role for PFC-to-dHPC 

top-down communication during object exploration, potentially mediated by prefrontal LRG 
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neurons. To study this, we selectively expressed GCaMP6m in the PFC–dHPC LRG neurons 

(Figures 3A–3D) and performed bulk Ca2+ fiber photometry while mice explored a novel 

object in their environment. Analysis of GCaMP6m activity time-locked to the start of object 

interaction bouts showed increased activity of the PFC–dHPC LRG neurons when mice 

approach and explore novel objects (Figures 3E–3G). Interestingly, we observed similar 

object exploration-related activity when we non-specifically labeled all prefrontal inhibitory 

neurons (see STAR Methods) (Figures 3B and 3H–3J). In line with the known role of PFC 

GABAergic neurons in social behavior (Scheggia et al., 2020; Yizhar et al., 2011), activity 

of PFC–dHPC LRG projection neurons, as well as that of non-specifically labeled PFC 

inhibitory neurons, also increased during exploration of stationary social targets (Figure 

S4A). These results suggest that the activity of PFC GABAergic neurons is tightly linked to 

exploratory behaviors, and PFC–dHPC LRG projections provide a pathway for transmitting 

this time-locked prefrontal activity to dHPC.

PFC–dHPC LRG projections regulate object exploration Next, we asked whether in vivo 
optogenetic manipulation of PFC–dHPC LRG projections affects exploratory behaviors. 

We first quantified the effects of optogenetic stimulation by virally expressing ChR2 in 

PFC–dHPC LRG projections (Figure 4A). Optogenetic stimulation of PFC–dHPC LRG 

projections (20 Hz) dramatically increased the time ChR2 expressing-mice spent exploring 

a novel object (Figures 4B and 4C). Increases in NOE occurred both early and late during 

the testing session and reflected increases in both short- and long-duration exploratory bouts 

(Figure 4D).

Previous studies have suggested that interactions between PFC and HPC are important for 

discriminating novel vs. familiar objects (Barker et al., 2007; DeVito and Eichenbaum, 

2010; Eichenbaum, 2017; Warburton and Brown, 2015). We tested how stimulating 

these projections during sample and test phases of the object-recognition task affects 

recognition memory (Figures S4B–S4E). Stimulating PFC–dHPC LRG projections 

increased exploration of both objects, without affecting the preference for novel vs. familiar 

objects. We also asked whether dHPC-projecting PFC LRG projection neurons might 

influence the exploration and/or preference related to spatial and social targets. Optogenetic 

stimulation of PFC–dHPC LRG projections had no effect on open field exploration (Figure 

S4F), real-time place preference (RTPP) (Figure S4G), or time spent in social interaction 

(Figures S4H–S4J). Together these experiments suggest that activating PFC–dHPC LRG 

projections specifically increases object exploration behavior.

To establish a causal role of PFC–dHPC LRG projections in NOE behavior, we 

optogenetically inhibited these projections while mice explored a novel object (Figure 

4E). Since PFC–dHPC LRG projection neurons specifically increase activity during object 

exploration bouts, we optogenetically silenced these projections (using inhibitory opsin 

eNpHR3.0) when mice entered the “object zone” – a small rectangular zone surrounding 

the object (Figure 4F). Closed-loop optogenetic silencing of these projections reduced both 

the exploration time and the number of exploration bouts during NOE (Figures 4G–H), i.e., 

the opposite of what we observed during optogenetic stimulation. Somewhat surprisingly, 

continuous inhibition of LRG projections during a 5 min testing period had no effect on 

NOE (Figures S5A and S5B). This discrepancy between the effects of closed-loop vs. 
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continuous inhibition of LRG projections could reflect physiological or technical factors. 

Inhibition might be most effective when it specifically blocks the normal recruitment 

of these projections during object approaches. Continuous stimulation might also lead to 

eNpHR inactivation (Mattis et al., 2012; Wiegert et al., 2017), which could blunt behavioral 

effects during continuous stimulation.

In a control experiment, closed-loop inhibition of PFC–dHPC LRG projections had no effect 

on exploration or preference for a randomly assigned “stimulation zone” (with no objects) 

(Figures S5C–S5F). These findings further establish that PFC–dHPC LRG projections have 

a specific role in object exploration, but not in all exploratory behaviors.

PFC–dHPC LRG projections promote network oscillations associated with object 
exploration

What are the potential circuit mechanisms through which PFC–dHPC LRG projections 

might impact NOE? To address this, we recorded local field potentials (LFPs) to 

determine whether stimulation of PFC–dHPC LRG projections might induce network 

states conducive to NOE. In comparison to baseline home cage (HC) exploration, NOE 

recruited synchronized oscillations in the low-gamma (25–55 Hz) band across the PFC-

dHPC network. Specifically, during NOE we observed a significant increase in low-gamma 

power in both structures as well as an increase in PFC-dHPC low-gamma phase synchrony 

(Figures 5A–5D). While increased low-gamma activity was most prominent, NOE was also 

associated with significant increases in power (but not synchrony) for high-gamma and theta 

activity (Figure 5D and Table S4). The NOE related change in low-gamma oscillations is 

particularly notable because previous studies have shown that object exploration increases 

low-gamma synchrony between hippocampal subfields (Trimper et al., 2017).

Since interactions between CA1 INs and PNs critically regulate gamma oscillations 

(Csicsvari et al., 2003; Tukker et al., 2007), we hypothesized that by modulating 

microcircuit inhibition, PFC–dHPC LRG projections could contribute to NOE-associated 

changes in gamma activity. To test this, we next combined optogenetic stimulation with 

LFP recordings in mice expressing ChR2 in PFC–dHPC LRG projections (Figure 5E). 

Indeed, optogenetic stimulation of PFC LRG terminals in dHPC mimicked the increase in 

low-gamma phase synchrony observed during NOE (Figure 5H). Significant shifts in LFP 

power were also observed during optogenetic stimulation of PFC LRG terminals (Figures 

5F–5H and Table S4). This suggests a preferential role of these projections in PFC-dHPC 

gamma synchrony.

Finally, to test whether object exploration-induced low-gamma synchrony is blocked by 

inhibiting PFC–dHPC LRG projections, we analyzed LFPs recorded in the dHPC and PFC 

during closed-loop optogenetic inhibition of the PFC LRG projections (Figures 5I and 5J). 

Consistent with our finding that object exploration is associated with increased low-gamma 

phase synchrony, PFC-dHPC low-gamma phase synchrony increased when control mice 

explored an object in the Laser ON zone. By contrast, in eNpHR-expressing (Dlxi12b-Cre+) 

mice, inhibiting PFC–dHPC LRG projections eliminated object exploration-induced low 

gamma synchrony (Figure 5K). We also examined object exploration-induced increases in 

gamma power within the PFC and dHPC (Table S4). In control mice, we again observed 
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significant increases in dHPC and PFC power during bouts of object exploration. However, 

the magnitude of this increase in PFC gamma power was significantly attenuated by closed-

loop optogenetic inhibition in Dlxi12b-Cre+ mice (based on a two-way ANOVA comparing 

PFC gamma power during object exploration vs. outside the object zone in control vs. 

Dlxi12b-Cre+ mice, p = 0.04). Furthermore, we observed a non-significant decrease in 

dHPC gamma power during closed-loop optogenetic inhibition in Dlxi12b-Cre+ mice. These 

results suggest that PFC–dHPC LRG projections may contribute to object exploration by 

promoting PFC-dHPC low-gamma synchrony.

PFC–dHPC LRG projections reduce hippocampal activity in vivo

We next asked how LRG projections affect NOE-associated neuronal activity in dHPC. 

For this, we used miniaturized microscopes to record Ca2+ activity in CA1 neurons while 

mice explored novel objects. Concurrently, we expressed the red-shifted excitatory opsin 

ChrimsonR in PFC–dHPC LRG projections (Klapoetke et al., 2014; Stamatakis et al., 2018) 

(Figures 6A–6D). On day 1, mice explored a novel object in the absence of any optogenetic 

stimulation. Overall Ca2+ activity decreased significantly during NOE, relative to the HC 

epoch (Figure 6E), although 25/97 neurons had higher activity during NOE. On day 2, we 

optogenetically stimulated PFC–dHPC LRG projections during both HC and NOE epochs. 

Compared to the pre-stimulation HC period, stimulating LRG projections significantly 

reduced activity of CA1 neurons. Activity was then further reduced during subsequent NOE 

(Figure 6E). Notably, light delivery alone did not influence the overall activity of CA1 

neurons in opsin-negative control mice (Figure 6F; % neurons with reduced activity during 

HC + LRG stimulation epoch: 72% in Dlxi12b-Cre+ mice vs. 51% in Cre-negative mice; 

Chi-square test, p < 0.05). Overall, this reduction in population activity is consistent with 

our ex vivo observation that activating PFC–dHPC LRG projections enhances feedforward 

inhibition and reduces spiking in CA1 PNs.

We performed longitudinal analysis of neurons recorded on both imaging days (referred 

to as registered neurons). Specifically, we compared the activity of registered neurons 

across days during the HC and NOE epochs (Figures S6B and S6C). We found that the 

day 1 and day 2 activities in HC epoch were highly correlated for registered neurons 

in all mice (Figures S6D and S6E). However, NOE epoch activity on day 1 and day 

2 was highly correlated for registered neurons in control mice, but not Dlxi12b-Cre+ 
(ChrimsonR-expressing) mice (Figures S6F and S6G). In line with the overall reduction in 

population-level activity we previously noted with LRG stimulation, stimulating PFC–dHPC 

LRG projections on day 2 reduced the activity of registered neurons during NOE in Cre+ 
mice.

PFC–dHPC LRG projections enhance hippocampal object encoding

To assess whether these population-level changes in CA1 activity were associated with 

altered encoding of NOE-relevant information, we compared NOE-driven changes in 

neuronal activity on day 1 (no stimulation) vs. day 2 (LRG stimulation). As shown by the 

seminal discovery of place cells, dHPC CA1 neurons encode information by preferentially 

firing in specific spatial locations (Moser et al., 2008; O’Keefe, 1976; Wilson and 

McNaughton, 1993). Importantly, previous work suggests that hippocampal CA1 neurons 
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represent non-spatial features and objects by changing their encoding properties near these 

landmarks (Knierim, 2002; O’Keefe and Krupic, 2021). We asked whether PFC–dHPC LRG 

projections affect the encoding properties of hippocampal neurons near the object location. 

Specifically, for each neuron, we defined its “object signal-to-noise ratio” (Object_SNR) 

as the change in its activity within a zone surrounding the object location (z-scored to 

the mean and standard deviation outside the object zone) before vs. after introducing the 

object (Figure 7A). Based on this metric, neurons that increased or decreased activity 

in the object zone by one standard deviation had Object_SNR of 1 or −1, respectively. 

During light stimulation, the activity of neurons decreased both within and outside of 

the object zone; the standard deviations of neuronal activity also decreased (Figure 7B). 

Depending on exactly how these changes were distributed across neurons, Object_SNR 

values could potentially increase, decrease, or remain unchanged. In fact, stimulating PFC 

LRG projections significantly increased Object_SNR values relative to the no light condition 

(Figures 7C and S6I). Notably, light delivery alone did not affect the Object_SNR in control 

mice (Figures 7C and S6H, and Table S5). Furthermore, LRG stimulation did not affect 

an analogous “SNR” calculated for control zones on the opposite side of the cage (instead 

of the object zone) (Figures 7D–7F and Table S5). Thus, even though PFC–dHPC LRG 

projections potentiate feedforward inhibition and reduce overall network activity, their net 

effect on hippocampal encoding is to specifically enhance SNR of CA1 neuronal activity at 

object locations.

While the above analysis illustrates how PFC–dHPC LRG projections influence the 

encoding of hippocampal CA1 neurons at object locations, it does not account for whether 

neurons have significant spatial tuning, i.e., are place cells. To address this, we classified 

the imaged neurons on days 1 and 2 as place cells vs. non-spatial cells (STAR Methods). 

We then analyzed the effects of NOE and PFC–dHPC LRG projection stimulation on place 

field (PF) properties. Studies on place cells often provide water/food rewards to encourage 

exploration of the entire environment (Kinsky et al., 2018; Meshulam et al., 2017; Stefanini 

et al., 2020; Ziv et al., 2013). Our study exploited the natural tendency of mice to explore 

novel stimuli in their environment but did not include such rewards. Even with this potential 

caveat that some portions of the test cage may have been underexplored, we found well-

defined PFs for many CA1 neurons (Figures S7A and S7B). Introducing an object increased 

the spatial information and reduced the sparsity index of CA1 place cells (consistent with 

Bourboulou et al., 2019; Burke et al., 2011) (Tables S6 and S7). Strikingly, stimulating 

LRG projections dramatically enhanced object-induced increases in spatial information of 

place cells–an effect not observed in control (opsin-negative) mice. Furthermore, during 

stimulation of PFC LRG projections, the remapping distance (shifts in PF centroid caused 

by introducing the object) was inversely correlated with the PF centroid distance from the 

object location during NOE (Figure 7G). Similar correlations were not observed without 

optogenetic stimulation (Figure 7H). Together, these analyses highlight how PFC–dHPC 

LRG projections regulate hippocampal spatial encoding (Figure 7I).

DISCUSSION

Here, we describe a monosynaptic projection from the PFC-to-dHPC. There are many 

unusual features of this projection: it is GABAergic and targets hippocampal VIP+ ISIs, 
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thus representing a “doubly disinhibitory” long-range motif. This projection modulates 

microcircuit dynamics in the CA1 region of dHPC, increasing feedforward inhibition, 

reducing spiking evoked by afferent inputs while enhancing low-gamma synchrony 

between the PFC and dHPC. In accord with the postulated role of PFC as a top-down 

controller, activating these projections specifically enhances object-related spatial encoding 

in the dorsal CA1 and drives object exploration. Overall, our study shows that these 

top-down prefrontal projections can dynamically control the network state and emergent 

circuit function in the dHPC, thereby altering the signal-to-noise ratio for specific neural 

representations and eliciting corresponding changes in behavior.

Relationship to previous work

Many studies have suggested that PFC exerts top-down control over information processing 

in the HPC, particularly during behaviors involving spatial and object exploration (Brincat 

and Miller, 2015; Eichenbaum, 2017; Jin and Maren, 2015; Place et al., 2016; Preston 

and Eichenbaum, 2013; Shin and Jadhav, 2016; Sigurdsson and Duvarci, 2016; Yu and 

Frank, 2015). Lesion and pharmacological inactivation of PFC severely impairs spatial 

navigation and object exploratory behaviors, and also disrupts neuronal encoding in the 

HPC (Churchwell et al., 2010; DeVito and Eichenbaum, 2010; Floresco et al., 1997; 

Guise and Shapiro, 2017; Kyd and Bilkey, 2003; Wang and Cai, 2006; Yoon et al., 2008). 

Nevertheless, pathways mediating prefrontal top-down control have not been identified, 

and it was not known whether the PFC acts by transmitting specific information to the 

HPC vs. modulating the network state and emergent circuit function. Our study addresses 

this major gap. Based on their anatomical targeting and microcircuit effects, the PFC–

dHPC LRG projections we describe are also well positioned to potentially mediate PFC-to-

hippocampus communication during inhibitory control of actions and processes involved in 

memory retrieval (Anderson et al., 2016). These direct GABAergic PFC-dHPC projections 

may transmit information in parallel to indirect projections from the PFC to ventral HPC 

mediated by the NR (Hoover and Vertes, 2012; Varela et al., 2014), and direct glutamatergic 

projections from the ACC to dHPC (Rajasethupathy et al., 2015). Similar to other LRG 

inputs to HPC, PFC–dHPC LRG projections target inhibitory interneurons. However, 

whereas PFC–dHPC LRG projections increase feedforward inhibition by inhibiting VIP 

interneurons, LRG projections from entorhinal cortex target local HPC INs and reduce 

feedforward inhibition (Basu et al., 2016; Melzer et al., 2012).

Conclusions

Our study describes an anatomical pathway that plays a key role in direct PFC-to-HPC 

communication. The unique features of these projections (i.e., long-range GABAergic, 

disinhibitory IN targeting) enable PFC to dynamically alter emergent network activity and 

information processing in the HPC and thereby exert top-down control over exploratory 

behavior.

Limitations of the study

Since PFC–dHPC LRG neurons comprise molecularly diverse subtypes (e.g., PV, SST, and 

VIP expressing), future studies could use subtype-specific Cre-driver lines to determine 
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whether these subtypes perform similar vs. distinct circuit functions. While we found that 

PFC–dHPC LRG projections primarily target VIP-expressing hippocampal interneurons, 

increase feedforward inhibition, and reduce overall hippocampal activity, we do not yet 

completely understand how this ends up enhancing low-gamma synchrony and object-

related spatial encoding. In particular, CA1 VIP+ ISIs are diverse (Acsády et al., 1996a, 

1996b; Chamberland and Topolnik, 2012). Thus, it may be necessary to identify the sources 

of input to, and post-synaptic targets of, the CA1 VIP ISIs which receive direct PFC LRG 

input.

These targets of LRG-recipient neurons in CA1 may be driven by specific inputs (TA vs. 

SC) and/or target specific pyramidal neuron dendritic compartments. VIP ISIs that receive 

PFC LRG input might also send long-range projections to different parts of the hippocampal 

formation, and/or participate in specific oscillations (Francavilla et al., 2018), contributing to 

the changes in network dynamics we observed.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Vikaas S. Sohal 

(vikaas.sohal@ucsf.edu).

Materials availability—This study did not generate any new reagents.

Data and code availability

• All data reported in this paper will be shared by the lead contact upon request.

• Custom data analysis code has been deposited in a Github repository and is 

publicly available as of the date of publication. The URL is listed in the Key 

Resources table.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—All animal care procedures and experiments were conducted in accordance with 

the National Institutes of Health guidelines and approved by the Administrative Panels on 

Laboratory Animal Care at the University of California, San Francisco. Mice were housed in 

a temperature-controlled environment (22–24°C) with ad libitum access to food and water. 

Mice were reared in normal lighting conditions (12-h light/dark cycle). Male and female 

mice (5–6 weeks old at the time of initial surgeries) from the following lines were used: 

Dlxi12b-Cre (Potter et al., 2009), PV-Cre (The Jackson Lab), SST-IRES-Cre (The Jackson 

Lab), VIP-Cre (The Jackson Lab), and wild-type CD-1.
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METHODS DETAILS

Virus and retrograde tracer injections—Mice were anesthetized with isoflurane and 

placed on a stereotaxic frame (David Kopf Instruments). An incision was made to expose the 

skull, and bregma and lambda were used as references to align the skull. Body temperature 

was maintained using a heating pad. Virus was injected (at the rate of 100 nL/min) with a 

microinjection syringe (Nanofil 10 μL with 35 gauge needle, World Precision Instruments) 

connected to a microsyringe pump (World Precision Instruments, UMP3 UltraMicroPump). 

Coordinates for injections into PFC were (in mm, relative to Bregma) 1.8 anterior-posterior 

(AP), ±0.3 mediolateral (ML), −2.4 dorsoventral (DV); and coordinates for injections into 

dHPC were −1.35 AP, ±0.65 ML, −1.5 DV.

For anterograde tracing, ex vivo slice physiology, and optogenetic stimulation experiments, 

either AAV5-EF1α-DIO-eYFP virus or AAV5-EF1α-DIO-ChR2-eYFP virus (UNC Vector 

core, 650 nL) was injected into PFC of Dlxi12b-Cre+ mice and Cre-negative mice. 

For optogenetic inhibition experiments, AAV5-EF1α-DIO-eNpHR3.0-mcherry virus (UNC 

Vector core, 650 nL) was injected into the PFC. For intersectional labeling of dHPC-

projecting PFC LRG neurons, CAV2-Cre virus (del Rio et al., 2019; Hnasko et al., 2006) 

(650 nL) was injected in the dHPC and AAV5-Dlxi12b-BG-DIO-ChR2-eYFP virus (Lee 

et al., 2014) (650 nL) was injected in the PFC of CD-1 mice. For retrograde labeling of 

dHPC-projecting PFC LRG neurons, Alexa Flour 594 Cholera toxin beta subunit conjugate 

(CTb-594, Invitrogen; 0.5% w/v, 400–500 nL) was injected in dHPC of CD-1 mice. After 

virus or tracer injection, the microinjector needle was left in place for 5–6 min before being 

removed from the brain. Mice were sutured (if receiving viral/tracer injection only) and were 

allowed to recover on a heated pad until ambulatory.

Optic fiber implantation—Following bilateral AAV5-EF1α-DIO-ChR2-eYFP or AAV5-

EF1α-DIO-eNpHR3.0-mcherry virus injections in PFC, dual fiber-optic cannulas (Doric 

lenses; 200/240 mm, 0.22NA) were implanted in dHPC (−1.35 AP, ±0.65 ML, −1.4 DV). 

During these surgeries, the skull was scored with a scalpel to improve implant adhesion. We 

waited at least 7 weeks after surgery to allow time for viral expression.

Fiber photometry: Data acquisition and analysis—For expressing GCaMP 

in dHPC-projecting PFC GABAergic neurons, Dlxi12b-Cre+ mice received unilateral 

injections of AAV8-CON/FON-GCaMP6m virus (Addgene) (Fenno et al., 2014) in the PFC 

and AAVretro-EF1a-Flpo (Addgene) in the dHPC. After virus injections, mono fiber-optic 

cannulas were implanted in the PFC. Likewise, for measuring activity of non-specifically 

labeled PFC GABAergic neurons, Dlxi12b-Cre+ mice received unilateral injections of 1:3 

diluted AAV8-Syn-flex-GCaMP6m (Addgene) in the PFC followed by implantation of 

mono fiber-optic cannulas. Fiber photometry experiments were conducted 7–8 weeks after 

surgery.

The photometry recording apparatus design was similar to previous studies (Cho et al., 

2020). Blue excitation light at 470 nm was used to stimulate GCaMP6m fluorescence 

and isosbestic signal recorded in response to a violet excitation light (405 nm) was 

used to correct for bleaching and perform ratiometric measurements of GCaMP6m 
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activity. Accordingly, two excitation LEDs (470 nm and 405 nm, Thorlabs M470F1 and 

M405FP1) were connected to a mini cube (Doric Lenses, FMC2_Af405-GCaMP_FC) 

by a patch cord (200 μm core, NA = 0.39, Doric Lenses) and controlled by an LED 

driver (Thorlabs DC4104), and connected to an RX-8 real-time processor (Tucker Davis 

Technologies). The GCaMP6m signal was collected through a low auto-fluorescence 

patch cord (Doric Lenses, MFP_600/630/LWMJ-0.48_0.5m_FC-FC) and focused onto 

a photoreceiver (Newport, Model 2151). The modulated signals generated by the two 

LEDs were independently recovered using standard synchronous demodulation techniques 

implemented on the RX-8 real-time processor. A computer installed with Synapse software 

(Tucker-Davis Technologies) was used to control the photometry data acquisition, and to 

record synchronized behavior video. Data analysis was performed using custom scripts 

written in MATLAB.

Using a least-squares linear fit, the 470 nm signal was aligned to the 405 nm control signal. 

The dF/F time series was then calculated as: ((470 nm signal - fitted 405 nm signal) / 

fitted 405 nm signal). dF/F values were converted to z-scored dF/F using the average and 

standard deviation of the signals during the behavior testing session. For measuring changes 

in GCaMP6m signals during NOE behavior, mouse behavior was manually scored, and NOE 

bout start times were marked. Peak z-scored dF/F values 5 s before and after NOE bout start 

were compared. Data points in plots shown in Fig. 3G and J were calculated by averaging 

the z-scored dF/F values from all NOE bouts for every mouse.

Optogenetic stimulation of PFC–dHPC LRG projections—A 473 nm blue laser 

(OEM Laser Systems, Inc.) was coupled to the dual fiber-optic cannula (implanted in dHPC) 

through a dual fiber-optic patch cord (Doric Lenses, Inc.), and was controlled via a function 

generator (Agilent 33500B Series Wave-form Generator). Laser power was adjusted such 

that the final light power was 3–4 mW total, summed across both fibers, and averaged over 

20 Hz light pulses (5 ms duration).

Closed loop optogenetic inhibition of PFC–dHPC LRG projections during 
novel object exploration—Mice were habituated to a large housing cage (48 × 35 cm) 

for 2–3 days. On testing day, mice were placed in the cage and were allowed to freely 

explore for 10 min. After this baseline period, a novel object was added to the cage and mice 

were allowed to explore the object for 12 min. During the NOE testing, area surrounding the 

object (24 × 12 cm) was assigned as the ‘Laser ON Zone’ and the remaining area was called 

the ‘Laser OFF Zone’. Mouse positions were tracked using ANY-maze software connected 

to a green laser (532 nm). Laser was coupled to the dual fiber-optic cannula (implanted in 

dHPC) through a dual fiber-optic patch cord (Doric Lenses, Inc.) (light power ~3 mW/fiber). 

Laser output was triggered by TTL pulses when mouse entered the Laser ON Zone and laser 

was turned off when mouse entered the Laser OFF Zone.

Behavioral assays—After sufficient time for surgical recovery and viral expression, 

mice were handled and habituated for multiple days (3–5 days). Briefly, mice were first 

habituated to the behavioral testing room for 30 min prior to handling each day. For 2–3 

days before starting testing, mice were habituated to the cable tethers in their home cage for 

15 min. The experimenter was blinded to experimental groups during behavioral testing and 
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scoring. A USB webcam (Logitech) connected to a computer running ANY-maze (Stoelting 

Co.) was used to record behavior movies. The position of mice was tracked using the built-in 

tracking in ANY-maze software. In some experiments, mouse positions were tracked using 

trained neural networks in DeepLabCut open-source software package (Mathis et al., 2018).

Novel object exploration—For measuring novel object exploration, one previously 

unexplored object was placed in the home cage of an experimental mouse for 5 min. 

A blinded observer manually scored the following parameters: exploration time, bouts of 

exploration, and latency to the first exploration. Objects used in our study were usually 

lego toys, dice, small plumbing connectors, and falcon tube caps. For experimental mice 

with dual-fiber optic implants, two object interaction tests were performed over two days: 

day 1 testing was performed without light stimulation, and day 2 testing was done during 

optogenetic stimulation or inhibition of PFC–dHPC LRG projections. Cre-negative mice (no 

opsin control) with dual-fiber optic implants underwent similar behavior testing procedures.

Object recognition memory test: The task for object recognition memory was divided into 

habituation phase, sample phase, and test phase. During the habituation phase, mice were 

handled and habituated to the testing arena. In the sample phase, mice were allowed to 

explore two identical objects for 5 min. After a retention interval of 2 h, mice were returned 

to the arena for the test phase of the task. In this phase, one the previously explored objects 

was replaced with a novel object. Mice were allowed to sample the novel and familiar 

objects in the test phase for 5 min. The interaction time of the mice with objects in sample 

and test phases was manually scored and the ratio of the time spent exploring the novel and 

familiar object in the test phase was calculated.

The object recognition memory was tested twice in different open-field arenas (context 1 

and context 2). In context 1 testing, mice receive optogenetic stimulation of PFC–dHPC 

LRG projection terminals during the sample phase of the task. In context 2 testing, 

optogenetic stimulation was delivered during the test phase.

Home cage social interaction test: For social interaction test, a novel juvenile (3–4 weeks 

old) mouse of the same sex was introduced in the home cage of an experimental mouse 

for 5 min. A blinded observer manually scored the time (in seconds) the experimental 

mouse spent with its nose in direct contact with the novel juvenile intruder. For all 

experimental mice, two social interaction tests were performed over two days: day 1 testing 

was performed without light stimulation, and day 2 testing was done during optogenetic 

stimulation of PFC LRG projections.

Three-chamber social interaction test: A Plexiglas box (57 × 24 × 23 cm) divided into 

three equal sized compartments was used as the testing apparatus. Inverted wire cups were 

placed in the end compartments for placing juvenile mice (social targets) during testing. The 

apparatus and wire cups were cleaned with 70% ethanol between sessions and after each test 

mouse.

The three-chamber social interaction test was divided into three phases: habituation, 

sociability, and social novelty. During the habituation phase, test mice were allowed to 
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explore the apparatus for 10 min. During the sociability phase, a novel juvenile mouse was 

placed under one of the wire cups and the preference of the test mouse for the chamber 

with the juvenile mouse (social target) versus the empty wire cup was measured (10 min test 

duration). In the social novelty phase, the preference for a novel juvenile versus a familiar 

mouse was tested for 10 min. The PFC–dHPC LRG projections were optogenetically 

stimulated in the sociability and socialnovelty phases of the task.

Open field exploration test: Mice were placed in the center of a 50 × 50 cm open-field 

arena and were allowed to freely explore for 12 min. The testing time was divided into four 

(3 min) epochs. PFC–dHPC LRG projections were optogenetically stimulated during the 2nd 

and 4th epochs. Distance traveled during no stimulation (light OFF) and during optogenetic 

stimulation (light ON) epochs was quantified using the ANY-maze tracking software.

Real-time place preference (RTPP) test: Real-time place preference (RTPP) testing 

protocol consisted of three 20 min sessions conducted over 3 days. An apparatus with 

two identical chambers was used for RTPP testing. On day 1, mice were habituated to 

the apparatus for 20 min. On day 2, mice were placed into one randomly chosen chamber 

and the time spent in the two chambers was recorded. On day 3, one of the chambers 

was randomly assigned as the stimulated chamber. When mice entered this chamber, 

they received laser stimulation (optogenetic stimulation or inhibition of PFC–dHPC LRG 

projection terminals). The ratio of the time spent in the stimulated chamber vs. the non-

stimulated chamber was used as the preference index. The sides used as the stimulated and 

non-stimulated chambers were counterbalanced across mice.

LFP recordings: Surgery and analysis

Surgery: Mice were anesthetized with isoflurane and placed on a stereotactic frame. After 

cleaning, the skull was scored with a scalpel to improve implant adhesion. For LFP 

recordings from wild-type CD-1 mice, tungsten electrodes (Microprobes) were inserted 

into the PFC (1.8 AP, −0.3 ML, −2.4 DV) and dHPC (−1.35 AP, −0.65 ML, −1.5 

DV). For multisite LFP recordings combined with optogenetics, one LFP electrode was 

implanted after AAV5-EF1α-DIO-ChR2-eYFP or AAV5-EF1α-DIO-eNpHR3.0-mcherry 

virus injection into PFC of Dlxi12b-Cre+ mice. A custom-made optrode (optical fiber + 

electrode) was implanted in dHPC to stimulate or inhibit PFC–dHPC LRG axon terminals 

during LFP recordings. To fabricate optrodes, a tungsten LFP recording electrode was 

affixed to one of the fibers of the dual-fiber optic cannula such that the tip of the electrode 

protruded 200–300 mm beyond the end the optic fiber (Lee et al., 2019). Reference 

and ground screws were implanted above the cerebellum. Electrodes and screws were 

cemented to the skull with Metabond (Parkell) and connected to a headstage for multi-

channel recordings (Pinnacle). Following surgery, mice were monitored postoperatively, 

given analgesics, and individually housed.

Recording and analysis: LFP data were acquired at 2 KHz and band-pass filtered from 0.5–

150Hz. Electrode placements were histologically confirmed. Analysis of LFP data was done 

using custom MATLAB (Mathworks) scripts. Briefly, signals were imported into MATLAB 

and LFP log power (for both channels) was calculated using the power spectral density 
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output from the spectrogram function. For phase-synchrony analysis, LFPs were FIR-filtered 

for different frequency bands, then Hilbert transformed to yield the instantaneous amplitudes 

and phases. The following frequency bands were compared: theta band (4–12 Hz), beta band 

(15–25 Hz), low-gamma band (25–55 Hz), and high-gamma band (65–85 Hz).

To detect nonzero phase interdependencies (phase synchrony) between LFP signals recorded 

at PFC and dHPC electrodes, we estimated the weighted Phase Lag Index (wPLI) (Vinck 

et al., 2011) using the imaginary component of the cross-spectrum (Sxy) (Equations 1.1 and 

1.2). Ax and Ay are instantaneous amplitudes; and ϕx and ϕy are instantaneous phases for PFC 

and dHPC signals, respectively.

Sxy = AxAyei φx − φy (Equation 1.1)

wPLI = ∑ imag Sxy sgn Sxy

∑ imag Sxy
(Equation 1.2)

Log power and wPLI were calculated over short time intervals (at least 3 s in duration), i.e., 

the intervals during which a mouse was actively exploring an object or matched intervals 

during baseline periods when the mouse was in its home cage.

To analyze the LFPs recorded during closed-loop optogenetic inhibition of PFC LRG 

projections, we first extracted the time intervals when the mouse was exploring an object 

in the object zone (zone where green laser for optogenetic inhibition was ON). Next, we 

extracted time intervals when the mouse was outside the object zone. These outside zone 

time intervals were further filtered to remove time points when the mouse was running 

toward / away from the object zone, in order to minimize potential confounds related to 

the speed of movement. Power and wPLI of PFC and dHPC LFPs during object zone and 

outside zone time intervals were calculated and compared.

Ex-vivo slice physiology

Slice preparation: Adult mice were anesthetized with an intraperitoneal injection of 

euthasol and transcardially perfused with an ice-cold cutting solution containing (in mM) 

210 sucrose, 2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 0.5 CaCl2, 7 MgCl2, 7 dextrose (bubbled 

with 95% O2–5% CO2, pH ~7.4). Mice were decapitated and the brains were removed. 

For acute prefrontal sections: two parallel cuts were made along the coronal plane at the 

rostral and caudal ends of the brains; brains were mounted on the flat surface created at 

the caudal end; three coronal slices (250 mm thick) were obtained using a vibrating blade 

microtome (VT1200S, Leica Microsystems Inc.). Dorsal hippocampal (dHPC) slices were 

obtained using a blocking technique described previously (Malik et al., 2015). Briefly, dHPC 

slices were obtained by making a blocking cut at a 45° angle from the coronal plane starting 

at the posterior end of the forebrain. A second blocking cut was made at 45° relative to the 

coronal plane, but starting from approximately one-third of the total length of the forebrain 

(from the most anterior point). Brains were mounted on the flat surface created by the first 

blocking cut. Approximately, 3 dorsal slices were obtained from each hemisphere.
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Slices were allowed to recover at 34 °C for 30 min followed by 30 min recovery at room 

temperature in a holding solution containing (in mM) 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 25 

NaHCO3, 2 CaCl2, 2 MgCl2, 12.5 dextrose, 1.3 ascorbic acid, 3 sodium pyruvate.

Ex-vivo patch clamp recordings: Somatic whole-cell current-clamp and voltage-clamp 

recordings were obtained as previously described (Malik and Johnston, 2017; Malik et al., 

2019). Briefly, submerged slices were perfused in heated (32–34 °C) artificial cerebrospinal 

fluid (aCSF) containing (in mM): 125 NaCl, 3 KCl, 1.25 NaH2 PO4, 25 NaHCO3, 2 

CaCl2, 1 MgCl2, 12.5 dextrose (bubbled with 95% O2/5% CO2, pH ~7.4). Neurons were 

visualized using DIC optics (and eYFP fluorescence in a few experiments) fitted with a 

40x water-immersion objective (BX51WI, Olympus microscope). During recordings from 

prefrontal slices, dHPC projecting PFC LRG neurons in all cortical layers were identified 

by eYFP expression. During recordings from hippocampal slices, CA1 pyramidal neurons 

(PNs) and CA1 local inhibitory neurons (INs) were identified using laminar location (under 

DIC optics) and intrinsic properties of the recorded neurons.

Patch electrodes (2–3 MΩ) were pulled from borosilicate capillary glass of external 

diameter 1 mm (Sutter Instruments) using a Flaming/Brown micropipette puller (model 

P-2000, Sutter Instruments). For current-clamp recordings, electrodes were filled with 

an internal solution containing the following (in mM): 134 K-gluconate, 6 KCl, 10 

HEPES, 4 NaCl, 7 K2-phosphocreatine, 0.3 Na-GTP, and 4 Mg-ATP (pH ~7.3 adjusted 

with KOH). Biocytin (Vector Laboratories) was included (0.1–0.2%) for subsequent 

histological processing of recipient CA1 neurons. For voltage-clamp recordings, the 

internal solution contained the following (in mM): 130 Csmethanesulfonate, 10 CsCl, 10 

HEPES, 4 NaCl, 7 phosphocreatine, 0.3 Na-GTP, 4 Mg-ATP, and 2 QX314-Br (pH ~7.3 

adjusted with CsOH). In a few recordings, 15 μm AlexaFluor-594 (Invitrogen) was also 

added to the internal solution. Electrophysiology data were recorded using Multiclamp 

700B amplifier (Molecular Devices). Voltages have not been corrected for measured 

liquid junction potential (~8 mV). Data collection was started 5–8 min after successful 

transition to the whole-cell configuration. Series resistance and pipette capacitance were 

appropriately compensated before each recording. Series resistance was usually 10–20 MΩ, 

and experiments were terminated if series resistances exceeded 25 MΩ.

Data analysis: Ex vivo electrophysiology data were analyzed using custom routines written 

in IGOR Pro (Wavemetrics). Resting membrane potential (RMP) was measured in current-

clamp mode immediately after reaching whole-cell configuration. Input resistance (Rin) was 

calculated as the slope of the linear fit of the voltage-current plot generated from a family 

of hyperpolarizing and depolarizing current injections (−50 to +20 pA, steps of 10 pA). 

Firing output was calculated as the number of action potentials (APs) fired in response to 

800 ms long depolarizing current injections (25–500 pA). Firing frequency was calculated 

as the number of APs fired per second. Firing traces in response to 50 pA current above 

the rheobase were used for analysis of single AP properties – AP threshold, maximum 

dV/dt (rate of rise of AP), AP amplitude, AP half-width, and fast afterhyperpolarization 

(fAHP) amplitude. AP threshold was defined as the voltage at which the value of third 

derivative of voltage with time is maximum. Action potential amplitude was measured 
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from threshold to peak, and the half-width was measured at half this distance. Fast after 

hyperpolarization was measured from the threshold to the negative voltage peak after the 

AP. Index of spike-frequency accommodation (SFA) was calculated as the ratio of the last 

inter-spike interval to the first inter-spike interval.

Recorded inhibitory neurons (INs) in PFC and dorsal CA1 were classified as fast spiking, 

regular spiking or irregular spiking based on electrophysiological properties. Specifically, 

INs were classified as fast spiking if they met 3 out of the 4 following criteria: AP half-width 

was <0.5 ms, firing frequency >50 Hz, fAHP amplitude >14 mV, and SFA index <2. 

Irregular spiking INs were initially visually identified based on their high variability in 

inter-spike interval and burst-like intermittent spiking properties. This classification was 

confirmed using a firing frequency threshold (<50 Hz) and/or an SFA index threshold (>2). 

Dorsal CA1 neurons were classified as pyramidal neurons if they satisfied the following 

criteria: cell body located in stratum pyramidale, AP half-width > 1 ms, fAHP amplitude <5 

mV, and maximum firing frequency <20 Hz.

To measure optogenetically evoked spiking in ChR2-eYFP+ PFC INs and to measure 

optogenetically evoked postsynaptic currents (oPSCs) in CA1 neurons, ChR2 was stimulated 

using 5 ms long light pulses (maximum light power, 4 mW/mm2) generated by a Lambda 

DG-4 high-speed optical switch with a 300 W Xenon lamp (Sutter Instruments) and an 

excitation filter centered around 470 nm. Light pulses were delivered to the slice through 

a 40x objective (Olympus). To measure the reversal potential of oPSCs, the holding 

potentials were systematically varied from −100 to +20 mV in 10 mV steps. The drugs 

applied were 6-cyano-7-nitroquinoxaline-2,3-dione disodium salt hydrate (CNQX), 2-(3-

carboxypropyl)-3-amino-6-(4 methoxyphenyl)-pyridazinium bromide (Gabazine), and d-2-

amino-5-phosphonopentanoic acid (D-AP5) (Tocris). Drugs were prepared as concentrated 

stock solutions and were diluted in ACSF on the day of the experiment.

To measure afferent input mediated feedforward excitation and inhibition in CA1 PNs, 

bipolar stimulating electrodes (Microprobes) were placed in stratum radiatum (SR) and 

stratum lacunosum-moleculare (SLM) to stimulate Schaffer collateral (SC) and temporo 

ammonic (TA) inputs, respectively. The protocol for theta-burst stimulation (TBS) consisted 

of bursts with five electrical stimulations (40 Hz) repeated at 5 Hz. To measure the effect of 

PFC LRG inputs on firing output and EPSP summation during TBS protocol, train of 470 

nm light pulses (20 Hz, 5 ms) was delivered through the 40x objective. Firing frequency 

during TBS was calculated as the average number or APs fired per burst, and summation 

was estimated as the area of the last EPSP in the TBS train.

In vivo Ca2+ imaging

Surgery: Mice underwent two stereotactic surgeries. Cre-dependent AAV5-Syn-FLEX-

ChrimsonR-tdTomato virus (Addgene) was injected in PFC (1.8 AP, ±0.3 ML, −2.4 

DV) of Dlxi12b-Cre+ and Cre-negative mice. Following this, 500–550 nL of AAV9-Syn-

jGCaMP7f-WPRE virus (diluted 1:2; Addgene) (Dana et al., 2019) was injected in dorsal 

CA1 to express synapsin-driven calcium sensor jGCaMP7f (injection coordinates: −1.4 AP, 

+0.8 ML, −1.5 DV). After 3–4 weeks of viral expression, cortex overlying dorsal CA1 was 

slowly aspirated and a 1 mm diameter x 4 mm long integrated GRIN lens (Inscopix) was 
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slowly advanced above the dorsal CA1 and cemented in place with Metabond dental cement. 

Mice were allowed to recover for at least 3 weeks before starting behavior and imaging 

experiments.

Combined Ca2+ imaging and optogenetics: Imaging data were collected using a 

miniaturized one-photon microscope (nVoke2; Inscopix Inc.). GCaMP7f signals (Ca2+ 

activity) were detected using 435–460 nm excitation LED (0.1–0.2 mW), and optogenetic 

stimulation of ChrimR-expressing axons was performed using a second excitation LED 

centered around 590–650 nm (5 ms pulses at 20 Hz, 1–2 mW light power). Ca2+ movies 

were acquired at 20 frames per second, spatially downsampled (4x), and were stored for 

offline data processing.

Mice were placed into a large housing cage (48 3 35 cm) for 2–3 days for 20 min where 

they habituated to the scope. After habituation, mice underwent a two-day behavioral testing 

protocol for recording NOE related Ca2+ activity in CA1 neurons. On day 1, mice were 

allowed to explore the large home cage for 15 min (HC epoch). Following this, mice were 

allowed to explore a novel object introduced in the cage for 15 min (NOE epoch). On day 2, 

mice were allowed to explore the home cage for 15 min (HC epoch) followed by optogenetic 

stimulation during home cage exploration for 10 min (HC + LRG stim epoch). Mice were 

then allowed to explore a novel object combined with optogenetic stimulation of PFC–dHPC 

LRG projections (NOE + LRG stim epoch). The behavior of mice during different epochs 

was recorded using ANY-maze software, and input TTL pulses from a computer running 

ANY-maze software to the data acquisition computer running nVoke2 acquisition software 

were used to synchronize Ca2+ imaging and mouse behavior movies.

Data analysis: Ca2+ imaging movies were preprocessed using Inscopix Data Processing 

Software (IDPS; Inscopix, Inc.). The video frames were spatially filtered (band-pass) with 

cut-offs set to 0.005 pixel-1 (low) and 0.5 pixel-1 (high) followed by frame-by-frame 

motion correction for removing movement artifacts associated with respiration and head-

unrestrained behavior. The mean image over the imaging session was computed, and 

the dF/F was computed using this mean image. The resultant preprocessed movies were 

then exported into MATLAB, and cell segmentation was performed using an open-source 

calcium imaging software (CIAPKG) (Corder et al., 2019). Specifically, we used a Principal 

Component Analysis/Independent Component Analysis (PCA/ICA) approach to detect and 

extract ROIs (presumed neurons) per field of view (Mukamel et al., 2009). For each movie, 

the extracted output neurons were then manually sorted to remove overlapping neurons, 

neurons with low SNR, and neurons with aberrant shapes.

Accepted neurons and their Ca2+ activity traces were exported to MATLAB for further 

analysis using custom scripts (as previously described in (Frost et al., 2021)). Briefly, we 

calculated the standard deviation (σ) of the Ca2+ movie and used this to perform threshold-

based event detection on the traces by first detecting increases in dF/F exceeding 2σ (over 

one second). Subsequently, we detected events that exceeded 10σ for over two seconds and 

had a total area under the curve higher than 150σ. The peak of the event was estimated as 

the local maximum of the entire event. For an extracted output neuron, active frames were 
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marked as the period from the beginning of an event until the Ca2+ signal decreased 30% 

from the peak of the event (up to a maximum of 2 s).

Procedure for measuring object-related changes in Ca2+ activity: Frame-by-frame x-y 

positions of the head of a mouse in the testing cage were detected using DeepLabCut. A 

small rectangular area surrounding the object location in the testing cage was marked as the 

object zone. Time points (frames acquired at 30 Hz and resampled at 20 Hz, using resample 

function in MATLAB) when the mouse’s head was inside the object zone were classified 

as INbin and the remaining frames were classified as OUTbin. We then recorded the frame-

by-frame Ca2+ activity of neurons corresponding to the INbin and OUTbin position frames. 

For all extracted neurons, the mean activity for INbin (μINbin) and OUTbin (μOUTbin) frames 

were calculated. We also calculated the standard deviation (SD OUTbin) of neuronal activity in 

OUTbin frames. The z-scored activity of each neuron was estimated using Equation 2.1. The 

object signal-to-noise ratio (Object SNR) was calculated using the z-scored activity during 

HC and NOE epochs (Equation 2.2).

zscore = μINbin − μOUTbin

 SD OUTbin
(Equation 2.1)

Object SNR =  zscoreNOE −  ZscoreHC (Equation 2.2)

Control location SNR was calculated similarly using the positions of the mouse inside and 

outside three non-overlapping control locations.

Registration of cells across imaging sessions: To compare activity of CA1 neurons during 

NOE sessions on day 1 and day 2, cells were tracked across sessions using CellReg 

(Sheintuch et al., 2017). Briefly, rigid alignment with both translations and rotations was 

performed on spatial ROI footprints of each session and manually inspected for quality. 

Identities of the registered cells (i.e. cells tracked across both recording days) were used for 

pairwise comparisons presented in Figure S6.

Place field analysis—Place field analysis was performed in MATLAB using 

custom scripts and previously published analysis scripts (https://github.com/SharpWave/

PlacefieldAnalysis) (Kinsky et al., 2018). Calcium imaging and mouse position data during 

the imaging sessions was speed filtered to exclude time periods with running speeds below 

1 cm/s. Data from different epochs (i.e., HC and NOE on day 1 and day 2) were analyzed 

separately. Rate maps were constructed by summing the total number of Ca2+ events that 

occurred in a location bin (2.5 × 2.5 cm) divided by the total occupancy time of the mouse in 

that bin. The rate maps were then smoothed with a Gaussian kernel (σ = 2.5cm). Place fields 

were defined as all connected occupancy bins whose smoothed event rate exceeded 50% of 

the peak event rate. If a neuron had multiple place fields, the size and location of the its 

largest place field was used for analysis.

Spatial information content was calculated as previously described (Skaggs et al., 1993) 

(Equation 3.1).
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Spatial Information = ∑
i

P i
Ri

R log2
Ri

R (Equation 3.1)

where i is the bin number, Pi is the probability of occupancy for bin i, Ri is the calcium 

event rate for bin i, and R is the overall calcium event rate. To determine whether CA1 

neurons had above chance spatial selectivity (i.e., place cells vs. non-place cells), we first 

calculated the spatial information content for each neuron. Then we circularly shuffled the 

entire sequence of calcium activity for every neuron 500 times and calculated the spatial 

information for the shuffled activity raster. Specifically, the end of the activity raster was 

circularly wrapped to the start by a random interval ranging between 20 s and session 

duration − 20s. A neuron was classified as a place cell if its spatial information content was 

above 80% percentile of the shuffled distribution of that neuron (Meshulam et al., 2017).

To measure the relative proportion of the recording cage on which the neurons were active, 

we calculated the sparsity index as described by (Jung et al., 1994) (Equation 3.2).

Sparsity index = ∑
i

P i ∗ Ri
2/R2

(Equation 3.2)

Additional spatial properties compared include the peak and mean in-field and out-field 

firing rates, number of place fields, and size of largest place field. For remapping analysis, 

distance between the largest PF centroid during HC epoch and largest PF centroid during 

NOE epoch were calculated for every neuron. Correlations between this remapping distance 

and the PF centroid distance from the object in the NOE epoch of all imaged neurons were 

analyzed and are shown in Figure 7.

Histological processing

Assessment of virus expression and anterograde tracing of LRG projections: Animals 

were transcardially perfused with PBS, and then with 4% paraformaldehyde (PFA). The 

brains were post-fixed for at least one day in PFA solution. Coronal sections (50–75 μm 

thick) were obtained using a vibratome. Sections that included the injection sites, electrode 

implantation sites and lens implantation sites were mounted on slides and cover-slipped 

using a glycerol-base, aqueous mounting medium (Vectashield Plus Antifade Mounting 

Medium, Vector labs). Sections were first scanned using an upright wide-field fluorescence 

microscope. Following this, confocal images were taken with 10x and 20x objectives on an 

Andor Borealis CSU-W1 spinning disk confocal mounted on a Nikon Ti Microscope (UCSF 

Nikon Imaging Center, NIH S10 Shared Instrumentation grant 1S10OD017993–01A1) and 

captured with an Andor Zyla sCMOS camera and Micro-Manager software (Open Imaging).

Inhibitory neuron marker expression in recipient CA1 neurons: Slices containing 

biocytin-filled cells were fixed overnight in a buffered solution containing 4% PFA. Slices 

were rinsed in PBS, then blocked and permeabilized in PBS with 5% Donkey Serum, 0.3% 

Triton X-100 and 1% BSA. Slices were immuno-stained overnight with one or two primary 

antibodies: rabbit anti-PV (Swant; diluted 1:200), rat anti-SST (Millipore, diluted 1:200), 

or rabbit anti-VIP (Immunostar, diluted 1:200). Slices were washed 6 × 10min in PBS 
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containing 0.3% Triton X-100. Slices were incubated with donkey anti-rabbit Alexa-488, 

donkey anti-rat Alexa 594 secondary antibody (1:800, Thermo Fisher), and Streptavidin-647 

(1:300, Thermo Fisher) overnight at 4°C. After washing 6 × 10min in PBS with 0.3% Triton 

X-100, slices were mounted with an aqueous mounting medium. Confocal mages were 

obtained as described above.

Inhibitory neuron (IN) marker expression in CTb tagged PFC LRG neurons: 5–7 

days after CTb injection, mice were transcardially perfused with PBS followed by 4% PFA 

solution, and brains were post-fixed for at least one day. Coronal sections (75 mm) were 

obtained using a vibratome, and immuhistochemistry was performed (as described above). 

The following primary antibodies were used to stain for IN markers: rabbit anti-PV (Swant; 

diluted 1:200); rat anti-SST (Millipore, diluted 1:200); rabbit anti-VIP (Immunostar, diluted 

1:200); rabbit anti-NPY (Immunostar, diluted 1:500); rabbit anti-calretinin (Immunostar, 

diluted 1:500); rabbit anti-nNOS (Life technologies, diluted 1:500), and goat anti-CTb (List, 

diluted 1:500). The following secondary antibodies were used: donkey anti-rabbit Alexa 

488; donkey anti-rat Alexa 488; and donkey anti-goat Alexa 594. For each IN marker, 

confocal images collected from mounted sections were used to manually count the number 

of CTb+ and IN marker+ PFC neurons (ImageJ software).

Analysis of axon collaterals: SST-Cre, PV-Cre, and VIP-Cre mice received unilateral 

injections of 1:2 diluted AAV8-CON/FON-eYFP virus (Addgene) (Fenno et al., 2014) 

into the PFC and AAVretrograde-EF1a-Flpo (Addgene) into the dHPC. After waiting 7–8 

weeks for sufficient expression, mice were transcardially perfused with PBS and PFA, 

and brains were post-fixed for at least one day. Coronal sections (75 mm thick) were 

obtained using a vibratome and mounted on slides and cover-slipped using Vectashield 

Plus Antifade Mounting Medium (Vector labs). Sections were imaged using an upright 

wide-field fluorescence microscope (BZ-X series fluorescence microscope, KEYENCE). A 

small cohort of control mice received AAV8-CON/FON-eYFP virus injections into the PFC. 

Sections from these mice lacked eYFP expression (data not shown) suggesting that the 

injected titer of AAV8-CON/FON-eYFP virus does not lead to Cre and Flp independent 

eYFP expression.

QUANTIFICATION AND STATISTICAL ANALYSIS

Detailed statistical analyses were performed using MATLAB and Graphpad Prism. 

Comparisons of means were performed using paired or unpaired two-tailed Student’s t test, 

one-way ANOVA or two-way repeated measures ANOVA with Tukey post hoc test unless 

otherwise stated. For non-parametric data sets, we used Chi-square, Wilcoxon rank sum, and 

Friedman tests to determine significance. Sample sizes and statistical tests and parameters 

are listed in the figure legends. Data are reported as mean ± S.E.M. unless otherwise stated.

Supplementary Material

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

• PFC regulates dorsal hippocampus (dHPC) via long-range GABAergic (LRG) 

projections

• LRG projections augment feedforward inhibition by targeting VIP 

interneurons in CA1

• PFC–dHPC LRG projections enhance object-related spatial encoding in CA1

• PFC–dHPC LRG projections promote object exploration and CA1-PFC 

gamma synchrony
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Figure 1. A heterogeneous population of PFC GABAergic neurons projects to the dHPC
(A) Schematic of the anterograde tracing strategy.

(B) Representative images of eYFP+ PFC GABAergic neurons (left) and eYFP+ axonal 

fibers in the dHPC (right). Scale bars, 1 mm and 0.5 mm, respectively.

(C) During patch clamp recordings from dorsal CA1 neurons, ChR2-eYFP+ LRG axon 

fibers (green) were optogenetically activated by blue light. Scale bar, 100 μm.

(D) Top left: example traces showing that optogenetically evoked postsynaptic currents 

(oPSCs) in CA1 neurons reverse at the GABA reversal potential (gray dashed line). Blue 
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bars denote light pulses. Bottom left: example oPSCs recorded in control aCSF (black), 

after adding CNQX + AP5 (orange), and after adding Gabazine (magenta). Right: oPSC 

amplitudes were significantly reduced by Gabazine. Open circles represent data from 

individual neurons (n = 8) and bars represent averages; one-way ANOVA followed by 

Tukey’s multiple comparison test, ***p < 0.001.

(E) Schematic of the intersectional strategy to label dHPC-projecting PFC LRG neurons.

(F) Representative images showing ChR2-eYFP-expressing, dHPC-projecting PFC LRG 

neurons. Dotted box (left) corresponds to magnified image (right). Numbers indicate the 

cortical layers. Scale bar, 1 mm.

(G) Top: representative image illustrating ex vivo patch clamp recording from ChR2-eYFP+ 

PFC– dHPC LRG neuron. Bottom: example traces showing PFC–dHPC LRG neuron firing 

elicited by a single light pulse or a 20 Hz train.

(H) Left: example voltage responses of PFC–dHPC LRG neurons to depolarizing current 

injections. Top right: pie chart showing the laminar distribution of recorded PFC–dHPC 

LRG neurons. Bottom right: pie chart showing percentages of PFC–dHPC LRG neurons 

with various physiological properties.

See also Figures S1 and S2 and Tables S1 and S2.
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Figure 2. PFC LRG projections preferentially target ISIs and increase feedforward inhibition in 
CA1
(A) Example DIC image showing patch clamp recording from a CA1 neuron during 

optogenetic stimulation of PFC LRG projections. Layers of CA1 are labeled: stratum oriens 

(SO), stratum radiatum (SR), and stratum lacunosum-pyramidale (SLM); dashed white line 

represents the SR-SLM border.

(B) Top: example voltage responses to depolarizing current injections in recipient CA1 

neurons. Bottom: laminar distribution (left) and % (right) of fast spiking (11/55), regular 

spiking (25/55), and irregular spiking (19/55) recipient CA1 neurons.
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(C) Left: Representative images showing IN marker expression in biocytin-filled recipient 

CA1 neurons. Scale bar, 100 μm. Right: fraction of recipient neurons that stained positive 

for VIP or (in separate sections) for PV or SST. Chi-square test, **p < 0.01.

(D) Top left: Schematic of the experimental configuration. Right: example hippocampal 

image showing Alexa-594 filled recording electrode (Re) targeting a CA1 PN, and 

electrodes for SC and TA stimulation. Brief pulses of blue light were used to optogenetically 

stimulate PFC LRG projections.

(E) EPSPs and IPSPs elicited by electrical stimulation of SC or TA inputs (black bar) in the 

presence or absence of optogenetic stimulation of PFC–dHPC LRG projections (cyan bar).

(F) Right: optogenetic stimulation of PFC–dHPC LRG projections significantly decreased 

EPSP/IPSP ratios for both SC (n = 15 cells) and TA (n = 22 cells) inputs. Open circles 

represent individual neurons and bars represent averages; two-way paired t test, *p < 0.05.

(G) Example voltage responses of a CA1 PN to coincident theta-burst stimulation (TBS) of 

SC and TA inputs (black bars) combined with 20 Hz optogenetic stimulation of PFC LRG 

projections (cyan bars).

(H) Average firing frequency (left) and EPSP area (right) during TBS of SC and TA inputs 

are reduced by concomitant optogenetic stimulation of PFC LRG projections. Open circles 

represent individual neurons (n = 9), and bars represent averages; two-way paired t test, *p < 

0.05.

See also Figure S3 and Table S3.
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Figure 3. Activity of prefrontal GABAergic neurons is time-locked to NOE
(A) Left: Schematic of the intersectional strategy to specifically express GCaMP6m in 

dHPC-projecting PFC LRG neurons. Right: representative image showing sparse GCaMP 

expression in the cell bodies of PFC–dHPC LRG neurons. Scale bar, 200 μm.

(B) Similar to (A), for broad, non-specific GCaMP labeling of prefrontal GABAergic 

neurons. (C and D) Schematics of fiber photometry setup (C) and experimental design (D).

(C) Left: example trace showing NOE related changes in activity (z-scored dF/F) of dHPC-

projecting PFC LRG neurons. Vertical dashed line indicates the start of NOE interaction 

bout. Right: averaged activity during NOE (n = 5 mice).

(D) Peak GCaMP6m z-scored dF/F of LRG neurons during multiple interaction bouts with a 

novel object.
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(E) Comparison of averaged z-scored dF/F before and after NOE bout start. Two-way paired 

t test, **p < 0.01.

(H–J) Same as (E)–(G) for non-specifically labeled prefrontal GABAergic neurons (n = 5 

mice).

See also Figure S4.
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Figure 4. In vivo activity of PFC–dHPC LRG projections regulates NOE
(A) Left: schematic of the strategy for in vivo optogenetic stimulation. Right: representative 

image showing ChR2-eYFP expression in PFC GABAergic neurons. Scale bar, 200 μm.

(B) Experimental design: NOE was measured in the absence (Laser OFF, Test 1) or presence 

of optogenetic stimulation of LRG projections (Laser ON, Test 2).

(C) Left: optogenetic stimulation significantly increased NOE time in Dlxi12b-Cre+ mice (n 

= 5) but not control mice (n = 6). Right: latency to first interaction with a novel object for 

Cre+ and control mice is plotted. Open circles represent values from individual mice and 

bars indicate averages. Two-way paired t test, *p < 0.05.
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(D) Duration of NOE and number of NOE bouts within 1-min bins over the duration of 

a 5-min testing session. Solid lines represent averages, and shaded areas indicate SEM. 

Two-way repeated measures ANOVA, ***p < 0.001; *p < 0.05.

(E) Left: schematic showing the strategy for in vivo optogenetic inhibition. Right: 

representative image showing eNpHR3.0-mcherry expression in PFC GABAergic neurons. 

Scale bar, 200 μm.

(F) Experimental design for closed-loop optogenetic inhibition during NOE.

(G) Left: optogenetic inhibition of PFC–dHPC LRG projections significantly reduced NOE 

time in Dlxi12b-Cre+ mice (n = 5) but not controls (n = 5). Middle: number of NOE bouts 

for Cre+ and control mice. Right: latency to first interaction with the novel object. Open 

circles represent values from individual mice and bars indicate averages. Two-way unpaired 

t test, *p < 0.05.

(H) Duration of NOE and number of NOE bouts within 1-min bins during the first 5-min 

of testing session. Solid lines represent averages, and shaded areas indicate SEM. Two-way 

repeated measures ANOVA, **p < 0.01; *p < 0.05.

See also Figures S4 and S5.
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Figure 5. LRG projections regulate low-gamma (γ) oscillatory synchrony between the PFC and 
dHPC during NOE
(A) Left: LFP electrodes were implanted in PFC and dHPC; reference electrode was 

implanted over the cerebellum. Right: LFPs were recorded in home cage (HC) and during 

NOE.

(B) Example raw and low-γ frequency filtered LFPs recorded during HC and NOE epochs.

(C) Power spectrum of PFC and dHPC LFPs during HC and NOE. Solid lines represent the 

averages and shaded areas indicate SEM.
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(D) Left: % change in PFC and dHPC LFP log-power during NOE. Right: low-γ phase 

synchrony quantified using the weighted phase lag index (wPLI) between PFC and dHPC 

LFPs. Open circles represent data from individual mice (n = 9), and bars represent averages 

(± SEM). One-sample t test (LFP power) and two-way paired t test (phase synchrony), **p < 

0.01; *p < 0.05.

(E) Schematic of the design for combined optogenetic stimulation and LFP recordings.

(F–H) Similar to (B)–(D) but for Laser OFF and Laser ON epochs (n = 6).

(I) Top: schematic of the design for combined optogenetic inhibition and LFP recordings. 

Bottom: During NOE behavior, LFPs recorded when mice explored an object in the Laser 

ON zone were compared to LFPs in the Laser OFF zone.

(J) Example low-γ band filtered PFC and dHPC LFPs recorded in the Laser ON (during 

object exploration) and Laser OFF zones.

(K) Comparison of PFC-dHPC low-γ phase synchrony in the Laser OFF and Laser ON 

zones. Object exploration was associated with significantly higher low-γ synchrony in 

controls (n = 4) but not eNpHR-expressing Cre+ mice (n = 5). Open circles represent data 

from individual mice, and bars represent averages (± SEM). Two-way ANOVA followed by 

Bonferroni’s multiple comparisons test, *p < 0.05. See also Table S4.
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Figure 6. PFC–dHPC LRG projections shape CA1 neuronal activity during object exploration
(A) Strategy for in vivo Ca2+ imaging and optogenetic stimulation.

(B) Left: Example image showing ChrimR-tdTom expression in PFC GABAergic neurons. 

Right: Example of jGCaMP7f expression in CA1 neurons and ChrimR-tdTom expression in 

PFC–dHPC LRG axonal fibers. Scale bars, 250 μm (left) and 500 μm (right).

(C) Experimental design. Day 1: CA1 Ca2+ activity was measured during home cage (HC) 

and NOE epochs. Day 2: after initial imaging in HC without optogenetic stimulation, Ca2+ 
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imaging was combined with optogenetic stimulation of PFC–dHPC LRG projections during 

HC and NOE epochs.

(D) Top: FOV and ROIs (corresponding to neurons) from a representative Ca2+ imaging 

session. Bottom: example extracted dF/F Ca2+ transients.

(E) Left: activity of CA1 neurons was significantly reduced during NOE. Each gray line 

represents a single neuron and bars represent the means (n = 97 neurons from 3 mice); 

Wilcoxon rank-sum test. Right: During the HC epoch on day 2, optogenetic stimulation of 

PFC–dHPC LRG projections reduced CA1 Ca2+ activity. On day 2, activity was then further 

reduced during NOE (n = 108 neurons, 3 mice). Friedman test followed by Dunn’s multiple 

comparison test; ***p < 0.001, **p < 0.01, *p < 0.05.

(F) Same as E for opsin-negative controls. Activity of CA1 neurons was significantly 

reduced during NOE. Note, light delivery alone did not affect Ca2+ activity (day 1: n = 119 

neurons, 4 mice; day 2: n = 118 neurons, 4 mice). ***p < 0.001, **p < 0.01.

See also Figure S6.
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Figure 7. PFC–dHPC LRG projections increase signal-to-noise ratio for CA1 encoding of object 
locations
(A) Top: Mouse positions during HC (left) and NOE (right) epochs from example day 

2 recording session. Blue circles indicate frames where mouse was outside the object 

zone (“OUTbin”). Purple circles indicate frames where mouse was in the object zone 

(“INbin”). Gray hexagon = novel object location during NOE epoch. Black rectangle = 

object zone. Bottom: z-scored activity = difference between Ca2+ activity within (μINbin) vs. 

outside (μOUTbin) object zone, divided by standard deviation of activity outside object zone 

(SDOUTbin). Object_SNR = difference in z-scored activity between HC and NOE.
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(B) μINbin, μOUTbin, and SDOUTbin values for CA1 neurons on day 1 (NOE) and day 2 (NOE 

+ LRG stim). Two-way unpaired t test; **p < 0.01.

(C) Object_SNR was increased on day 2 compared to day 1 in ChrimR-expressing mice 

(left) but not opsin-negative controls (right). Empty gray circles represent individual neurons 

and horizontal black lines show means. Filled gray circles indicate neurons exceeding an 

arbitrary threshold for Object_SNR (>0.1). Two-way unpaired t test; ***p < 0.001.

(D) Same as (A) for analysis of a control zone (not containing an object).

(E) Similar to (B), showing μINbin, μOUTbin, and SDOUTbin based on the control zone. ***p < 

0.001, *p < 0.05.

(F) Similar to (C), SNR calculated based on a control zone. Unlike Object_SNR, control 

zone_SNR was not affected by stimulating LRG projections.

(G) Left: On day 1, place field (PF) remapping distance during NOE was not correlated with 

the PF distance from the object in Dlxi12b-Cre+ mice. Right: during NOE + LRG stim on 

day 2, PF remapping distance during NOE was significantly correlated with the PF distance 

from the object. Open circles indicate individual place cells, solid lines indicate regression 

lines, and shaded regions indicate 95% confidence intervals. *p < 0.05.

(H) Same as (G), for Cre-negative controls.

(I) Cartoon of PF remapping. Open circles indicate PF centroids during HC. Filled circles 

indicate PF centroids during NOE. Hexagon indicates object. Arrows indicate remapping 

distance.

See also Figures S6 and S7 and Tables S5–S7.
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