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Brain-derived neurotrophic factor (BDNF), a neuro-
trophic factor family member, has prominent effects on 
synaptic development and function, neuronal survival and 
differentiation, and cognition. As a synaptogenic modula-
tor that improves synaptic function and plasticity, BDNF is 
sufficient to induce synapse formation and enhance synaptic 
transmission [4]. In patients with AD, the level of BDNF 
protein in the entorhinal cortex is reduced [5]. BDNF has an 
extensive protective action in AD animal models, aged rats, 
and adult primates. The TrkB (tropomyosin-related kinase 
B, BDNF receptor) agonist, AS86, reverses the cognitive 
function deficit in the amyloid-β precursor protein/prese-
nilin 1 (APP/PS1) mouse model [6], implying that BDNF 
is a beneficial therapy for AD [2]. However, the develop-
ment of BDNF-based drugs is still challenging. Due to its 
intrinsic biochemical properties, exogenous BDNF protein 

Dear Editor,
Alzheimer’s disease (AD) is one of the most devastating 

neurodegenerative disorders and the most common form of 
dementia. Synaptic loss is a hallmark of AD pathology and 
exacerbates cognitive impairment [1]. Synaptic loss, unlike 
neuronal loss, is reversible due to the highly dynamic prop-
erties of synapses. Thus, therapeutics targeting synaptic loss 
and dysfunction are practical and beneficial for treating neu-
rodegenerative diseases. Most importantly, the window for 
the treatment of synapses is longer than that of clearing toxic 
proteins and preventing neuronal death. Treatment targeting 
synapses delivered at a relatively late stage still slows the 
progression of AD [2]. Evidence supporting a hypothesis 
for targeting the excitation-inhibition (EI) synaptic balance 
provides a therapeutic approach for preventing neurodegen-
eration in patients with AD [3].
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directly delivered into the blood or cerebrospinal fluid is 
quickly metabolized, making it difficult to reach the target 
region. Diffusion of exogenous BDNF protein in the brain 
parenchyma is difficult due to the binding of BDNF to its 
high-affinity receptor TrkB. Previous findings indicate that 
BDNF release is dependent on neuronal activity and high-
frequency stimulation is sufficient to induce BDNF release 
[7]. Therefore, it is urgent to develop novel therapies to 
increase endogenous BDNF levels in the target location by 
stimulating BDNF-secreting neurons.

Several studies have suggested that the entorhinal cortex 
(EC) is a key region in the pathophysiology of the early 
stages of AD [8, 9]. Metabolic dysfunction in the EC has 
been reported using cerebral blood volume-functional mag-
netic resonance imaging (CBV-fMRI) in patients and mice 
[10]. AD is characterized by a series of pathological sus-
ceptibilities, the most prominent of which are amyloid and 
tau protein abnormalities in the EC in the early stage, result-
ing in short-term memory impairment [11]. A reduction in 
interneurons and inhibitory axon terminals has also been 
reported in the EC; this is consistent with synaptic dysfunc-
tion, and suggests that resolving synaptic imbalance in the 
EC may provide therapeutic benefit in the early stages of AD 
[3]. EC also relays and processes social signals associated 
with social cognition in human and animal models. A study 
has shown that optogenetic stimulation of the lateral entorhi-
nal cortex (LEC) to the dentate gyrus (DG) facilitates social 
memory, providing insight into the improvement of social 
memory in brain diseases [12]. Thus, in the 5×FAD (familial 
Alzheimer’s disease) mouse model, the LEC could serve as 
a potential area for the treatment of social memory deficits.

Based on the evidence above, we hypothesized that 
endogenous BDNF release into the LEC via stimulation 
of a source region could protect against AD-related patho-
logical changes and ameliorate cognitive impairments. To 
determine the regions upstream of the LEC, we injected 
retroAAV-syn-EYFP into the LEC of adult wild-type (WT) 
mice. Retrogradely-labeled cells were found in the paraven-
tricular thalamus (PVT) [13, 14], anteromedial thalamic 
nucleus (AM), piriform cortex (Pir), and amygdala (Fig. 1A, 
B), suggesting that these regions send monosynaptic inputs 
to the LEC. Fluorescent in situ hybridization revealed the 
presence of BDNF messenger RNA (mRNA) in the PVT 
(Fig. 1C), implying that it is a source of BDNF delivery into 
the LEC. We confirmed this connection by using another ret-
rograde tracer CTB (cholera toxin subunit B)-488 and found 
that CTB-labeled neurons were distributed from anterior to 
posterior in the PVT. Careful examination revealed that the 
number of  CTB+ neurons in the anterior PVT was higher 
than that in the posterior PVT (Fig. S1A) and  CTB+ neu-
rons were co-localized with BDNF in the PVT (Fig. S1B). 
Therefore, we focused on the PVT-LEC circuit.

To characterize the synaptic connection between the PVT 
and the LEC, we injected AAV-CaMKII-ChR2-mCherry 
into the PVT and made patch-clamp recordings from LEC 
neurons in slices prepared 4 weeks later (Fig. 1D). Dense 
mCherry fluorescent signals were detected in layers III and 
V of the LEC (Fig. 1E), suggesting that the PVT mainly 
innervates deep layers of the LEC. In acute LEC slices con-
taining ChR2-expressing terminals from the PVT (Fig. 1F), 
brief blue light stimulation (1 ms) elicited reliable excitatory 
postsynaptic currents (EPSCs) and inhibitory postsynaptic 
currents (IPSCs) in LEC neurons (Fig. 1G, H). The latency 
of the picrotoxin-sensitive IPSCs was significantly longer 
than that of the EPSCs, and extended beyond the duration 
of monosynaptic transmission (Fig. 1I, L). Because most 
PVT neurons are glutamatergic, we suspected that the light-
evoked IPSCs were mediated by multisynaptic feedforward 
inhibition. Indeed, both EPSCs and IPSCs were blocked by 
the α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid 
(AMPA) receptor antagonist CNQX (10 µmol/L) (Fig. 1J, 
K), suggesting that PVT sends feedforward inhibition via 
local LEC interneurons. To examine the LEC cell types 
that were directly innervated by PVT, we made targeted 
patch-clamp recordings from glutamatergic neurons in the 
LEC of vGluT1::Ai14 mice in which glutamatergic neu-
rons were labeled with the red fluorescence protein tdTo-
mato. Brief light stimulation evoked robust EPSCs in 90% 
(9/10) of  tdTomato+ glutamatergic neurons in the LEC (Fig. 
S1C). To determine whether PVT terminals also synapse 
on gamma-aminobutyric acid-ergic (GABAergic) neurons 
in the LEC, we made targeted recordings from GABAer-
gic neurons in the LEC after labeling GABAergic neurons 
by injecting AAV2-dlx5/6-GFP into the LEC of WT mice 
[15]. We found that light-evoked EPSCs could be recorded 
from 40% (2/5) of GABAergic neurons (Fig. S1C). Overall, 
these results suggest that PVT neurons make synaptic con-
nections with both glutamatergic and GABAergic neurons 
in the LEC, and the connection probability is higher with 
glutamatergic neurons.

To determine the activity-dependent release of BDNF 
from the PVT neurons into the LEC, we optogenetically 
activated PVT neurons (Fig. 1M, N) for 15 min (20 Hz, 
15 mW) and collected LEC tissue for Western blotting to 
measure the BDNF protein. The BDNF protein level in the 
LEC was significantly higher in the ChR2 group than in the 
control group (Fig. 1O, P), indicating that the activation of 
PVT neurons is sufficient to release BDNF into the LEC.

Massive synaptic loss is a hallmark of the early stages of 
AD. To determine whether endogenous BDNF could res-
cue synaptic loss in AD, we applied chemogenetic tools to 
chronically activate the PVT neurons in 5×FAD mice. The 
utility of the chemogenetic approach in activating PVT and 
LEC neurons were validated by c-fos immunostaining (Fig. 
S2A–D). We then transduced PVT neurons with Gq-coupled 
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human M3 muscarinic receptor (hM3Dq) in 5×FAD mice 
at 7 months old and chronically activated PVT neurons by 
daily injections of clozapine-N-oxide (CNO) (0.6 mg/kg) 
for 2 months (Fig. 2A). The animals were sacrificed at 10 
months of age, and Golgi-Cox staining was used to evalu-
ate the density and morphology of spines in the LEC. We 
found that the reduction in the density of all spines and 
mushroom spines in the AD mice was largely rescued by 
the chemogenetic activation of PVT neurons (Fig. 2B–D). 
Moreover, immunostaining of the presynaptic marker 

synaptophysin also showed a significant increase in the 
number of  synaptophysin+ puncta in the hM3Dq group of 
AD mice compared to that of mCherry controls (Fig. 2E, 
F). Nonetheless, we found no difference in the number of 
 NeuN+ cells in the LEC among the three groups, hinting 
that neuronal loss was not reversed by the activation of PVT 
neurons (Fig. 2E, G). Overall, these results indicated that 
chronic activation of the PVT is sufficient to prevent synap-
tic loss in AD mice. Following that, amyloid β (Aβ) immu-
nostaining in the LEC showed that there was no significant 

Fig. 1  Excitatory neurons in the PVT release BDNF release into the 
LEC. A Schematic of retroAAV injection into the LEC. B Location 
of an injection site and fluorescence images of EYFP-labeled neu-
rons in the PVT, AM, Pir, and BLA. C Fluorescent in situ hybridi-
zation for BDNF mRNA in the PVT. D Schematic of AAV-CaM-
KII-ChR2-mCherry injection to the PVT. E Fluorescence images 
of viral expression in the PVT and the distribution of axonal fibers 
in the LEC. F Procedures for optogenetic manipulation and electro-
physiological recording. G Example traces of light-induced EPSCs 
and IPSCs (scale bars, 50 pA, 50 ms). H Amplitudes of EPSCs and 
IPSCs recorded in the LEC (n = 21 cells). I Latency of EPSCs and 
IPSCs recorded in the LEC (n = 21 cells; *P <0.05, paired Student’s 
t-test). J Amplitude of EPSCs recorded in the LEC after applica-
tion of CNQX (10 μmol/L; n = 8 cells; **P <0.01, paired Student’s 
t-test). K Amplitude of IPSCs recorded in the LEC after applica-

tion of CNQX (10 μmol/L; n = 6 cells; *P <0.05, paired Wilcoxon 
test). L Amplitude of IPSCs recorded in the LEC after application of 
picrotoxin (100 μmol/L; n = 5 cells; ***P <0.001, paired Student’s 
t-test). M Procedure for optogenetic manipulation. N Location of 
viral expression and optic fiber placement. O, P Western blots and 
quantification of BDNF protein levels in the LEC (n = 4/group; *P 
<0.05, unpaired Student’s t-test). 3V, 3rd ventricle; ACSF, artificial 
cerebrospinal fluid; AM, anteromedial thalamic nucleus; BDNF, 
brain-derived neurotrophic factor; BLA, basolateral amygdaloid 
nucleus, anterior part; BLP, basolateral amygdaloid nucleus, posterior 
part; BMP, basomedial amygdaloid nucleus, posterior part; CaMKII, 
calmodulin-dependent protein kinase II; DEn, dorsal endopiriform 
nucleus; EPSC, excitatory postsynaptic current; IPSC, inhibitory 
postsynaptic current; LEC, lateral entorhinal cortex; Pir, piriform cor-
tex; PTX, picrotoxin; PVT, paraventricular thalamus.
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difference in the number of Aβ plaques between the hM3Dq 
and mCherry groups (Fig. S2K, L), which suggests that 
chronic activation of the PVT has no effect on clearing Aβ.

Next, we sought to determine whether chronic stimulation 
of the PVT is beneficial for the social memory deficits asso-
ciated with AD. We transduced PVT neurons with hM3Dq 
in 5×FAD mice at 7 months old and chronically activated 
PVT neurons by daily injection of CNO (0.6 mg/kg) for dif-
ferent time periods. Control AD mice spent an equal amount 
of time sniffing the novel and familiar mice, which resulted 
in a low social discrimination index (SDI), indicating an 
impairment of social memory. Two months of CNO treat-
ment (Fig. 2H, I) significantly increased the time spent in 
investigating the novel mice, and the SDI (Fig. 2J–L). To 
determine how long the CNO treatment is required for the 
improvement of social memory, we shortened the treatment 
duration to 1 month or 0.5 month. The one-month CNO 
treatment also significantly increased the time spent in sniff-
ing novel mice and the SDI. The improvement effect was 
blocked by pretreatment with the TrkB antagonist K252a 
(1 μL and 1 μmol in 1% DMSO/artificial cerebrospinal 
fluid), demonstrating a crucial role of the BDNF–TrkB 
signaling pathway in mediating the memory improvement 
(Fig. S2H–J). AD mice with 0.5-month CNO treatment 
also exhibited a trend of increase in SDI, but this did not 

reach the significance level (Fig. S2E–G). These results sug-
gest that one month of CNO treatment is required for the 
improvement of social memory.

We further investigated whether the activation of PVT 
neurons alters the locomotor activity of AD mice using 
the open field test. There was no significant difference 
among the three groups in total distance traveled and speed 
(Fig. 2M), suggesting that chronic PVT stimulation does not 
influence locomotion.

In summary, we demonstrated that activating PVT neu-
rons results in the endogenous release of BDNF into the 
LEC. In line with a previous study in which optogenetic 
stimulation of the LEC–DG restores social memory deficits 
[12], chronic activation of PVT prevented synaptic loss, and 
was sufficient to attenuate social memory deficits. Another 
study has demonstrated that in the early stages of AD, an 
excitatory–inhibitory imbalance occurs in the LEC, and 
allosteric modulators restore synaptic balance [3], implying 
that regulating synaptic function in the LEC is a promising 
target for treating AD. Furthermore, our results also showed 
that the endogenous release of BDNF by manipulating neu-
ral circuits, which prevented synaptic loss and attenuated 
social memory deficits, could be a potentially important 
strategy in treating the symptoms of AD. Because of the 
longer window of treatment for synapses, this therapeutic 
strategy has a unique advantage over traditional treatments 
such as the clearance of toxic proteins.
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