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Abstract
Galectin-1 (Gal-1), a member of the Galectin family, is expressed in various tissues and responsible for multiple biological 
activities. Previous studies reported that extracellular Gal-1 participated in axonal growth and repair, and Gal-1 knockout 
mice exhibited memory impairment. However, no study has demonstrated the direct contribution of intracellular Gal-1 
upregulation in neurons to promoting axonal regeneration in the brain and recovering memory function. In the present study, 
we found that axonal growth is promoted by overexpression of Gal-1 via adeno-associated virus serotype 9 delivery in pri-
mary cultured hippocampal neurons. Moreover, Gal-1 was expressed on the membranes of growth cones in hippocampal 
neurons and interacted with a novel axonal guidance molecule, Secernin-1, which was secreted from prefrontal cortex (PFC) 
neurons. Gal-1-overexpression-driven axonal growth was enhanced when recombinant (extracellular) Secernin-1 was treated 
to the axonal site in a neuron device chamber. Direct binding of extracellular Secernin-1 with Gal-1 was detected through 
immunoprecipitation and immunocytochemistry, demonstrating that Gal-1 possibly works as an axonal guidance receptor 
for Secernin-1 in hippocampal neurons. In the PFC, the expression of Gal-1 in axonal shafts and terminals of hippocampal 
neurons was decreased in the 5XFAD mouse model of Alzheimer’s disease (AD). Overexpression of Gal-1 in hippocampal 
neurons recovered memory deficits and induced axonal regeneration toward the PFC in 5XFAD mice. This study suggests 
that the enhanced interaction of Secernin-1 and Gal-1 can be harnessed as a therapeutic strategy for long-distance and 
direction-specific axonal regeneration in AD.
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Introduction

Galectin-1 (Gal-1), which is encoded by the Lgals1 gene, 
is a member of the Galectin family, has a high affinity for 
β-galactosides, and is expressed in various tissues, where it 
has multiple functions [1]. One of the biological activities of 
Gal-1 is participating in axonal growth and repair processes 
in the central and peripheral nervous systems. Extracellular 
Gal-1 has been especially well studied. Extracellular (recom-
binant) Gal-1 has been found to promote axonal growth and 
regeneration in the dorsal root ganglion (DRG) and motor 
neurons [2, 3]. Extracellular Gal-1 stimulation in mac-
rophages promotes the secretion of axonal growth factors 

for DRG neurons [4]. Furthermore, Gal-1 mediates axonal 
growth and guidance in the olfactory and nociceptive neu-
rons [5–8]. In the central nervous system, extracellular Gal-1 
blocks the NRP1/PlexinA4 receptor for Semaphorin3A bind-
ing, causing axonal regeneration in the spinal cord and loco-
motor recovery after spinal cord injury in mice [9].

Gal-1 expression has been reported in astrocytes [10, 
11], macrophages [10], and neurons [12]. Although little 
is known about the roles of Gal-1 in the brain, extracellular 
Gal-1 is endocytosed together with the PlexinA4 receptor 
into primary cultured hippocampal neurons and thus medi-
ates axonal regrowth [13]. In addition, Gal-1 knockout mice 
exhibit memory impairment [14]. Taken together, Gal-1 is 
implicated as an important factor in regulating memory 
function via axonal growth; however, no study has demon-
strated a direct association of Gal-1 upregulation in neurons 
with axonal regeneration and the recovery of memory func-
tion. Moreover, the pathway leading from the upregulation 
of intracellular Gal-1 to axonal growth is unclear.
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In the present study, we investigated the effect of endog-
enous Gal-1 overexpression via adeno-associated virus sero-
type 9 (AAV9) treatment on axonal regeneration in neurons 
and memory recovery in a mouse model of Alzheimer’s dis-
ease (AD), 5XFAD (Tg6799) [15]. In 5XFAD mice, mem-
ory deficits are primarily due to axonal degeneration and 
synaptic dysfunction in the brain [15]. Although no studies 
have investigated whether the expression of Gal-1 is altered 
in AD brains, especially in neuronal axons, we hypothesized 
that the expression of Gal-1 would be decreased in AD 
brains, which is related to axonal degeneration and memory 
deficits. This study elucidates the direct contribution of neu-
ronal Gal-1 to axonal regeneration in the brain, which sug-
gests Gal-1 as a potential treatment for neurodegenerative 
diseases.

Materials and Methods

Mice

All experiments were performed in accordance with the 
Guidelines for the Care and Use of Laboratory Animals 
of the University of Toyama. The Committee for Animal 
Care and Use at the Sugitani Campus of the University of 
Toyama approved the study protocol (approval number: 
A2020INM-1). All efforts were made to minimize the num-
ber of animals used.

Transgenic mice (5XFAD; + / −) and wild-type mice 
(− / −) were obtained from the Jackson Laboratory (Bar 
Harbor, ME, USA), and maintained by crossing hemizygous 
animals with B6/SJL F1 breeders. The 5XFAD (Tg6799) 
mice coexpress five familial AD mutations of the human 
amyloid precursor protein—the Swedish (K670N, M671L), 
Florida (I716V), London (V717I) mutations—and prese-
nilin-1 (M146L, L286V), specifically in neurons. These 
mutations facilitate the pathological progression of AD: 
deposition of amyloid β (Aβ) plaques begins at 2 months of 
age, and memory deficits are seen at 4–5 months [15]. For 
Fig. 5C–F, Fig. 6, Fig. 7, and Supplementary Figs. S2–3, 
7–9-month-old female 5XFAD and female wild-type mice 
were used. The number of mice used in each experiment is 
stated in the figure legends. All mice were housed in a con-
trolled environment (25 ± 2 °C, 12-h light/dark cycle starting 
at 7:00 am) with free access to food and water.

Primary Neuron Culture and Immunocytochemistry

Embryos were removed from a pregnant ddY mouse (Japan 
SLC, Shizuoka, Japan) at 14 days of gestation, and the hip-
pocampus was isolated as described previously [16]. The 
isolated neurons were seeded on 8-well slides (Inc., Corning, 
NY, USA) at a density of 1.5 ×  104 cells/well.

To investigate the overexpression of Gal-1 on axonal 
growth in Fig. 1B–E, primary cultured hippocampal neu-
rons were treated with 5 ×  105 or  106 GC/µL of AAV9-
Syn1-Celulean-WPRE (AAV-Cont) or AAV9-Syn1-
mLgals1-IRES-Celulean-WPRE (AAV-Gal-1) for 7 days.

To investigate the axonal growth effect of recombinant 
Secernin-1 (rSecernin-1) in Fig. 3E–F, the rSecernin-1 
protein (with the His- and T7-N-terminal tags; catalog no. 
MBS2034199) was purchased from Synonym Symbols. 
Primary cultured hippocampal neurons were treated with 
1, 10, and 100 ng/mL rSecernin-1 for 7 days.

To detect colocalization of rSecernin-1 and Gal-1 on 
the growth cones in Fig. 4F, primary cultured hippocampal 
neurons were treated with 5 ×  107 GC/µL of AAV-Gal-1 
for 3 days, and 1 µg/mL rSecernin-1 was treated for 1 h 
before immunocytochemistry.

For Aβ treatment in Fig. 5A–B, Aβ25-35 or its negative 
control peptide Aβ35-25 (Sigma-Aldrich, St. Louis, MO, 
USA) was incubated at 37 °C for 4 days before treatment 
to facilitate aggregation. Neurons were cultured for 3 days 
and treated with 1.25, 2.5, or 5 µM Aβ25-35 or Aβ35-25 for 
3 days.

For permeable immunocytochemistry, the neurons 
were fixed with 4% paraformaldehyde for 90 min and 
immunostained at 4 °C for 24 h in 0.3% Triton X-PBS 
with primary antibodies. For non-permeable experiments 
(Fig. 2A, B), the neurons were fixed with 4% paraformal-
dehyde for 15 min and immunostained at 4 °C for 24 h in 
Triton X-free PBS with primary antibodies. Primary anti-
bodies included mouse anti-phosphorylated neurofilament 
heavy chain (pNF-H) (1:250; catalog no. SMI 35, Abcam, 
Covance, Burlington, NC, USA), rabbit anti-microtubule-
associated protein 2 (MAP2; 1:500; catalog no. ab32454, 
Abcam, Covance, Burlington, NC, USA), goat anti-mouse 
Gal-1 (1:100; catalog no. AF1245, R&D Systems, Min-
neapolis, MN, USA), mouse anti-His-tag (1:200; clone 
no. 6G2A9, catalog no. LS-C51081, LSBio, WA, USA), 
and rabbit anti-Secernin-1 antibodies (1:200; catalog no. 
289003, Synaptic Systems, Göttingen, Germany). Sec-
ondary antibodies—Alexa 488-, 568-, or 594-conjugated 
affinity-purified secondary anti-mouse immunoglobulin G 
(IgG), anti-rabbit IgG, and anti-goat IgG (Thermo Fisher 
Scientific, Waltham, MA, USA)—were left to develop for 
2 h at room temperature in 0.3% Triton X-PBS or PBS 
(Fig. 2A, B). Nuclear staining with 1 µg/mL DAPI (in 
PBS) was performed at room temperature for 10 min. 
Localization of Gal-1 on growth cones was captured using 
an LSM700 confocal laser scanning microscope (Carl 
Zeiss, Oberkochen, Germany), and other fluorescence 
images were captured using the BZ-X700 fluorescence 
microscope (Keyence Corporation, Osaka, Japan) and the 
Carl Zeiss Cell Observer (Carl Zeiss).
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Culturing Neurons in a Neuron Device Chamber

Cover glasses were sonicated for 30 min in  dH2O, washed 
once with ethanol, and three times with  dH2O. PDL (5 mg/
mL; Sigma-Aldrich, St. Louis, MO, USA) was applied to 
the cover glasses and incubated in a 10%  CO2 incubator 
(37 °C) overnight. The cover glasses were washed five 
times with  dH2O and dried. A standard neuron device 
chamber with a 450 µm microgroove barrier (Xona Micro-
fluidics, Temecula, CA, USA) was placed on the cover 
glass according to the manufacturer’s protocol. Primary 
cultured hippocampal neurons were seeded at a density 
of 1 ×  105 cells/well in the soma site of the chamber 
(Fig. 2C). After hippocampal neurons were attached to 

the cover glasses, they were treated with 5 ×  105 GC/µL 
of AAV-Cont or AAV-Gal-1, and the conditioned media 
(CM) of PFC neurons or 1 ng/mL rSecernin-1 were added 
to the axonal site of the chamber. To collect the CM for 
PFC neurons, PFC neurons (largely from the frontal 
lobe) were isolated from the embryos of pregnant ddY 
mice at 14 days of gestation. PFC neurons were cultured 
on 10-cm dishes for 6 days with media containing B-27 
and for another day with B-27-free media. The CM was 
collected and filtered (0.22-µm diameter) to exclude cell 
debris. After 7 days of culturing in the neuron device 
chambers, the chambers were carefully removed from the 
cover glasses to perform immunostaining.

Fig. 1  Galectin-1 (Gal-1) overexpression promotes axonal growth 
in primary cultured hippocampal neurons. A Mouse primary hip-
pocampal neurons were cultured for 4 days. Gal-1 was expressed on 
the neuronal bodies, neurites, and growth cones (yellow arrowheads). 
B–E Mouse primary hippocampal neurons were treated with 5 ×  105 
or  106 genome copies (GC)/µL of AAV-Cont (AAV9-Syn1-Ceru-
lean-WPRE) or AAV-Gal-1 (AAV9-Syn1-mLgals1-IRES-Cerulean-
WPRE) for 7 days. B, C Gal-1 expression levels in  Map2+ neurons 
were quantified in each neuron. ****p < 0.0001 vs same concentra-

tion of AAV-Cont, one-way ANOVA with post hoc Bonferroni’s 
test, mean ± SE, n = 248–511 neurons. Effect size (r) = 0.427, power 
(1 − β) = 1. D, E The length of pNF-H+ axons was quantified for 
each treatment. *p < 0.05, **p < 0.01 vs same concentration of AAV-
Cont, one-way ANOVA with post hoc Bonferroni’s test, mean ± SE, 
n = 10–16 photos. r = 0.639, 1 − β = 0.984. Gal-1, Galectin-1; AAV, 
adeno-associated virus; Cont, control; MAP2, microtubule-associated 
protein 2; ANOVA, analysis of variance; SE, standard error; pNF-H, 
phosphorylated neurofilament heavy subunit
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Fig. 2  Galectin-1 (Gal-1) is expressed on the membranes of growth 
cones and receives axonal guidance cues that are secreted from 
prefrontal cortex (PFC) neurons. A Mouse primary hippocampal 
neurons were cultured for 7  days after treatment with AAV-Gal-1 
(5 ×  107 GC/µL). Gal-1 was detected by antibody-permeable or non-
permeable immunocytochemistry. Images were captured by confo-
cal microscopy. Gal-1 was detected inside of and on the membranes 
of growth cones (blue arrowheads). Neuronal bodies were indi-
cated by asterisks. B–E Mouse primary hippocampal neurons were 
seeded on the soma site of the neuron device chambers. AAV-Cont 
or AAV-Gal-1 (5 ×  105 GC/µL) was added to the soma site, and CM 
of PFC neurons were treated at the axonal site for 7 days. The length 
of pNF-H+ axons in the C microgroove, D axonal site, and E total 

were quantified. **p < 0.01, ***p < 0.001, ****p < 0.0001, one-way 
ANOVA, post hoc Bonferroni’s test. C Effect size (r) = 0.834, power 
(1 − β) = 0.997, D r = 0.721, 1 − β = 0.982, E r = 0.859, 1 − β = 0.998; 
#p < 0.05, PFC CM (−) vs PFC CM (+), two-way ANOVA, post hoc 
Bonferroni’s test, mean ± SE, n = 9–13 images. F Mouse primary 
hippocampal neurons were treated with AAV-Cont or AAV-Gal-1 
(5 ×  105 GC/µL) for 7 days. The number of  Map2+ neurons was quan-
tified for each group. p > 0.05, unpaired t-test; mean ± SE, n = 13 
images. r = 0.096, 1 − β = 0.076. Gal-1, Galectin-1; PFC, prefrontal 
cortex; AAV, adeno-associated virus; pNF-H, phosphorylated neuro-
filament heavy subunit; CM, conditioned media; M, microgroove; A, 
axonal site; ANOVA, analysis of variance; SE, standard error
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SDS‑PAGE, Silver Staining, and Western Blot

Embryos were removed from pregnant ddY mice at 14 days 
of gestation. PFC or cerebellar neurons were cultured on 
10-cm dishes for 6 days with B-27-containing media and 
on B-27-free media for another 1 day. The CM was col-
lected and filtered (0.22-µm diameter) to exclude cell 
debris. The neurons were homogenized with the M-PER 
Mammalian Protein Extraction Reagent (Thermo Fisher 
Scientific, Waltham, MA, USA) containing 1 × Halt pro-
tease- and phosphatase-inhibitor cocktail (Thermo Fisher 
Scientific, Waltham, MA, USA). The NuPAGE LDS Sam-
ple Buffer (Invitrogen, Waltham, MA, USA) and 2-mel-
captmthanol were added to the CM or the neuron lysate 
(2 µg/lane), which were then heated at 95 °C for 5 min and 
loaded on SDS-PAGE for silver staining and western blot 

analysis. For silver staining, the SilverQuest Silver Stain-
ing Kit (Thermo Fisher Scientific, Waltham, MA, USA) 
was used according to the manufacturer’s protocol. For 
western blotting, after blocking the membrane with 5% 
skim milk (Wako Pure Chemical Industries, Osaka, Japan) 
in 0.1% Tween-TBS for 30 min at room temperature, the 
primary antibodies used were rabbit anti-Secernin-1 anti-
bodies (1:2000; catalog no. 289003, Synaptic Systems, 
Göttingen, Germany), goat anti-mouse Gal-1 (1:1000), and 
rabbit anti-β-actin antibodies (1:1000; catalog no. 4967, 
Cell Signaling Technology, MA, USA), while horserad-
ish peroxidase (HRP)–conjugated goat anti-rabbit, donkey 
anti-goat, and goat anti-mouse IgG (1:2000; Santa Cruz 
Biotechnology, Dallas, TX, USA) were used as second-
ary antibodies. Amersham ECL Western Blotting Detec-
tion Reagents (Sigma-Aldrich, St. Louis, MO, USA) were 

Fig. 3  Secernin-1 is highly secreted from PFC neurons. A Mouse 
primary PFC or cerebellum neurons were cultured for 7  days, and 
the CM was collected to perform silver staining. Only one band 
(red arrows) was expressed in the PFC CM, but no expression was 
observed in the cerebellar CM. Nano-LC/MS analyses suggested 
that this band contained Secernin-1. B Neuron lysates and CM were 
used for western blot analysis. The expression level of Secernin-1 
was quantified in the C CM and D lysates (/β-actin). ****p < 0.0001, 
unpaired t-test, mean ± SE, n = 6 different samples in each group. C 

Effect size (r) = 0.956, power (1 − β) = 1. D r = 0.020, 1 − β = 0.050. 
E Mouse primary hippocampal neurons were treated with 1, 10, or 
100 ng/mL rSecernin-1 or vehicle solution for 7 days. F The length 
of pNF-H+ axons was quantified for each treatment group. **p < 0.01, 
***p < 0.001, ***p < 0.0001, one-way ANOVA, post hoc Bonferro-
ni’s test, mean ± SE, n = 12–17 photos. r = 0.567, 1 − β = 0.952. CM, 
conditioned media; PFC, prefrontal cortex; Cere, cerebellum; rSe-
cernin-1, recombinant Secernin-1; pNF-H, phosphorylated neurofila-
ment heavy subunit; ANOVA, analysis of variance; SE, standard error
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used for band detection according to the manufacturer’s 
protocol.

Immunoprecipitation

Dynabeads Protein G beads (1.5 mg; Thermo Fisher Sci-
entific, Waltham, MA, USA) were washed with 0.01% 
Tween-PBS three times, mixed with goat anti-mouse 

Gal-1 (4 µg, R&D Systems, catalog no. AF1245) or nor-
mal goat IgG (4 µg), washed with 200 mM triethanola-
mine (pH 8.9), and cross-linked with 50 mM dimethyl 
pimelimidate (DMP) for 30 min at 4 °C. After washing 
with 200 mM triethanolamine (pH 8.9), blocking buffer 
(200 mM ethanolamine, pH 8.9) was added for 15 min 
and washed with 0.01% Tween-PBS three times. Primary 
cultured hippocampal neurons were treated with 5 ×  106 
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GC/µL AAV-Gal-1 for 7 days, and the lysate (50 µg) was 
mixed with 1.5 µg rSecernin-1 and incubated for 60 min 
at 37 °C. Then, the cross-linked Dynabeads™ Protein G 
antibodies were added and rotated for 120 min at 4 °C. 
Elution buffer (0.1 M Glycine–HCL, pH 2.8) was added 
to elute immunoprecipitated proteins, and the NuPAGE 
LDS Sample Buffer and 2-mercaptoethanol were added 
to the eluted proteins. The samples were heated at 95 °C 
for 5 min and subjected to SDS-PAGE for western blot 
analysis, as mentioned above. For input samples, 2 µg of 
hippocampal neuron lysate or 1 ng of rSecernin-1 was 
similarly loaded.

Anterograde Labeling Using Biotin Dextran Amine

Craniotomy was unilaterally performed on a stereotaxic 
device (Narishige, Tokyo, Japan) to expose a small sec-
tion of the CA1 of each mouse, and 10% biotin dextran 
amine (BDA) tracer in PBS (catalog no. D1956, Thermo 
Fisher Scientific, Waltham, MA, USA) was injected into 
the CA1 region (− 1.9 mm A-P, + 1.7 mm M-L, − 1.7 mm 
D-V) at a speed of 0.5 mL/min in 5XFAD and wild-type 
7-month-old female mice. Seven days after the BDA 
injection, the mice were sacrificed for immunohisto-
chemical analysis.

AAV9 Injection in the Hippocampus

Craniotomy was bilaterally or unilaterally performed to 
expose a small section of the CA1, and AAV-Cont  (1010 GC/
µL in PBS) or AAV-Gal-1  (1010 GC/µL in PBS) injection 
with 1 µL/site at a speed of 0.5 µL/min was performed into 
the CA1 regions (− 1.9 mm A-P, + 1.7 mm M-L, − 1.7 mm 
D-V) of 7- to 8-month-old 5XFAD female mice and 7- to 
9-month-old wild-type female mice.

Behavioral Tests

Twenty-one days after the AAV9 injection, a novel object 
recognition test was performed as described previously 
[17–19]. During the training session, mice were given two 
similar objects located at a fixed place within a square box. 
After a 1-h interval, the test session was performed, where 
one of the objects was replaced with a novel object with 
different shapes and colors. For each session, the number 
of times the mice contacted the two objects within 10 min 
was recorded. Furthermore, 26 days after AAV9 injections, 
an object location test was performed. Each mouse was 
given two similar objects located in a fixed place within a 
square box in the training session. Spatial markers (polka 
dots and vertical stripes) were placed on the walls inside the 
box. After 1 h, a test session was initiated with one of the 
objects relocated to a different position. For each session, the 
number of times each mouse made contact with the objects 
within 10 min was recorded. The tests were conducted in a 
dimly illuminated room.

To test locomotor activity, the mice were individually 
habituated to an open-field box for 10 min. The paths were 
tracked using a digital camera. The total distance traveled 
(cm), turn angles (degrees), and immobility time (s) were 
analyzed using EthoVision 3.0 (Noldus, Wageningen, The 
Netherlands).

Retrograde Labeling Using Dextran 3000 MW

Craniotomy was unilaterally performed on a stereotaxic 
device to expose a small section of the PFC in each mouse. 
For labeling axon-regenerated neurons, 0.5 µL of Dextran 
3000 MW Texas Red (50 mg/mL in artificial cerebrospinal 
fluid [aCSF]; catalog no. D3328, Thermo Fisher Scientific, 
Waltham, MA, USA) and 0.5 µL of Dextran 3000 MW 
FITC (50 mg/mL in aCSF; catalog no. D7156, Thermo 
Fisher Scientific, Waltham, MA, USA) were sequen-
tially injected into the same region of the PFC (+ 1.9 mm 
A-P, + 0.3 mm M-L, − 2.6 mm D-V) at a rate of 0.5 µL/min 
in 5XFAD and wild-type mice. Seven days after the Dex-
tran 3000 MW Texas Red injection, AAV9 injections were 
performed as described above. Twenty-one days after AAV9 
injections, Dextran 3000 MW FITC was injected into the 

Fig. 4  A direct binding of extracellular Secernin-1 and Galectin-1 
(Gal-1) contributes to the axonal guidance of hippocampal neurons. 
A–D Mouse primary hippocampal neurons were seeded on the soma 
site of the neuron device chambers. AAV-Cont or AAV-Gal-1 (5 ×  105 
GC/µL) was added to the soma site, and 1 ng/mL recombinant rSe-
cernin-1 or vehicle solution was applied to the axonal site for 7 days. 
The length of pNF-H+ axons in the microgroove (B), axonal site (C), 
and total (D) were quantified. ***p < 0.001, ****p < 0.0001, one-way 
ANOVA, post hoc Bonferroni’s test. B Effect size (r) = 0.734, power 
(1 − β) = 0.990, C r = 0.830, 1 − β = 0.998, D r = 0.834, 1 − β = 0.999; 
#p < 0.05, ###p < 0.001. Vehicle vs rSecernin-1, two-way ANOVA, 
post hoc Bonferroni’s test, mean ± SE, n = 11–13 images. E Mouse 
primary hippocampal neurons were treated with AAV-Gal-1 (5 ×  106 
GC/µL) for 7  days, and the lysate was mixed with rSecernin-1 to 
perform immunoprecipitation using normal goat IgG (IgG) or anti-
Gal-1 antibody. Immunoprecipitated proteins were detected by WB 
analysis using anti-Gal-1 and anti-Secernin-1 antibodies. F Mouse 
primary cultured hippocampal neurons were treated with AAV-Gal-1 
(5 ×  107 GC/µL) for 3 days and then with rSecernin-1 (1 µg /mL) or 
vehicle solution for 1  h. Colocalization of Gal-1 and rSecernin-1 
was detected by antibody-permeable or non-permeable immunocyto-
chemistry. Images were captured by a confocal microscopy. His-tag 
and Secernin-1 signals were detected on the growth cones colocal-
izing with Gal-1 by rSecernin-1 treatment (blue arrowheads), but 
not by vehicle treatment (white arrowheads). Neuronal bodies were 
indicated by asterisks. Gal-1, Galectin-1; AAV, adeno-associated 
virus; Cont, control; SE, standard error; rSecernin-1, recombinant 
Secernin-1; pNF-H, phosphorylated neurofilament heavy subunit; 
M, microgroove; A, axonal site; ANOVA, analysis of variance; IP, 
immunoprecipitation; WB, Western blot; immunoglobulin G (IgG)

◂
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Fig. 5  The expression of Galectin-1 (Gal-1) on axons is decreased 
in the 5XFAD mouse brain. A–B Mouse primary hippocampal neu-
rons were cultured for 3 days and then treated with or without 1.25, 
2.5, or 5 µM Aβ25-35 or Aβ35-25 for 3 days. The Gal-1 level was par-
ticularly decreased on the axonal shafts in Aβ25-35-treated neurons 
(white arrowheads) compared with that of control or Aβ35-25-treated 
neurons (yellow arrowheads). B Expression level of Gal-1 on axons 
was quantified in each group. *p < 0.05, ****p < 0.0001, one-way 
ANOVA, post hoc Bonferroni’s test, mean ± SE, n = 70–89 axons. 
Effect size (r) = 0.405, power (1 − β) = 1. C–F Wild-type and 5XFAD 

mice were injected with an anterograde tracer BDA into the CA1 
region. C Seven days later, the injection sites of BDA and DAPI in 
CA1 are shown. D BDA-positive axons (red), Gal-1 (green), and 
DAPI were detected in the PFC. E The number of  BDA+ axons and 
F the percentage of Gal-1+,  BDA+, and Gal-1− and  BDA+ axons 
were measured in each mouse. **p < 0.01, ****p < 0.0001, unpaired 
t-test vs wild-type, mean ± SD, n = 5 mice. E r = 0.871, 1 − β = 0.998, 
F r = 0.926, 1 − β = 1. Gal-1, Galectin-1; Aβ, amyloid β; BDA, biotin 
dextran amine; PFC, prefrontal cortex; SD, standard deviation; SE, 
standard error; ANOVA, analysis of variance
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PFC for 7 days. When the Dextran 3000 MW FITC was 
injected, a hole in the skull derived from the craniotomy 
for the Dextran 3000 MW Texas Red injection could be 
observed; therefore, a careful examination through both the 
stereotaxic device and eyesight was conducted so that the 
injection of the second tracer would be performed at the 
exact same position as that for the first tracer. Only those 
mice that had a complete match between the positions 
of injection for the two tracers were included in the final 
analyses.

Immunohistochemistry of Brain Slices

Mice were deeply anesthetized and perfused with 20 mL 
ice-cold saline. The brains were carefully removed from the 

skull and stored at − 30 °C. The brains were cut into 20-µm 
coronal slices using a cryostat, and the slices were fixed with 
4% paraformaldehyde for 90 min and immunostained at 4 °C 
for 24 h in 0.5% Triton X-PBS with the following primary 
antibodies: mouse anti-neuronal nuclei (NeuN) (1:200; cata-
log no. MAB377, Millipore, Burlington, MA, USA), and 
goat anti-mouse Gal-1 (1:100). Secondary antibodies—
Alexa 488- and 594-conjugated affinity-purified secondary 
anti-mouse IgG and anti-goat IgG (1:400)—were reacted 
for 2 h at room temperature in 0.5% Triton X-PBS. For the 
detection of BDA, the slices were immunostained at room 
temperature for 2 h with Alexa 594-conjugated streptavi-
din (1:1000; catalog no. S11227, Thermo Fisher Scientific, 
Waltham, MA, USA) in 0% Triton in X-PBS. Staining with 
1 µg/mL DAPI (in PBS) was performed at room temperature 

Fig. 6  Galectin-1 (Gal-1) overexpression in hippocampal neurons 
recovers memory deficits in 5XFAD mice. Wild-type and 5XFAD 
mice were injected with  1010 GC of AAV-Cont or AAV-Gal-1 in 
the CA1 region. A A novel object recognition test was performed 
at 21 days, and B the object location test was performed at 23 days 
after AAV injection. The preferential indices of the training and 
test sessions are shown. ****p < 0.0001, one-way ANOVA, post 
hoc Dunnett’s test. A Effect size (r) = 0.959, power (1 − β) = 0.917, 
B r = 0.876, 1 − β = 0.860. A significant drug × test interaction was 
found using repeated measures two-way ANOVA [A F(2, 15) = 44.47, 
p < 0.0001, B F(2, 15) = 15.35, p = 0.0002]. ####p < 0.0001, post hoc 

Bonferroni’s test, mean ± SD, n = 6 mice. C–F A locomotion test 
was performed 28 days after the AAV injection. C The total distance 
traveled (cm), D turn angle (degrees), and F immobility time (s) did 
not differ among the groups. p > 0.05, one-way ANOVA, post hoc 
Dunnett’s test, mean ± SD, n = 6 mice. C r = 0.433, 1 − β = 0.299, D 
r = 0.184, 1 − β = 0.090, E r = 0.123, 1 − β = 0.067. J The body weight 
(g) of mice was not changed by AAV injections. p > 0.05, AAV injec-
tion × day interaction, repeated measures two-way ANOVA, post hoc 
Bonferroni’s test, mean ± SD, n = 6 mice. Gal-1, Galectin-1; AAV, 
adeno-associated virus; Cont, control; ANOVA, analysis of variance; 
SD, standard deviation
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for 10 min. Fluorescence images were captured using the 
BZ-X700 fluorescence microscope.

Image Analysis

To investigate axonal regeneration in the brains of 5XFAD 
mice, the number of Dextran 3000 MW-positive neurons was 
analyzed using the ImageJ analysis software (National Insti-
tutes of Health, USA). The targeted CA1 and CA3 regions 
(− 2.06– − 1.82 mm A-P) were encircled, and the number of 

tracer-positive cell bodies in the region was counted. Three 
to six brain slices of the CA1 and CA3 regions were evalu-
ated per mouse, and the average value for each mouse was 
used in the analyses.

To quantify the length of pNF-H-positive axons in 
primary cultured neurons, 10–17 different areas of each 
group per 8-well slides were sequentially captured. Each 
image contains at least 20 neurons; the total axonal length 
was divided by the number of neurons to obtain the aver-
age axonal length per neuron in each image. The length of 

Fig. 7  Galectin-1 (Gal-1) 
overexpression in hippocam-
pal neurons promotes axonal 
regeneration in 5XFAD mice. 
A, B Seven days after Dextran 
Texas Red had been injected 
into the PFC of wild-type and 
5XFAD mice,  1010 GC of 
AAV-Cont or AAV-Gal-1 were 
injected into the CA1 region. 
After 21 days, Dextran FITC 
was injected into the PFC. 
Seven days after, the number 
of C axon-regenerated  (FITC+, 
Texas  Red-), D axon-degener-
ated (Texas  Red+,  FITC-), E 
naïve neurons  (FITC+, Texas 
 Red+), F originally projected 
neurons (total Texas  Red+), 
G total  FITC+ neurons in the 
CA1, and H the total CA1 area 
were quantified. *p < 0.05, 
**p < 0.01, ***p < 0.001, 
****p < 0.0001, one-way 
ANOVA, post hoc Bonferroni’s 
test, mean ± SD, n = 5 mice. C 
Effect size (r) = 0.946, power 
(1 − β) = 0.829, D r = 0.867, 
1 − β = 0.756, E r = 0.962, 
1 − β = 0.841, F r = 0.952, 
1 − β = 0.834, G r = 0.934, 
1 − β = 0.818, H r = 0.337, 
1 − β = 0.163. Gal-1, Galectin-1; 
PFC, prefrontal cortex; AAV, 
adeno-associated virus; Cont, 
control; FITC, fluorescein 
isothiocyanate; ANOVA, analy-
sis of variance; SD, standard 
deviation
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pNF-H-positive axons and the expression level of Gal-1 
in primary cultured neurons were automatically measured 
using either MetaMorph version 7.8 (Molecular Devices, 
Tokyo, Japan) or the Neurocyte image analyzing software 
(Kurabo, Osaka, Japan).

The expression levels of Gal-1 in axons in primary 
cultured neurons and BDA-positive axons in brain slices 
were determined using the ImageJ software. BDA-positive 
axons were detected by threshold setting, and PFC Gal-1 
expression in all BDA-positive axons was automatically 
measured for each mouse. Two to four brain slices of the 
PFC (1.80–1.98 mm A-P) were evaluated per mouse, and 
the average value for each mouse was included in the final 
analysis.

The expression levels of Secernin-1 and β-actin in west-
ern blot analyses were quantified using CS Analyzer 3.0 
(ATTO, Tokyo, Japan).

Throughout the image analyses, author X. Y. performed 
the experiments and analyzed the data, and author C. T. 
reviewed the images and data. Since all images in observed 
areas were sequentially captured without subjective bias and 
automatically analyzed using software, the experiments were 
un-blinded to perform.

Statistical Analysis

Statistical comparisons were performed using a one-way 
analysis of variance (ANOVA) with post hoc Dunnett’s and 
Bonferroni tests, a repeated measures two-way ANOVA 
with post hoc Bonferroni’s test, two-way ANOVA with 
post hoc Bonferroni’s test, and unpaired t-tests in GraphPad 
Prism 6 (GraphPad Software, La Jolla, CA, USA). Statisti-
cal significance was set at p < 0.05. Data are presented as 
mean ± standard deviation or ± standard error.

Results

Overexpression of Gal‑1 Promotes Axonal Growth 
in Primary Cultured Hippocampal Neurons

First, the intracellular localization of Gal-1 in hippocampal 
neurons was investigated in a 4-day culture in vitro. Gal-1 
was expressed in neuronal cell bodies, neurites, and, remark-
ably, on growth cones (yellow arrowheads) (Fig. 1A). Next, 
we investigated the effect of Gal-1 overexpression on axonal 
growth in primary cultured hippocampal neurons. The 
Lgals1 gene was overexpressed specifically in neurons via 
AAV9 delivery. Custom AAV9 was engineered to express 
Cerulean and lgals1 or Cerulean control under a Syn1 pro-
motor. After 7 days of AAV-Gal-1 treatment, the expression 
level of Gal-1 in neurons was significantly increased com-
pared to that in neurons treated with AAV-Cont (Fig. 1B, C). 

Additionally, Gal-1 overexpression was associated with sig-
nificantly increased axonal length in cultured hippocampal 
neurons (Fig. 1D, E). This result suggests that the upregula-
tion of Gal-1 in neurons promotes axonal growth.

Gal‑1 Is Expressed on the Membranes of Growth 
Cones and Receives Axonal Guidance Cues that Are 
Secreted from PFC Neurons

Next, we elucidated the molecular mechanisms involved in 
axonal growth mediated by Gal-1 upregulation in neurons. 
Based on the evidence showing that Gal-1 is expressed on 
growth cones (Fig. 1A), we speculated that Gal-1 partici-
pates in axonal guidance by receiving guidance cues secreted 
from axonal terminating sites. Since Gal-1 has been reported 
to be expressed on the plasma membrane [20], we inves-
tigated whether Gal-1 is expressed on the membranes of 
growth cones using a confocal microscopy (Fig. 2A). In 
cultured hippocampal neurons, Gal-1 signals were densely 
detected on axonal terminals in permeable and non-per-
meable conditions whereas an intra-axon protein, pNF-H, 
was only detected in the permeable condition (blue arrow-
heads; asterisks indicate neuronal cell bodies). The neuronal 
shapes were determined by Cerulean fluorescence. Gal-1 
was located in axonal terminals even in non-permeable con-
ditions, suggesting that Gal-1 is expressed on growth cone 
membranes.

Next, we investigated the hypothesis that Gal-1 could 
act as a receptor for axonal guidance cues secreted from 
axonal terminating sites. Since the neural circuit from the 
hippocampus to the PFC is involved in memory formation 
[21], we investigated the axonal guidance effect by over-
expressing Gal-1 in hippocampal neurons with or with-
out the treatment of CM in PFC neurons using a neuron 
device chamber. The CM of PFC neurons was collected 
from 7-day cultured primary PFC neurons. Cultured hip-
pocampal neurons were seeded on the soma space (left) of 
the device chamber and then treated with 5 ×  105 GC/µL 
AAV-Cont or AAV-Gal-1 (Fig. 2B). Since we expected a 
potentiated effect of axonal guidance by Gal-1 overexpres-
sion and treatment of PFC CM, a lower dose (in Fig. 1E) 
of AAV-Gal-1 was used to induce axonal growth to avoid a 
plateau effect. At the same time, PFC CM or normal neu-
robasal media (PFC CM (-)) was applied to the axonal site 
(right) of the device chamber (Fig. 2B). The microgroove 
(M; 450 µm) (Fig. 2C), axonal site (A) (Fig. 2D), and total 
(microgroove + axonal site) axonal densities (axonal length/
quantified area) (Fig. 2E) were quantified 7 days after cul-
turing in each treatment group. Our results indicated that 
both of AAV-Cont- and AAV-Gal-1-treated hippocampal 
neurons had significantly enhanced axonal densities in the 
PFC CM (+) compared with the PFC CM (−) group. This 
result suggested that some kinds of axonal growth factors, 
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which were secreted from PFC neurons, participate in the 
axonal guidance of hippocampal neurons. Interestingly, the 
axonal growth effect of Gal-1 overexpression in hippocam-
pal neurons was drastically and significantly enhanced when 
PFC CM was applied on the axonal site, indicating that the 
axonal growth factors in the PFC CM interacted with Gal-1 
located on the axonal terminals to promote axonal growth 
(a significant PFC CM × AAV interaction was found in two-
way ANOVA, post hoc Bonferroni’s test in Fig. 2C–E). The 
number of neurons was not changed by Gal-1 overexpression 
(Fig. 2F). Taken together, these results suggest that Gal-
1-overexpressing hippocampal neurons extend axons toward 
the PFC CM, indicating the possibility that Gal-1 on the 
membranes of growth cones receives axonal guidance cues 
secreted from PFC neurons.

Secernin‑1 Is Highly Secreted from PFC Neurons 
but Few from Cerebellar Neurons

Next, we attempted to identify candidate axonal guidance 
cues secreted from PFC neurons and interacting with Gal-
1. The proteins secreted from PFC neurons in the CM were 
comprehensively explored by SDS-PAGE and silver stain-
ing (Fig. 3A). Since brain connectivity maps reveal that 
hippocampal neurons rarely project to the cerebellum [22], 
the CM of primary cultured cerebellar neurons was used 
as a negative control that rarely expresses assumed axonal 
guidance cues. Bands apparent only in the PFC CM but not 
the cerebellar CM were explored. Although several proteins 
were downregulated in the cerebellar CM compared with 
the PFC CM, almost all proteins were present in both CMs. 
Only one protein around molecular weight 50 k (red arrows) 
was expressed solely in the PFC CM. The band was excised, 
digested with trypsin, and identified by nano-LC–MS/MS 
using the MASCOT database. The protein was determined 
to be Secernin-1 (protein sequence coverage: 2%; score: 36).

To confirm the expression of Secernin-1 in the CM 
of PFC and cerebellar neurons, a western blot analysis 
of Secernin-1 was performed (Fig.  3B; Supplementary 
Fig. S1). A much higher amount of Secernin-1 was detected 
in the CM of PFC neurons, whereas the expression of 
Secernin-1 was significantly lower in the CM of cerebellar 
neurons (less than 10% of the PFC CM), as apparent in the 
results of silver staining (Fig. 3C). Conversely, the expres-
sion level of cytosolic Secernin-1 was not different between 
PFC and cerebellar neuronal lysates (Fig. 3D). These data 
suggested that Secernin-1 is synthetized both in PFC and 
cerebellar neurons; however, the secretion mechanisms of 
Secernin-1 may be somewhat different between these two 
neuronal types, resulting in a much higher secretion levels 
in PFC neurons than in cerebellar neurons.

Before investigating whether Secernin-1 acts as an axonal 
guidance cue for the axons of hippocampal neurons, we 

investigated whether extracellular Secernin-1 has an axonal 
growth effect (Fig. 3E). Primary cultured hippocampal neu-
rons were treated with vehicle solution or 1, 10, or 100 ng/
mL recombinant Secernin-1 (rSecernin-1), and immu-
nostaining was performed 7 days after culture. We found 
that the axonal length was significantly enhanced in 1, 10, 
or 100 ng/mL rSecernin-1-treated neurons compared with 
vehicle-treated neurons (Fig. 3F). This result suggested that 
extracellular Secernin-1 promoted axonal growth in hip-
pocampal neurons.

The Interaction of Secernin‑1 and Gal‑1 Contributes 
to Axonal Guidance of Hippocampal Neurons

The contribution of the Secernin-1/Gal-1 interaction on 
axonal guidance signals was investigated using a neuron 
device chamber (Fig. 4A). Primary cultured hippocampal 
neurons were seeded on the soma space (left) and treated 
with 5 ×  105 GC/µL AAV-Cont or AAV-Gal-1. At the same 
time, vehicle solution or 1 ng/mL rSecernin-1 was added to 
the axonal site (right). The microgroove (Fig. 4B), axonal 
site (Fig. 4C), and their total (Fig. 4D) axonal densities were 
quantified 7 days after culture in each group. Our results 
indicated that axonal growth of hippocampal neurons was 
drastically and significantly enhanced by Gal-1 overexpres-
sion and rSecernin-1 treatment at the axonal site (a signifi-
cant rSecernin-1 × AAV interaction was found in two-way 
ANOVA, post hoc Bonferroni’s test in Fig. 4B–D). This 
result indicated that hippocampal neurons with overexpres-
sion of Gal-1 extend their axons toward the presence of 
secreted Secernin-1 in the axonal terminating site.

To investigate the possibility of Secernin-1 directly bind-
ing to Gal-1 to elicit axonal guidance signals, an immuno-
precipitation experiment was performed (Fig. 4E). Primary 
cultured hippocampal neurons were treated with 5 ×  106 GC/
µL AAV-Gal-1 for 7 days, and the lysate (50 µg) was mixed 
with rSecernin-1 (1.5 µg). After immunoprecipitation with 
the anti-Gal-1 antibody, precipitated proteins were electro-
phoresed to perform western blotting. Because a His-tag 
and a T7-tag are appended to rSecernin-1, the molecular 
weight of rSecernin-1 was observed to be slightly higher 
than that of endogenous Secernin-1 in the hippocampal 
neuron lysate. A band with the same molecular weight 
as that of the rSecernin-1 control lane was detected when 
the anti-Gal-1 antibody was used for immunoprecipita-
tion. Moreover, Gal-1 was immunoprecipitated only with 
the anti-Gal-1 antibody, but not with IgG. Although a faint 
band of Secernin-1 was also detected in the IgG-immuno-
precipitated sample, the level of Secernin-1 was much lower 
than that of the anti-Gal-1 antibody immunoprecipitation. 
Endogenous Secernin-1 contained in neuron lysates was 
not detected as a coimmunoprecipitated partner with Gal-
1. One possibility is that the amount was much lower than 
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the reacted rSecernin-1 and might not be sufficient to detect 
endogenous Secernin-1 binding with Gal-1. Another possi-
bility is a difference in the form of intracellular Secernin-1 
and extracellular Secernin-1. In Fig. 3B, the molecular size 
of Secernin-1 in the CM was slightly higher than that of 
Secernin-1 in the lysate in the western blot (the calculated 
difference of molecular size was 0.6 k). Similarly in Fig. 4E, 
the molecular size of endogenous Secernin-1 in the lysate 
was slightly lower than that of rSecernin-1. Although a His-
tag and a T7-tag were appended to rSecernin-1, the total 
molecular size of a His-tag and a T7-tag was approximately 
1.9 k, whereas the calculated difference of the molecular 
size of endogenous Secernin-1 and rSecernin-1 was 2.8 k. 
These results showed the possibility that the protein form 
of intracellular Secernin-1 was different from extracel-
lular Secernin-1. Therefore, we suppose that intracellular 
Secernin-1 might be hard to bind to Gal-1. Taken together, 
these data suggest that extracellular Secernin-1 directly 
binds to Gal-1 in hippocampal neurons.

Furthermore, the binding of rSecernin-1 with Gal-1 
expressing on the membranes of growth cones was detected 
by immunocytochemistry and confocal detection (Fig. 4F). 
Primary cultured hippocampal neurons were treated with 
5 ×  107 GC/µL of AAV-Gal-1 for 3 days, and 1 µg/mL rSe-
cernin-1 or vehicle solution was further treated for 1 h before 
permeable or non-permeable immunostaining. Since used 
rSecernin-1 was tagged with polyhistidine, treated rSe-
cernin-1 was detected using anti-His-tag and anti-Secernin-1 
antibodies (endogenous Secernin-1 in neurons would also 
be detected by anti-Secernin-1 antibody). Both His-tag and 
Secernin-1 signals were detected on growth cones in perme-
able and non-permeable conditions. The rSecernin-1 stain-
ing was colocalized with Gal-1 (blue arrowheads; asterisks 
indicate neuronal cell bodies). On the other hand, the His-tag 
signal was not detected in vehicle-treated neurons that lacked 
rSecernin-1 (white arrowheads). This result indicated that 
extracellular Secernin-1 directly bound to Gal-1 expressing 
on the membranes of growth cones.

The Expression of Gal‑1 on the Axonal Shafts 
and Growth Cones Is Decreased in the 5XFAD Mouse 
Brain

To investigate the alternation of axonal Gal-1 in AD pathol-
ogy, Gal-1 expression was observed in cultured control neu-
rons (without Aβ treatment) and Aβ-treated neurons. After 
3 days of culture, hippocampal neurons were treated with 
1.25, 2.5, or 5 µM Aβ25-35 or its negative control peptide 
Aβ35-25 for 3 days (Fig. 5A). While pNF-H-positive axons 
were fiber-like in control neurons as well as all concentra-
tions of Aβ35-25-treated neurons, the axonal shafts of Aβ25-35-
treated neurons were drastically atrophied in the concentra-
tion higher than 2.5 µM. The neurons treated with 5 µM 

Aβ25-35 showed severe neuronal death and with no axons. 
Therefore, Gal-1 expression on axons was quantified in con-
trol, and 1.25 or 2.5 µM Aβ-treated groups. Interestingly, 
control and Aβ35-25-treated neurons showed high expres-
sion of Gal-1 in axonal shafts (yellow arrowheads), whereas 
Aβ25-35 treatment significantly decreased Gal-1 expression 
on axons in a concentration-dependent manner (white arrow-
heads) (Fig. 5B).

Furthermore, the expression of Gal-1 on axons from the 
hippocampus to the PFC was investigated by anterograde 
BDA tracing in wild-type and 5XFAD mice. Used 5XFAD 
mice (7 months old) revealed Aβ depositions in an entire 
brain area (data not shown). Seven days after BDA injection 
(Fig. 5C), BDA-positive axons were observed in the PFC 
(Fig. 5D). The number of BDA-positive axons in the PFC 
was significantly reduced in 5XFAD mice compared with 
that of wild-type mice (Fig. 5E), indicating axonal degen-
eration in the hippocampus-PFC circuit of 5XFAD mice. 
In the PFC of wild-type mice, high expression of Gal-1 on 
BDA-positive axons was observed, suggesting that endog-
enous Gal-1 is highly expressed in the axons of this cir-
cuit (Fig. 5F). However, the number of Gal-1-expressing 
axons in the PFC of 5XFAD mice was significantly lower 
(Fig. 5F). These in vitro and in vivo data indicate that Gal-1 
was significantly downregulated by Aβ deposition in axons 
and axonal terminals.

Gal‑1 Overexpression in Hippocampal Neurons 
Recovers Memory Deficits in 5XFAD Mice

Based on our evidence showing that Gal-1 was decreased 
in axons of 5XFAD mice brain and Gal-1 overexpression 
enhanced axonal growth in vitro, we expected upregulation 
of Gal-1 in neurons would lead to axonal regeneration and 
thus favor memory recovery. Therefore, the overexpres-
sion of Gal-1 was induced in the hippocampal neurons 
of 5XFAD mice to investigate the contribution of Gal-1 
to memory recovery. At 21 and 28 days post-AAV-Gal-1 
injection, Gal-1 expression was drastically increased com-
pared to that in AAV-Cont-treated mice (Supplementary 
Fig. 2). Since Gal-1 increased both in NeuN-positive neu-
rons and their surrounding areas in the CA1, we specu-
lated that Gal-1 was first overexpressed in neurons under 
the Syn1 promoter of AAV, and then synthesized Gal-1 
in neurons might be secreted to the surrounding area. In 
addition, these dense Gal-1 signals were not detected when 
only secondary antibodies for Gal-1 and NeuN were used 
for immunostaining (Supplementary Fig. S2). Wild-type or 
5XFAD mice were injected with AAV-Cont or AAV-Gal-1 
in the CA1 region, and the object recognition memory test 
was performed 21 days after AAV injections (Fig. 6A). In 
the training session, all mice showed similar exploratory 
behaviors toward the two objects,  A1 and  A2. In the test 
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session, AAV-Cont-injected wild-type mice could distin-
guish between the two presented objects, whereas AAV-
Cont-injected 5XFAD mice could not. In contrast, AAV-
Gal-1-injected 5XFAD mice showed a significantly higher 
preference for the novel object  B1. An object location test 
was performed 26 days after AAV injection to test whether 
spatial memory was also improved by Gal-1 overexpression 
(Fig. 6B). While wild-type mice showed higher preferential 
indexes for the moved object, AAV-Cont-injected 5XFAD 
mice could not distinguish between the two locations. How-
ever, Gal-1-overexpressing 5XFAD mice showed a signifi-
cant improvement in object location memory. The results of 
the locomotion test were not significantly different between 
the groups (Fig. 6C–E). Moreover, no significant changes in 
body weight were observed in either group after AAV injec-
tion (Fig. 6F). These data indicate that Gal-1 overexpres-
sion in hippocampal neurons recovers object and location 
memory impairments in 5XFAD mice.

Gal‑1 Overexpression Promotes Axonal 
Regeneration from the Hippocampus to the PFC 
in 5XFAD Mice

Next, we investigated whether elevated Gal-1 levels in hip-
pocampal neurons promote axonal regeneration in 5XFAD 
brains. We selectively visualized hippocampal neurons ter-
minating to the PFC by injecting two colors of retrograde 
Dextran tracers in the PFC at different time points (Fig. 7A). 
This method was adapted from a study aimed at detecting 
sprouting axons in the brain [23]. Seven days before AAV 
injections, the originally projected axons from the hip-
pocampus to PFC were labeled with Dextran Texas Red. 
The second tracer, dextran FITC, was injected in exactly the 
same PFC position as the first tracer. Therefore, naïve neu-
rons were labeled with two tracers (merged as yellow), and 
axon-regenerated neurons were labeled with Dextran FITC 
only (Fig. 7B). Complete matching of the injection positions 
for the two tracers in the PFC was confirmed (Supplement 
Fig. S3A) for all analyzed mice. A part of the Dextran Texas 
Red spread retrogradely when Dextran FITC was injected; 
therefore, the Dextran FITC-positive area was bigger than 
that of Dextran Texas Red at the injection site (Supplement 
Fig. S3A), which is consistent with previous reports [23]. 
The tracing showed that axonal regeneration from the CA1 to 
the PFC was significantly increased in AAV-Gal-1-injected 
5XFAD mice (Fig. 7C). The number of axon-degenerated 
neurons (Texas  Red+,  FITC−) was significantly increased 
in AAV-Cont-injected 5XFAD mice compared with wild-
type mice; however, Gal-1 overexpression decreased axonal 
degeneration (Fig. 7D). Furthermore, Gal-1 overexpression 
increased the number of naïve neurons (Texas  Red+,  FITC+) 
(Fig. 7E), indicating the axon-protective effects of Gal-1. 
The number of projecting axons before AAV injection (total 

Texas  Red+) in the AAV-Cont and AAV-Gal-1 groups did 
not differ, but it was significantly lower than that of wild-
type mice, showing that the same degree of axonal retraction 
in this neural circuit occurred in 5XFAD mice before AAV 
injections (Fig. 7F–G). The quantified area of the CA1 was 
not different between the groups (Fig. 7H).

Since AAV-delivered Cerulean signals were also detected 
in the CA3 region, axonal regeneration from CA3 to the PFC 
was also quantified (Supplement Fig. S3B–H). A signifi-
cant increase in axonal regeneration and a decrease in axonal 
degeneration from the CA3 to the PFC were observed in 
the Gal-1-overexpressing mice compared to the AAV-Cont-
injected mice. These data suggest that Gal-1 overexpres-
sion in hippocampal neurons enhanced long-distance axonal 
regeneration to the PFC in 5XFAD mice.

Discussion

In the present study, we demonstrated for the first time 
that neuronal overexpression of Gal-1 promotes axonal 
growth in hippocampal neurons. Gal-1 is expressed on the 
membranes of growth cones in hippocampal neurons and 
interacts with extracellular Secernin-1 to promote axonal 
guidance. Previous studies showed that extracellular Gal-1 
promoted the secretion of unidentified axonal growth factors 
from macrophages [4] and inhibited Semaphorin3A signals 
[9], thereby promoting axonal growth in neurons. However, 
our primary cultured hippocampal neurons on the device 
chamber did not include macrophages and Semaphorin3A 
treatment (Fig. 2B–F, Fig. 4A–D) Therefore, this study pro-
vided a novel molecular mechanism through which neuronal 
autonomous Gal-1 actively facilitates the growth of axons, 
whose direction-specific extension is controlled and potenti-
ated by extracellular Secernin-1 (Fig. 8).

Gal-1 has been reported to be expressed on cell mem-
branes as it is colocalized with β1-integrin [20]. In the pre-
sent study, we showed that Gal-1 was also located on the 
membranes of growth cones and interacted with Secernin-1 
to promote axonal guidance. The Gal-1-overexpression-
driven axonal growth was further enhanced when the CM 
of PFC neurons or Secernin-1 was present in the axonal 
terminating site, suggesting the role of Gal-1 as a recep-
tor located on the growth cones. Importantly, treated rSe-
cernin-1 was colocalized with Gal-1 in the membranes of 
growth cones of hippocampal neurons. However, we cannot 
completely exclude the possibility that secreted Gal-1 may 
also participate in stimulating axonal growth. Future studies 
should investigate the interaction patterns and mechanisms 
of the membrane localization of Gal-1 with extracellular 
Secernin-1.

Secernin-1 was first identified as a cytosolic protein 
that regulates exocytosis in mast cells [24]. Although little 
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has been reported about the roles of Secernin-1 in the cen-
tral nervous system, Secernin-1 is abundantly expressed 
in the rat brain and spinal cord tissues [25]. Interestingly, 
Secernin-1 knockdown in hippocampal neurons decreased 
presynaptic boutons and endoplasmic reticulum remodeling 
[25], suggesting the importance of Secernin-1 in synaptic 
function. Furthermore, the expression level of Secernin-1 
was higher in AD brains than in age-matched controls [26], 
and it was abnormally accumulated in the amyloid plaques 
of AD brains [27]. In the present study, we found that 
Secernin-1 was secreted from neurons, and, surprisingly, its 
secretion level was much higher in PFC neurons compared 
with that of cerebellar neurons, but the cytosolic expres-
sion of Secernin-1 in neurons was not different between the 
PFC and cerebellum. Although no study has focused on the 
secreted form of Secernin-1, we hypothesized that the secre-
tion mechanism of Secernin-1 might be different between 
these two types of neurons. Furthermore, we showed for the 
first time that extracellular Secernin-1 treatment promoted 
axonal growth in hippocampal neurons, and that extracellu-
lar Secernin-1 interacted with Gal-1 located on the growth 
cones of hippocampal neurons. This is supported by the fact 
that hippocampal neurons generally project to the PFC but 
not to the cerebellum [22]. We also demonstrated that extra-
cellular Secernin-1 directly binds to Gal-1, which further 
supports the evidence of a novel axonal guidance system 
for neurons projecting from the hippocampus to the PFC.

Oakley et al. [15] have shown that memory deficits in 
5XFAD mice are primarily due to neurite degeneration and 
synaptic dysfunction, but not neuronal death. Although 

memory deficits began at 4–5 months of age in 5XFAD 
mice, neuronal loss was not observed until 9 months of age 
[15]. In contrast, the expression of synaptophysin in the brain 
was reduced from the age of 4 months, which coincided with 
the onset of memory deficits [15]. Damaged neural networks 
in adult brains are difficult to repair as adult neurons lack the 
capacity for intrinsic axonal regeneration, and axonal guid-
ance cues might not be sufficiently expressed in the adult 
brain [28]. However, spontaneous regrowth or sprouting of 
axons after injury, at least at the microcircuit level, in adult 
and AD mouse brains has been recently demonstrated [23, 
29, 30]. Although these reports suggest potential axonal 
restoration in adult brains, macrocircuit regeneration in the 
brain remains unexplored. In the present study, we showed 
that overexpression of Gal-1 in hippocampal neurons recov-
ered memory deficits and re-extended atrophied hippocam-
pal axons toward the PFC in 5XFAD mice. Therefore, we 
think that Gal-1-overexpression-induced axonal regeneration 
in the brain must be a direct cause of memory recovery in 
5XFAD mice.

In the present study, we induced Gal-1 overexpression in 
neurons via AAV9 treatment. Several other agents have also 
been reported to upregulate the expression of Gal-1. Glial 
cell line–derived neurotrophic factor treatment increases 
Gal-1 expression via RET/PIK3 signaling and promotes 
neurite outgrowth in DRG neurons [31]. In non-neuronal tis-
sues, budesonide glucocorticoid [32], estrogen [33], retinoic 
acid [34], sodium butyrate [35], or valproic acid [36] induce 
upregulation of Gal-1. Interestingly, the expression of Gal-1 
mRNA in neurons spontaneously increased after axotomy of 

Fig. 8  Study summary: axonal 
guidance mediated by extracel-
lular Secernin-1 and Galectin-1 
(Gal-1). A Overexpression of 
Gal-1 via adeno-associated 
virus (AAV) 9 in hippocam-
pal neurons promoted axonal 
growth. Gal-1 was expressed 
on the membranes of growth 
cones in hippocampal neurons 
and directly interacted with 
extracellular Secernin-1, which 
was secreted from the pre-
frontal cortex (PFC) neurons. 
B Overexpression of Gal-1 in 
hippocampal neurons recovered 
memory deficits and induced 
axonal regeneration toward the 
PFC in 5XFAD mice
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the facial nerve, suggesting the possibility that upregulated 
Gal-1 contributes to spontaneous nerve regeneration after 
injury [37]. Therefore, examining candidate drugs for the 
upregulation of endogenous Gal-1 in neurons is a valuable 
research focus for the development of new therapeutic strate-
gies for neurodegenerative diseases.

The main limitation of this study is, to examine Gal-
1-mediated axonal regeneration, we focused on the neural 
circuit from the hippocampus to the PFC alone. Although 
hippocampal neurons projecting to other brain regions 
might also regenerate by overexpression of Gal-1, this 
was not confirmed in our study. Therefore, future research 
should investigate the contribution of the Secernin-1/Gal-1 
interaction on axonal regeneration in other brain regions.

This study showed that the overexpression of Gal-1 in 
neurons promoted axonal growth by interacting with extra-
cellular Secernin-1. This interaction allows for direction-
specific axonal growth of hippocampal neurons toward the 
PFC. In addition, the elevation of Gal-1 in hippocampal 
neurons recovered memory deficits in a mouse model of 
AD. Taken together, our findings suggest that neuronal 
Gal-1 has the potential to re-extend degenerated axons 
even in adult brains, which could be a promising thera-
peutic strategy for neurodegenerative diseases.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s12035- 022- 03125-6.
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