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Abstract A deficit in spatial memory has been taken as an

early predictor of Alzheimer’s disease (AD) or mild

cognitive impairment (MCI). The uncinate fasciculus

(UF) is a long-range white-matter tract that connects the

anterior temporal lobe with the orbitofrontal cortex (OFC)

in primates. Previous studies have shown that the UF

impairment associated with spatial memory deficits may be

an important pathological change in aging and AD, but its

exact role in spatial memory is not well understood. The

pathway arising from the postrhinal cortex (POR) and

projecting to the ventrolateral orbitofrontal cortex (vlOFC)

performs most of the functions of the UF in rodents.

Although the literature suggests an association between

spatial memory and the regions connected by the POR–

vlOFC pathway, the function of the pathway in spatial

memory is relatively unknown. To further illuminate the

function of the UF in spatial memory, we dissected the

POR–vlOFC pathway in mice. We determined that the

POR–vlOFC pathway is a glutamatergic structure, and that

glutamatergic neurons in the POR regulate spatial memory

retrieval. We also demonstrated that the POR–vlOFC

pathway specifically transmits spatial information to par-

ticipate in memory retrieval. These findings provide a

deeper understanding of UF function and dysfunction

related to disorders of memory, as in MCI and AD.

Keywords Spatial memory � Postrhinal cortex � Ventro-
lateral orbitofrontal cortex � Mild cognitive impairment �
Alzheimer’s disease

Introduction

Spatial memory refers to the part of the memory system

which is in charge of encoding, storing and recalling spatial

information about the environment and the objects and

agents within it [1]. Spatial memory is required for

individuals to navigate to goal locations and is vitally

important for reaching goals in a spatially extended

environment [1, 2]. Patients with a spatial memory deficit

often show disorientation, which is the core symptom in

emerging mild cognitive impairment (MCI) and the early

stage of Alzheimer’s disease (AD) [3–5]. Illuminating the

working mechanism of spatial memory may contribute to

further understanding of the pathology of these diseases.

However, the neural mechanism of spatial memory is not

well understood. Functional magnetic resonance imaging

(fMRI) has suggested that the temporal [6], frontal [7], and

occipital lobes [3] are the critical areas in the neural circuit

for spatial memory, but details regarding the function of
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these areas and fiber tracts in spatial memory remain to be

elucidated.

The uncinate fasciculus (UF) is a long-range white-

matter fiber tract connecting the anterior temporal lobe

with the orbitofrontal cortex (OFC), a subregion of the

frontal lobe, through a direct, monosynaptic pathway [8].

The temporal segment of the tract originates from the

anterior part of the parahippocampal cortex and the

temporal pole [9]. The UF belongs to a small group of

late-myelinating white matter association tracts that

undergo protracted development throughout adolescence

[10]. So, this slow maturation may open a time window

during which these fibers are more vulnerable to risk

factors causing neurological and psychotic disorders [8].

The exact function of the UF remains unclear, but diffusion

tensor imaging (DTI) studies have indicated that

microstructural deficits of the UF occur in such conditions

as anxiety [11], depression [12], schizophrenia [13],

psychopathy [14], frontotemporal dementia [15], MCI

[16], and AD [17]. Furthermore, some task-fMRI and

DTI studies have shown that UF dysfunction is associated

with age-related impairment of spatial navigation [18] and

spatial memory deficits in MCI [19]. Nevertheless, it

remains unclear how the UF participates in spatial memory

processing; particularly in the encoding, storage, or

retrieval stage of spatial memory.

The postrhinal cortex (POR) is the rodent homolog of

the primate parahippocampal cortex [20]. Previous studies

have confirmed that the POR is rich in GABAergic and

glutamatergic neurons [21], and is strongly connected with

the visual area, laterodorsal thalamic nucleus (LD), hip-

pocampal formation, caudate-putamen, and prefrontal

cortex (PFC) [22–24]. As a core region of the PFC, the

ventrolateral orbitofrontal cortex (vlOFC) mainly receives

projections from the POR which may contribute to UF

function in rodents [20]. POR/OFC lesions cause spatial

memory impairment in rodents [25, 26], suggesting that

both the POR and OFC are key regions in the neural circuit

of spatial memory. However, the function of the POR–

vlOFC pathway connecting the two regions in spatial

memory has not been investigated in rodents, and its

structure remains to be elucidated.

To further illuminate the function of the UF in spatial

memory, we set out to dissect the POR–vlOFC pathway in

mice. We aimed to examine the structure of the POR–

vlOFC pathway and its exact function in spatial memory.

Methods

Animals

Adult (20 g–30 g) male C57BL/6 mice (Guangdong Med-

ical Laboratory Animal Center, Guangzhou, China), and

adult male GAD2-Cre mice aged 6 weeks–8 weeks at the

beginning of experiments, were housed in groups of five

per cage. The GAD2-Cre mice had Cre recombinase

expression directed to GAD2-positive neurons without

disrupting endogenous glutamic acid decarboxylase 2

expression. The animals were maintained on a 12/12-h

light/dark cycle (lights on at 08:00, Beijing time) at a

stable temperature (23�C–25�C) and given food and water

ad libitum. All animal experiments were approved by the

Institutional Animal Care and Use Committee of Shenzhen

Institutes of Advanced Technology, Chinese Academy of

Sciences.

Anatomy of the POR

The POR is bordered by the following structures: the

caudal end of the angular bundle, the caudal part of the

perirhinal cortex [27], the ventral temporal association area

(TEA), and the dorsal part of the medial entorhinal cortex

(Fig. 1A). The POR is bordered rostrally by the perirhinal

cortex, which was identified by subicular cells in the

angular bundle [21, 28]. The POR was differentiated from

the TEA by identification of discrete layers II, III, and IV,

and the bilaminate appearance of layer V. The POR lies

above a slight indentation surrounded by the medial

entorhinal cortex. In the coronal plane (Fig. 1B–D), the

POR was identified as the region bordered by the rhinal

fissure rostrally and medially, and the TEA at the middle of

the angular bundle dorsally. At caudal levels, the POR is

triangular in shape. The dorsal portion is bordered by the

parasubiculum, which forms one side of a triangle together

with the entorhinal. TEA forms the second side, and the

cortical surface, the third side.

Immunofluorescence Staining

Mice were anesthetized with chloral hydrate (10% w/v,

300 mg/kg body weight) and perfused transcardially with

phosphate-buffered saline (PBS) followed by ice-cold 4%

paraformaldehyde (PFA, 158127 MSDS, Sigma, St. Louis,

MO) (mice for c-fos staining were sacrificed 1.5 h after

blue light stimulation). The brain was removed carefully

and post-fixed in 4% PFA at 4 �C overnight, then

cryoprotected in PBS containing 25% sucrose for 48 h.

Coronal sections (40 lm) were cut on a Leica (Wetzlar,

Germany) freezing microtome. Free-floating sections were
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rinsed with PBS on a rocking bed (60 rpm, 10 min 9 3

times), and incubated in 0.3% TritonX-100 and 10%

normal goat serum (Jackson) in PBS for 1 h at room

temperature. Sections were then incubated overnight in

primary antibody with 1% bovine serum albumin and 0.1%

TritonX-100. The antibodies were rabbit monoclonal anti-

NeuN (dilution 1:200, 2625391; Millipore, Billerica, MA);

mouse monoclonal anti-GAD67 (1:100, MAB1572; Milli-

pore); mouse monoclonal anti-CamKII (1:250, ab22609,

Abcam, Cambridge, UK), and rabbit monoclonal anti-c-fos

(1:200, 2250; Cell Signaling). After thorough washing with

PBS, the sections were incubated with the secondary

antibodies at room temperature for 3 h. The antibodies

were Alexa fluor 488 or 594 goat anti-rabbit IgG and Alexa

fluor 488 or 594 goat anti-mouse IgG (1:100, Jackson).

After washing with PBS (15 min 9 3 times), the sections

were mounted on gelatin-coated slides and coverslipped

with an anti-fade reagent and DAPI (Image-iT FX Signal

Enhancer, Invitrogen). The sections were then pho-

tographed and analyzed with a Leica TCS SP5 laser

scanning confocal microscope.

Cell Quantification

To determine the cell types in the POR, 3 coronal sections

per mouse (n = 3) from the POR on one side (AP from

-4.60 mm to -5.10 mm, spaced 120 lm apart) were

examined (Fig. 1B–D). Cell-type identification was quan-

tified using a confocal microscope (63 9 objective) by the

cell-type-specific staining of NeuN immunoreactive cells.

Cells were counted manually using ImageJ.

To quantify c-fos-positive cells, 4 coronal sections per

mouse (n = 3) from the bilateral vlOFC (AP from 2.80 mm

to 2.00 mm, spaced 300 lm apart) were examined. Con-

focal images (109 objective) were acquired using identical

pinhole, gain, and laser settings. Cells were counted

Fig. 1 Identification of postrhinal cortex (POR) borders and neuronal

composition in the mouse. A Lateral surface view of the POR borders.

B–D Schematic of the POR shows 3 rostrocaudal levels in the coronal

plane. Gray rectangles indicate the cell-counting regions (scale bars,

250 lm). AP: B, -4.70 mm; C, -4.85 mm; D, -5.00 mm. TEA,

temporal association area; PER, perirhinal cortex; Entl, lateral

entorhinal area; PAS, parasubiculum area. E, F POR neurons co-

labeled for (E) GAD67 (green) and NeuN (red) or (F) CamkII (green)

and NeuN (red) are indicated by arrowheads (scale bars, 50 lm).

G Proportions of GABAergic (48.4% ± 1.6%) and glutamatergic

(51.4% ± 1.8%) neurons in the POR. Data are presented as

mean ± SEM.
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automatically using Image pro plus software. To determine

the types of c-fos-positive cells, a confocal microscope

(639 objective) was used to compare the cell-type-specific

staining with c-fos. Cells were counted manually using

ImageJ.

Virus Injection and Optic Fiber Implantation

Mice were anesthetized with pentobarbital sodium (0.5%

w/v, 80 mg/kg body weight, i.p.) (Merck, Darmstadt,

Germany), then placed in a stereotaxic apparatus (RWD,

Shenzhen, China). Erythromycin eye ointment was used to

keep the corneas wet and a heating pad (RWD) was used to

maintain body temperature. A small incision was made to

expose the skull surface and to visualize bregma and

lambda. A dental drill (RWD) was used to drill holes on the

skull surface. AAV5-CaMKIIa-mCherry or AAV5-CaM-

KIIa-eNpHR3.0-mCherry was injected into the bilateral

POR (AP: -4.84 mm, ML: ± 3.80 mm, DV: -2.25 mm)

for optical inhibition experiments; AAV5-CaMKIIa-
mCherry or AAV5-CaMKIIa-hChR2-mCherry was

injected into the unilateral POR (AP: -4.84 mm, ML:

3.80 mm, DV: -2.25 mm) for optical activation experi-

ments. Virus was injected into the POR (0.4 lL at 80 nL/

min) through a 10-lL microsyringe with a 33-gauge metal

needle (Neuros; Hamilton, Reno, NV) connected to a

microsyringe pump (UMP3; WPI, Sarasota, FL) and its

controller (Micro4; WPI). After the injection finished, the

needle was left in place for an extra 5 min and then

withdrawn slowly.

An optic fiber was implanted 6 weeks after virus

injection. For optogenetic stimulation of POR somata, an

optic fiber (Numerical aperture = 0.37, u = 200 lm;

Shanghai Fiblaser Technology Co., Ltd, Shanghai, China)

was inserted into the POR (AP: -4.84 mm, ML: ± 3.80

mm, DV: -1.75 mm). To stimulate terminals, the fiber was

implanted in the vlOFC (AP: 2.10 mm, ML: ± 1.50 mm,

DV: -3.25 mm), LD (AP: -1.35 mm, ML: ± 1.25 mm,

DV: -2.30 mm), or dorsal hippocampal commissure

(DHC) (AP: -3.40 mm, ML: ± 1.50 mm, DV:

-1.25 mm) to target Natronomonas halorhodopsin

(eNpHR3.0)-containing terminals projecting to the POR.

Implants were fixed to the skull with a layer of cyanoacry-

late (Permabond, Englewood, CO) and covered by dental

cement (New Century, Shanghai, China). After the surgery,

the skin was sutured and lidocaine hydrochloride gel and

lincomycin hydrochloride were used to prevent inflamma-

tion and control pain.

Anterograde Tracing

Virus-delivered trackers were injected into the POR on one

side. Six weeks later, mice were anaesthetized with a lethal

dose of chloral hydrate and perfused transcardially with

PBS, followed by ice-cold 4% paraformaldehyde. Coronal

brain sections (40 lm) were cut on the Leica freezing

microtome. Free-floating sections were rinsed with PBS on

a rocking bed (60 rpm, 10 min 9 3 times). The sections

were then mounted on gelatin-coated slides and cover-

slipped with an anti-fade reagent containing DAPI. The

expression of mCherry was detected on a Leica TCS SP5

laser scanning confocal microscope.

Novel Object Place Recognition

The experiments were performed in a 50 9 50 9 50 cm3

open field (made of white polyvinyl chloride). A high-

definition digital camera (Sony, Shanghai, China) was used

to record the animals’ behavior. Mice were habituated to a

testing box and the experimental procedure lasted over

4 days [29, 30]. Mice explored the empty open field for

20 min during days 1 and 2. On days 3 and 4, the mice

were habituated to the box containing two identical objects.

The adaptive phase included a study phase (6 min), a delay

(20 min), and a recognition phase (6 min). But the objects

used in the adaptive phase were different from those on the

testing day. On the testing day (day 5), the task included

the same sequence of study, delay, and recognition phases.

During the study phase, mice were exposed to two identical

objects. After the delay, the position of one of the objects

was changed. The mice were then exposed to the two

objects for another 6 min. During the task, each mouse

received optical stimulation based on their group. After

each trial, the open field and the objects were cleaned with

25% ethanol. Offline analyses were performed with video

software (ANY-maze; Stoelting Co, Wood Dale, IL) and

custom-designed scripts. The standard memory index (D2)

was used: D2 = (exploration time(novel object) - exploration

time(familiar object))/total exploration time. A D2 score[ 0

reflected successful memory performance.

Optogenetic Manipulation and Behavioral Test

in Freely-Moving Mice

The behavioral test was performed one week after optic

fiber implantation (Fig. 2). Two implanted optic fibers

were connected to a yellow light laser (MBL-589/

200 mW) or one of the fibers was connected to a blue

light laser (MBL-473/200 mW) via custom patch cords (all

from Shanghai Fiblaser Technology Co., Ltd) and a fiber-

optic rotary joint (Doric Lenses, Quebec, Canada) which

released the torsion on the fibers due to rotation of the

mouse. The power of the blue light was set at 8 mW–

10 mW at the tip of the fiber for cell body stimulation and

10 mW–15 mW for terminal stimulation, while the yellow

light was set at 10 mW–15 mW for cell body stimulation
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and 15 mW–20 mW for terminal stimulation. Continuous

yellow laser for mice using eNpHR3.0 or 20-Hz 5 ms-

pulsed blue laser for mice using Chlamydomonas channel-

rhodopsin-2 (hChR2) was delivered during the behavioral

tests.

Fabrication of Electrode Arrays for Optogenetics

Each multi-channel optrode array contained 1 optical

channel and 4 twisted tetrodes (16 channels). The arrays

were fabricated from optical fibers (NA = 0.37,

u = 200 lm) and formvar-coated nickel chromium wires

12-lm in diameter (Fig. 3A). Each tetrode was threaded

through a silica tube (75 lm inner, 152 lm outer diame-

ters). In the optrode array, 4 tetrodes were arranged around

an optical fiber (Fig. 3A). To ensure illumination of the

recorded neurons, the tips of the recording sites were

300 lm–500 lm longer than the optical fiber (Fig. 3B).

Recording sites were plated with platinum to reduce the

impedance to 200 kX–500 kX (at 1 kHz in artificial

cerebrospinal fluid). Approximately 2 mm of the insulation

was removed from the end of each electrode wire using a

brief flame, and the de-insulated wires were soldered to

separate sites on a 20-pin electrode connector. Two pairs of

silver microwires (100 lm diameter, 99.95% pure) were

soldered onto the electrode connector as ground and

reference electrodes. One end of the optical fiber was

fixed onto a custom-made optical connector and stabilized

on the electrode connector using a layer of epoxy.

In Vivo Electrophysiological Recording

Mice were anesthetized with urethane (10% w/v, 1.9 g/kg

body weight) (Sigma) and secured in a stereotaxic appa-

ratus. Scalp skin was removed and holes were drilled above

the brain regions of interest. A multi-channel optrode array

was inserted into the vlOFC (AP: 2.10 mm, ML: 1.50 mm,

DV: 3.00–3.50 mm below dura) with the help of a stepping

motor (IVM; Scientifica Ltd, Uckfield, UK) at 1 lm/s. The

optic fiber was connected to the diode-pumped solid-state

blue or yellow light laser. The power of the blue light was

set at 10 mW–15 mW and the yellow light was set at

15 mW–20 mW at the tip of the fiber using a power meter

(Thorlabs, Newton, MA) and the laser pulses were

modified by an arbitrary/function generator (AFG3000B;

Tektronix, Beaverton, OR). In vivo electrophysiological

recording was performed using an OmniPlex� D Neural

Data Acquisition System (Plexon, Dallas, TX). The

continuous yellow laser to activate eNpHR3.0 and the

20-Hz 5 ms-pulsed blue laser to activate hChR2 was

Fig. 2 Implant location of

fibers and expression of hChR2

and eNpHR3.0 in the POR. A,

C hChR2 and eNpHR3.0

expression in the POR and

implant location of fiber (scale

bars, 750 lm). B, D CamkII

(green) stained with hChR2 or

eNpHR3.0 (red); arrowheads,

co-labeled neurons. hChR2 or

eNpHR3.0 expression occurred

only in CamkII? neurons (scale

bars, 50 lm).

Fig. 3 Fabrication of optoge-

netic probes and implant loca-

tion. A Diagram of 16-channel

optrode array. Each optrode

contained an optical fiber for

stimulation, and four tetrodes

(16 channels) for electrical

recording. B, C Location of

optical stimulation and record-

ing sites (arrowhead) in the

vlOFC (scale bar, 750 lm).
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delivered when stable spontaneous spikes were recorded.

At the end of experiments, the mice were sacrificed

immediately and perfused transcardially.

In Vivo Neural Data Analysis

Neural data were analyzed with custom-written MATLAB

scripts [31, 32]. The raw data were filtered through a

second-order band-pass Butterworth filter of 300 Hz–

3000 Hz to yield the spike train. Because the optical

stimulation with blue or yellow light generated artifacts

during recording, we used the Subtraction of Artifacts by

Local Polynomial Approximation (SALPA) [33] algorithm

to reduce their impact. The offline spike detection thresh-

old was set at 3.5 standard deviations of the data stream

[34]. Waveforms recorded from tetrodes and stereotrodes

were analyzed according to the geometric configuration to

yield reliable spike-sorting analysis. Next, probabilistic

principal component analysis was used to decompose 12

principal components of the waveforms. Then a fuzzy

c-means method was applied to pre-cluster the spike

waveforms and the sorting was further aggregated based on

a mixture of multivariate t-distributions algorithm [35]. For

hChR2 activation of downstream neurons, peri-stimulus

time histograms (PSTHs) were calculated with a bin size of

1 ms. The PSTHs of burst firing in response to blue light

were calculated with a 50-ms bin size. For analysis of the

inhibition of neural transmission by halorhodopsin, a bin

size of 500 ms was used for the PSTHs.

Statistical Analyses

Data are expressed as mean ± SEM and were analyzed

using SPSS 20.0 software (SPSS, Inc., Chicago, IL).

Student’s t-test or the paired t-test was used to determine

the significance of differences between the means of two

groups. Two-way analysis of variance (ANOVA) followed

by post-hoc Bonferroni’s multiple comparison test was

performed to determine the significance of differences

among groups. The level for significance was set at

P\ 0.05.

Results

The POR Consists of GABAergic and Glutamatergic

Neurons

Previous studies have shown that the POR contains granule

neurons and pyramidal neurons [21, 28]. However, the

proportions of neurons in the mouse POR are unknown.

Here, we confirmed the presence of GABAergic and

glutamatergic neurons in the POR (Fig. 1E and F).

Furthermore, cell counts revealed that 48.4% ± 1.6% of

POR neurons were GABAergic, while 51.4% ± 1.8% were

glutamatergic (Fig. 1G).

The POR–vlOFC Pathway is a Glutamatergic

Structure

We verified that the POR contains almost equal proportions

of inhibitory and excitatory neurons. We further mapped

the connection between the POR and the vlOFC using

engineered virus-delivered trackers. By injecting AAV5-

CaMKIIa-mCherry into the POR of C57BL/6 mice [36],

we observed the expression of mCherry in the vlOFC

(Fig. 4A, B). But AAV5-DIO-mCherry in GAD2-cre mice

did not show mCherry in the vlOFC (Fig. 4C, D). These

results suggested that the POR–vlOFC pathway is a

glutamatergic structure. However, the POR pathway ter-

minates in multiple major areas including the visual area,

LD, DHC, caudate-putamen, and vlOFC [22–24] (Fig. 4E).

To determine if any other terminal structures of the POR

pathway are glutamatergic, we visualized them using

AAV5-CaMKIIa-mCherry as an anterograde tracer. We

observed robust expression of mCherry in the vlOFC, LD,

and DHC, but not in the caudate-putamen or visual area

(Fig. 4F). These results verified that the vlOFC, LD, and

DHC are major terminal areas of the glutamatergic

pathway from the POR.

Glutamatergic POR Neurons Regulate Spatial

Memory Retrieval

Previous studies have shown that the POR plays a role in

spatial memory [37–39]. Here, we investigated the specific

contribution of glutamatergic POR neurons to spatial

memory by optogenetically stimulating these neurons in

mice during novel object place recognition (Fig. 5A).

To determine whether inhibition of glutamatergic POR

neurons hinders spatial memory, AAV5-CaMKIIa-
eNpHR3.0-mCherry was injected into the bilateral POR

(eNpHR3.0? group). Control animals were injected with

AAV5-CaMKIIa-mCherry (mCherry? group). The mice

were then exposed to two identical objects in the study

phase to encourage spatial memory formation. After a

delay, the position of one of the objects was changed. The

mice were exposed to an original object and a ‘‘novel

place’’ object with only location being changed to encour-

age the retrieval of spatial memory. The injected neurons

were optically inhibited in either one or both phases

(Fig. 5B, C). The mice showed no preference for either

object in the study phase (paired t-test. Fig. 5D). A D2

score[ 0 represents successful spatial memory perfor-

mance and a higher D2 score means better performance.

Two-way ANOVA for D2 using ‘‘group’’ (eNpHR3.0?
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group or mCherry? group) and ‘‘optical stimulation’’

(stimulating in either one or both phases) revealed no

significant interaction (F(2, 37) = 1.617, P = 0.212). Bon-

ferroni post-hoc tests showed that the memory performance

was significantly worse in the eNpHR3.0? group than in

the control mCherry? group when optical stimulation was

delivered only in the recognition phase (Fig. 5E, group 3:

P = 0.048), suggesting that inhibiting glutamatergic neu-

ronal activity in the POR impairs spatial memory retrieval.

However, there was no significant difference in memory

performance between the eNpHR3.0? and mCherry?

groups when optical stimulation was delivered during both

or the study phase (Fig. 5E, group 1: P = 0.202; group 2:

P = 0.638), suggesting that the inhibition did not alter

spatial memory retention.

To determine if activation of glutamatergic POR

neurons improves spatial memory, AAV5-CaMKIIa-

hChR2-mCherry was injected into the unilateral POR

(hChR2? group). Control animals were injected with

AAV5-CaMKIIa-mCherry (mCherry? group). The

injected neurons were optically activated in either one or

both phases (Fig. 5B and C). The mice showed no

preference for either object in the study phase (paired t-

test, Fig. 5F). A two-way ANOVA for D2 using group

(hChR2? or mCherry? group) and optical stimulation

(stimulating in either one or both phases) found no

significant interaction (F (2, 33) = 1.147, P = 0.330).

Bonferroni post-hoc tests showed no significant difference

in memory performance between the hChR2? and

mCherry? groups (Fig. 5G, group 4: P = 0.127; group 5:

P = 0.444; group 6: P = 0.600), suggesting that spatial

memory retention and retrieval were not affected.

Fig. 4 Anterograde tracing

from the POR. A–D Antero-

grade tracing in C57BL/6 mice.

AAV5–CaMKIIa–mCherry

(red) was injected into the POR,

and after 6 weeks the mCherry

was predominant in the vlOFC,

while using AAV5-DIO-

mCherry in GAD2-Cre mice

failed to show mCherry in the

vlOFC (scale bars, 750 lm).

E The major terminal areas of

the pathway from the POR were

the visual area (VIS),

laterodorsal thalamic nucleus

(LD), dorsal hippocampal com-

missure (DHC), caudate-puta-

men (CPu), and vlOFC.

F Anterograde tracing in

C57BL/6 mice. AAV5–

CaMKIIa–mCherry (red) was

injected into the POR, and after

6 weeks robust expression of

mCherry was detected in the

vlOFC, LD and DHC, but not in

VIS and CPu (scale bar,

750 lm).
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Taken together, these data confirmed that glutamatergic

neurons in the POR play an important role in spatial

memory retrieval.

The POR–vlOFC Pathway Specifically Regulates

Spatial Memory Retrieval

Based on the above findings, we further asked whether the

POR regulates spatial memory retrieval through the vlOFC.

To determine the role of the POR–vlOFC pathway in

Fig. 5 Optogenetic inhibition of glutamatergic neurons in the POR

impairs spatial memory. A Schematic of novel object place recog-

nition test. B, C Animal groups and laser illumination protocol used

during novel object place recognition. On: laser on, off: laser off, G1:

Group 1. D, F Object exploration data in the study phase to objects 1

and 2 (P\ 0.05 by paired t-test). E, G Comparison of D2 of

mCherry? group and hChR2? group or eNpHR3.0? group (n1:

mCherry? group, n2: hChR2? group or eNpHR3.0? group,

*P\ 0.05, Student’s t-test). Data are presented as mean ± SEM.
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spatial memory, we optically inhibited the glutamatergic

POR pathway terminals from each of the vlOFC, LD, and

DHC during novel object place recognition in mice

(Fig. 6A–C). AAV5-CaMKIIa-eNpHR3.0-mCherry was

injected bilaterally into the POR (eNpHR3.0? group),

and AAV5-CaMKIIa-mCherry was used as a control

(mCherry? group). A yellow light stimulus was provided

in these terminal areas in the recognition phase (Fig. 7A).

Mice showed no preference for either object in the study

phase (paired t-test; Fig. 7B). We found that the memory

performance of the eNpHR3.0? group was worse than the

control mCherry? group when optical stimulation was

delivered to the vlOFC (Fig. 7C; t = 2.283, P = 0.046,

Student’s t-test), and there was no significant difference in

memory performance between the eNpHR3.0? and

mCherry? groups when the LD or DHC was optically

stimulated (Fig. 7C; DHC: t = 0.336, P = 0.744; LD: t =

–0.212, P = 0.836, Student’s t-test). Subsequent to behav-

ioral testing, the level of activity-dependent c-fos expres-

sion in the vlOFC was examined (Fig. 7D). The number of

activated cells in response to the POR–vlOFC pathway was

significantly lower in the eNpHR3.0? group than in the

control mCherry? group (Fig. 7E; t = 3.993, P = 0.016,

Student’s t-test). Quantification of c-fos? neurons in the

vlOFC revealed that 23.9% ± 1.5% were GABAergic and

76.1% ± 1.5% were glutamatergic (Fig. 7F–H). These

findings suggest that inhibiting the POR–vlOFC pathway

impairs spatial memory retrieval.

To measure the functional connection between the POR

and the vlOFC, we used in vivo extracellular recordings in

conjunction with optogenetic stimulation (Fig. 8A, D).

After injecting the POR with AAV5-CaMKIIa-hChR2-
mCherry, a 20-Hz blue light pulse with a 5-ms pulse width

was used to stimulate the vlOFC. This terminal stimulation

reliably elicited neuronal spiking, and 12/25 vlOFC cells

responded to the stimulation at a latency of the peak

response from 4 ms to 17 ms (average, 8.5 ± 1.12 ms)

(Fig. 8B, C). To determine whether the pathway-specific

glutamatergic input from the POR to the vlOFC contributes

to the downstream firing of the vlOFC, AAV5-CaMKIIa-
eNpHR3.0-mCherry was injected into the POR, and a

continuous yellow light stimulus was delivered to vlOFC;

this reduced the neuronal spiking (Fig. 8E, F). Taken

together, the data suggested that the POR–vlOFC pathway

specifically regulates spatial memory retrieval.

Discussion

In this study using AAV-delivered trackers, we found that

the major terminal areas of the POR glutamatergic pathway

are the vlOFC, LD, and DHC. Furthermore, we used

in vivo optogenetic and electrophysiological methods, and

c-fos staining to demonstrate that the POR–vlOFC pathway

specifically transmits spatial information to participate in

memory retrieval. Activation or inhibition of this pathway

excited or inhibited the firing of postsynaptic neurons in the

vlOFC. To the best of our knowledge, this is the first study

to show that the POR–vlOFC pathway is a glutamatergic

structure, and that it regulates spatial memory retrieval.

Fig. 6 Implant locations of

fibers and eNpHR3.0 expression

in the terminal regions. A–

C Locations of optical stimula-

tion and eNpHR3.0 expression

in the vlOFC, LD, and DHC

(scale bars, 750 lm).
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Fig. 7 The POR–vlOFC pathway specifically regulates spatial mem-

ory retrieval. A After POR injection of AAV5–CaMKIIa–mCherry

(red), a yellow laser stimulus was delivered to each of the vlOFC, LD,

and DHC. B Exploration of objects 1 and 2 in the study phase

(P\ 0.05, paired t-test). C Comparison of D2 in the mCherry? and

eNpHR3.0? groups (n1: mCherry? group, n2: eNpHR3.0? group,

*P\ 0.05, Student’s t-test). D, E C-fos ? neurons (green) in the

vlOFC after the yellow laser stimulus (scale bars, 250 lm; *P\ 0.05,

Student’s t-test). F, G CamkII or GAD67 (red) stained with c-fos

(green); arrowheads, co-labeled neurons (scale bars, 50 lm). H Pro-

portions of GABAergic (23.9% ± 1.5%) and glutamatergic

(76.1% ± 1.5%) c-fos? neurons in the vlOFC. Data are presented

as mean ± SEM.
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Although the POR–vlOFC pathway has been investi-

gated, its structure remained unclear. One of the major

hindrances was the lack of high-precision techniques to

dissect brain circuits. In recent years, neurotropic virus-

mediated tracing has become the most effective technology

for circuit research. Compared with conventional tracers,

the genetic recombinants of neurotropic viruses enable us

to dissect the inputs and outputs of a specific brain region

Fig. 8 Identification of functional connection from the POR to the

vlOFC. A Schematic of POR injection of AAV5-CaMKIIa-hChR2-
mCherry and vlOFC blue light stimulation, with representative traces

for spikes (n = 12 cells). B Upper panel, example of vlOFC neurons

responding to 20-Hz blue light stimulation of POR–vlOFC terminals;

the insert (red) shows 18 light pulses (pulse width = 5 ms). Lower

panels, representative raster plots and peri-stimulus time histogram

(PSTH). C PSTH of a representative vlOFC neuron showing its

response probability to a blue light stimulus. D Schematic of POR

injection of AAV5-CaMKIIa-eNpHR3.0-mCherry and vlOFC yellow

light stimulation. E Example of vlOFC neurons responding to

continuous yellow light stimulation of POR–vlOFC terminals.

F Representative raster plots and PSTH in response to yellow light

stimulation. Data are presented as mean ± SEM.
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or cell type through multiple or single synaptic connections

[40–42]. In previous studies [37, 43], the Morris water

maze has been used as a classic behavioral test to study

spatial memory. However, it can also be used to study

episodic memory. Novel object place recognition is a

memory test using the natural preference of rodents for

new objects over familiar ones [29, 30, 44, 45]. Compared

with the Morris water maze test, this behavioral test is

considered a ‘pure’ spatial memory test because it is less

likely to be disturbed by contextual information. Here, we

used cell-type-specific tracing and in vivo optogenetic

methods combined with novel object place recognition to

determine that mice showed spatial memory impairment

when the glutamatergic POR–vlOFC pathway was inhib-

ited during the recognition phase of the behavioral test.

We found that the glutamatergic POR neurons regulate

spatial memory retrieval. The POR is the rodent homolog

of the primate parahippocampal cortex. Previous studies

have hinted that the POR is involved in spatial memory

[23, 37, 46], but its exact role is not well understood. Using

single-unit recording, Furtak et al. found that the POR in

rats encodes information related to the layout of objects in

local contexts, regardless of their identity [47]. Further-

more, studies have suggested that the POR processes

information about changes in the environment [48].

Bucci’s team found that POR lesions in rodents alter

performance in attentional orienting [49]. Another study

showed that neuronal activity in the parahippocampal

cortex of monkeys is altered by changes in the environment

[50]. Furtak’s group also found that location-selective cells

in the POR are selective for location changes and

postulated that the POR monitors the environmental

context for changes and deploys attention to such changes

[47]. That is, the POR participates in spatial memory

retrieval and detects changes in the location of objects

according to spatial feedback information. Our findings are

the first to demonstrate that POR glutamatergic neurons

play a role in spatial memory retrieval.

The UF is a long-range white-matter tract that originates

in the temporal lobe, connecting the anterior temporal lobe

with the OFC [8]. In rodents, the POR–vlOFC pathway

may perform most UF functions [22]. Previous findings

suggest that the UF is critically involved in some

mnemonic functions [51–53]. In this study, we demon-

strated that the POR–vlOFC pathway is glutamatergic. This

pathway specifically transmits spatial information from the

POR to the vlOFC to participate in memory retrieval. The

OFC is located in the ventral surface of the prefrontal

cortex. It receives inputs from visual, somatosensory,

olfactory, auditory, and gustatory cortices [43]. There is

evidence showing that it is a multimodal brain site for the

convergence and integration of information [43, 54–56]. In

spatial memory, some studies have shown that impairment

of the OFC in monkeys leads to failure in visual

discrimination tasks [54]. In rats, previous research showed

that OFC lesions impair the retention of spatial memory

[43]. The OFC may be a ‘relay station’ for receiving and

reprocessing spatial information. As a white matter tract

connecting the POR with the vlOFC, the POR–vlOFC

pathway was found to transmit spatial information encoded

in the POR to the vlOFC for further reprocessing in spatial

memory retrieval.

The present study has some limitations. First, although

the function of the POR–vlOFC pathway in spatial memory

retrieval was clarified, the neural circuits for encoding and

storing spatial memory remain to be analyzed in detail.

Second, we investigated the POR–vlOFC pathway only in

mice; studies in primates are needed to confirm these initial

findings, and studies of animal models of AD are needed to

determine whether the POR–vlOFC pathway is impaired in

MCI and AD, particularly, animal models with spatial

memory retrieval damage.

In summary, our findings have identified a prominent

excitatory pathway from the POR to the vlOFC that

specifically transmits spatial information to regulate spatial

memory retrieval. These findings may provide a better

understanding of the function and dysfunction of the

uncinate fasciculus in neurological disorders, such as MCI

and AD.
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