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MOTIVATION The brain is a complex network formed by neurons connected to each other sequentially. To
understand its functions, we need to dissect the polysynaptic connectivity of this network. This study de-
velops a tool for tracing the connections in polysynaptic circuits.
SUMMARY
Brain functions are accomplished by polysynaptic circuits formed by neurons wired together through multi-
ple orders of synaptic connections. Polysynaptic connectivity has been difficult to examine due to a lack of
methods of continuously tracing the pathways in a controlled manner. Here, we demonstrate directed, step-
wise retrograde polysynaptic tracing by inducible reconstitution of replication-deficient trans-neuronal pseu-
dorabies virus (PRVDIE) in the brain. Furthermore, PRVDIE replication can be temporally restricted to minimize
its neurotoxicity. With this tool, we delineate a wiring diagram between the hippocampus and striatum—two
major brain systems for learning, memory, and navigation—that consists of projections from specific hippo-
campal domains to specific striatal areas via distinct intermediate brain regions. Therefore, this inducible
PRVDIE system provides a tool for dissecting polysynaptic circuits underlying complex brain functions.
INTRODUCTION

Neurons in the brain connect successively via multiple orders of

synapses to form polysynaptic circuits. These polysynaptic cir-

cuits encode, process, and transmit information. Delineating

the polysynaptic wiring is therefore essential to understanding

the neuronal mechanisms underlying brain functions.1–3 Howev-

er, it is technically challenging due to a lack of methods of

tracking the polysynaptic circuits continuously in a selected

direction and passing a pre-determined order of synapses.

Trans-neuronal viruses have been used to map polysynaptic

connectivity. A few neurotropic viruses, such as pseudorabies

virus (PRV), vesicular stomatitis virus (VSV), rabies virus (RV),

and herpes simplex virus (HSV), can replicate in neurons and

cross multiple orders of synapses. As self-amplifying tracers,

they are powerful tools for tracing polysynaptic circuits.4–7 How-

ever, these replication-competent viruses have significant limita-

tions. Firstly, the viruses are highly toxic and kill the infected

neurons and even the animals quickly,8 making them unsuitable

for functional or behavioral analysis. Secondly, the viruses
Cell R
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spread to all connected brain regions and cannot be selectively

directed to a particular pathway. Frequently, a large number of

brain regions become infected after 2–3 orders of trans-neuronal

spreading, making it difficult to identify the exact routes the vi-

ruses travel on. Thirdly, the viruses may spend different amounts

of time spreading across one order of connection depending on

the length of axons or other neuronal properties. This makes it

hard to determine the sequence of synaptic connections.

Some tracer viruses have recently been modified for mono-

synaptic tracing. In a pioneering work, glycoprotein was

removed from recombinant RV to disable spreading across syn-

apses.9 Trans-neuronal spreading of RV could then be reconsti-

tuted by expressing the glycoprotein in trans. This allowed

monosynaptic inputs to be traced from ‘‘starter’’ neurons that

express the glycoprotein.10 Further engineering of RV made it

a versatile tool with broad applications.11–14 Similar strategies

were used to generate recombinant PRV,15–17 VSV,18 and

HSV.19,20 This strategy can be combinedwith other tools to trace

circuits spanning three brain regions, albeit the viruses pass only

one order of synaptic connection.21,22
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We reason that the replication or spreading of recombinant vi-

ruses can be reconstituted multiple times along a brain circuit to

trace polysynaptic pathways. With additional molecular controls

built into the trans-complementation system, trans-neuronal

spreading of viruses can also be activated (1) at a desired

time, (2) at a selected branch of the circuit, and (3) to pass a

pre-determined number of orders of synaptic connections.

Recently, we demonstrated that controlled anterograde poly-

synaptic tracing can be realized by inducible reconstitution of a

vaccine for yellow fever, YFV-17D.23 Here, we used the same

strategy to develop a controlled stepwise retrograde tracing

method based on PRV. Drawing on the findings that PRV lacking

immediate gene IE180 can infect neurons without trans-neuronal

spreading,17 we generated adeno-associated virus (AAV) vec-

tors to express a codon-modified optimized IE180 that efficiently

reconstituted the replication and trans-neuronal transport of

PRV. The expression of IE180 was restricted to a short time win-

dow to avoid potential neurotoxicity. This system enables us to

trace polysynaptic circuits in a directed and stepwise manner.

We further used this system to delineate the wiring of the hippo-

campus-striatum pathways.

RESULTS

Trans-complementation of PRV replication and trans-
synaptic transport with optimized IE180 (IEo)
PRV is one of the first trans-neuronal viruses used for circuit

tracing4,24 and has been modified for a variety of applica-

tions.25,26 PRV has two identical copies of IE180 gene, which is

the immediate-early gene expressed right after viral infection to

activate viral gene transcription and DNA replication. IE180-null

PRV, referred to as PRVDIE, can infect neurons but can no longer

replicate in neurons or spread across synapses.15,17 We reason

that by expressing IE180 in an inducible manner, wemay be able

to control the spreading of PRVDIE along brain circuits (Figures 1

and S1).

We use two sets of AAV vectors for inducible expression of

IE180: one set (AAV-tTA and AAV-rtTA) expresses the tetracy-

cline-controlled trans-activator (tTA) or the reverse tTA (rtTA)

under the control of the synapsin promoter,23 while the other

(AAV-TRE-IE180) expresses IE180 under the control of a

promoter containing tetracycline-responsive element (TRE) (Fig-

ure 1A). tTA activates IE180 expression in the absence of doxy-

cycline (Dox), while rtTA induces IE180 in the presence of Dox.

IE180, once expressed, activates the expression of PRV genes

and initiates the replication of PRV, which in turn travels across

synapses to connected neurons. The PRV strain used in this

study lacks the Us9 gene, so it travels in retrograde direction

only.17,27 The PRVDIE carried EGFP or Cre recombinase

(Figure S1A). When we infected cultured 3T3 cells or BHK cells

(rodent cell lines were chosen because PRV does not infect pri-

mate cells) with a high titer of PRVDIE-EGFP, expression of EGFP

was detected in the cells, indicating that PRVDIE can infect cells

without IE180 (Figure S1B). We then titered down PRVDIE-EGFP

to a level where no EGFP-positive cells were observed when

PRVDIE-EGFP was the only virus used to infect the cells. We

used this condition to test if expression of IE180 could trans-

complement the replication of PRVDIE-EGFP that leads to the
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expression of EGFP at a detectible level. We first made an AAV

that expresses wild-type IE180 (AAV-TRE-IEWT). We infected

cultured 3T3 cells with AAV-tTA and AAV-TRE-IEWT (Figure 1B).

24 h later, a low titer of PRVDIE-EGFP was added to the culture

medium. To our surprise, addition of AAV-TRE-IEWT did not

lead to the appearance of EGFP-positive cells, indicating that

these AAVs did not produce efficient trans-complementation of

PRVDIE-EGFP.

The IE180 gene has a GC-rich sequence—80.2% GC—and

its GC content of third-codon positions (GC3) is 95.5%, which

is higher than the average of 45%–57% in mammals.28 Codon

usage affects gene transcription, translation, and posttransla-

tional folding.29,30 The functional implication of IE180 codon

usage is unknown. High GC content may increase the stability

of mRNA and protein expression level.31 This high GC con-

tent, together with two identical copies of IE180, may be a

strategy used by PRV to gain a high expression level of

IE180 right after infecting host cells to ensure viral replication.

In fact, WT IE180 genetically integrated into host cell genome

can efficiently trans-complement PRVDIE.17 However, in the

short genome of AAV (�5 kb), the high GC content of the

4.3 kb IE180 coding sequence may tend to form stable

secondary structures that repress its transcription and trans-

lation. Therefore, we modified the IE180 coding sequence by

lowering its GC content to 61.8% and GC3 to 45% to see if

it could improve the efficiency in trans-complementation.

We name this codon-optimized IE180 IEo and the AAV

expressing it AAV-TRE-IEo.

In cultured cells, AAV-TRE-IEo effectively trans-comple-

mented PRVDIE-EGFP and activated EGFP expression

(Figures 1B and S1B). The EGFP-positive cells concentrated in

clusters, suggesting that PRV replicated and spread to neigh-

boring cells (Figure S1B). The sensitivity of AAV-TRE-IEo to

Dox was tested as well (Figure 1C). No EGFP-positive cells

were observed when 1 mg/mL Dox was added to the culture me-

dium 1 h before PRVDIE-EGFP infection, suggesting that Dox can

completely inhibit PRVDIE-EGFP gene expression and replica-

tion. Similarly, AAV-rtTA and AAV-TRE-IEo combination led to

the formation of EGFP-positive cell clusters only in the presence

of Dox (Figure 1D).

We then tested this system in vivowith the dentate gyrus (DG)-

CA3-septum circuit, where the granule cells in the DG project to

CA3 pyramidal cells and the CA3 pyramidal cells further project

to the lateral septum (Figure S2). We first examined the transport

of a replication-capable PRV expressing EGFP (PRV154) in this

pathway (Figures 1E and S2). PRV154 was injected into the

septum unilaterally. The brains were fixed 24, 36, or 55 h later,

respectively. At 24 h, EGFP-positive cells were mainly confined

to the injection site, with sparse distribution in the CA3. At 36

and 55 h, EGFP-positive cells appeared successively in the bilat-

eral CA3 and the DG, confirming the bisynaptic DG-CA3-septum

pathway. This demonstrates that WT PRV can be effectively

retrogradely transported in this pathway. Next, we examined

the transport of PRVDIE in this circuit (Figure 1F). To obtain

greater sensitivity, we used PRVDIE-Cre in Ai9 mice, whose cells

express tdTomato in the presence of Cre.32 We injected PRVDIE-

Cre into the septum unilaterally (Figure S2). 2 months later, we

observed tdTomato-positive neurons in bilateral CA3 regions



Figure 1. Trans-complementation of PRV replication and trans-synaptic transport with IEo

(A) AAV vectors (AAV-TRE-IEo and AAV-tTA or AAV–rtTA) were generated for inducible expression of codon-optimized IE180 gene (IEo) to activate the replication

of replication-deficient PRV (PRVDIE).

(B) Representative photos and quantification showing that the combination of AAV-tTA and AAV-IEo, but not that of AAV-tTA and AAV-IEWT (AAV mediating

expression of wild-type IE180), efficiently activated PRVDIE-EGFP gene expression and viral replication in cultured 3T3 cells (EGFP expression was quantified by

counting GFP+ colonies in each well of 6-well culture plates; the numbers from each batch of experiments were averaged; n = 4 independent experiments. Data

are represented as mean ± SEM. ***p < 0.001, Mann-Whitney test).

(C and D) AAV-TRE-IEo and AAV-tTA (C) or AAV-TRE-IEo and AAV-rtTA (D) activated PRVDIE gene expression and viral replication in cultured 3T3 cells in the

absence or presence of doxycycline (Dox), respectively.

(E) Replication-capable PRV expressing EGFP (PRV154) was injected into the septum unilaterally. EGFP-positive neurons were detected sequentially in the

injection site, the bilateral CA3, and the bilateral dentate gyrus (DG) 24, 36, and 55 h after viral injections, respectively.

(F) PRVDIE expressing Cre (PRVDIE-Cre) was unilaterally injected into the septum of tdTomato reporter mice (Ai9 mice). tdTomato-positive neurons were detected

at the bilateral CA3 (top panel and enlarged photos in the bottom 2 panels). No tdTomato-positive neurons were detected in the DG contralateral (enlarged photo

in the middle panel) or ipsilateral (bottom panel) to the septal injection.

(G) AAV-TRE-IEo and AAV-tTA were co-injected into CA3 unilaterally followed by an injection of PRVDIE-Cre in the septum ipsilateral to AAV injection. tdTomato-

positive neurons were detected in the bilateral CA3 and in the DG ipsilateral to AAV injections (bottom panel) but not in the contralateral DG (middle panel).

See also Figures S1–S3.
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but not in the DG, indicating that PRVDIE-Cre can be retrogradely

transported to the neurons in the CA3 but that, without replica-

tion, PRVDIE cannot cross synapses to reach DG, consistent

with previous observations.17
We then tested if AAVs could restore PRVDIE replication in the

brain (Figures 1G and S3). We co-injected AAV-tTA and AAV-IEo

into the CA3 unilaterally and 2 weeks later injected PRVDIE-Cre

into the septum. 3 weeks after PRVDIE injection, we fixed the
Cell Reports Methods 3, 100506, June 26, 2023 3
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brains. Mice drank water containing Dox throughout the experi-

ment starting fromAAV injection until perfusion except during the

72 h between 48 h before and 24 h after PRVDIE injection. We

observed tdTomato-positive neurons in the DG ipsilateral to

CA3 injection, but not in the contralateral DG, indicating that

the AAVs effectively activated the replication and retrograde

transneuronal transport of PRVDIE-Cre from the CA3 to the ipsi-

lateral DG.

Minimizing PRV neuronal toxicity with temporally
restricted replication
To determine if PRVDIE produced neuronal toxicity in vivo, we

quantified the neurons traced in the DG-CA3-septum pathway

at different time points (Figures 2A–2D). We first optimized the

procedure of pairing AAV-tTA with administering Dox, as shown

in Figure 2B.We then perfusedmice 7, 14, or 21 days after inject-

ing PRVDIE-Cre. The density of traced neurons in the DG

increased from day 7 to 14, suggesting that in the final stage of

tracing the DG, PRVDIE-Cre needs about 2 weeks to reach

peak effectiveness in turning on reporter genes. The density of

traced neurons did not change from day 14 to 21, indicating no

obvious neuronal loss in this time window. Considering that the

WT PRV produces neuronal toxicity quickly—within hours to

days33—the results suggest low neuronal toxicity of PRVDIE-Cre.

We also compared the electrophysiological properties of in-

fected neurons with non-infected control neurons (Figure 2E–

2I). Here, we used AAV-rtTA to precisely time viral replication.

We co-injected AAV-rtTA and AAV-TRE-IEo into the CA3 of Ai9

mice. 2 weeks later, we injected PRVDIE-Cre into the contralat-

eral CA1. Mice received an intraperitoneal injections of Dox

(50 mg/kg) 18 and 3 h before PRVDIE-Cre injection, respectively.

3 weeks later, we prepared acute brain slices containing DG and

analyzed them with whole-cell patch clamp recording. tdTo-

mato-positive neurons (infected) and their neighboring non-fluo-

rescent neurons (control) exhibited similar resting membrane

potentials, spontaneous synaptic currents, current injection-trig-

gered action potentials, and other electrophysiological proper-

ties. We also took confocal images of brain sections from mice

receiving the same treatment. Consistent with physiology

results, the morphology of the tdTomato-positive neurons ap-

peared normal (Figure 2F). Together, the results indicate that

transient replication of PRVDIE does not produce lasting cell

toxicity.

Directed stepwise tracing of polysynaptic circuits with
PRVDIE

In the above tracing from the septum to the DG, PRV traveled

along three brain regions but was only transported across one

order of synapse. We went on to test if IEo-mediated reconstitu-

tion of PRVDIE could be applied multiple times along the circuit to

trace polysynaptic connections (Figure 3). We chose a circuit

consisting of four brain regions: from the DG to the retrosplenial

cortex (RSP) via CA3 and CA1. We used SynaptoTAG2 AAV to

examine the direction of synaptic projections along this circuit

(Figures 3A, S5, and S6).23 As shown in Figures 3B–3D,

SynaptoTAG2 AAV demonstrated the synaptic projections

from the DG to the ipsilateral CA3, from the CA3 to the bilateral

CA1, and from the CA1 to the ipsilateral RSP.
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We then co-injected AAV-tTA and AAV-IEo into the CA1 and

the contralateral CA3 of Ai9 mice, followed by injecting PRVDIE-

Cre into the ipsilateral RSP 2 weeks later (Figure 3E). The mice

drank Dox water except during the 72 h from 48 h before to

24 h after PRVDIE-Cre injection. As shown in Figures 3F and

3G, tdTomato-positive neurons were observed in (1) the RSP,

the injection site; (2) the ipsilateral CA1, reflecting axonal uptake

and unilateral retrograde transport from RSP; (3) the bilateral

CA3, due to bilateral trans-synaptic transport of PRVDIE-Cre

from the CA1 to the CA3; and (4) the contralateral DG, due to

unilateral trans-synaptic transport of PRVDIE-Cre from the CA3

to the DG. Therefore, PRV crossed two orders of synaptic con-

nections to reach four brain regions. These results along with

Figure 1G indicate that AAV-mediated reconstitution of PRV

replication can trace polysynaptic pathways in a pre-determined

direction and can pass a pre-determined number of orders of

synaptic connections.

We checked if PRVDIE tracing could be confounded by poten-

tial retrograde transport of helper AAVs since many serotypes of

AAV, including AAV-DJ used in this study, show retrograde up-

take by axonal terminals.34We injected AAV-tTA in AAV-DJ sero-

type (AAV-DJ-tTA) into the CA1 to examine if AAV-tTA could be

retrogradely transported to the CA3 and enable the spreading of

PRVDIE from the septum to the DG (Figures S4A and S4B). We

did not observe tdTomato-positive neurons in the DG, suggest-

ing that even if AAV-DJ-tTA was transported from the CA1 to the

CA3, it failed to mediate sufficient tTA expression at the CA3 for

trans-complementation of PRVDIE. We also conducted similar

experiments by switching AAV-DJ-tTA to AAV-tTA in rAAV2-

retro serotype (rAAV2-retro-tTA). rAAV2-retro is an engineered

AAV with a high level of retrograde transport.34 Now, we saw

tdTomato-positive neurons in the DG (Figure S4C), indicating

that retrogradely transported rAAV2-retro-tTA could enable

PRVDIE replication and trans-neuronal spreading, albeit with

lower efficacy compared with locally injected AAV-tTA (Fig-

ure 2C). This property of rAAV2-retro may be combined with

PRVDIE for analyzing complex circuits.

Limited direct projections from hippocampus to
striatum
After testing in well-characterized neuronal circuits, we used the

PRVDIE system to delineate the polysynaptic wiring between the

hippocampus and the striatum, two complex brain structures

with close functional interactions. We first examined the direct

synaptic projection from the hippocampus to the striatum with

SynatoTAG2 AAV. When SynatoTAG2 AAV was injected into

the dorsal CA1 (Figure 4A) or the CA3 (Figure 4B), no EGFP-pos-

itive synapses were detected in either the dorsal striatum or the

nucleus accumbens (NAc), although tdTomato-positive axons

and EGFP-positive synaptic terminals from the hippocampus

could be detected in the neighboring septum (Figures 4A, 4B,

S5, and S6).WhenSynatoTAG2AAVwas injected into the ventral

CA1 (some neurons in the adjacent ventral CA3 were also in-

fected), EGFP-positive synaptic terminals were observed in

NAc with a concentration in the NAc shell (Figures 4C and S6).

The results show that the CA1 or CA3 region in the dorsal hippo-

campus does not project directly to either the dorsal striatum or

the NAc, while the ventral hippocampus projects directly to the



Figure 2. Temporally restricted replication minimized PRV neuronal toxicity

(A–D) Time course of PRVDIE-Cre-induced expression of tdTomato.

(A) Schematics showing the DG-CA3-septum pathway.

(B) The time course of viral injections and Dox food and tissue collection.

(C and D) Representative images and quantification of tdTomato-positive cells in the granule layer of the DG in the brains fixed at different time points after the

injections of PRVDIE-Cre. Data are represented asmean ± SEM. n = 15–20 sections from 3–4mice in each group. ***p < 0.001, ns indicate p > 0.05 (Mann-Whitney

test).

(E–I) Electrophysiological analysis of PRVDIE-infected neurons in Ai9 mice.

(E) Time course of viral injections and electrophysiological recordings.

(F) Morphology of tdTomato-positive neurons in DG.

(G and H) Whole-cell patch clamp recordings of tdTomato-positive neurons and their neighboring non-infected control neurons. Both control and PRVDIE-Cre-

infected neurons demonstrated spontaneous synaptic currents (G) and action potentials triggered by current injections (H).

(I) Quantification of electrophysiological parameters recorded from control and PRVDIE-Cre-infected neurons respectively. Cm, membrane capacitance; Rm,

membrane resistance. Data are represented as mean ± SEM. n = 14–15 neurons from 3 mice. No statistically significant difference was found between the two

groups (Mann-Whitney test, p > 0.05).

See also Figures S3–S4.
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NAc but not the dorsal striatum. Consistent with the anterograde

tracing with SynatoTAG2 AAV, when PRVDIE-Cre alone was in-

jected into the dorsal striatum of Ai9 mice, no tdTomato-positive

neurons were found in either the dorsal or the ventral hippocam-
pus (Figure 4D). When PRVDIE-Cre alone was injected into the

NAc, tdTomato-positive neurons were found in the ventral pole

of the ventral hippocampus but not the dorsal hippocampus

(Figure 4E).
Cell Reports Methods 3, 100506, June 26, 2023 5



Figure 3. Controlled stepwise tracing of polysynaptic circuits by inducible reconstitution of PRV replication

(A–D) Tracing the synaptic pathways from DG to the retrosplenial area (RSP) with SynaptoTAG2 AAV.

(A) SynaptoTAG2 AAV mediates bicistronic expression of tdTomato (labeling the soma and axons) and EGFP fused to synaptobrevin 2 (Syb2) (labeling synaptic

terminals).

(B) DG neurons project to ipsilateral CA3. The insert shows the enlargement of the area marked by dashed lines.

(C) Neurons in CA3 project to bilateral CA1.

(D) Neurons in CA1 project unilaterally to RSP. The arrow points to the midline of the brain.

(E–G) Directed polysynaptic tracing from DG to RSP with PRVDIE-Cre.

(E) Schematic showing the injection sites of the AAVs (AAV-tTA and AAV-IEo) and PRVDIE-Cre in Ai9 mice. Arrows indicate the direction of synaptic projections.

(F) Two representative brain sections at different anterior-posterior positions showing the directed trans-synaptic transport of PRVDIE-Cre. tdTomato-positive

neurons were detected in the injection site (RSP), the ipsilateral CA1, the bilateral CA3, and the contralateral DG.

(G) Enlargement of the indicated brain regions in (F) (bottom panel).

See also Figure S4.
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Tracing polysynaptic projections from the hippocampus
to the striatum
We then checked if we could trace the polysynaptic connections

between the hippocampus and dorsal striatum by focusing on

the prefrontal cortex (PFC) as a potential intermediate region

(Figures 5A–5C). Following the protocol in Figure 2B, we injected

AAV-tTA and AAV-TRE-IEo into the PFC, AAV-DIO-EGFP into

the striatum to label the starting area for PRV tracing, and

PRVDIE-Cre into the dorsal striatum (Figure 5A). We observed

tdTomato-positive neurons in the CA1 region of the intermediate

and ventral hippocampus (Figures 5B and 5C), indicating that the

expression of IEo in the PFC enabled trans-neuronal spreading

of PRV from the dorsal striatum to the hippocampus.

We further extended the tracing of the hippocampus-striatum

connectivity to substantia nigra pars reticulata (SNr), a down-

stream target of the striatum. The medium spiny neurons

(MSNs) expressing dopamine D1 receptors in the dorsal striatum

project to the pars reticulata of the SNr.35 Here, we injected AAV-

tTA and AAV-TRE-IEo into both the dorsal striatum and the PFC

for inducible IEo expression and injected PRVDIE-Cre into the
6 Cell Reports Methods 3, 100506, June 26, 2023
SNr (Figure 5D). tdTomato-positive neurons were detected at

the SNr, the striatum, the PFC, and the ventral CA1 (Figure 5E).

The results indicate that the hippocampus, via the PFC, can

innervate the striatal direct pathway. It further demonstrates

the effectiveness of this system in elucidating polysynaptic orga-

nization of neuronal circuits.

Disynaptic circuits between the hippocampus and
dorsal striatum
To systematically trace the hippocampus-dorsal striatum path-

ways, we picked 6 brain regions receiving direct hippocampal

projections to determine if they connect the hippocampus to

the striatum (Figure 6). These candidate intermediate brain re-

gions include the PFC, the dorsal subiculum (dSUB), the lateral

septum (LS), the entorhinal cortex (EC), the supramammillary

nucleus (SUM), and the RSP.36 We co-injected AAV-rtTA and

AAV-TRE-IEo into one of the candidate intermediate brain re-

gions and then injected PRVDIE-Cre into the dorsal striatum

2 weeks later. Mice received intraperitoneal injections of Dox

(50 mg/kg) 18 and 3 h before PRVDIE-Cre injection, respectively.



Figure 4. Limited hippocampus-striatum direct projection

(A) SynaptoTAG2 AAV was injected into the dorsal CA1. No EGFP-positive

synaptic terminals were observed in the dorsal striatum or the nucleus ac-

cumbens (NAc).

(B) SynaptoTAG2 AAV was injected into the CA3.

(C) SynaptoTAG2 AAV was injected into the ventral CA1 (part of the ventral

CA3 was also infected). EGFP-positive terminals were in the NAc but not the

dorsal striatum. No EGFP-positive synaptic terminals were observed in the

dorsal striatum or the NAc.

(D) Ai9 mice received PRVDIE-Cre at the dorsal striatum. No tdTomato-positive

neurons were observed in the dorsal or ventral hippocampus.

(E) Ai9 mice received PRVDIE-Cre at NAc. tdTomato-positive neurons were

observed in the ventral but not the dorsal hippocampus.

See also Figures S5 and S6.
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The brains were fixed 2 weeks after PRVDIE-Cre injection. We

observed distinct populations of neurons expressing tdTomato

in the dorsal, intermediate, or ventral hippocampus (Figure 6B).

When AAVs were injected into the dSUB, tdTomato-positive

neurons were detected in the pyramidal cells and interneurons

in the dorsal CA1. When AAVs were injected into the PFC, the

LS, or the EC, tdTomato-positive pyramidal cells were detected

in the intermediate and ventral CA1. When AAVs were injected

into the SUM or the rostral part of the RSP (rRSP), we could

not detect tdTomato-positive pyramidal cells in the hippocam-

pus, suggesting that the SUM and the rRSP did not provide a

bridge connecting the dorsal hippocampus to the dorsal stria-

tum. In the case of dSUB, a significant number of tdTomato-pos-

itive pyramidal cells were detected in the CA3 and the DG too,

possibly because AAVs diffused to the CA1 and CA3 regions,

thus allowing PRV to cross synapses in the hippocampus.

Disynaptic circuits between the hippocampus and the
NAc
Similar to the experiments described above, we tested the six

brain regions as candidate intermediate brain regions connect-

ing the hippocampal regions to the NAc (Figure 7). We co-in-

jected AAV-rtTA and AAV-IEo into one of the candidate interme-

diate brain regions of Ai9 mice and injected PRVDIE-Cre into the

NAc 2 weeks later. Mice received an intraperitoneal injection of

Dox (50 mg/kg) 18 and 3 h before PRVDIE-Cre injection, respec-

tively. The brains were fixed 2 weeks after PRVDIE-Cre injection.

When we injected AAVs into the dSUB, we detected tdTomato in

the dorsal CA1. When we injected AAVs into the LS, we detected

tdTomato-positive neurons in the dorsal CA1 and CA3. PRVDIE-

Cre traveled to the intermediate and ventral CA1 via the PFC and

the EC. When we injected the AAVs into the SUM or rRSP,

PRVDIE-Cre did not produce tdTomato-positive neurons in the

hippocampal areas outside the hippocampal region directly pro-

jecting to the NAc (Figure 4E), suggesting that the SUM and the

rRSP did not connect the hippocampus to NAc (Figure 7B).

DISCUSSION

Controlled polysynaptic tracing of neuronal circuits
Modern neuroscience started over a century ago when Santiago

Ramon Cajal’s study of brain histology led to a connectionist

view of the neuronal systems: the brain was a network of diverse

neuronal cells.3 Since then, extensive research in neuronal wiring

has produced important insights into the brain’s structural

organization. A large collection of neuronal tracers has been

developed including fluorescent proteins, chemicals, and

viruses.1,37–39 Trans-neuronal viruses, originally used as self-

amplifying tracers, have been modified for monosynaptic

tracing. However, we still know little about the long-range

polysynaptic circuits and need technologies to probe the poly-

synaptic neuronal organization. In the current study, we demon-

strate that inducible, directed, stepwise tracing of the polysyn-

aptic circuits can be realized with trans-complementation of

PRV. Here we find that codon-optimized IE180—IEo—signifi-

cantly improves the efficiency of trans-complementation

in vitro and in vivo and that inducible expression of IEo minimizes

neuronal toxicity. With this system, viral spreading can be
Cell Reports Methods 3, 100506, June 26, 2023 7



Figure 5. Tracing polysynaptic hippocampus-striatum circuits with PRVDIE

(A–C) Tracing hippocampus-PFC-striatum pathway.

(A) Viral injection scheme. Ai9 mice received AAVs (AAV-tTA and AAV-TRE-IEo) at the PFC and PRVDIE-Cre at the dorsal striatum. AAV-DIO-EGFP was injected

into the striatum to indicate the injection site for PRVDIE-Cre.

(B and C) The low- (B) and high-resolution (C) images showing the distribution of tdTomato-positive neurons in the dorsal striatum, the PFC, and the hippo-

campus, respectively.

(D and E) Tracing tri-synaptic hippocampus-striatum-substantia nigra pars reticulata (SNr) circuits with PRVDIE.

(D) Viral injection scheme. Ai9 mice received AAVs (AAV-rtTA and AAV-TRE-IEo) at the dorsal striatum and the PFC and PRVDIE-Cre at the SNr.

(B) Representative photos showing tdTomato-positive neurons in the SNr (the PRVDIE-Cre injection site), the dorsal striatum (direct presynaptic neuron to SNr

neurons), the PFC (the intermediate region), and the CA1 of the hippocampus.
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directed to a specific pathway without affecting unintended

pathways. We can also determine the number of orders of traced

synaptic connections by controlling where IEo is expressed.

Furthermore, this system can carry recombinase or other effec-

tors to control or analyze the functions of a specific pathway.

Hippocampus-striatum polysynaptic wiring diagram
The hippocampus and the striatum interact extensively in multi-

ple brain functions. The hippocampus is important for integrating

sensory information into representations of the world40 and for

encoding the temporal or spatial relationship among events or

objects.41 The striatum is an interface between the limbic system

andmotor systems.42 It plays roles in mediating memory-guided

behaviors and motor sequence learning. Both the hippocampus

and the striatum have distinct anatomical and functional do-
8 Cell Reports Methods 3, 100506, June 26, 2023
mains. The hippocampus has prominent functional divisions

along its dorsal-ventral, proximal-distal, and superficial-deep

axes.43,44 Similarly, the striatum has a dorsal-ventral division,

including the dorsolateral striatum, dorsomedial striatum, and

ventral striatum (NAc).1,45 The dorsolateral striatum is preferen-

tially engaged in procedural learning and stimulus-response

learning, the dorsomedial striatum is involved in spatial learning,

and the NAc is particularly involved in reinforcement learning.

Learning and habit formation require a dynamic interplay of the

ventral, dorsomedial, and dorsolateral striatum.46,47

Earlier studies of the interactions between the hippocampus

and the striatum have focused on the ventral hippocampus

and the NAc due to direct connections between the two.42 The

polysynaptic tracing here revealed a few features of the hippo-

campal projections to the striatum (Figure 7C). (1) The dSUB is



Figure 6. Tracing disynaptic hippocampus-dorsal stria-

tum circuits with PRVDIE

(A) Viral injection scheme for directed retrograde tracing of the

hippocampus-dorsal striatum circuits. Ai9 mice received AAVs

(AAV-rtTA and AAV-IEo) at a selected intermediate region and

PRVDIE-Cre at the dorsal striatum.

(B) Representative photos and quantification. tdTomato-positive

neurons were detected in the dorsal CA1 when PRVDIE-Cre

passed dSUB. PRVDIE-Cre also reached the intermediate and

ventral CA1 via the PFC, the septum, and the EC, respectively. SR,

stratum radiatum; SLM, stratum lacunosum-moleculare. Data are

represented as mean ± SEM. n = 17–33 brain sections from 3–4

mice for each intermediate region. In the bar graphs, positive

values indicate that the cells were counted in the hemisphere

ipsilateral to the viral injection sides, while the negative values

mean that the cells were counted at the hemisphere contralateral

to the viral injection sides. tdTomato-positive cells were observed

at the contralateral side only when AAVs were injected to the

septum. The pink, green, and violet colors denote the dorsal (d),

intermediate (i), and ventral hippocampus (v), respectively.
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Figure 7. Tracing disynaptic hippocampus-NAc circuits with PRVDIE

(A) Viral injection scheme showing the directed retrograde tracing of the hippocampus-NAc circuits with PRVDIE-Cre in Ai9mice. Themice received PRVDIE-Cre at

the NAc and AAVs (AAV-rtTA and AAV-TRE-IEo) in the indicated intermediate regions, respectively.

(B) Representative photos and quantification showing that tdTomato-positive neurons were detected in different hippocampal regions when AAVs were injected

into different intermediate regions. Data are represented as mean ± SEM. n = 29–51 brain sections from 4–6 mice for each intermediate region. In the bar graphs,

positive values indicate that the cells were counted in the hemisphere ipsilateral to the viral injection sides, while the negative values mean that the cells were

counted at the hemisphere contralateral to viral injection sides.

(C) Schematic summarizing the connectivity revealed in Figures 4, 5, and 6 and this figure.
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the major intermediate region for the dorsal CA1 to connect

to the dorsal striatum and the NAc. (2) The EC and the PFC are

the major regions connecting the ventral CA1 to the dorsal stria-

tum and the NAc. (3) The rRSP does not connect the hippocam-

pus to the striatum, although it receives dense inputs from the

CA1 (Figure 3D). (4) The SUM does not connect the dorsal CA1

to the NAc, although the dorsal CA1 sends dense inputs to the

SUM (Figure S6A) and the SUM neurons project to the NAc (Fig-

ure 7B, SUMpanel). (5) The LS connects the dorsal CA1 and CA3

to the NAc and connects the ventral CA1 to the dorsal striatum.

(6) Most connectivity is unilateral except that the LS connects the

striatum to the hippocampus in both hemispheres. (7) Tracing of

the hippocampus-SNr polysynaptic pathway indicates that the

direct pathway of the dorsal striatum can be innervated by the

hippocampus through CA1-PFC projections.

These data are consistent with early tracing studies in that

ventral hippocampus and the dSUB, but not the dorsal CA1,

project to the NAc.48–52 In a recent study, the dorsal CA1 was

found to project to the NAc with local AAV infection.53 However,

we did not observe these projections with either anterograde or

retrograde tracing. Considering that the subiculum is right next

to the CA1 and that AAVs tend to spread to large areas, it is

possible these NAc-projecting fibers actually originated from

the dSUB. Here, with this PRVDIE system, we delineated the poly-

synaptic wiring diagram from the hippocampus to the striatum.

The results demonstrate that specific anatomical domains in

the hippocampus are connected to specific anatomical domains

in the striatum via distinct intermediate brain regions.

These separate tracts may organize neurons in multiple re-

gions into distinct functional channels, and each channel may

selectively process one type of information. Therefore, this

wiring diagram may provide a road map for elucidating the hip-

pocampus-striatum interaction in normal brain functions and

diseases. For example, exposure to contextual cues related

to previous drug use may trigger relapse in drug abuse.54 The

dorsal hippocampus is critical for contextual memory,

while the striatum is the key region for compulsive drug use.

The dSUB and the septum are the major brain regions linking

the dorsal hippocampus to the striatum and therefore are the

candidate regions to mediate this context-drug use associa-

tion. In another example, patients with schizophrenia exhibit

significant alterations in the anterior hippocampus (correspond-

ing to the ventral hippocampus in rodents),55 and they

frequently demonstrate locomotion symptoms that are closely

related to dorsal striatal functions.56 The multiple regions link-

ing the ventral hippocampus to the dorsal striatum are there-

fore candidates for mediating this interaction. Since the

PRVDIE-Cre system can turn on or off the expression of genes,

we can use it to express in the selected pathways specific tools

for functional manipulations, such as optogenetics or chemo-

genetic tools. These manipulations will allow us to determine

the functions of the specific functional channel between the

hippocampus and the striatum.

Limitations of the study
The current inducible PRV system does have some limitations

and will require further improvements for even broader applica-

tions. (1) Tracing from specific neuronal types: the current sys-
tem is used to study the wiring among brain regions. To study

the connectivity of specific neuronal cell types, we will need to

make the IEo expression conditional. Due to the large size of

the IEo protein, significant optimizations may be needed to

make conditional AAV vectors carrying IEo. An alternative strat-

egy will be to render the tTA or rtTA conditional. (2) Spreading

in local circuits: with the current PRV system, we cannot

exclude the possibility that PRV replicates and spreads via

local interneurons in each of the intermediate regions. This local

spreading may confound the results. If we can restrict PRV

replication to a specific type of neurons, we can minimize this

possibility. (3) Complexity in experiments: the IE180 gene

needs to be turned on before or at the time of PRV injection

to enable trans-neuronal spreading. Therefore, the AAVs en-

coding IE180 need to be injected before PRV injection. As

mentioned earlier, in the absence of IE180 PRV may be more

vulnerable to host defense.15 Temporarily inhibiting neuronal

antiviral machinery may allow us to inject the PRVDIE and the

helper AAVs together. (4) Dependence on reporter mouse lines:

among the IE180-null PRVs, PRVDIE-Cre performs the best in

neuronal tracing. We need to apply it to reporter mice to trace

at the whole-brain level (though reporter AAV can be used in

combination with PRVDIE-Cre, it does not provide connectivity

information at the whole-brain level). (5) Difficulty in visualizing

IE180 expression in the brain: IE180 is a large gene with a

4.3 kb coding sequence. Due to the size limit of AAVs, we

cannot add a fluorescent protein in AAV-TRE-IEo. Generating

an antibody of IE180 for immunohistochemistry may help to

overcome this limitation. Furthermore, PRV does not infect pri-

mates, making it not suitable for studying primates.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice
6-15weeks old Ai9mice (JAX stock No. 007909), were group housed on a 12 h light/12 h dark cycle with ad libitum access to food and

water. Since literature does not show a difference of animals’ sex in PRV tracing, the sex of the mice was not accounted for in this

study. Male and female mice were randomly assigned to experimental groups. Animal work was approved and conducted under the

oversight of the UT Southwestern Institutional Animal Care and Use Committee and complied with Guide for the Care and Use of

Laboratory Animals by National Research Council.

Cell culture
293T cells, 3T3 cells, BHK cells and Pk15-IE180 cells were used to generate AAV, test PRV replication and amplification of PRVDIE,

respectively. 293T, 3T3 and BHK cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) containing 10% Fetal Bovine

Serum (FBS). Pk15-IE180 cells were grown in DMEM containing 10% FBS and 700 mg/mL of G-418. The replication of PRVDIE

was tested in two distinct cell lines (3T3 cells and BHK cells).

METHOD DETAILS

Viral vector construction
AAV vectors were constructed with AAV2 inverted terminal repeats (ITRs). In AAV-TRE-IEWT and AAV-IEo, the following components

were arranged sequentially downstream of left-ITR: the tetracycline-responsive element and a minimal CMV promoter, the coding

sequence of wild-type IE180 or IEo, a minimal SV40 poly A sequence, and the right ITR. The coding sequence of IEo is:

ATGGCTGACGACTTGTTCGACTTTATCGAAACCGAGGGAAACTTTTCACAGCTTCTTGCAGCAGCTGCCGCAGCAGCAGAGGAG

GAAGGTATCGCAAGTGGACCCGACGGTGGTAGTCAGGGGTCAAGGCGCCGCGGATCTTCAGGTGAGGACCTGCTGTTTGGTCCT

GGAGGATTGTTTAGTGATGATGCTGCAGAGGCAGAAGCTGAGGCCGCCGTGCTCGCCGCAGCCGCTGGCGCTACACGGCCCCC

CCGACCTCCCAGTGCTCAGCAACAGCAGCCTCGCCGAGGTTCAGGTGAGATTGTCGTTCTCGACGATGAGGATGAAGAAGAAGA

TGAGCCTGGCAGCCCCGCTGCTGGAAGTCCAGGACGAGCCTTGCATCAAGGGTCCGAACATGGGCATCTTGTGCTTGGTCCTAG

AAGCCGAGCAGGGAGTGGCCCCAGACCACCCACACCCGCCGCTCTTGCTGCCGCTGAGGCAGGTGCCCCTGGGGGCCCCGGC

AGGAGCAGCCCTTCTGCTGCTTCCCCAGCCAGTTCCAGCGGCTCACCTGGCCCATCCGCCGCCCCAAGGCGATGGAGTCCTGC

CGGCGATCCTGTTGGAGAACCTGGTCCAGCCGCCAGACCAAGAACCCCCGCTCCTCCTGCTCAGCCTGCCGCAGTTGCTGCAG

CTCCAGCACGACGCGGACCAGCCTCACCAGCACCTCCTGCCGCAGGACCAGTTAGCGCTCCAGGTGGAGGAGGTGCACCCAGC

GCCGGTGGAGACAGAGGTCGCCACCACCACCAGCATAGGGAACCTCTTTTGGACGAACCCGCCGCAGCCAGACGGTTGGACCC

CAGGCCACTTGGTGCAAGGTCCCCTGTCTCATCAAACCCCAATTCAAACTCCTCCAGCACCACAACTGTAGCAGTTGAGCCAGTCG

CTAGGGGGCCCGAGAAGGATGAAGATGGACTGGGTCCCGCCGGGGATGGAGGGGCACCTCCACAACGACAGCCCAGGCGACG

GCGAGCCGGCGAAGGAGCATTGAGAAGGGGACGAGGATTTAGCAGTTCAAGCAGCGGAGGGAGCGACTCTGACCTGAGTCCCGC

TAGGTCCCCAAGCGCCCCCCGCGCTCTGGCTGCTGCTGCTGCTAGGCGAAGTGCTTCCAGTAGCTCAAGCTCCTCATCCTCCAGT

TCTAGCTCTAGTTCTTCAGAAGGCGAGGAAGACGAAGGTGTTAGGCCTGGTGCCCCACTGGCACGAGCAGGACCACCACCATCT

CCCCCTGCACCTGCCGCCGCACCTAGACCTAGCGCCTCCTCTGCCTCTAGTAGTGCCGCAGCCAGCCCTGCCCCCGCACCCGA

ACCTGCCCGACCCCCTCGCAGAAAGAGACGATCAACAAATAACCATCTTTCATTGATGGCCGATGGACCACCTCCAACTGACGGA

CCATTGCTTACCCCACTGGGTGAGCCTTGGCCAGGGTCTGATCCCCCAGCAGACGGCCGCGTCCGGTACGGGGGTGCCGGCGA

TTCCCGCGAAGGACTCTGGGACGAAGACGATGTACGCCAAGCAGCTGCCCGCTATCGCGCCGCCGCAGGACCCGTTCCCGTGTT

CATTCCTGAGATGGGCGATTCACGGAAACAACACGAAGCCCTTGTAAGACTCATTTACTCTGGTGCAGCAGGAGAAGCAATGTCTTG

GCTCCAAAATCCCAGAATGCAAGCTCCCGACCAACGATTCAACCAGTTCTGTCAAAGAAGAGTGCATGCACCCCATGGGCACGGA

AGCTTTATCACTGGAAGCGTTACTCCCCCTCTGCCACATATAGGTGACGCTATGGCAGCACAAGACCCACTGTGGGCTCTGCCCCA

TGCTGTGTCTGCAGTTGCCATGTCCCGCCGGTAAGAGCCGCAGATCCTCGGGCCGGTGAAGCCACTGTAGAGGCCCTGTGCGCC

AGGGTTCGGGCCGCTTTCGCAGCAGCCCAGCCAGGCCGGGTTCCACGAGAATTGGCTGATGCTTGCGTACTTGCATGCCGCGGT

GTACTCGAACGCTTGCTTCCCTGCCCCTTGCGCCTGCCAGCACCTGCCAGAGCTCCTGCTGCCCTGGGGCCCGCATGTTTGGAG

GAAGTCACCGCTGCTCTTCTGGCACTCAGAGATGCTATCCCCGGAGCCGGCCCTGCAGAACGACAACAAGCTGCAGACGCAGTAG

CACTCGTAGCAAGAACCGTTGCCCCCCTGGTTCGATATTCCGTAGATGGTGCTCGGGCTCGCGAAGCTGCTTGGACCTACGCCG

CTGCATTGTTCGCCCCTGCAAATGTCGCTGCTGCAAGACTGGCTGAAGCTGCCGCTCGGCCAGGTCCCGCCGAACCTGCCCCTG

GCCTCCCCCCACTTTGGCCCGAACAACCCGGGTTGGTCGTGCCAGCTCCTGCACCTGCTGCAGCTGGCGCTCCCAGTGGATTGC

CCGGCTCCGGTCCTAGTTCACCAGCCTCTACTAAAAGTTCAAGCTCAACCGAGTCCGGGAGCAGCACCAAGTCATCTTCCGGGA

CCAAATCTGGCCTGAGTGGCTCTTCTGGTTACGCTTCCAGTCCTGCAGCAGGGCCAGACCCCGCCCCTGAACGGCGCAAAAAGA

AGAGACGAGCACCCGGAGCACGGCGACCCGGGGACGGTGAAGAGGATGAAGGGCTCTCTGGTGCCGCCCTCCGCGGCGACGG

CCACGGTCATAGGGACGATGAGGAGGATCGCGGCCCTAGACGGAAACGGAGAAGTCTGGGGCTTGGTCCAGCACCCGACCCCG

CACCAGCTCTGCTCAGCAGTAGCAGCTCATCCGAAGACGACAGATTGCGACGGCCCCTCGGACCTATGCCTGAACATCCTGCTCC

AGACGGCGGTTTCCGAAGAGTACCAGCCGGGGAGACTCATACTCCTAGACCTAGCGAAGCCGCCCTTGCAGCATATTGTCCCCCT

GAGGTAGCTAGAGCTTTGGTGGACCAAGAGGTTTTTCCCGAGCTGTGGCGCCCTGCTCTTACATTTGACCCCGCTGCCCTCGCTCA

CATCGCTGCTCGGCGCGGAGCTGCCGGCGCTCCTTTGCGACGGAGAGCTGCATGGATGCGCCAAATCGCCGACCCCGAAGACG
e2 Cell Reports Methods 3, 100506, June 26, 2023
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TTCGAGTTGTCGTCCTTTACGACCCCCTGCCCCATGAGGAACTTTGCGCAGAGCCTGCTGAAGGCGCCCCAAGGCCAGCTTGGG

ATCCTAGACGAGGTGGCCTTTCCGCTCTGCTTGCAGCATTTGCTCACCGGCTGTGCACTCCAGATTCCCACGCTTGGGCAGGAAA

TTGGACTGGGAGACCCGATATCGGTCGGTTGAATGCCCAAGGTGTACTCCTCTTGTCTGCTCGCGACCTCGGATTTGCAGGCGCA

GTGGAGTATCTCTGCTCTCGCCTGGGAGCAGCTAGGCGGAGGCTTATTGTTCTTGACACTATTGAAGATTGGCCTGCAGACGGGC

CCGCCGTCGGGGATTACCATGTGTACGTTCGCGCCAGGTTGGATCCCGCCGCCCAGTGCGCTGTACGATGGCCCGGATGCAGG

GAACTTAGGGCTGCCGTGTTGGACTCTAGTTCAATCGTTGGTCCTGCATGCTTTGCTCGAGCAGAGGCTTCATTTGCAAGGTTGCA

CCCCGGCGCCGAACCCTTGAGACTCTGCCGACAGGACAATGTGCGGTACACTGTATCTACACGAGCAGGGCCACGGACACCTG

TTCCTCTTCCCCCAAGAGCATACCGCCAACGGGTACTCCCTACAGTAGACGGATGTAAGGACATGGCTCGCCAGCGCTCAGCTT

TGGGACTCGGCGACCCCGACTTCGACGCTGGAGCAGCCTTCGGTCATCGGGCAGCCAACAGGTGGGGGCTCGGGGCCCCATTG

CGCCCTGTCTTCGTGTCCTGTGGAAGAAGGGGGCTGGCAGAATTGCGCGGCCCAGAGGGCCTTCCAGCCGAGTTGCGGGCCTT

TTGTGCCGCTGCCCTCCTTGAGCCTGATGCCGAAGCAGCTCCCTTGGTGCTCACCCCCGGGGCCGTAGCTGCAGCCGGTGCACC

TCCAGCTGTCTTGTGGGATTTTGCCCCATTTGAAACTTCCGTTCGAGCAGCAGCTGGGGGAGCCGTGGAAACTCGACGCCCCGCA

GGGGCTTCAGGGGCCGGCGCCGGACCAGGAGAAGATGGTGATTCTGTTGAGATTGTCGGGGTGCGGGGTGGGGACGGACGACC

ACGGGGGCCCCTCGGACCAATTAAGGTTGAGGCAATCTCTGACGATGAAGAAGCAGAAGATGCTGGCAACCCTTACCTTCTTCTG

CGCTAA.

Virus production
All AAVs except rAAV2-retro-tTA were packaged with AAV-DJ capsids. AAV2-retro-tTA was packaged with rAAV2-retro capsid

genes (rAAV2-retro helper plasmid, Addgene 81070). Virus was prepared as described.57 Briefly, the AAV expression plasmids

were co-transfected with pHelper and pRC-DJ (for AAV-DJ), or pHelper and rAAV2-retro helper plasmid (for rAAV2-retro) into

293T cells. Cells were collected 72 h later, lysed, and loaded onto iodixanol gradient for centrifugation at 400,000 g for 2 h. The frac-

tionwith 40% iodixanol of the gradient was collected, washed, and concentrated with 100,000MWCO tube filter. The genomic titer of

virus was measured with quantitative real-time PCR. The titers of AAVs used for stereotaxic intracranial injection were in the range of

1–2 x 1013 copies/ml. AAV-tTA (or AAV-rtTA) was mixed with AAV-TRE-IEo (or AAV-TRE-IEWT) at 1:1 ratio for stereotaxic injections.

For infection of cultured cells, 2.0 X 109 genomic copies of AAV-tTA (or AAV-rtTA) and AAV-TRE-IEo (or AAV-TRE-IEWT) were added

to each well in 24-well culture plates (containing 0.5 mL of cell culture medium/well).

PRVDIE was amplified by infecting Pk15-IE180 cells, which express wild-type IE180 under the control of Dox, as described.17

Briefly, Pk15-IE180 cells were infected with a stock of IE180-null PRV in the presence of 1 mg/mL of Dox (MP Biomedical,

219895501). 3–4 days later, the infected cells, after showing apparent cytopathic effect, were collected and lysed by three freeze-

thaw cycles followed by sonication. Cell lysate was clarified by centrifuge for 10 min at 3000 g. The supernatant was laid on top

of a sorbitol buffer and centrifuged for 2 h at 4�C at 23.5k rpm with an SW28 rotor. The pellet was suspended in DMEM. PRVDIE

were titered by plaque-forming assay on Pk15-IE180 cells in the presence of 1 mg/mL of Dox. The titers were: PRVDIE-Cre 3.75

E+08 pfu/mL, PRVDIE-EGFP 5.15 E+08 pfu/mL. The titer of PRV154 from CNNV core was 4.05E+08 pfu/mL. To infect 3T3 cells (Fig-

ure 1), 3.0 3 102 PFU of PRVDIE-EGFP was added to each well in 24-well culture plates.

Stereotaxic viral injection
Mice were anesthetized with tribromoethanol (125–250 mg/kg) or isoflurane inhalation (1.5–2%). Viral solution was injected with a

glass pipette at a flow rate of 0.10 mL/min. After the completion of injection, the glass pipette was left in place for 5 min before being

retrieved slowly. The coordinates for each of the injection sites on the anterior-posterior direction from the bregma (AP), medial-lateral

direction from the midline, and the dorsal-ventral direction from the dura (DV) are listed in the format: Region (AP, ML, DV). On the AP

direction, ‘‘+’’ denotes anterior to the bregma and ‘‘-’’ denotes posterior to bregma. The coordinates are as the following: dorsal CA1

(�1.95, 1.35,1.20); ventral CA1(-3.00, 3.50, 5.00); dorsal CA3 (�2.25, 2.75, 2.50); DG (�2.00, 1.25, 2.20); dSUB (�3.15, 2.00, 1.75); LS

(+0.55, 0.45, 2.70); PFC (+1.25, 0.30, 1.25); dorsal striatum (+0.55, 1.65, 3.00); NAc (+1.00, 1.10, 5.20); rRSP (�2.25, 0.25, 0.75); SNr

(�3.15, 1.15, 5.50); SUM (�2.50, 0.00, 5.75); and EC (�4.80, 3.60, 2.60). We injected between 0.25 and 0.5 mL of AAV viral solution, or

0.5 mL of PRV solution, at each injection site unless stated otherwise. The injections were unilateral.

Doxycycline administration
In this study, we tested three ways of administering doxycycline (Dox): intraperitoneal injection (50 mg/kg body weight, dissolved in

prewarmed saline), feeding with Dox diet (containing doxycycline hyclate, 625mg/kg diet), or through drinking water (200 mg/mLwith

1% sucrose). Dox diet caused minimal disturbance to the mice and we preferred it, while intraperitoneal injection provided the most

accurate temporal control.

Histological analysis
Under deep anesthesia with isoflurane inhalation, mice were transcardially perfused with 10 mL of PBS followed by 40 mL of 4%

paraformaldehyde (PFA) in PBS. The brains were extracted and postfixed overnight in 4% PFA at 4�C, and cryoprotected in 30%

sucrose. Brains were sectioned with a cryostat to a thickness of 40-mm. Free-floating sections were washed in PBS, mounted on

glass slides and sealedwith antifademountingmedium. All fluorescent signal in this studywas from native EGFP or tdTomatowithout

immunostaining. The whole-mount brain sections were scanned with Zeiss AxioscanZ1 digital slide scanner with a 103 objective.
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The high-resolution images were taken with ZEISS LSM 880 confocal microscope. To quantify tdTomato-positive cells in the coronal

sections, we used the following rules to determine the borders between the hippocampal subregions: (1) The dorsal and ventral DG

are demarcated at the horizontal line at the level of the dorsal edge of the rhinal fissure (Line A). (2) The dorsal and intermediate CA1 (or

CA3) are demarcated at a horizontal line at the level of the ventral edge of the lateral blade (suprapyramidal blade) of the dorsal den-

tate gyrus (Line B). (3) The intermediate and ventral CA1 (or CA3) are demarcated at Line A. (4) In the caudal sectionswhere Line B is at

the same level or below—ventral to–Line A, the CA1 (or CA3) above line A is considered intermediate CA1 (or CA3), and those below

Line A is considered ventral CA1 (or CA3). Cell densities in Figure 2D were calculated by dividing the number of tdTomato-positive

cells by the area of the granule cell layer. To compare the pathways, the cell densities in Figures 6 and 7 were calculated by dividing

the number of tdTomato-positive cells by the area of the hippocampal subregion (e.g. dorsal CA1, dorsal DG, etc.).

Brain slice electrophysiology recording
3 weeks after PRVDIE-cre injection in CA1, transverse slices of the dorsal hippocampus (with a thickness of 300 mm) were prepared

with a vibratome (Leica VT1200) in ice-cold cutting solution containing (inmM): 2.5 KCl, 1.2 NaH2PO4, 26 NaHCO3, 10 D-glucose, 213

sucrose, 5 MgCl2, 0.5 CaCl2. The slices were incubated in cutting solution for 30 min at 32�C and then in artificial cerebrospinal fluid

(ACSF) containing (in mM): 124 NaCl, 5 KCl, 1.2 NaH2PO4, 26 NaHCO3, 10 D-glucose, 1 MgCl2, 2 CaCl2 for at least 1 h at 32�C. The
cutting solution and ACSFwere adjusted to pH 7.3–7.4 and 290–300mOsmand constantly aeratedwith 95%O2/5%CO2.Whole-cell

patch clamp recording was performed in a recording chamber perfused (�1 mL/min) with oxygenated ACSF at 26–28�C. The
recording pipettes (2–4 MU) were filled with internal solution containing (in mM): 125 K-gluconate, 20 KCl, 4 Mg-ATP, 0.3 Na-

GTP, 10 Na2-phosphocreatine, 0.5 EGTA, 10 HEPES, adjusted to pH 7.3–7.4 and 310 mOsm. Post-synaptic currents were recorded

in voltage-clamp mode with holding potential at�70 mv. The resting potentials and current injection-induced action potentials were

recorded in current-clamp mode.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as mean ± standard error of the mean (SEM). Sample number (n) indicates the number of cells or mice in each

experiment and is specified in the figure legends. Statistical significance was analyzed with Mann-Whitney test. p < 0.05 is consid-

ered statistically significant.
e4 Cell Reports Methods 3, 100506, June 26, 2023


	Directed stepwise tracing of polysynaptic neuronal circuits with replication-deficient pseudorabies virus
	Introduction
	Results
	Trans-complementation of PRV replication and trans-synaptic transport with optimized IE180 (IEo)
	Minimizing PRV neuronal toxicity with temporally restricted replication
	Directed stepwise tracing of polysynaptic circuits with PRVΔIE
	Limited direct projections from hippocampus to striatum
	Tracing polysynaptic projections from the hippocampus to the striatum
	Disynaptic circuits between the hippocampus and dorsal striatum
	Disynaptic circuits between the hippocampus and the NAc

	Discussion
	Controlled polysynaptic tracing of neuronal circuits
	Hippocampus-striatum polysynaptic wiring diagram
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	Acknowledgments
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and study participant details
	Mice
	Cell culture

	Method details
	Viral vector construction
	Virus production
	Stereotaxic viral injection
	Doxycycline administration
	Histological analysis
	Brain slice electrophysiology recording

	Quantification and statistical analysis



