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Background: Given that visual impairment is bi-directionally associated with depression, we examined
whether transcorneal electrical stimulation (TES), a non-invasive treatment for visual disorders, can
ameliorate depressive symptoms.
Objective: The putative antidepressant-like effects of TES and the underlying mechanisms were investigated in an S334ter-line-3 rat model of retinal degeneration and a rat model of chronic unpredictable
stress (CUS).
Methods: TES was administered daily for 1 week in S334ter-line-3 and CUS rats. The effects of TES on
behavioral parameters, plasma corticosterone levels, and different aspects of neuroplasticity, including
neurogenesis, synaptic plasticity, and apoptosis, were examined.
Results: In S334ter-line-3 rats, TES induced anxiolytic and antidepressant-like behaviors in the cylinder,
open ﬁeld, home cage emergence, and forced swim tests. In the CUS rat model, TES induced hedonic-like
behavior and decreased behavioral despair, which were accompanied by reduced plasma corticosterone
levels and upregulated expression of neurogenesis-related genes. Treatment with the neurogenesis
blocker temozolomide only inhibited the hedonic-like effect of TES, suggesting the antidepressant-like
effects of TES were mediated through both neurogenesis-dependent and -independent mechanisms.
Furthermore, TES was found to normalize the protein expression of synaptic markers and apoptotic Bcl2-associated X protein in the hippocampus and amygdala in the CUS rat model. The improvements in
neuroplasticity may involve protein kinase B (AKT) and protein kinase A (PKA) signaling pathways in the
hippocampus and amygdala, respectively, as demonstrated by the altered pAKT/AKT and pPKA/PKA
ratios.
Conclusion: The overall ﬁndings suggest a possible neuroplasticity mechanism of the antidepressant-like
effects of TES.
© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Depression is a signiﬁcant contributor to the global disability
burden [1]. It has been suggested that depression is 25% more
prevalent in visually impaired individuals [2]. A longitudinal study
demonstrated a bidirectional association between visual impairment and symptoms of depression and anxiety [3]. There is a close
relationship between emotional and visual systems, as reﬂected by
their functional connections in the brain. The visual and emotional
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intermittent illumination every 2 h, stroboscopic illumination
(2.5 Hz), water and/or food deprivation, individual housing, crowded housing, damp bedding (300 mL cold tap water), dirty cage
with excreta from other rats, and loud noises. One stressor was
applied every 12 h daily, with the order of stressors randomized to
maintain unpredictability.

systems are extensively interconnected at the cortical and subcortical levels, with visual inputs transmitted to the limbic regions,
including the hippocampus and amygdala [4e8]. Interestingly,
transcorneal electrical stimulation (TES), a non-invasive treatment
for retinal and optic neuropathies, has been found to activate both
visual and non-visual brain regions. A human study using 18Fﬂuorodeoxyglucose positron emission tomography revealed that
TES activated the visual cortex, prefrontal cortex, inferior temporal
gyrus, and parahippocampal gyrus [9]. Nevertheless, most studies
on TES have focused on improving visual functions [10e28], while
its effects on non-visual systems, especially its psychiatric effects,
have not been extensively explored [29].
Several pioneering studies reported that TES had behavioral
effects in rodent kindling models. It was suggested that the
behavioral changes in corneally kindled animals correlated with
enhanced neuronal activity throughout the brain, including the
hippocampus
and
amygdala
[30e32].
However,
the
antidepressant-like outcomes of TES in these studies were contradictory. Furthermore, high-intensity stimulation was used to
establish these kindled animal models, which was associated with a
high mortality rate. Therefore, this animal model may not be ideal
for assessing the therapeutic potential of TES for depression in
humans.
In this study, we tested the hypothesis that TES induces
antidepressant-like activities in preclinical models of depression.
Using multiple methodological approaches, we explored the effects
of TES on depression in an S334ter-line-3 rat model of retinal
degeneration and a rat model of depression induced by a chronic
unpredictable stress (CUS) paradigm. Given that neuroplastic
changes are closely related to the development of depression [33]
and that enhanced neuroplasticity is reported to be a common
mechanism of action of various electrical brain stimulation
methods [34,35], we also investigated the potential role of neuroplasticity in the effects of TES. Speciﬁcally, the neurogenesisdependent effects of TES were tested through a reversal experiment, in which the CUS rats were subjected to TES followed by
injection with temozolomide (TMZ), a DNA alkylating agent that
inhibits neurogenesis [36].

2.2. Experimental design
We conducted two systematic studies to evaluate the
antidepressant-like effects of TES. In Study 1, the effects of TES on
behavioral outcomes were examined in a rat model of retinal
degeneration (Fig. 1A). S334ter-line-3 rats (TES 100 mA, n ¼ 6; TES
200 mA, n ¼ 8; TES 500 mA, n ¼ 6; and sham, n ¼ 12) and LE control
rats (TES 100 mA, n ¼ 8; TES 200 mA, n ¼ 6; TES 500 mA, n ¼ 6; and
sham, n ¼ 11) received daily TES or sham treatment for 1 week
before behavioral assessments. Anxiety-like behaviors were assessed
by cylinder exploration, open ﬁeld, and home cage emergence tests,
whereas behavioral despair was assessed by the forced swim test
[40]. Animals were sacriﬁced one day after the last behavioral
assessment and retinal tissues were collected for histological
workup. The S334ter-line-3 model has been reported to exhibit
progressive loss of visually evoked activity in the superior colliculus
which might prevent the transmission of TES-induced input to the
visually connected brain regions [42]. To this end, we also conducted
an electrophysiology experiment in a separate batch of S334ter-line3 rats to assess the integrity of the visual pathway [37,43].
In Study 2, the antidepressant-like effects of TES were examined
in a CUS rat model (Fig. 4A). Daily TES or sham treatments were
applied in week 3 during the CUS process, whereas the non-CUS
control rats were left undisturbed (non-CUS, n ¼ 7; TES 200 mA,
n ¼ 7; sham, n ¼ 9). Additionally, a group of TES-treated CUS rats
were intraperitoneally injected with TMZ (25 mg/kg, SelleckChem,
Texas, USA) on stimulation days 1, 3, and 5 to block cell proliferation
[36] so as to assess the neurogenesis-dependent and -independent
effects of TES (n ¼ 7). Locomotor ability was assessed in the open
ﬁeld test [44], whereas anhedonia and behavioral despair were
measured using the sucrose preference test and forced swim test,
respectively [40]. Rats were sacriﬁced one day after the last behavioral assessment. Blood plasma was collected for measuring corticosterone level [45] and brain tissue was harvested for measuring
the expression of hippocampal neurogenesis-related genes. Immunoblotting was carried out to analyze neuroplasticity- and apoptosisassociated markers in the hippocampus and amygdala.

2. Materials and methods
2.1. Animals
All experimental procedures were approved by the Committee
on the Use of Live Animals in Teaching and Research, the University
of Hong Kong (Ref.: 4945-19). All rats were housed in pairs in a
temperature- and humidity-controlled room (25 ± 1  C and 60%e
65% humidity) under a 12-h light/dark cycle (lights on at 21:00)
with access to food and water ad libitum.

2.3. Transcorneal electrical stimulation
Animals were anesthetized by intraperitoneal injection of ketamine (70 mg/kg) and diazepam (7 mg/kg). A ring-shaped noninvasive stimulating electrode was placed on the cornea and eye
moisturizing gel (Dechra, Northwich, UK) was applied to prevent
dehydration. Electrical currents were delivered using a digital
stimulator model 3800 and stimulus isolators model 3820 (A-M
Systems Inc., Sequim, USA) at a frequency of 20 Hz, pulse width of
1 ms, and amplitude of 100, 200, or 500 mA. The parameters were
chosen based on previous research that reported TES had neuroprotective effects in the retina [10,11,15,19,46,47]. The impedance of
the stimulating electrodes was 112 ± 4.2 U at 1 kHz, and 85.1 ± 1.8 U
at 100 kHz. The sham groups were similarly treated but without
electrical stimulation.

2.1.1. Rat model of retinal degeneration
Ten-week-old male S334ter-line-3 rats and Long Evans (LE) rats
were used as the retinal degeneration model and healthy controls,
respectively. The rats were obtained from the Laboratory Animal
Services Centre of the Chinese University of Hong Kong. S334terline-3 rats were bred from transgenic homozygotes and pigmented LE rats [37]. Details of the generation of S334ter-line-3 rats
have been described previously [38,39].
2.1.2. Rat model of chronic unpredictable stress (CUS)
Twelve-week-old male Sprague-Dawley (SD) rats were obtained
from the Laboratory Animal Unit of the University of Hong
Kong.The CUS paradigm was performed as previously described
[40,41]. Brieﬂy, SD rats were exposed to various stressors for 3
consecutive weeks. Stressors in the CUS protocol included

2.4. Behavioral testing
All tests were conducted during the dark cycle in dim light
condition by researchers blinded to the treatment conditions.
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Fig. 1. Effects of TES on behavioral outcomes in S334ter-line-3 rats. (A) Schematic representation of the experimental timeline and procedure of TES. 10-month-old male S334terline-3 rats and control rats were subjected to 1 week of TES before behavioral testing for anxiety- and depression-related behaviors. TES was administered at 100, 200, or 500 mA
using a stimulator and stimulus isolator unit. A needle reference electrode was inserted to the ear. (B) Assessment of locomotor activity and anxiety-like behavior by immobility
time and rearing frequency in the cylinder test. The sham-treated S334ter-line-3 rats exhibited reduced locomotion and increased anxiety-like behavior, as indicated by signiﬁcantly
increased immobility time and decreased exploratory rearing behavior compared to control rats. TES at 100, 200, and 500 mA in S334ter-line-3 rats effectively reduced immobility
and increased rearing. TES at 100 mA in control rats increased rearing frequency. (C) Assessment of general locomotion and anxious-like behavior by distance traveled and ratio of
time spent in the center to periphery zones in the OFT. The sham-treated S334ter-line-3 rats showed a shorter distance traveled and time spent in the center zone when compared
with control rats, suggesting a reduction in locomotor activity and an anxiety-like response, respectively. In S334ter-line-3 rats, TES at all tested amplitudes increased distance
traveled, whereas TES at 100 mA and 200 mA increased time spent in the center zone. In control rats, TES at 100 mA reduced distance traveled. (D) Assessment of anxiety-like behavior
by escape latency in the HCET. The sham-treated S334ter-line-3 rats exhibited increased latency to escape from the home cage, indicating an anxiety-like response. TES at all tested
amplitudes reduced the latency to escape only in S334ter-line-3 rats. (E) Assessment of behavioral despair by immobility time in the FST. TES at 100 and 200 mA markedly reduced
immobility in S334ter-line-3 rats, suggesting a decrease in despair-like behavior. Data are presented as mean þ SEM. *p < 0.05; **p  0.01; ***p  0.001.
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Images of the stained retina were obtained at 20X using a Zeiss
Axioplan 2 microscope equipped with an Olympus DP73 camera.
Thickness of the retinal layers in the central region (1 mm from the
optic disk) was measured with ImageJ (National Institutes of
Health, Maryland, USA).

Animal behaviors were recorded and scored using the ANY-maze
behavioral tracking software (Stoelting Co., USA).
2.4.1. Cylinder test
Brieﬂy, rats were placed in an open-top transparent Plexiglas
cylinder (height 50 cm x diameter 20 cm). Immobility and rearing
behaviors (vertical exploration while standing on hind legs) were
recorded during the 10-min test period.

2.7. Corticosterone radioimmunoassay
This assay was performed as previously described [45]. Animals
were sacriﬁced one day after the last behavioral assessment. Blood
was collected in sampling tubes containing EDTA (1.5 mg/mL,
Sigma-Aldrich, Massachusetts, USA) and centrifuged at 14000 rpm
for 5 min at 4  C. The supernatant was collected as plasma and
extracted with dichloromethane, followed by vortexing for 1 min.
Corticosterone level was determined directly from the dried
dichloromethane extracts by radioimmunoassay using corticosterone-125I. The radioimmunological reaction was conducted
overnight at 4  C, followed by the separation of unbound steroids.

2.4.2. Open ﬁeld test (OFT)
The OFT was performed as previously described [40]. This test
was conducted in a lid-free white Plexiglas square box (100 x
100  40 cm3) with a dark ﬂoor. Rats were placed in the central area
and allowed to explore for 5 min. Behaviors including distance
traveled and time spent in the center and peripheral zones were
recorded and scored.
2.4.3. Home cage emergence test (HCET)
This test was performed as previously described with minor
modiﬁcations [40,48]. Brieﬂy, the rats’ home cage was placed on a
platform with the cage lid removed. A grid walkway was placed
over the edge of the home cage to facilitate escape. The escape
latency, which is the time to emerge from the home cage, was
recorded and scored. If rats did not escape the home cage within
10 min, they were given a score of 600 s.

2.8. Real-time PCR
The procedures were performed according to a previously published protocol [35,52]. The hippocampus was grossly dissected from
freshly frozen brain tissues of the CUS rats. Total RNA was extracted
from the hippocampus using TRizol™ reagent (Invitrogen, Massachusetts, USA) and reverse transcribed using PrimerScript™ RT reagent kit with gDNA eraser (Takara Bio Inc., Shiga, Japan). Real-time
PCR was performed using a Roche LightCycler 480 II (Roche Diagnostics, Basel, Switzerland) with TB Green® Premix Ex TaqTM
(RR420A, TaKaRa). Hypoxanthine guanine phosphoribosyltransferase (Hprt) was used as the internal control for mRNA expression. Fold
change was determined relative to the TES sham group after
normalizing to Hprt using the 2-(DDCt) method. The primers (Integrated DNA Technologies, Iowa, USA) used in this study were as
follows: Ki67 (forward 50 -ACTTGCCTCCTAATACTCCACTCA-30 , reverse
50 -ATCTTCGTCTTTCATCATTTGTCC-3’ [53]), Nestin (forward 50 -TAAGT
TCCAGCTGGCTGTGG-30 , reverse 50 -ATAGGTGGGATGGGAGTGCT-3’
[35]), Dcx (forward 50 -CTCCTATCTCTACACCCACAAGCC-30 , reverse 50 GAATCGCCAAGTGAATCAGAGTC-3’ [54]), Neun (forward 50 -GGCTG
GAAGCTAAACCCTGT-30 , reverse 50 -TCCGATGCTGTAGGTTGCTG-3’
[35]), and Hprt (forward 50 -CTCATGGACTGATTATGGACAGGAC-30 ,
reverse 50 GCAGGTCAGCAAAGAACTTATAGCC -3’ [55]).

2.4.4. Sucrose preference test (SuPT)
Rats were habituated to drinking 1% sucrose solution for 1 h, and
then restricted to food and water for 14 h. Thereafter, rats were
provided bottles of pre-weighed water and 1% sucrose solution for
1 h. Sucrose preference was calculated as the percentage of sucrose
consumed relative to the total liquid intake [40,49].
2.4.5. Forced swim test (FST)
This test was performed as previously described [40,49,50]. Rats
were placed in a cylindrical Plexiglas tank (height 50 cm x diameter
20 cm) ﬁlled with tap water (25 ± 1  C) to a height of 30 cm. Rats
were allowed to swim in the water tank for 15 min in a pretest
session to acclimate them to the novel swimming behavior. This
was followed by a 10-min test session on the next day. The
immobility duration, deﬁned as a period of no movement or slight
and infrequent movements with the nose maintained above water,
was recorded.

2.9. Western blotting
2.5. Electrophysiology
The procedures were performed as previously described [56,57].
The amygdala and hippocampus of the CUS rats were rapidly isolated by gross dissection. Total proteins were extracted by homogenization in lysis buffer with a Halt™ protease and
phosphatase inhibitor cocktail (Thermo Scientiﬁc), and protein
concentration was determined by Bradford assay (Thermo Scientiﬁc). Protein samples (10e20 mg) were resolved by 10% SDS-PAGE
and then transferred onto PVDF membranes using a semi-dry
electroblotting system. The membranes were blocked in 5% milk
or BSA in TBS for 1 h at room temperature and incubated at 4  C
overnight with primary antibodies. Primary antibodies against
pPKA CThr197 (1:1000, 4781, Cell Signaling Technology, Massachusetts, USA), PKA C-a (1:1000, 4782, Cell Signaling Technology),
pAKTS473 (1:1000, 9271, Cell Signaling Technology), AKT (1:1000,
4691, Cell Signaling Technology), BAX (1:1000, 14796, Cell Signaling
Technology), SYP (1:2000, 101002, Synaptic Systems, Goettingen,
Germany), PSD95 (1:1000, ab18258, Abcam, Massachusetts, USA),
and GAPDH (1:1000, 2118, Cell Signaling Technology) were used.
After washing in TBS-T, the membranes were incubated in horseradish peroxidase-conjugated secondary antibody (1:2000,

Electrophysiology experiment was performed as previously
described (Fig. 2A) [36,51]. Brieﬂy, epiretinal stimulation of the left
eye was conducted in S334ter-line-3 (n ¼ 5) and control (n ¼ 4)
rats. Charge-balanced biphasic currents (5e50 mA, 50 trials per
threshold level) were applied to the retinal surface across three
pulse durations (0.5, 1.0, and 1.5 ms). Retinal evoked responses from
the contralateral superior colliculus were recorded.
2.6. Retinal histology
Rats were euthanized one day after the last behavioral assessment using sodium pentobarbital (Dorminal 20%, Alfasan, Woerden, Holland). The stimulated eyes of S334ter-line-3 and LE rats
were enucleated and ﬁxed in 4% paraformaldehyde in phosphate
buffered solution at 4  C overnight. Samples were cryoprotected in
15% and 30% sucrose solution overnight and subsequently frozen in
liquid nitrogen. Samples were sectioned into 20-mm thick slices
using a CryoStar NX50 Cryostat (Thermo Scientiﬁc, Massachusetts
USA). Standard hematoxylin-eosin (H&E) staining was performed.
846
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showed signiﬁcantly longer escape latency compared with shamtreated control rats (p < 0.002), indicating an anxiety-like
response. Administration of TES at all the tested amplitudes
signiﬁcantly shortened the escape latency only in S334ter-line-3
rats (100 mA: p < 0.001; 200 mA: p ¼ 0.003, 500 mA: p < 0.001),
which further suggests an anxiolytic effect induced by TES.
In the FST (Fig. 1E), two-way ANOVA found signiﬁcant main
effects for TES (F3,46 ¼ 3.105, p ¼ 0.036), genotype (F1,46 ¼ 25.489,
p < 0.001), and TES x genotype (F3,46 ¼ 4.704, p ¼ 0.006) on
immobility time. Differences between genotypes were observed
among the TES-treated rats, with S334ter-line-3 rats showing
signiﬁcantly lower immobility time compared to control rats given
the same TES treatments (TES 100 mA: p ¼ 0.01; TES 200 mA:
p < 0.001; TES 500 mA: p ¼ 0.006), indicating a lower behavioral
despair in the TES-treated transgenic rats. Furthermore, S334terline-3 rats treated with TES at 100 and 200 mA showed signiﬁcantly decreased immobility time compared with the sham-treated
rats (100 mA: p ¼ 0.019; 200 mA: p ¼ 0.01), suggesting a decrease in
despair-like behavior after TES.

65e6120, Invitrogen, Massachusetts, USA) for 2 h at room temperature. Immunoreactive bands were visualized by Clarity Western ECL Substrate (Bio-rad) using the ChemiDoc imaging system
(Bio-Rad). Densitometric analysis of the bands was performed using Image Lab Software (Bio-Rad). The relative protein expression
was normalized against GAPDH.
2.10. Statistical analysis
Data analysis was performed using IBM SPSS Statistics 27 (IBM,
New York, USA). In study 1, behavioral and electrophysiology data
were analyzed using a two-way analysis of variance (ANOVA) followed by Bonferroni post-hoc test for multiple comparisons. Data
from the histological study were analyzed by one-way ANOVA with
Bonferroni post-hoc test. In Study 2, the results were analyzed by
one-way ANOVA followed by multiple comparisons with Bonferroni correction. Spearman correlation coefﬁcients were calculated
to examine the association between neurogenesis-related markers
and behavioral parameters. All data were presented as
mean þS.E.M. Signiﬁcance was deﬁned as p < 0.05.

3.2. Functional connectivity of the visual pathway was preserved in
S334ter-line-3 rats

3. Results
3.1. TES induced antidepressant-like behaviors in S334ter-line-3
rats

Electrically evoked potentials (EEPs) elicited by direct retinal
stimulation were measured in the superior colliculus of S334terline-3 and control rats. Two-way ANOVA found no signiﬁcant effects of genotype and pulse duration on the response latency of
neurons (genotype: F1,21 ¼ 0.015, p ¼ 0.903; pulse duration:
F2,21 ¼ 0.069, p ¼ 0.934; genotype x pulse duration: F2,21 ¼ 0.504,
p ¼ 0.611; Fig. 2B). We detected EEPs in both S334ter-line-3 and
control rats (Fig. 2CeE), indicating the visual pathways from retina
to superior colliculus were activated in both transgenic and control
rats. The EEP response windows were observed from 5 to 20 ms and
consisted of early responses and late responses. The early responses
occurred at 5e8 ms and the late responses occurred at 10e20 ms
within the 25 ms response window after stimulation. These results
suggest that the functional connectivity through the visual
pathway was preserved in the transgenic rats.

Behavioral comparisons were performed between S334ter-line3 and LE control rats given TES or sham treatments to assess the
effects of retinal degeneration and TES on anxiety- and depressivelike behaviors.
In the cylinder test (Fig. 1B), two-way ANOVA revealed signiﬁcant effects of TES and TES x genotype on immobility time (TES:
F3,49 ¼ 12.159, p < 0.001; genotype: F1,49 ¼ 0.849, p ¼ 0.361; TES x
genotype: F3,49 ¼ 10.014, p < 0.001) and rearing frequency (TES:
F3,53 ¼ 19.654, p < 0.001; genotype: F1,53 ¼ 0.124, p ¼ 0.726; TES x
genotype: F3,53 ¼ 11.065, p < 0.001). The sham-treated S334terline-3 rats showed an increased immobility time and a reduced
rearing frequency when compared with sham-treated controls
(ps < 0.001), suggesting a reduction in locomotor activity and an
increase in anxiety-like behavior. Administration of TES at 100, 200,
and 500 mA effectively restored locomotor activity and induced
anxiolytic behavior in S334ter-line-3 rats, as reﬂected by increased
mobility and rearing behaviors (ps < 0.001). Only TES at 100 mA
increased rearing frequency in the control rats (p ¼ 0.003).
In the OFT (Fig. 1C), two-way ANOVA identiﬁed signiﬁcant effects of TES and TES x genotype on distance traveled (TES:
F3,53 ¼ 7.889, p < 0.001; genotype: F1,53 ¼ 2.206, p ¼ 0.143; TES x
genotype: F3,53 ¼ 16.402, p < 0.001) and the ratio of time spent in
center to periphery zones (TES: F3,49 ¼ 3.489, p ¼ 0.022; genotype:
F1,49 ¼ 0.18, p ¼ 0.673; TES x genotype: F3,49 ¼ 2.874, p ¼ 0.046). The
sham-treated S334terl-line-3 rats showed a shorter distance traveled (p < 0.001) and less time spent in the center zone (p ¼ 0.007)
compared with sham-treated control rats, indicating a deﬁcit in
locomotor activity and an anxiety-like response in S334ter-line-3
rats, respectively. Treatment with TES at all tested amplitudes
improved locomotion in S334ter-line-3 rats as seen by the
increased distance traveled (ps < 0.001), whereas only TES at
100 mA reduced the distance traveled in control rats (p ¼ 0.015).
Furthermore, TES at 100 and 200 mA in S334ter-line-3 rats
increased the time spent in center zone (100 mA: p ¼ 0.02; 200 mA:
p ¼ 0.004), suggesting an anxiolytic effect.
In the HCET (Fig. 1D), two-way ANOVA show signiﬁcant TES and
TES x genotype effects on escape latency (TES: F3,52 ¼ 13.379,
p < 0.001; genotype: F1,52 ¼ 0.959, p ¼ 0.332; TES x genotype:
F3,52 ¼ 6.088, p < 0.001). The sham-treated S334ter-line-3 rats

3.3. TES did not rescue the degenerating photoreceptor layer in
S334ter-line-3 rats
In S334ter-line-3 rats, there was reduced retinal thickness and
loss of outer plexiform layer, outer nuclear layer, and inner and
outer segments of photoreceptors compared with control rats
(Fig. 3A). One-way ANOVA revealed a signiﬁcant group difference in
the thickness of the inner nuclear layer (F4,80 ¼ 121.137, p < 0.001;
Fig. 3B) and inner plexiform layer (F4,83 ¼ 28.714, p < 0.001, Fig. 3C).
The mean thicknesses of the inner nuclear layer and inner plexiform layer were signiﬁcantly reduced in S334ter-line-3 rats
regardless of TES treatments (ps < 0.001).
3.4. TES induced antidepressant-like behaviors in the CUS rat model
The effects of TES were further investigated in a CUS rat model of
depression. In the OFT (Fig. 4B), one-way ANOVA found no significant group differences in the distance traveled (F3,27 ¼ 2.613,
p ¼ 0.074).
In the SuPT (Fig. 4C), one-way ANOVA identiﬁed a group difference in the sucrose preference (F3,23 ¼ 7.765, p ¼ 0.001). The
sham-treated CUS rats had signiﬁcantly reduced sucrose preference
compared with the non-CUS control rats (p ¼ 0.001), indicating an
anhedonic-like response in the CUS rats. Treatment with TES at
200 mA effectively restored the reduced sucrose preference in the
CUS rats compared to sham-treated rats (p ¼ 0.01), indicating a
847
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Fig. 2. Retinal provoked EEPs in S334ter-line-3 and control rats. (A) Schematic representation of the in vivo recording of retinal-evoked activity in the superior colliculus. (B)
Response latencies of neurons in the superior colliculus. No differences were detected in response latency between transgenic and control rats with stimulus pulse durations of 0.5,
1.0, and 1.5 ms. Figures show (C) ten representative response traces, (D) raster plots of 50 stimulation trials, and (E) post-stimulus time histogram for control and transgenic rats.
EEPs elicited by retinal stimulation were detected in both control and transgenic rats. EEPs response windows were observed from 5 to 20 ms, with the early responses occurring at
5e8 ms and the late responses occurring at 10e20 ms. Data are presented as mean þ SEM. N.s., not signiﬁcant.

3.6. TES upregulated neurogenesis-related markers in the CUS rat
model

hedonic-like effect induced by TES. Such an effect was not observed
in the TMZ þ TES-treated rats, implying hedonic effect of TES was
via a neurogenesis-dependent mechanism.
In the FST (Fig. 4D), one-way ANOVA showed a signiﬁcant group
difference in immobility time (F3,29 ¼ 6.491, p ¼ 0.002). The shamtreated CUS rats showed higher immobility compared with the
non-CUS rats (p ¼ 0.029), indicating an increase in behavioral
despair in the CUS rats. The TES-treated rats with or without TMZ
injection showed signiﬁcantly lower immobility time (non-TMZ:
p ¼ 0.005; TMZ: p ¼ 0.006), suggesting the anti-despair-like effects
of TES were via a neurogenesis-independent mechanism.

The gene expression of neurogenesis-related markers in the
hippocampus of CUS rats was quantiﬁed by real-time PCR (Fig. 4F).
One-way ANOVA identiﬁed signiﬁcant group differences in the
gene expression of Ki67 (F3,26 ¼ 14.778, p < 0.001), Nestin
(F3,25 ¼ 7.935, p ¼ 0.001), and Dcx (F3,25 ¼ 15.684, p < 0.001), but not
NeuN (F3,27 ¼ 2.943, p ¼ 0.053). The sham-treated CUS rats showed
lower gene expression of Ki67 (p ¼ 0.001) and Dcx (p < 0.001)
compared with non-CUS rats. Treatment with TES effectively
restored the expression of Ki67 (p < 0.001). Moreover, the TEStreated CUS rats showed a higher expression of Nestin compared
with both the sham-treated CUS rats and non-CUS rats. Treatment
with TMZ abolished the upregulated expression of Ki67 and Nestin
in the TES-treated CUS rats (Ki67: p ¼ 0.001; Nestin: p ¼ 0.018).
A correlation analysis was conducted to examine the association
between the TES-induced antidepressant-like effects and
neurogenesis-related markers in the CUS rats (Fig. 4G). There was a
positive correlation between Ki67 and Nestin (r ¼ 0.551, p ¼ 0.012),
suggesting they are closely associated with hippocampal neurogenesis induced by TES. Additionally, there were positive correlations between sucrose preference and gene expression of Ki67
(r ¼ 0.518, p ¼ 0.040) and Nestin (r ¼ 0.626, p ¼ 0.016), suggesting a

3.5. TES reduced plasma corticosterone levels in the CUS rat model
We next determined the effects of CUS and TES on the level of
corticosterone, a major stress hormone (Fig. 4E). One-way ANOVA
revealed a signiﬁcant group difference in the plasma corticosterone
level (F3,29 ¼ 11.562, p < 0.001). The sham-treated CUS rats had a
signiﬁcantly higher concentration of plasma corticosterone than
non-CUS control rats (p < 0.001), indicating a higher stress level
due to CUS. Treatment with TES effectively reduced the corticosterone level in CUS rats (p ¼ 0.001). Treatment with TMZ þ TES
increased corticosterone level compared with TES alone (p ¼ 0.046)
to a level comparable to the sham-treated group.
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Fig. 3. H&E staining of normal and degenerated retinas. (A) Representative images of H&E staining of the retina of control and S334ter-line-3 rats with sham or TES treatments.
Comparison of the thickness of the (B) inner nuclear layer and (C) inner plexiform layer in control and S334ter-line-3 rats with sham or TES treatments. The sham- and TES-treated
S334ter-line-3 rats had signiﬁcantly thinner inner nuclear layer and inner plexiform layer compared to control rats. Scale bar: 50 mm. Data are presented as mean þ SEM.
***p  0.001. GCL: ganglion cell layer; IPL: inner plexiform layer; INL: inner nuclear layer; OPL: outer plexiform layer; ONL: outer nuclear layer; IS: inner segment; OS: outer
segment.

CUS-induced changes on pPKA/PKA ratio (p ¼ 0.006), PSD95
(p ¼ 0.023) and BAX (p ¼ 0.019). Together, these results suggest that
TES induced neuroplasticity-related effects in the CUS model,
potentially leading to improvements in synaptic plasticity and
reduced apoptosis in the hippocampus and amygdala.

positive association between neurogenesis and the hedonic-like
effects of TES. On the other hand, there were no correlations between immobility time in the FST and Ki67 gene expression
(r ¼ 0.314, p ¼ n.s.) or Nestin gene expression (r ¼ 0.410, p ¼ n.s.),
which agreed with the behavioral results that showed
neurogenesis-independent anti-despair effect of TES.

4. Discussion
3.7. TES altered the expression of neuroplasticity-related proteins in
the CUS rat model

Patients with visual impairment are more vulnerable to developing depression and anxiety [2,3]. To investigate whether the
S334ter-line-3 rat model of retinal degeneration can develop
depressive-like behaviors similar to depressive symptoms in
humans, we conducted a series of behavioral tests mimicking the
clinical diagnosis of depression [40,58,59]. The S334ter-line-3 rats
exhibited elevated anxiety levels, as demonstrated in the cylinder
test, OFT, and HCET. There were no signiﬁcant differences in the
forced swim immobility time between the sham-treated S334terline-3 and control rats, which suggests the retinal degeneration
model did not exhibit increased despair compared to control rats.
The electrophysiology study in S334ter-line-3 rats showed the
integrity of visual pathway from the retina to superior colliculus
was preserved. The superior colliculus is a primary subcortical relay
for visual information. An intact visual pathway can potentially
allow the transmission of TES-induced input to visually connected
brain regions, such as the limbic system [4e8]. In S334ter-line-3
rats, TES signiﬁcantly ameliorated anxiety-like behaviors as indicated by the cylinder test, OFT, and HCET. Surprisingly, despite the
lack of despair-like behavior in the sham-treated S334ter-line-3
rats, TES at 100 and 200 mA signiﬁcantly decreased immobility time
in the FST, implying an anti-despair-like effect of TES. In the control
rats, TES did not generally lead to pronounced behavioral changes,
except TES at 100 mA, which increased rearing in the cylinder test
and decreased the distance traveled in the OFT. Overall, the effects
of TES on control rats were inconclusive, as TES at 200 and 500 mA

Neuroplasticity changes induced by chronic stress are closely
associated with the pathophysiology of depression [33]. We
examined the effects of TES on neuroplasticity, particularly on the
synaptic and apoptotic components. To this end, we examined
neuroplasticity-related proteins in the hippocampus (Fig. 5A) and
amygdala (Fig. 5G) of the CUS model. In the hippocampus, one-way
ANOVA showed signiﬁcant group changes in pAKT/AKT ratio
(F2,18 ¼ 8.136, p ¼ 0.004; Fig. 5B), pPKA/PKA ratio (F2,20 ¼ 0.357,
p ¼ 0.704; Fig. 5C), SYP (F2,21 ¼ 8.172, p ¼ 0.003; Fig. 5D), PSD95
(F2,21 ¼ 0.111, p ¼ 0.895, Fig. 5E), and BAX (F2,20 ¼ 8.283, p ¼ 0.003;
Fig. 5F). The sham-treated CUS rats showed a higher pAKT/AKT
ratio (p ¼ 0.013) and a lower SYP expression (p ¼ 0.036) compared
with the non-CUS control rats, whereas TES treatment reversed
these changes (pAKT/AKT: p ¼ 0.013; SYP: p ¼ 0.003). Moreover,
TES treatment also reduced BAX expression compared with the
non-CUS control rats (p ¼ 0.038) and sham-treated rats (p ¼ 0.003).
In the amygdala, one-way ANOVA showed signiﬁcant group
changes in pAKT/AKT ratio (F2,18 ¼ 6.097, p ¼ 0.011; Fig. 5H), pPKA/
PKA ratio (F2,18 ¼ 28.687, p < 0.001; Fig. 5I), SYP (F2,16 ¼ 11.354,
p ¼ 0.001; Fig. 5J), PSD95 (F2,17 ¼ 10.422, p ¼ 0.001; Fig. 5K), and
BAX (F2,15 ¼ 11.624, p ¼ 0.001; Fig. 5L). The sham-treated CUS rats
had lower pAKT/AKT ratio (p ¼ 0.011), pPKA/PKA ratio (p < 0.001),
and SYP level (p ¼ 0.039), but elevated PSD95 (p ¼ 0.002) and BAX
expression (p ¼ 0.002). Treatment with TES effectively reversed the
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Fig. 4. Effects of TES on behavioral outcomes, plasma corticosterone levels, and hippocampal neurogenesis-related gene expression in the CUS rat model. (A) A schematic representation of the experimental timeline and set-up for TES in the CUS model. 12-week-old SD rats were exposed to 3 weeks of CUS. TES at 200 mA was performed during the last
week of CUS followed by behavioral testing for depressive-like behaviors. (B) In the OFT, the CUS and non-CUS rats showed comparable locomotor ability, as indicated by the similar
total distance traveled. (C) In the SuPT, the sham-treated CUS rats showed anhedonic-like response, as indicated by a marked decrease in sucrose preference. The sucrose preference
was restored by TES treatment, which was blocked by TMZ administration, suggesting a neurogenesis-dependent hedonic-like effect by TES. (D) In the FST, the sham-treated CUS
rats exhibited behavioral despair, as demonstrated by increased immobility time. Administration of TES remarkably reduced immobility in the CUS rat model, which was unaltered
with TMZ treatment, suggesting a neurogenesis-independent anti-despair-like effect of TES. (E) Plasma corticosterone level in the CUS model. The CUS rats had signiﬁcantly
increased plasma corticosterone level, indicating higher stress levels. Treatment with TES signiﬁcantly reduced corticosterone back to the non-CUS level. TMZ injection blocked the
effects of TES. (F) Real-time PCR analysis of neurogenesis-related genes in the hippocampus. CUS signiﬁcantly reduced the expression of Ki67 and Dcx. TES treatment upregulated
Ki67 and Nestin, but did not affect the expression of Dcx and NeuN. The administration of TMZ signiﬁcantly abolished the effects of TES on Ki67 and Nestin expression. (G) Scatter
plots displaying correlations between Ki67 and Nestin gene expression, sucrose preference and gene expression of Ki67 or Nestin, and forced swim immobility time and gene
expression of Ki67 or Nestin in the CUS model. Data are presented as mean þ SEM. *p < 0.05; **p  0.01; ***p  0.001.
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Fig. 5. Effects of TES on protein expression related to neuroplasticity and cell death. (A) Representative blot images of pPKA, PKA, pAKT, AKT, SYP, PSD95, and Bax in the hippocampus of CUS model. Densitometric analysis of (B) pAKT/AKT ratio, (C) pPKA/PKA ratio, (D) SYP, (E) PSD95, and (F) BAX in the hippocampus. The CUS rats exhibited increased
pAKT/AKT ratio and reduced SYP expression. Administration of TES in the CUS rats normalized the stress-induced changes in pAKT/AKT ratio and SYP expression, and downregulated BAX. (G) Representative blot images of pPKA, PKA, pAKT, AKT, SYP, PSD95, and Bax in the amygdala. Densitometric analysis of (H) pAKT/AKT ratio, (I) pPKA/PKA ratio, (J)
SYP, (K) PSD95, and (L) BAX in the amygdala. The CUS rats exhibited reduced pAKT/AKT ratio, pPKA/PKA ratio, and SYP expression, but elevated PSD95 and BAX levels. TES in the
CUS rats signiﬁcantly normalized the CUS-induced changes in pPKA/PKA ratio, and PSD95 and BAX expression. Data are presented as mean þ SEM. *p < 0.05; **p  0.01.

whereas TES at 500 mA failed to induce signiﬁcant improvements in
the OFT and FST. These ﬁndings are in agreement with a study
investigating the optimal neuroprotective parameters of TES [11],
which showed repeated administration of 30e60 min of TES at 100
or 200 mA amplitude, 1 or 2 ms pulse width, and 20 Hz frequency

did not induce signiﬁcant changes in all anxiety- and depressionrelated behavioral parameters.
Comparing the effects of different stimulation amplitudes, we
found that TES at 100 and 200 mA elicited the most profound
anxiolytic effects in S334ter-line-3 rats in all behavioral tests,
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induced hedonic-like effect, but not the anti-despair-like effect,
suggesting that TES induced both neurogenesis-dependent and
-independent effects, respectively. The neurogenesis-dependent
hedonic effect of TES was supported by the positive correlations
between sucrose preference and the expression of Ki67 and Nestin
genes. On the other hand, the neurogenesis-independent antidespair-like effect of TES was supported by the lack of correlation
between forced swim immobility time and Ki67 or Nestin expression. However, it should be noted that the use of TMZ as a blocking
agent for cell proliferation not only inhibits neurogenesis, but may
also suppress proliferating glial cells. The results from our study
cannot eliminate the involvement of a gliogenic effect by TES. In
particular, ki67 and nestin are expressed in both neuronal and glial
progenitor cells [70]. Although nestin expression is typically
restricted to neuronal progenitors under physiological conditions,
previous research showed that neuroinﬂammatory insults,
including under chronic stress, could increase microglial proliferation and shift nestin expression towards activated microglia/
macrophages [71,72]. This might suggest that nestin could act as a
marker of inﬂammatory responses. Nevertheless, the expression of
Ki67 and Nestin reported in our current study were unlikely to be
derived from neuroinﬂammation or microglial proliferation as we
did not observe an increase in Ki67 and Nestin after CUS. Furthermore, earlier ﬁndings demonstrated an anti-inﬂammatory role of
TES through suppressing microglial activation [18,73e75]. The
upregulation of Ki67 and Nestin expression after TES treatment in
our study favor a neurogenic effect instead of a glial-mediated inﬂammatory effects. However, further studies are needed to investigate whether glial cells or gliogenesis play a role in the
antidepressant-like effects of TES.
Depressed patients and animal models consistently show a
dysfunctional hypothalamic-pituitary-adrenal (HPA) axis, as shown
by elevated circulating glucocorticoid levels [76e80]. On the other
hand, antidepressant drugs can also normalize glucocorticoid secretions [81e84]. To this end, we investigated plasma corticosterone level in the CUS rats, which showed higher plasma
corticosterone indicating a state of stress and dysregulated HPA
axis. Treatment with TES effectively attenuated the stress-induced
rise in corticosterone levels, suggesting the antidepressant-like
effects of TES might involve normalization of the HPA axis. It has
been reported that animals with depleted neurogenesis by TMZ or
radiation treatments have higher corticosterone levels, likely due to
the loss of a stress response buffering system in the newly formed
hippocampal granule neurons [85,86]. However, in the current
study, the TMZ þ TES-treated CUS rats did not show signiﬁcantly
higher corticosterone levels compared to sham-treated CUS rats,
suggesting that TES can reduce corticosterone levels regardless of
the presence of a neurogenesis blocker.
In depression, stress is reported to alter synaptic plasticity and
apoptosis in the hippocampus and amygdala [33,87e91]. The hippocampus and amygdala have functional connections with the
cortical visual pathway and subcortical retinotectal pathway, and
hence, are also implicated in the processing of visual emotional
stimuli. Similar to previous reports [92e96], we identiﬁed synaptic
dysfunctions in the CUS model, as demonstrated by a signiﬁcant
decrease in the presynaptic marker SYP in both the hippocampus
and amygdala, and an increase in the postsynaptic marker PSD95 in
the amygdala. We found that TES in the CUS rats effectively
normalized the expression of SYP and PSD95 in the hippocampus
and amygdala, respectively, suggesting that TES may induce a
synaptic effect that contributes to the antidepressant-like responses. Moreover, we found that the expression of a pro-apoptotic
marker Bax was downregulated by TES in the CUS animals, suggesting a potential anti-apoptotic mechanism of TES. This agrees
with previous studies that showed Bax was downregulated by TES

induced the most beneﬁcial effects by enhancing the survival of
axotomized retinal ganglion cells in rats. Together with their ﬁndings, our current study suggested that TES at a moderate intensity
of 100 or 200 mA was optimal for relieving ophthalmological or
mental disorders in rats.
We compared the retinal histology between the TES and shamtreated groups to determine whether TES can rescue the degenerated retinal layers in S334ter-line-3 model. In agreement with
previous ﬁndings [37], we found that S334ter-line-3 rats had
signiﬁcantly thinner retinas with a loss of photoreceptor layers
compared to age-matched controls. The histological assessment of
degenerated retinas showed that TES at all tested amplitudes was
unable to rescue the atrophied retinas. Previous studies showed the
photoreceptor degeneration in the S334ter-line-3 rat model begins
as early as P15, whereas signiﬁcant thinning of the outer nuclear
layer becomes apparent by P60 with only a single row of photoreceptors remaining [60]. Given the inherent progressive retinal
degeneration in S334ter-line-3 rats, our TES treatment might not be
optimal or fall within the therapeutic window to rescue the retinas,
as we started the TES treatment at 10 weeks. Another possible
explanation is that the retinas were already too deteriorated before
TES was applied. As the retinal thickness is generally correlated
with a decline in retinal and visual functions [61e63], our results
imply that TES did not enhance visual ability in S334ter-line-3 rats,
and therefore the behavioral improvements observed were mediated through non-visual components.
The promising behavioral results in the retinal degeneration
model prompted us to examine further the antidepressant-like
effects and the underlying mechanisms of TES using the CUS rat
model. The TES treatment was applied at 200 mA based on its
promising antidepressant-like effects in S334ter-line-3 rats (Fig. 1),
and on previous ﬁndings that identiﬁed TES at 200 mA was more
potent than at 100 mA in promoting the expression of neurotrophins and normalizing apoptotic factors [64]. We showed that
TES at 200 mA counteracted the CUS-induced anhedonia- and
despair-like responses, which are the core symptoms of depression
in humans [59]. As we did not observe conclusive antidepressantlike effects of TES in the control groups in study 1, the effects of
TES were not investigated in the non-CUS control rats. Although
TES was shown to alter locomotor activity in S334ter-line-3 rats, we
observed a comparable locomotor ability in the CUS model
regardless of the TES treatment as measured by the distance traveled, which should eliminate any confounding effects of locomotion on the behavioral performance.
It is widely recognized that chronic stress disrupts neuroplasticity and plays a vital role in the development of depression,
whereas antidepressants exert opposite effects by enhancing neuroplasticity [33]. We assessed the effects of TES on different aspects
of neuroplasticity, including neurogenesis, synaptic plasticity, and
apoptosis. Our ﬁndings are concordant with previous studies that
reported a reduction in hippocampal neurogenesis in the CUS
model, as determined by lower expression of Ki67 and DCX, which
are markers of proliferating cells and immature neurons, respectively [65e67]. The neurogenic role of TES was evident by the
upregulation of Ki67 and Nestin, a commonly used marker of
neuronal progenitor cells [68], in the hippocampus of TES-treated
rats. However, the expression of Dcx and Neun, a marker of
mature neurons [53], were not signiﬁcantly altered by TES. One
possible reason is that neuronal progenitor cells in adult rat hippocampus generally take 3e5 weeks to differentiate and mature
[69], whereas the newly formed cells in the present study were in
an earlier stage of proliferation and therefore had yet to express Dcx
and Neun when animals were sacriﬁced. The gene expression study
suggested that the antidepressant-like effects of TES may involve a
neurogenesis mechanism. Treatment with TMZ abolished TES852
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Fig. 6. Proposed model of the antidepressant-like effects by TES. We hypothesized that TES exerts its effects on the hippocampus and amygdala via cortical (solid line) and
subcortical (dotted line) visual pathways, resulting in the observed gene and protein expression changes. The hippocampus and amygdala have regulatory roles in the HPA axis
(dashed line), which normalize glucocorticoid secretions. The TES-induced molecular changes lead to antidepressant-like behaviors, including increased sucrose preference and
reduced forced swim immobility. Amy: amygdala; EC: entorhinal Cortex; Hipp: hippocampus; HPA: hypothalamicepituitaryeadrenal; LGN: lateral geniculate nucleus; LP - lateral
posterior thalamic nucleus; PVN: paraventricular nucleus; SC: superior colliculus; VC: visual cortex. This ﬁgure was created using the BioRender.com software.

the normalization of plasma corticosterone and modulation of
neuroplasticity within the hippocampus and amygdala involving
neurogenesis, synaptic plasticity, and neuronal apoptosis. Other
factors contributing to the antidepressant effects of TES remain an
interesting topic that warrants further study.

in the retina [22,47] and by antidepressants in the CUS animals
[90,91]. Both AKT and PKA signaling pathways are implicated in
neuroplasticity [97e100]. The kinase AKT regulates synaptic plasticity and neuronal apoptosis and is widely expressed in emotional
circuits, including the hippocampus and amygdala. Although AKT
activity was found to be decreased by stress and depression, various
stress models have reported the opposite, with higher pAKT levels
found in the hippocampus and amygdala [101e103]. In our study,
the CUS rats exhibited increased hippocampal AKT activity, which
was normalized by TES treatment, suggesting the beneﬁcial effects
of TES may involve the modulation of AKT signaling. In addition, we
observed reduced PKA activity in the amygdala, as indicated by a
lower pPKA/PKA ratio. As a major regulator of many cyclic adenosine monophosphate-dependent biological processes, PKA plays a
pivotal role in neuronal survival and synaptic plasticity [104].
Reduction of PKA in the amygdala has been demonstrated in a
social defeat stress model of depression [105] and postmortem
brains of depressed patients [106]. Not surprisingly, antidepressants can enhance PKA activation in the amygdala of rats [107].
Furthermore, anxiety-like behaviors in the social defeat stress
model were alleviated by a PKA activator and aggravated by a PKA
inhibitor administered in the amygdala [108]. Our ﬁnding that TES
restored PKA activity in the amygdala of CUS model agrees with the
abovementioned studies, suggesting a role of PKA signaling in the
amygdala on the effects of TES.
Fig. 6 illustrates a hypothetical model summarizing the
antidepressant-like effects of TES. We hypothesized that TES elicits
its effects on the hippocampus and amygdala through functional
connections between cortical and subcortical visual pathways
[4e8], and that the normalization of corticosterone is associated
with limbic regulation of the HPA axis by the hippocampus and
amygdala via the paraventricular nucleus [109e111]. These molecular changes induced by TES treatment eventually translate into
the antidepressant-like behaviors observed in the CUS rat model.
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