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Abstract.
Background: The impairment of neural circuits controlling cognitive processes has been implicated in the pathophysiology
of Alzheimer’s disease and related disorders (ADRD). However, it is largely unclear what circuits are specifically changed
in ADRD, particularly at the early stage.
Objective: Our goal of this study is to reveal the functional changes in the circuit of entorhinal cortex (EC), an interface
between neocortex and hippocampus, in AD.
Methods: Electrophysiological, optogenetic and chemogenetic approaches were used to examine and manipulate entorhinal
cortical circuits in amyloid-� familial AD model (5 × FAD) and tauopathy model (P301S Tau).
Results: We found that, compared to wild-type mice, electrical stimulation of EC induced markedly smaller responses in
subiculum (hippocampal output) of 5 × FAD mice (6-month-old), suggesting that synaptic communication in the EC to
subiculum circuit is specifically blocked in this AD model. In addition, optogenetic stimulation of glutamatergic terminals
from prefrontal cortex (PFC) induced smaller responses in EC of 5 × FAD and P301S Tau mice (6-month-old), suggesting
that synaptic communication in the PFC to EC pathway is compromised in both ADRD models. Chemogenetic activation of
PFC to EC pathway did not affect the bursting activity of EC neurons in 5 × FAD mice, but partially restored the diminished
EC neuronal activity in P301S Tau mice.
Conclusions: These data suggest that 5 × FAD mice has a specific impairment of short-range hippocampal gateway (EC to
subiculum), which may be caused by amyloid-� deposits; while two ADRD models have a common impairment of long-range
cortical to hippocampal circuit (PFC to EC), which may be caused by microtubule/tau-based transport deficits. These circuit
deficits provide a pathophysiological basis for unique and common impairments of various cognitive processes in ADRD
conditions.
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INTRODUCTION

The most prominent brain regions impaired at early
stages of Alzheimer’s disease (AD) include prefrontal
cortex (PFC), and hippocampal formation that com-
prises the hippocampus proper (CA1, CA2, CA3),
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dentate gyrus, and subiculum [1–9]. PFC is respon-
sible for executive function and working memory
[10–12], while hippocampus is essential for mem-
ory consolidation and storage [13]. There are strong
connections between PFC and hippocampal forma-
tion, which is vital for sustaining complex memory
processing [14–17]. Given the loss of coordination
between executive function and stored memory in AD
patients [18, 19], PFC-hippocampal connections may
be compromised in AD.

While hippocampal neurons send direct outputs
to PFC [15, 20, 21], projections from PFC to hip-
pocampus usually go through the interface, entorhinal
cortex (EC) [22–24]. EC acts as a gateway in memory
processing, transferring information that is encoded
and organized in PFC to hippocampus for consoli-
dation, and retrieving contextual information stored
in hippocampus to PFC for goal-directed behav-
iors [20, 25–28]. EC sends extensive projections
to CA1 and subiculum [29–32]. As the hippocam-
pal output, subiculum innervates various downstream
regions, controlling interregional communication
in the hippocampal-parahippocampal circuit [31,
33–36].

Dysfunction of EC has been implicated in AD
[37–40]. However, it remains largely unknown about
how synaptic signals along the PFC-EC-subiculum
axis are disrupted in AD conditions associated
with amyloid plaques or neurofibrillary tangles. To
address this question, we used electrophysiological
and optogenetic approaches to examine the local
and long-range functional circuits in two different
AD mouse models, the familial AD mice carrying
5 mutations on APP and PS1 (5 × FAD) and the
transgenic mice carrying human P301S mutation of
microtubule-associated protein tau (P301S Tau). The
precise mapping of circuit changes at early symp-
tomatic stage of AD will help to pinpoint intervene
loci for symptom alleviation.

MATERIALS AND METHODS

Animals, viruses, and surgery

Animal use was approved by the IACUC of State
University of New York at Buffalo. 5 × FAD mice
(Jackson Laboratory, 034848), Tau P301S transgenic
mice [41] (Jackson Laboratory, 008169) and their
wild-type controls were genotyped and used as we
previously described [2, 42–44].

AAV9.CAG.hChR2(H134R)-mCherry.WPRE.SV
40 (ChR2), AAV9-hSyn-HI-eGFP-Cre (Cre) and

AAVrg-hSyn-DIO-hM3D(Gq)-mCherry (RetroGq)
were purchased from Addgene. Virus injection
was conducted as previously described [45–48].
Briefly, mice (∼6 months old) were anesthetized
with ketamine (95 mg/kg) and xylazine (5 mg/kg).
Then ChR2 virus (1 �l) or Cre virus (1 �l) was
stereotaxically injected into the prelimbic cortex
bilaterally (AP: 2.0 mm, ML:±0.3 mm, DV: 2 mm),
and RetoGq virus (1 �l) was injected into the
entorhinal cortex (EC) (AP: –4.7 mm, ML:±3.0 mm,
DV: 3.2 mm) with a Hamilton syringe (31 gauge).
Injection speed was controlled with a microinjection
pump (KD Scientific) (100 nl/min). Mice were used
6 weeks after the viral injection. For chemogenetic
studies, electrophysiological recordings started 1 h
after intraperitoneal injection of CNO (5 mg/kg) or
saline in virus-infected mice.

Electrophysiological and optogenetic recordings

Mice were anesthetized with isoflurane and rapidly
decapitated. Brains were quickly removed and sub-
merged into the ice-cold sucrose solution (in mM:
234 sucrose, 4 MgSO4, 2.5 KCl, 1 NaH2PO4, 0.1
CaCl2, 15 HEPES, 11 glucose, pH 7.35). Sagittal
slices (300 �m) containing EC and subiculum regions
were cut on a vibratome (Leica VT1000 s), then
transferred into artificial cerebrospinal fluid (ACSF)
(in mM: 130 NaCl, 26 NaHCO3, 3 KCl, 5 MgCl2,
1.25 NaH2PO4, 1 CaCl2, 10 Glucose, pH 7.4, 300
mOsm, 95% O2 + 5% CO2), and kept at 32◦C for
1 h and then at the room temperature (22–24◦C) for
1–4 h.

For recordings, the slice was positioned in a per-
fusion chamber attached to the fixed stage of an
upright microscope (Olympus) and submerged in
continuously flowing oxygenated ACSF. Whole-cell
patch-clamp experiments were performed with a
Multi-clamp 700A amplifier and Digidata 1322A
data acquisition system (Molecular Devices). Neu-
rons were visualized with the infrared differential
interference contrast video microscopy. Data were
acquired using the software Clampex 9.2 (Molecu-
lar Device). Recording electrodes were pulled from
borosilicate glass capillaries (1.5/0.86 mm OD/ID)
with a micropipette puller (Sutter Instrument, model
P-97). The resistance of patch electrode was 3–4
M�.

Optogenetic stimulation of ChR2-expressing neu-
rons or terminals in brain slices was carried out via
a microscope objective (Olympus LUMPlan FI/IR,
40 × 0.80 w) using a UHP-Microscope-LED-460
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system (Prizmatix) that provides >1 W collimated
blue light (460 nm peak, 27 nm spectrum half width,
85% peak power at 450 nm). The blue light was
triggered with TTL pulses programmed by the
pClamp (Molecular Devices) data acquisition soft-
ware. Single light pulses (5 ms) were delivered during
electrophysiological recordings.

Whole-cell voltage clamp was used to mea-
sure spontaneous excitatory postsynaptic current
(sEPSC), EPSC evoked by electrical stimulation of
neighboring neurons (eEPSC), and EPSC evoked
by optogenetic stimulation of ChR2-expressing neu-
rons or terminals (opto-EPSC). Cells were held at
–70 mV, and GABAAR blocker bicuculline (10 �M)
was added to ACSF during EPSC recordings.
The internal solution contained (in mM): 130 Cs-
methanesulfonate, 10 CsCl, 4 NaCl, 1 MgCl2, 5
EGTA, 10 HEPES, 4 ATP, 0.5 GTP, and 10 phos-
phocreatine. Whole-cell current clamp was used to
record synaptic-driven spontaneous action potential
(sAP) firing and the internal solution contained (in
mM): 20 KCl, 100 K-gluconate, 10 HEPES, 4 ATP,
0.5 GTP, and 10 phosphocreatine. In sAP recordings,
a modified ACSF with lower (0.5 mM) MgCl2 and
higher (3.5 mM) KCl was used to increase neuronal
activity in slices, and a small (<50 pA) adjusting
current (positive DC) was injected to elevate the
membrane potential (inter-spike potential: –60 mV)
[49, 50].

Immunofluorescent staining

After viral expression, mice were anesthetized and
transcardially perfused as we previously described
[2, 42]. In brief, brain tissue was post-fixed in
4% paraformaldehyde and dehydrated with 30%
sucrose for 2 days. Coronal sections (50 �m) were
cut with a vibrating microtome (Leica VT1000S)
and stored in cryoprotectant solution at –20◦C
until ready to use. For illustrating the viral expres-
sion of ChR2(H134R)-mCherry in PFC, slices
were blocked with PBS containing 5% goat serum
(1 h, room temperature), followed by PBS washing
and direct imaging with a Leica DMi8 fluores-
cence inverted microscope with Spiral function at
10×magnification. For labeling PFC neurons, slices
were incubated with anti-NeuN (1 : 500; Millipore,
MAB377). After washing, slices were incubated
with a fluorescent secondary antibody (A-11055,
1 : 1000, ThermoFisher Scientific) at room temp for
1 h. Images were acquired by using a Leica TCS SP8
confocal microscope.

Data analysis

Data analyses were performed with the Clamp-
fit software (Molecular Devices), Mini Analysis
Program (Synaptosoft), and KaleidaGraph soft-
ware. Statistical analysis was performed with Prism
(GraphPad). Two-way ANOVA or 2-tailed unpaired
Student’s t-test were used to determine the signif-
icance of differences between groups. All data are
expressed as the mean ± SEM.

RESULTS

Impairment of entorhinal cortex → Subiculum
circuit in AD

Since EC → subiculum pathway comprises the
major hippocampal input → output gateway, we
first examined the potential alteration of this cir-
cuit in AD models by stimulating EC and recording
evoked EPSC in subiculum (Fig. 1A). As shown
in Fig. 1B and 1C, the synaptic signal in EC
→ subiculum circuit was largely abolished in 6-
month-old 5 × FAD mice (WT: 47.8 ± 6.2 pA, n = 13
cells/3 mice, FAD: 10.3 ± 3.1 pA, n = 20 cells/5 mice,
t31 = 5.9, p < 0.001, t-test), but was not significantly
changed in 6-month-old P301S Tau mice (Fig. 1D,
E; WT: 58.3 ± 6.1 pA, n = 12 cells/3 mice, Tau:
42.6 ± 5.7 pA, n = 13 cells/4 mice, t23 = 1.8, p = 0.08,
t-test). Young 5 × FAD mice (3-month-old) had nor-
mal EC → subiculum synaptic currents (Fig. 1F,
1 G; WT: 80.7 ± 5.2 pA, n = 11 cells/3 mice, FAD:
70.5 ± 4.4 pA, n = 11 cells/3 mice, t20 = 1.5, p = 0.16,
t-test). It suggests that amyloid-� (A�) accumula-
tion in 6-month-old 5 × FAD mice blocks synaptic
communication from EC to subiculum.

We further examined spontaneous synaptic cur-
rents induced by randomly activated synapses that
have action potential-independent release of sin-
gle synaptic vesicles in subiculum (Fig. 2A). As
shown in Fig. 2B and 2C, the amplitude and
frequency of spontaneous excitatory postsynaptic
currents (sEPSC) were modestly but significantly
decreased in the subiculum of 6-month-old 5 × FAD
mice (Amplitude, WT:13.2 ± 0.4 pA, n = 10 cells/3
mice, FAD: 11.6 ± 0.5 pA, n = 11 cells/3 mice,
t19 = 2.5, p = 0.023, Frequency, WT: 3.75 ± 0.47 Hz,
n = 10 cells/3 mice, FAD: 2.06 ± 0.46 Hz, n = 11
cells/3 mice, t19 = 2.6, p = 0.018, t-test). Recordings
in the subiculum of P301S Tau mice (6-month-
old) did not find significant changes in sEPSC
(Fig. 2D, E; Amplitude, WT: 13.4 ± 0.4 pA, n = 10
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Fig. 1. Specific blockade of synaptic transmission from entorhinal cortex (EC) to subiculum in 5 × FAD mice. A) Diagram showing the
location of recording and stimulating electrodes. B) Representative traces of EPSC in subiculum evoked by electrical stimulation of EC in a
WT and a 5 × FAD mouse (6-month-old). C) Bar graphs of eEPSC amplitudes in EC of WT and 5 × FAD mice (6-month-old). ∗∗∗p < 0.001,
t-test. D, E) Representative eEPSC traces (D) and bar graphs of eEPSC amplitudes (E) in EC of WT and P301S Tau mice (6-month-old). F,
G) Representative eEPSC traces (F) and bar graphs of eEPSC amplitudes (G) in EC of young WT and 5 × FAD mice (3-month-old).

cells/3 mice, Tau:12.2 ± 0.6 pA, n = 10 cells/3 mice,
t18 = 1.7, p = 0.11, Frequency, WT:3.44 ± 0.28 Hz,
Tau: 3.01 ± 0.27 Hz, t18 = 1.1, p = 0.27, t-test). In
young 5 × FAD mice (3-month-old), sEPSC in
subiculum was intact (Fig. 2F; Amplitude, WT:
13.7 ± 0.5 pA, n = 10 cells/2 mice, FAD:13.2 ± 0.3
pA, n = 10 cells/3 mice, t18 = 0.9, p = 0.37, Frequency,
WT:4.08 ± 0.52 Hz, FAD: 3.37 ± 0.34 Hz, t18 = 1.2,
p = 0.26, t-test).

Synaptic activity drives the firing of action
potentials. Next, we examined synaptic-driven
spontaneous action potential (sAP) in subicu-
lum of AD models. As shown in Fig. 2G and
2H, the frequencies of sAP were substantially
decreased (∼50%) in subiculum of 6-month-old
5 × FAD mice (WT: 7.82 ± 0.67 Hz, n = 12 cells/3
mice, FAD: 4.13 ± 0.75 Hz, n = 12 cells/3 mice,
t22 = 4.2, p = 0.0003, t-test). A less pronounced,
but significant, reduction (∼30%) of sAP frequen-
cies was also found in 6-month-old Tau mice
(Fig. 2I, J; WT: 5.79 ± 0.71 Hz, n = 11 cells/3 mice,
Tau: 3.88 ± 0.52 Hz, n = 12 cells/3 mice, t21 = 2.7,
p = 0.02, t-test). It suggests that neuronal excitability

of subiculum is reduced in AD models, most strik-
ingly in 5 × FAD mice.

Alteration of prefrontal cortex → Entorhinal
cortex circuit in AD.

The hippocampal formation receives inputs from
PFC via EC. Next, we examined the potential alter-
ation of PFC → EC circuit in AD conditions. We
first examined synaptic transmission within EC by
stimulating local neurons. As shown in Fig. 3A, the
amplitudes of EPSC evoked by a series of stimuli
in EC pyramidal neurons of 6-month-old 5 × FAD
mice were largely unchanged, compared to age-
matched WT mice (n = 9 cells/3 mice/ group, F1,16
=2.3, p = 0.15, two-way rmANOVA). The amplitude
and frequency of sEPSC in EC were also similar
between WT versus FAD mice (WT: 14.3 ± 0.5 pA,
5.73 ± 0.48 Hz; FAD: 13.1 ± 0.4 pA, 4.76 ± 0.52 Hz,
p = 0.1 (Amp.), p = 0.2 (Freq.), t-test). We further
examined synaptic signals in EC of 6-month-old
P301S Tau mice. As shown in Fig. 3C and 3D, the
input-output curves of evoked EPSC were similar in
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Fig. 2. Alteration of synaptic and neuronal activity in subiculum of AD models. A) Diagram showing the experiment setting. B, C)
Representative sEPSC traces (B) and bar graphs of sEPSC amplitudes and frequencies (C) in subiculum of 6-month-old WT versus 5 × FAD
mice. ∗p < 0.05, t-test. D, E) Representative sEPSC traces (D) and bar graphs of sEPSC amplitudes and frequencies (E) in subiculum of
6-month-old WT versus P301S Tau mice. F) Representative sEPSC traces and bar graphs of sEPSC amplitudes and frequencies in subiculum
of 3-month-old WT versus 5 × FAD mice. G, H) Representative sAP recording traces (G) and bar graphs of sAP frequencies (H) in subiculum
of 6-month-old WT versus 5 × FAD mice. ∗∗∗p < 0.001, t-test. I, J) Representative sAP traces (I) and bar graphs of sAP frequencies (J) in
subiculum of 6-month-old WT versus P301S Tau mice. ∗p < 0.05, t-test.

EC of WT versus Tau mice (n = 8 cells/3 mice/group,
F1,14 =2.1, p = 0.18, two-way rmANOVA). The
amplitude and frequency of sEPSC in EC of Tau
mice were also unchanged (WT: 14.6 ± 0.7 pA,
6.49 ± 0.65 Hz, Tau: 13.8 ± 0.7 pA, 5.65 ± 0.61 Hz,
p = 0.4, t-test).

Next, we conducted optogenetic experiments to
examine the PFC → EC pathway. ChR2(H134 R)-
mCherry AAV was injected into PFC, and elec-
trophysiological recordings were performed on EC
neurons with light stimulation of synaptic inputs from

PFC (Fig. 4A). Confocal images (Fig. 4A, B) showed
the expression of ChR2 in PFC neurons at the virus
injection site and the expression of ChR2 at synaptic
terminals in EC originating from PFC projections.
As shown in Fig. 4C, the amplitudes of EPSC
evoked by optogenetic stimulation of PFC projections
were significantly decreased in 5 × FAD mice (WT:
55.5 ± 5.2 pA, n = 11 cells/3 mice, FAD: 38.5 ± 4.1
pA, n = 12 cells/4 mice, t21 = 2.6, p = 0.017, t-test). A
similar reduction of opto-EPSC was also observed in
EC of Tau mice (Fig. 4D; WT: 51.7 ± 5.8 pA, n = 13
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Fig. 3. Unchanged EC local circuit in AD models. A) Plot showing the input-output curve of EPSC in EC neurons evoked by stimulating
neighboring cells in WT versus 5 × FAD mice (6-month-old). Inset, upper: diagram showing experiment setting; right: representative eEPSC
traces. B) Bar graph showing the amplitude and frequency of sEPSC in EC neurons from WT versus 5 × FAD mice (6-month-old). Inset,
representative sEPSC traces. C) Input-output curve of EPSC in EC neurons evoked by stimulating neighboring cells in WT versus P301S
Tau mice (6-month-old). Inset, representative eEPSC traces. D) Bar graph showing the amplitude and frequency of sEPSC in EC neurons
from WT versus P301S Tau mice (6-month-old). Inset, representative sEPSC traces.

cells/3 mice, Tau: 32.1 ± 4.6 pA, n = 14 cells/4 mice,
t25 = 2.7, p = 0.013, t-test). These data suggest that the
long-range PFC to EC pathway is impaired in both
AD models.

Chemogenetic manipulation of prefrontal cortex
→ Entorhinal cortex circuit in AD.

Given the compromised PFC to EC projection in
AD models, we next used chemogenetic activation
of PFC → EC pathway to examine the possibility

of restoring EC neuronal activity in AD. The GFP-
tagged Cre virus (AAV9-hSyn-HI-eGFP-Cre) was
injected bilaterally to PFC, and the mCherry-tagged
retrograde double floxed DREADD (AAVrg-hSyn-
DIO-hM3D(Gq)-mCherry) virus was injected into
the EC (Fig. 5A). Selective manipulation of the
PFC to EC pathway was achieved by the systemic
administration of CNO (3 mg/kg, i.p.) at 6 weeks
post-injection. The validity of using such a method
to manipulate the activity of specific circuits has
been demonstrated by our previous imaging, elec-
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Fig. 4. Diminished synaptic transmission from prefrontal cortex (PFC) to EC in AD models. A) Upper, diagram showing experiment
setting. Bottom, confocal images showing the viral expression of ChR2(H134R)-mCherry in PFC. B) Confocal images showing ChR2
(red)-expressing terminals around neurons (NeuN+, green) in EC and subiculum areas. C) Representative opto-EPSC traces evoked by blue
light stimulation of ChR2 + terminals and bar graphs of opto-EPSC amplitudes in EC of WT versus 5 × FAD mice (6-month-old). ∗p < 0.05,
t-test. D) Representative opto-EPSC traces and bar graphs of opto-EPSC amplitudes in EC of WT versus P301S Tau mice (6-month-old).
∗p < 0.05, t-test.

trophysiological and biochemical experiments [48,
51–55].

The sAP in EC pyramidal neurons of 5 × FAD
mice showed strong bursting activity, which was
distinct from the mostly regular pattern of sAP
in EC of WT mice, and CNO administration did
not alter the bursting firing pattern of 5 × FAD
or WT mice (Fig. 5B). The average frequency
of sAP (within two minutes of recordings) was
significantly lower in EC of 5 × FAD than WT mice,
and CNO was ineffective in significantly changing
sAP in 5 × FAD mice (Fig. 5C; WT: 1.71 ± 0.17 Hz,
n = 15 cells/3 mice, FAD: 1.11 ± 0.09 Hz, n = 16
cells/4 mice, WT+CNO, 1.77 ± 0.21 Hz, n = 15
cells/3 mice, FAD+CNO, 1.25 ± 0.11 Hz, n = 15
cells/4 mice, F1,57 =13.5, p = 0.0005, two-way
ANOVA). Further examinations of sAP frequencies
during bursting and bursting intervals also found

no effect with CNO treatment in 5 × FAD mice
(Fig. 5D; bursting freq., FAD+Sal: 10.83 ± 0.36 Hz,
FAD+CNO:10.11 ± 0.23 Hz, p = 0.11; bursting
interval, FAD+Sal: 15.0 ± 0.6 Sec, FAD+CNO:
13.3 ± 0.6 Sec, p = 0.07).

We next compared sAP in EC of WT versus Tau
mice. No strong bursting activity was observed in
EC pyramidal neurons of Tau mice. Compared to
WT mice, sAP in EC of Tau mice had substantially
lower frequencies, which was significantly elevated
by CNO administration (Fig. 5E, F; WT: 1.83 ±
0.21 Hz, n = 16 cells/3 mice; Tau: 0.86 ± 0.13 Hz,
n = 18 cells/4 mice, WT+CNO, 1.93 ± 0.20 Hz,
n = 17 cells/4 mice, FAD+CNO, 1.51 ± 0.16 Hz,
n = 17 cells/4 mice, F1,64 =15.9, p = 0.0002, two-way
ANOVA). These data suggest that chemogenetic acti-
vation of PFC to EC pathway is capable of partially
restoring EC neuronal activity in Tau mice.
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Fig. 5. Partial restoration of EC neuronal activity by chemogenetic stimulation of PFC to EC pathway in P301S Tau mice. A) Diagram
showing experiment setting. The GFP-tagged Cre virus (AAV9-hSyn-HI-eGFP-Cre) was injected bilaterally to PFC, and the mCherry-
tagged retrograde double floxed DREADD (AAVrg-hSyn-DIO-hM3D(Gq)-mCherry) virus was injected into the EC. After 6 weeks of viral
expression, recordings were conducted on EC neurons within hours after saline versus CNO administration. B) Representative sAP recording
traces in EC neurons from WT versus 5 × FAD mice (6-month-old) treated with saline or CNO. Note the strong bursting activity in EC of
5 × FAD mice. C) Bar graph showing sAP frequencies in saline- or CNO-treated WT versus 5 × FAD mice. ∗p < 0.05, two-way ANOVA. D)
Bar graph showing sAP frequencies during bursting and intervals of bursting in saline- or CNO-treated 5 × FAD mice. Inset, Representative
sAP traces. E) Representative sAP recording traces in EC neurons from WT versus P301S Tau mice (6-month-old) treated with saline or
CNO. F) Bar graph showing sAP frequencies in saline- or CNO-treated WT versus P301S Tau mice. ∗p < 0.05, ∗∗p < 0.01, two-way ANOVA.

DISCUSSION

The interactions between PFC and hippocampus
play a key role in episodic memory recollection,
the process of retrieving contextual information per-
taining to a past event or experience [14, 16].
The interruption of communication between PFC

and hippocampus affects many forms of learning
and memory [17]. As the main interface between
hippocampus and neocortex, EC is an important
hub to relay information [23] and regulate mem-
ory formation and consolidation [22]. By using
electrophysiological and optogenetic approaches, we
have revealed the functional changes in PFC-EC-
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subiculum circuit in two models for ADRD. We found
that synaptic communication in the EC → subiculum
circuit was specifically blocked in 5 × FAD mice,
while synaptic communication in the PFC → EC
pathway was compromised in both 5 × FAD and
P301S Tau mice. Chemogenetic activation of PFC
→ EC pathway partially restored the diminished EC
neuronal activity in P301S Tau mice.

One of the main targets of EC in the hippocam-
pal system is subiculum [56–58]. Subiculum plays
a particularly important role as a key source of hip-
pocampal projections [36]. The brain region with the
earliest and highest level of A� plaque in 5 × FAD
mice is subiculum [59]. The specific loss of EC
→ subiculum synaptic communication in 6-month-
old 5 × FAD mice, but not 6-month-old P301S Tau
mice or 3-month-old 5 × FAD mice (Fig. 1), sug-
gests that A� accumulation in subiculum has blocked
the hippocampal input to hippocampal output gate-
way. The specific reduction of local synaptic signals
within subiculum of 6-month-old 5 × FAD mice
(Fig. 2A–F) could also result from A� deposits.
We further measured spontaneous action potentials
(sAP) in subiculum neurons, which are driven by inte-
grated synaptic inputs from local, short-range and
long-range projections. The reduction of sAP fre-
quency in subiculum neurons from both 6-month-old
5 × FAD and P301S Tau mice (Fig. 2G–J) sug-
gests that A� deposits and tau pathology [41, 59]
have impaired inputs to subiculum, leading to the
diminished subiculum activity and hippocampal out-
put.

PFC exerts top-down control over hippocampus
via EC [22, 60]. Our optogenetic experiments have
revealed the significant reduction of PFC → EC
synaptic communication in both ADRD models
(Fig. 4). Microtubule/tau-based transport deficits are
likely the main contributing factors for this impair-
ment of long-range cortical to hippocampal circuit.
We further tested whether chemogenetic activation
of PFC → EC pathway could restore EC neuronal
excitability in AD. One interesting finding is the
alteration of sAP firing patten in EC neurons of 6-
month-old 5 × FAD mice: while WT mice exhibited
regular or mild bursting firing, 5 × FAD mice exhib-
ited the strong rhythmic bursting. CNO application
to stimulate PFC → EC pathway did not reverse sAP
changes in 5 × FAD mice, but elevated the reduced
sAP frequency in P301S Tau mice (Fig. 5). It suggests
that strengthening the PFC inputs could partially
restore the EC gateway to hippocampal formation in
AD associated with tau aberrations.

Taken together, this study has revealed distinct
and convergent alterations of entorhinal cortical cir-
cuits in two ADRD models. The specific impairment
of short-range hippocampal gateway (EC to subicu-
lum) in 6-month-old 5 × FAD mice suggests that
hippocampus-mediated memory storage and con-
solidation are compromised by A� deposits. The
common impairment of long-range cortical to hip-
pocampal circuit (PFC to EC) in two ADRD models
suggests that PFC-mediated memory encoding and
retrieval, as well as information organization and pro-
cessing, are disrupted, probably due to deficiencies in
the transport of important cargos along the pathway.
These circuit changes provide a pathophysiological
basis for various cognitive alterations in ADRD con-
ditions.
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