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enriched environment alleviates 
stress-induced dry-eye through the 
BDNF axis
Kokoro sano1, Motoko Kawashima1, toshihiro Imada1, toru suzuki2, shigeru Nakamura1, 
Masaru Mimura2, Kenji F. tanaka2 & Kazuo tsubota  1

the number of patients with dry eye disease (DeD) is increasing, and DeD has become an urgent public 
health problem. A comorbidity of mental disorders has been reported in DeD patients. We hypothesized 
that physical and psychological stressors impair tear secretion. to examine the relationship between 
stress loading and decreased tear secretion, we established a stress-induced DeD mouse model, 
which permitted us to address the underlying mechanism of pathogenesis and resilience. enriched 
environment (EE) was an effective intervention to prevent and alleviate stress-induced decreased 
tear secretion. Because stress loading resulted in decreased brain-derived neurotrophic factor (BDNF) 
expression while ee resulted in increased expression, we focused on the role of BDNF in tear secretion. 
Using two distinct Bdnf gene knockdown mice, we evaluated whether BDNF was a deterministic factor 
in regulating tear secretion in healthy and stressed conditions. Bdnf knockdown mice showed decreased 
basal tear secretion and loss of stress tolerance by ee for tear secretion. these results suggest that 
BDNF expression is related to tear secretion and to the pathology of DeD.

Dry eye disease (DED) is a complex multifactorial disease of the tear film and ocular surface that results in a 
lack of tear secretion. DED has become a serious problem in modern society. In particular, visual display termi-
nals (VDTs), which are used by many office workers, have been shown to suppress blinking, which can increase 
evaporation and induce dry eye1–5. DED symptoms consist of various subjective perceptions, including pain, 
dryness, burning, and visual disturbances. Thus, DED negatively impacts patient quality of life6,7. It has previ-
ously been shown that systemic and physical conditions, such as diabetes, affect DED symptoms8. Moreover, 
several population-based studies have reported a relationship between psychiatric disorders and DED, including 
depressive disorder, anxiety disorder, sleep disorder, and post-traumatic stress disorder9–16; however, a causal 
relationship between the two has not been established.

We previously reported that continuous air blow to the eyes decreases basal tear secretion in rats17. Building 
on these results, we sought to develop a mouse model with chronic decreased tear secretion. In the current study, 
we developed a mouse model and examined its validity. We then addressed the direct relationship between phys-
ical/ psychological stressors and decreased tear secretion.

Establishing a mouse model with a DED-like phenotype permitted us to investigate therapeutic interventions 
as well as the molecular mechanisms underlying pathogenesis and resilience. Enriched environments (EEs) have 
been reported to alleviate disease symptoms and progression in Alzheimer’s disease, Parkinson’s disease, and 
cancer18–20. In the current study, we sought to determine whether an EE prevents or alleviates stress-induced 
DED-like symptoms in mice as well as the mechanisms by which any beneficial effects occur.

Changes in brain-derived neurotrophic factor (BDNF) activity in the brain have been proposed to be the pre-
dominant mechanism by which an EE provides beneficial effects on health21,22. Further, BDNF has been reported 
to be involved in stress-related symptoms23–25, and a Bdnf gene polymorphism has been associated with DED in 
humans26. Although the fundamental mechanism of BDNF’s role in tear secretion remains unclear, we hypothe-
sized that a stress-related reduction in BDNF can cause DED-like symptoms in mice and that EE-related BDNF 
upregulation can alleviate these symptoms.

Transcription of the mouse Bdnf gene is controlled by at least 9 distinct promoters. Each promoter drives 
the expression of a small, untranslated exon spliced onto a common, final exon (exon IX), resulting in 9 differ-
ent transcripts that encode the pre-pro-BDNF protein. Transcripts from exons I, II, IV, and VI (which encode 
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isoforms 1, 2, 4, and 6, respectively) constitute the majority of Bdnf mRNA produced in the brain, while the tran-
script from exon VI is the major isoform outside of the brain27,28. Individual knock-out studies of these unique 
transcripts have highlighted the biological significance of alternative Bdnf transcripts29,30. Therefore, it is desirable 
to address the role of each respective Bdnf isoform on tear secretion. Here, we employed the FAST-system30 to 
generate isoform 1–3 knockdown mice and isoform 4–7 knockdown mice. Using these loss-of-function mouse 
lines, we investigated BDNF’s role in tear secretion.

Results
stress causes decreased tear secretion in a mouse model of DeD. To explore what types of stressors 
reduce the levels of basal tear secretion in mice, we examined basal tear secretion volume changes (Fig. 1a) after 
introducing psychological and/or mechanical stressors. We employed 4-hour behavioral restraint as a psycholog-
ical stressor and 4-hour continuous blowing toward the eyes as a mechanical stressor31 (Fig. 1b). Neither restraint 
nor blowing changed basal tear secretion levels over the course of 7 days, but a combination of the two resulted in 
decreased tear secretion (Fig. 1c) and corneal damage as has been reported previously31. Hereafter, we refer to the 
combination of restraint and blowing as “stress”.

We then sought to establish the duration of loading stress required to reduce basal tear secretion and to main-
tain the lowered level. Mice were divided into 4 groups: 3 stress groups and 1 control group. The 3 stress groups 
were subjected to stress for 1, 2, or 4 hours per day, respectively. Initially, all stress groups showed a significant 
decrease in tear secretion compared to the control group over the course of 4 days (1 and 2 hours per day, p < 0.05; 
4 hours per day, p < 0.01). However, the groups subjected to 1 or 2 hours of stress per day showed spontaneous 
recovery over the course of 15 days regardless of concurrent stress loading (Fig. 1d). In contrast, the group sub-
jected to 4 hours of stress per day maintained lowered tear secretion over the same time period (p < 0.05). These 
data demonstrate that 1 hour of stress loading per day was sufficient to induce an acute reduction of tear secre-
tion but was insufficient to maintain the reduction over time and that reduced tear secretion was maintained in 
response to 4 hours of stress per day (Fig. 1e).

After establishing that stress induces decreased tear secretion, we sought to determine how long decreased 
secretion lasts after stress withdrawal. To address this question, mice were loaded with stress for 4 hours per day 
for 1, 3, or 10 days, respectively, and tear secretion was measured after discontinuing the stress. We observed that 
decreased levels of tear secretion (less than 40%) lasted for 2, 6, and 18 days, respectively. Recovery to a 90% level 
occurred at 4, 10, and 22 days after discontinuing stress, respectively. These data indicate that longer stress loading 
results in a prolonged decrease of tear secretion and a longer time required for recovery (Fig. 1f).

The mice did not show a change in lacrimal gland (LG) weight regardless of decreased tear secretion 
(Supplementary Fig. 1a), and body weight did not change as a result of stress loading (Supplementary Fig. 1b). 
Altogether, these results demonstrate that physical and psychological stressors cause decreased tear secretion 
in the absence of LG atrophy and body-weight loss. Further, these results show the establishment of a chronic, 
reversible, stress-induced DED mouse model.

enriched environment prevents and alleviates decreased tear secretion in mice. We asked 
whether an EE could prevent or alleviate stress-induced decreased tear secretion. We used the standard definition 
of EE as a combination of complex inanimate objects (Fig. 2a).

Mice were divided into a standard environment (SE) housing group and an EE housing group. Housing began 
at 4 weeks of age and continued for 4 weeks. Basal tear secretion (Fig. 2b), LG weight (Supplementary Fig. 2a), 
and body weight (Supplementary Fig. 2b) were comparable in both groups, indicating that the EE did not affect 
general health condition or tear secretion. However, the EE completely offset the negative effects of stress on tear 
secretion (Fig. 2c). Furthermore, the EE prevented corneal damage by stress loading (Supplementary Fig. 2c).

We next examined how the timing of EE introduction affected the prevention or alleviation of stress-induced 
decreased tear secretion. When EE housing was introduced prior to stress, the abrupt, stress-induced decrease 
in tear secretion was prevented, and decreased tear secretion was mitigated (Fig. 2d, SE versus EE: after 1 day, 
p < 0.01; after 7 days, p < 0.01). When EE housing was introduced after the initiation of stress, the amount of time 
that it took the mice to reach 60% recovery was significantly shorter than that in the SE group (p < 0.01; Fig. 2e). 
Data from partially overlapping EE housing and stress supported the above findings. During stress loading, an 
EE to SE regimen was associated with decreased tear secretion (Supplementary Fig. 2d), and an SE to EE regimen 
resulted in a gradual recovery (Supplementary Fig. 2e). Taken together, these data indicate that an EE can abolish 
concurrent stress-induced decreased tear secretion and that an EE mitigates stress-induced decreased tear secre-
tion when introduced before, after, and partially-overlapping with stress.

BDNF expression levels decrease in response to stress and are restored in response to ee housing.  
To elucidate the underlying mechanism of the relationship between tear secretion, stress, and EE, we measured 
the expression levels of the most abundant brain Bdnf transcripts (isoforms 1, 2, 4, 6, and total). We found that 
the levels of all isoforms in the hippocampus (HC) were decreased under stress conditions, though this change 
was only significant in exon I and II (exon I, p < 0.05; exon II, p < 0.05; total, exon IV, and VI, p > 0.05; Fig. 3a). 
We also observed that Bdnf transcripts were increased in the mice that had been exposed to an EE in the absence 
of stress (total, p < 0.01; not significant in others; Fig. 3b). Further, when stress was applied to mice exposed to an 
EE, a stress-induced decrease in Bdnf transcript levels did not occur, and transcript levels in the hypothalamus 
(HT) were increased (total p < 0.05; exon I p < 0.01; exon VI p < 0.05; not significant in exons II or IV; Fig. 3c).

Bdnf is also expressed outside of the brain. We used RT-PCR to assess Bdnf expression in the LG and detected 
only isoform 6. We quantitatively examined the levels of Bdnf mRNA in the LG under various conditions and 
found no significant differences in expression between the experimental groups (Supplementary Fig. 3). This sug-
gests that Bdnf in the LG is unlikely to affect basal tear secretion under either stress or EE conditions. One caveat 
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is that we did not assess the effect of BDNF derived from the peripheral nerves innervating the LG. However, 
we were able to demonstrate that the amount of brain BDNF was associated with the relationship between tear 
secretion, stress, and EE.

Figure 1. Stress decreases tear secretion. (a) Measurement of tear secretion volume using cotton thread test. 
The sample image shows 7. 9 mm length; 7 mm by a ruler (middle) and 0.9 mm by a scale (right). (b) Model of 
stress loading. (c) Tear secretion significantly decreased in response to restraint and blowing (n = 5; **P < 0.01 by 
one-way ANOVA with post-hoc Tukey’s test). (d) Within 15 days, the groups with 1 or 2 hours of stress showed 
recovery regardless of stress loading, while the group with 4 hours of stress maintained lowered tear secretion 
(n = 6–7; **P < 0.01, *P < 0.05 by one-way ANOVA with post-hoc Tukey’s test). (e) Four hours of stress was 
necessary to maintain reduced tear secretion (n = 6; **P < 0.01 by Student’s t-test). (f) Longer duration of stress 
loading resulted in a longer durations of maintenance and time required for recovery (n = 4–5).
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Basal tear secretion is regulated by Bdnf isoforms 1 and 2. We obtained Bdnf loss-of-function 
mutant mice in order to more comprehensively determine the causal relationship between BDNF levels and body 
condition. Using a unique gene knockdown strategy32, we were able to obtain two distinct Bdnf mutant lines and 
thus examine the roles of 2 Bdnf isoform clusters on tear secretion. One of these mutant lines is an isoform 1–3 

Figure 2. Enriched environment prevents and alleviates stress-induced decreased tear secretion. (a) 
Standard environment (SE) and enriched environment (EE) (b) Basal tear secretion was not affected by 
EE housing (n = 6). (c) EE housing prevented decreased tear secretion compared to SE housing (n = 6; 
**P < 0.01 by Student’s t-test). (d) EE prior to stress alleviated stress-induced decreased tear secretion (n = 6; 
**P < 0.01,*P < 0.05 by Student’s t-test). (e) EE introduced following stress was associated with faster recovery 
compared with SE housing (n = 6; **P < 0.01 by Student’s t-test).
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cluster-targeted knockdown line (Bdnf STOP/STOP homozygote), in which a STOP sequence blocks transcription of 
exons I–III (Fig. 4a). The other is an isoform 4–7 cluster-targeted line (Actin-tTS::Bdnf tetO/tetO) in which a tetra-
cycline transcriptional silencer (tTS), present over a 4 kb radius of tetO sites in exon IV, mediates transcription 
silencing of exons IV–VII (Fig. 5a).

As expected, Bdnf STOP/STOP mice showed no expression of Bdnf isoforms 1 and 2 in the brain and showed 
decreased total Bdnf mRNA levels (76% in the HC and 72% in the HT versus wildtype, Fig. 4b). Further, there was 

Figure 3. Bdnf expressions decreases in response to stress and increases in response to housing in an enriched 
environment. (a) In the hippocampus (HC), Bdnf expression decreased in response to stress (n = 3; *P < 0.05 by 
Student’s t-test). (b) In the HC and Hypothalamus (HT), Bdnf expression increased in response to an enriched 
environment (EE; n = 4; **P < 0.01, *P < 0.05 by Student’s t-test). (c) EE housing restored the previously-
observed stress-dependent decline in Bdnf expression (n = 3; **P < 0.01, *P < 0.05 by one-way ANOVA with 
post-hoc Tukey’s test).
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no difference in total Bdnf expression in the LG between the genotypes (Fig. 4b). This result was expected because 
isoform 6 should theoretically not be affected in Bdnf STOP/STOP mice. We observed that basal tear secretion levels 
were significantly lower in Bdnf STOP/STOP mice compared to those in WT mice (p < 0.01; Fig. 4c). LG weight in 
Bdnf STOP/STOP mice was not significantly altered (Fig. 4d). These data indicate that loss of Bdnf isoforms 1 and 2 
leads to decreased basal tear secretion.

We attempted to address the role of the various Bdnf isoforms on the relationship between EE and tear secre-
tion. However, we found that Bdnf STOP male homozygotes, and even heterozygotes, were very aggressive and 
attacked each other in group housing. This aggressive phenotype of Bdnf STOP is consistent with that of exon 1 and 
exon 2 knock-out mice28. Therefore, we stopped the EE housing experiments in these mice for ethical reasons.

stress tolerance is partially mediated by Bdnf isoforms 4 and 6. The Actin-tTS::Bdnf tetO/tetO mutant 
mice showed no expression of Bdnf isoforms 4 and 6 due to tTS-mediated gene silencing (Fig. 5a,b). These mice 
did show an increase in expression of Bdnf isoforms 1 and 2, probably due to a compensation effect. However, 
total Bdnf mRNA levels were still decreased (38% in the HC and 64% in the HT versus wildtype; Fig. 5b). 
Surprisingly, the amount of total Bdnf mRNA in the LG was unaffected even though tTS targeted isoform 6, the 
only isoform present in the LG (Fig. 5b). In the Actin-tTS::Bdnf tetO/tetO mice, basal tear secretion was comparable 
to control mice, suggesting either that the isoform cluster 4–7 does not govern tear secretion or else that supple-
mentary increases in isoforms 1 and 2 were able to normalize basal tear secretion levels.

Isoforms 4 and 6 knockdown mice (Actin-tTS::Bdnf tetO/tetO) were raised in group housing apart from isoforms 
1 and 2 knockdown mice (Bdnf STOP/STOP mice), enabling us to address the positive effect of EE on stress-induced 
DED-like symptoms. We housed Actin-tTS::Bdnf tetO/tetO and control mice in EE cages at 4 weeks of age for 4 weeks 
and then exposed the mice to stress for 5 days. We observed no difference in basal tear secretion between wild 
type mice and Actin-tTS::Bdnf tetO/tetO mice for the 4 weeks without stress loading (Fig. 5c). However, basal tear 
secretion in Actin-tTS::Bdnf tetO/tetO mice significantly decreased in response to stress compared to that of control 
mice regardless of the presence of an EE (p < 0.01; Fig. 5d), indicating that isoforms 4 and 6 are necessary for the 
resilience and alleviation of DED-like symptoms observed in response to an EE.

Because it has been reported that BDNF expression is associated with mental disorders23–25, we analyzed 
Bdnf STOP/STOP mice for behavioral problems. These mice did not show different behavior compared to wild 

Figure 4. Bdnf isoforms 1 and 2 modulate basal tear secretion. (a) Model of BdnfSTOP/STOP mice (Homo). 
(b) Bdnf expression in the hippocampus (HC), hypothalamus (HT), and lacrimal gland (LG). BdnfSTOP/
STOP mice showed no expression of exons 1 and 2 in the brain (n = 4–5; **P < 0.01, *P < 0.05, Student’s t-test). 
(c) Basal tear secretion of BdnfSTOP/STOP mice significantly decreased compared to control mice (n = 6–8; 
**P < 0.01, Student’s t-test). (d) LG weight was not changed in BdnfSTOP/STOP mice (n = 6–7).
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type mice in behavior analysis, forced swim test (FST), elevated plus maze (EPM), or open field test (OFT; 
Supplementary Fig. 4). Similarly, the Actin-tTS::Bdnf tetO/tetO mice did not show different behavior compared to 
the wild type mice in behavior analysis, FST, EPM, or OFT (Supplementary Fig. 5). These results suggest that the 
effects of an EE on stress-loading require expression of exons IV and VI in the brain and that Bdnf isoforms 4 and 
6 may contribute to stress tolerance for tear secretion in mice.

Discussion
In the current study, we found that basal tear secretion decreases in response to stress in mice. Additionally, we 
observed that housing mice in an EE suppresses this decrease and allows for a quicker recovery from a stressed 
state. Because brain Bdnf gene expression in mice decreases in response to stress and increases in response to an 
EE, we conducted a Bdnf loss-of-function study to investigate the mechanism by which BDNF regulates basal tear 
secretion. Our results show that Bdnf knockdown mice have decreased basal tear secretion. No improvement was 
observed in these knockdown mice when recovering from a stressed state in an EE. These results indicate that 
Bdnf plays an important role in basal tear secretion in mice.

Many mouse models have been employed to investigate the symptoms of DED, and several interventions have 
been explored. For example, a transgenic line was generated from db/db mice (db/db-CDK4R24C) that expresses 
a constitutively active form of cyclin-dependent kinase 4 (CDK4/R24C) under the control of an insulin promoter 
to model diabetic dry eyes33. Additionally, experimental dry eye has been induced in interleukin-1 receptor-1 
(IL-1R1)-deficient (knock-out) mice34 and in mice with surgically-excised lacrimal glands35. Moreover, one study 
used a controlled environment chamber with low humidity to induce DED36. However, each of these models has 
specific limitations. Transgenic mouse models show whole-body changes, such as decreased body weight, and 
mouse models with a surgically excised LG show an increased inflammatory response. Further, the controlled 
environment chamber only models dry eye caused by low humidity, rather than dry eye caused by stress or VDT 
use. Our methods, blowing air over the eyes and restraining the body, did not cause whole-body adverse events. 
More importantly, our mouse model closely resembles the development of dry eye symptoms due to the use of 
VDTs5. Use of a VDT has been shown to lead to decreased blinking and a more fragile tear film on the cornea37. 
Blowing air over the eyes in mice would be expected to weaken the tear film. In addition, people using a VDT 

Figure 5. Bdnf isoforms 4 and 6 are necessary for enriched environment-related alleviation of stress-induced 
decreased tear secretion. (a) Model of Actin-tTS::BdnftetO/tetO mice (Actin). (b) Bdnf expression in the 
hippocampus (HC), hypothalamus (HT), and lacrimal gland (LG). Actin-tTS::BdnftetO/tetO mice showed 
no expression of exons 4 and 6 in the brain. Total Bdnf expression decreased significantly in the LG (n = 4–6; 
**P < 0.01, *P < 0.05, Student’s t-test). (c) Basal tear secretion in Actin-tTS::BdnftetO/tetO mice was similar 
to that in the control mice (n = 5–8). (d) Actin-tTS::BdnftetO/tetO mice did not maintain tear secretion under 
stress loading regardless of the presence of an enriched environment (EE) (n = 6; **P < 0.01, Student’s t-test).
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tend to be more physically sedentary and restrained to a desk. We thus propose that our mouse model, which uses 
blowing and restraint, specifically mimics the onset of dry eye due to use of a VDT.

Currently, dry eye symptoms are treated with supplemental eye drops that do not target the source of the con-
dition. Therefore, there is a demand for an intervention that targets the cause of decreased basal tear secretion. 
Two major factors that decrease treatment effectiveness are a lack of exercise (being sedentary), and a low level 
of well-being38. Intervention to improve these factors may thus alleviate the symptoms of dry eye in humans, and 
we employed an animal model to examine the effect of an EE, which is an environment with added sensory, cog-
nitive, and social stimuli compared to a standard environment (SE)39. These factors can increase exercise and can 
model increased levels of well-being. Simply increasing voluntarily exercise did not result in any changes in tear 
secretion in our mouse model, but holding dry eye model mice in an EE led to an improvement in tear secretion. 
These results imply that exercise habits and increased well-being are likely to improve symptoms rather than just 
exercise alone38,40.

Mice held in an EE experience varied anatomical, physiological, and genetic changes. For example, several 
publications have reported an increase in Bdnf gene expression after holding mice in an EE41–43. Our experiments 
with Bdnf loss-of-function mice provide evidence that lowered Bdnf expression inhibits EE-associated recovery, 
suggesting that Bdnf gene induction after EE housing plays a key role in recovery from decreased tear secretion. 
Indeed, clinical research has shown that gene polymorphisms associated with decreased BDNF release is related 
to dry eye syndrome26, supporting the idea that BDNF expression has a positive effect on basal tear secretions 
in human. Because neuropsychiatric conditions such as depression are known to be associated with decreased 
BDNF expression44–46, the comorbidity between dry eye syndrome and neuropsychiatric disorder may account 
for the observed BDNF dysregulation. Further research is necessary, but it is possible that DED reflects underly-
ing neuropsychiatric conditions.

Here, we report two distinct loss-of-function manipulations of Bdnf mRNA isoform clusters. The first method 
uses a STOP cassette knock-in to target isoform cluster 1–3. Although single isoform knock-out mice have been 
reported previously47, double and triple isoform knock-out mice cannot be generated by breeding single isoform 
knock-out mice. Hence, isoform cluster knock-out by a STOP cassette allows for the discovery of new phenotypes. 
The other method employed in this study used a tTS-tetO system. Specifically, a TetO sequence was knocked into 
exon IV, and tetO-tethering tTS blocked transcription over a 3 kilobase radius, which contains exons V–VII. This 
resulted in an isoform 4–7 cluster knockdown. In the future, we hope to investigate a timing-specific and reversi-
ble isoform 4–7 knockdown using doxycycline administration48 as well as an organ/tissue/cell-specific reversible 
knockdown using a cell type-specific tTS line, such as CamK2-tTS49,50.

The present study demonstrates that an enriched environment effectively prevents and improves dry eye in 
mice. Additionally, our results indicate that BDNF is a key factor in dry eye pathogenesis, which we hope will be 
useful for future research on the relationship between BDNF and dry eye.

Methods
ethical statement. All animal procedures were conducted in accordance with the National Institutes of 
Health Guide for the Care and Use of Laboratory Animals and approved by the Keio University Institutional 
Animal Care and Use Committee. Male C57BL/6JJcl mice were obtained from CLEA Japan, Inc. (Tokyo, Japan). 
Bdnf mutant mice were generated as described below. All mice received food and water ad libitum and were 
housed in an atmosphere-controlled room with 12-hour light/dark cycles.

stress loading. Mice were restrained by placing them into a 50 mL plastic tube (IWAKI, Japan) as a psycho-
logical stressor. The cap of the tube had 7 holes, each with a 2-mm diameter, and mice faced the cap. Mice were 
exposed to constant low humidity air flow aimed at the face as a mechanical stressor. The air flow was produced 
by an electric fan (Funai, Japan). Stress loading occurred for 4 hours unless noted otherwise.

environmental enrichment housing. EE housing started at 4 weeks of age and consisted of a larger cage 
(39 cm × 53 cm × 18 cm), one running wheel to increase physical exercise, an assortment of toys (an igloo, a dome, 
tunnels, and wood objects) to increase perception and mental exercise, and 6 company mice with nesting material 
to increase social interaction. The toys were changed twice per week. SE housing consisted of regular-sized cages 
(22 cm × 33 cm × 14 cm) housing single mice.

Measurement of tear secretion volume (cotton thread test). The mean weight-adjusted aqueous 
tear secretion quantity was measured using phenol red-impregnated cotton threads (ZoneQuick, Showa Yakuhin 
Kako, Tokyo, Japan) without anesthesia. The cotton threads were placed at the lateral canthus for 15 seconds, 
and the wetting length was measured using a ruler purchased from Showa Yakuhin Kako for measuring 1-mm 
units and a scale purchased from Shinwa Sokutei (Tsumabe, Japan) for measuring lengths less than 1 mm. 
Measurements were made to the nearest 0.1 mm.

ocular surface vital staining assessment. Alterations of corneal vital staining were assessed 2 minutes 
after fluorescein dye instillation. Corneal vital staining results were recorded by a digital camera-equipped micro-
scope using the same settings (exposure time) for all mice.

Open field test. An OFT was performed in a 36 cm × 36 cm × 26 cm white-colored box for 30 min. The 
brightness of the field was 50 lux. Each mouse was recorded by a web camera for 5 minutes, and the recorded data 
were analyzed automatically using a software package (Any-Maze, Stoelting, Wood Dale, IL).
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elevated plus maze. The EPM test apparatus consisted of 2 open arms and 2 closed arms (25 cm × 5 cm) 
that extended from a central platform (5 cm × 5 cm). The closed arms were surrounded by walls that were 40 cm 
in height. The maze was elevated 40 cm above the floor, and the room lights (4100 lux) were turned on during test-
ing. Mice typically avoid the open arms because they innately dislike open space, and anxiolytic agents increase 
the time spent in open arms. That is, a decrease in the time spent in the open arms indicates an increase in anxiety. 
The distance travelled in the maze is used to quantify locomotor activity. The test was initiated by placing the 
mouse on the central platform facing an open arm, and recording began once the mouse entered a closed arm. 
If a mouse failed to enter a closed arm after 1 min, data from that mouse were excluded from the analysis (one 
mouse was excluded). Each mouse was recorded by a web camera over a 5 min period, and the recorded data were 
analyzed automatically using a software package (Any-Maze, Stoelting).

Forced swim test. A 6-minute FST was applied, and behaviors were video-recorded and scored later by a 
researcher who was blind to experimental conditions. Only the last 4 minutes of behavior were analyzed, and each 
minute was categorized as either immobile (i.e., the mouse was completely still in the water except for isolated 
movements to right itself), or climbing (i.e., the mouse was moving all four legs with its body aligned vertically 
in the water).

RNA extraction and qpCR. Mice were sacrificed by cervical dislocation, and brain and LG tissues were 
collected. Total RNA was isolatsed from the HT, HC, prefrontal cortex, and LG using TRIzol (Life Technologies, 
Carlsbad, CA). Genomic DNA was removed from total RNA using gDNA remover (TOYOBO, Osaka, Japan). 
cDNA was synthesized from the resulting genomic DNA using ReverTra Ace qPCR RT Master Mix (TOYOBO, 
Osaka, Japan). Quantitative PCR was performed with a TaqMan probe (Life Technologies) and Step One 
Plus (Thermo Fisher Scientific, Waltham, MA). Primer and TaqMan sequences are shown in Supplementary 
Table S1 online. PCR efficiencies of the Bdnf primers were examined by a standard curve of serial-diluted cDNA. 
Individual mRNA levels were normalized using Gapdh mRNA content.

Generation of Bdnf mutant mice. We constructed a Bndf gene targeting vector in which the following 
elements were connected in tandem: a 10 kb 5-prime homology arm, a 3.5 kb Neo-STOP-tetO cassette31, a 1.9 kb 
3-prime homology arm, and a diphtheria toxin A subunit (Supplementary Fig. 6). The Neo-STOP-tetO cassette 
was comprised of a 1.7 kb PGK-Neo, a 1.3 kb STOP sequence, and a 0.5 kb tetO site. The targeting vector was 
designed to insert the Neo-STOP-tetO cassette into exon IV. Bdnf exon IV consists of 339 bases, and the first ATG 
appears at 74 nt, while the last ATG appears at 310 nt. The Neo-STOP-tetO cassette was used to replace nucleo-
tides 74–310 within exon IV. We used 129 SvEv-derived embryonic cells for the homologous recombination. We 
obtained 4 recombined clones out of 80 G418-resistant clones. Germline transmitted offspring were established 
as Bdnf STOP-tetO knock-in mice (Supplementary Fig. 6). Bdnf STOP-tetO mice were crossed with ROSA-Flpe mice, 
FRT flanking Neo-STOP sequences were removed (Supplementary Fig. 6), and Bdnf tetO knock-in mice were 
generated. Bdnf tetO knock-in mice were cross-bred with Actin-tTS51 mice to subsequently generate Actin-tTS 
hemizygous and Bdnf tetO knock-in homozygous mice (Actin-tTS::Bdnf tetO/tetO). We considered Bdnf STOP-tetO 
homozygotes (Bdnf STOP/STOP) and Actin-tTS::Bdnf tetO/tetO as Bdnf loss-of-function mice.

The following sets of primers were used for genotyping: ttsP1 (5′-TTG ATC ACC AAG GTG CAG AG-3′) 
and ttsP2 (5′-CAG GGC TCT CCC TTC TC-3′) were used for the Actin-tTS allele and yielded a band of approx-
imately 400 bp; BDNFup (5′-CAG CGT GGA GCC CTC TCG TG-3′) and PGKproL1 (5′-GTT GGC GCC TAC 
CGG TGG ATG TGG AAT GTG-3′) yielded an approximately 340-bp band from the Bdnf STOP-tetO knock-in 
allele; and tetOup (5′-AGC AGA GCT CGT TTA GTG AAC CGT-3′) and BDNFlow (5′-TTG CGC CCT GAC 
CTC TCC GG-3′) yielded an approximately 380-bp band from the Bdnf STOP-tetO knock-in and Bdnf tetO knock-in 
alleles. BDNFup and BDNFlow yielded a 570-bp band from the wild type allele and a 900-bp band from the 
Bdnf tetO knock-in allele (Supplementary Fig. 6).

statistical analysis. Sample sizes were determined on the basis of pilot experiments and previous expe-
rience from similar experiments. We used an F-test to determine whether the data had the same variances. As 
all the data were determined to be normally distributed, parametric statistics were used throughout. All data 
were analyzed by Student’s t-test, one-way ANOVA, or one-way ANOVA with post-hoc Tukey’s test using SPSS 
software version 25 (IBM, Armonk, New York, USA). Statistical significance was established at a threshold of 
P < 0.05. The statistical test used for each experiment is stated in the corresponding figure legend.

Data Availability
The datasets generated during the current study are available from the corresponding author on reasonable re-
quest.
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