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Abstract: Klotho (KL) is a glycosyl hydrolase and aging-suppressor gene. Stress is a risk factor for 
depression and anxiety that are highly comorbid with each other. The aim of this study was to de-
termine KL is regulated by estrogen and plays an important role in sex differences in stress resili-
ence. Our results showed that KL was regulated by estrogen in rat hippocampal neurons in vivo 
and in vitro and was essential for estrogen-mediated increase in the number of presynaptic vesic-
ular glutamate transporter 1 (Vglut1) positive clusters on the dendrites of hippocampal neurons. 
The role of KL in sex differences in stress responses was examined in rats using three-week chronic 
unpredictable mild stress (CUMS). CUMS produced a deficit in spatial learning and memory, an-
hedonic-like and anxiety-like behaviors in male but not female rats, which was accompanied by a 
reduction in KL protein levels in the hippocampus of male, but not female rats. This demonstrated 
the resilience of female rats to CUMS. Interestingly, knockdown of KL protein levels in the rat 
hippocampus of both sexes caused a decrease in stress resilience in both sexes, especially in female 
rats. These results suggest that regulation of KL by estrogen plays an important role in estro-
gen-mediated synapse formation, and KL plays a critical role in the sex differences in cognitive 
deficit, anhedonic-like and anxiety-like behaviors induced by chronic stress in rats, highlighting an 
important role of KL in sex differences in stress resilience.  
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1. Introduction 
The hippocampus is a primary target of estrogens, and plays a key role in learning, 

memory, and stress responses [1]. 17β-estradiol (E2), a major form of estrogen, plays an 
important role in spine formation, synaptic plasticity, learning and memory [1-3]. How-
ever, the underlying mechanism is largely unknown. Our RNA-seq study showed that 
Klotho (KL) mRNA levels in the hippocampus are positively correlated with the levels of 
circulating E2 during the estrous cycle, and the OVX-mediated decrease in hippocampal 
KL mRNA levels is reversed by E2 replacement [4]. These results spurred an interest in 
further studying the regulation of KL by estrogen and function of KL protein in the rat 
hippocampus.  

KL is expressed in the hippocampus [5] and exists in three different forms, a full 
length, transmembrane protein (130 kDa), shed form (cleavage form) and a secreted 
protein (70 kDa) in humans and mice [6-9]. Since secreted KL is not expressed in rats [10, 
11], the KL we investigated in the rat hippocampus is the full length form of KL. 
KL-deficiency shortens lifespan, while KL overexpression slows the aging process and 
extends lifespan [8, 12]. KL is localized in both pre and post-synaptic compartments of 
CA1 pyramidal neurons and regulates synaptic plasticity [5]. KL mutant mice show a 
decrease in both synapse number and the level of synaptophysin in the hippocampus [13] 
and cognitive impairment [14]. KL-overexpressing mice show enhanced cognitive func-
tion [15]. In vitro studies show the neuroprotective properties of KL on hippocampal 
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neurons [16]. These studies exemplify a role of KL in cognition and neuroprotection in 
mice. However, the functions of KL in the rat brain are not well understood. 

The clinical evidence shows that low level of circulating KL is related to depression 
[17-19]. Chronic psychological stress causes a decrease in serum KL in human, and KL is 
positively correlated with the severity of depression symptoms [17]. Patients with major 
depression have decreased KL in the cerebrospinal fluid [18]. These studies suggest an 
important role of KL in depression. Preclinical studies show that chronic unpredictable 
stress results in a decrease in KL mRNA levels in the rat choroid plexus [20], and KL in 
the mouse nucleus accumbens regulates behavioral response to social defeat stress [21]. 
These studies suggest an important role of KL in stress response. Stress is a risk factor for 
depression and anxiety [22] in which there is a sex difference [23]. Depression and anxi-
ety are often present as comorbid disorders [24]. Chronic unpredictable mild stress 
(CUMS), an established animal model of depression, induces anhedonic-like and anxie-
ty-like behaviors [25]. There are sex differences in stress resilience in rodents in which 
females generally show resilience to the detrimental effects of chronic stress on dendritic 
spines, synaptic plasticity, and cognition compared with males [26-29]. However, little is 
known about the underlying mechanisms. These studies motivated us to determine the 
role of KL in sex differences in stress resilience. Understanding of stress resilience should 
result in a better understanding of the mechanisms underlying the stress-related disor-
ders. Our hypothesis is that KL protein level in the rat hippocampus is regulated by es-
trogen, which contributes to the mechanisms underlying estrogen-mediated synapse 
formation, and KL plays a key role in CUMS-induced sex differences in cognitive deficit, 
anhedonic-like and anxiety-like behaviors in rats. Cognitive deficit, anhedonia, the core 
future of depression and anxiety are aligned with important Research Domain Criterion 
(RDoC) [30]. Our results confirm our hypothesis and will most likely enhance our un-
derstanding of estrogen-mediated synapse formation, sex differences in stress resilience. 

2. Results 
2.1. E2 regulated the KL protein levels in the hippocampal neurons 

Our RNA-seq study shows that E2 up-regulates KL mRNA levels in rat the 
hippocampus [4]. To confirm this result, OVX rats received vehicle or E2 treatments for 
48h and 7 days (Fig. 1A). Immunostaining results showed that KL is localized in the 
soma and dendrites of the hippocampal CA1 pyramidal neurons of rats, as expected (Fig. 
S1) [5, 31] and the antibody specificity is validated in KL knockout mice (Fig. S1). E2 
treatment for 48h significantly increased the levels of KL staining intensity in the 
hippocampal CA1 pyramidal neurons of the OVX+E2 group compared to the 
vehicle-treated OVX group (t12 = 3.78, P = 0.003, Fig. 1B-D). Western blot analysis showed 
that 48h E2 treatment had a significant effect on KL protein levels in the hippocampus 
(F2, 15 = 9.18, P = 0.003, Fig. 1E). Similarly, 7-day E2 treatment caused a significant increase 
in the levels of KL staining intensity in the hippocampal CA1 pyramidal neurons (F2, 18 = 
9.5, P = 0.002, Fig. 1F-I) and KL protein levels in the hippocampus (F2, 15 = 22.21, P < 0.001, 
Fig. 1J). These results confirmed that OVX-induced decrease in KL expression was 
reversed by E2 treatment. To determine the effects of E2 on KL and Vglut1 expression in 
cultured hippocampal neurons, primary cultures were treated with vehicle (Fig. 1L1-L3, 
M1-M3), E2 (Fig. 1L4-L6, M4-M6) or E2 plus ICI 182,780 (Fig. 1L7-L9, M7-M9) at Div13 
for 48h as described in our previous study [32]. Vglut1, a marker for excitatory 
presynaptic terminals, was up-regulated by E2 treatment and Vglut1 positive cluster 
numbers were used to evaluate the number of excitatory presynaptic terminals along 
MAP2 positive dendrites (a positive control for KL) [32, 33]. E2 treatment resulted in a 
significant increase in KL protein levels (F2, 6 = 38.86, P = 0.007, Fig. 1K) evaluated by 
western blot and the number of KL positive clusters along MAP2 positive dendrites (F2, 

21 = 10.65, P = 0.004, Fig. 1N). E2-induced increase in both the KL protein levels and the 
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number of KL positive clusters was reversed by ICI182, 780 treatments (Fig. 1K-N). 

 
Figure 1. E2 increased Klotho expression in hippocampus of ovariectomized (OVX) rats and the 
cultured hippocampal neurons. Experimental design (A). Representative images of KL 
immunostaining (red) in the hippocampal CA1 area of sham, OVX and E2-treated OVX (OVX+E2) 
rats (48h after vehicle or E2 injection, B-C; daily vehicle or E2 injection for 7 days, F-H). 
Quantification of fluorescence intensity of KL staining in the hippocampal CA1 area (48h, D; 7d, I). 
Western blot showing the relative KL protein levels in hippocampus of sham, OVX and OVX+E2 
rats (48h, E; 7d, J, n = 6). The cultures were treated with vehicle (Con), 10nM E2 and E2+1 μM ICI 
(ICI182,780, estrogen receptor inhibitor) at Div 13 for 48 hours. Western blot result of hippocampal 
lysate prepared from primary hippocampal culture (K). Immunostaining of cultured hippocampal 
neurons with antibodies specific to KL and MAP2 in Con, E2 and E2+ICI neurons (L). KL staining 
(green, L1, L4, L7); MAP2 staining (blue, L2, L5, L8); and merge of KL and MAP2 (L3, L6, L9). 
Quantification of KL positive clusters in cultured hippocampal neurons (N). Immunostaining of 
cultured hippocampal neurons with antibodies specific to Vglut1 and MAP2 in Con, E2 and 
E2+ICI neurons (M). Vglut1 staining (red, M1, M4, M7), MAP2 staining (blue, M2, M5, M8), and 
merge of Vglut1 and MAP2 (M3, M6, M9). The number of Vglut1 positive clusters in cultured 
hippocampal neurons (O). SO, stratum oriens of CA1 area; SP, stratum pyramidale of CA1 area; 
SR, stratum radiatum of CA1 area. Con, control. Data were shown as mean±SEM. D with T-test, 
others with one-way ANOVA followed by Tukey’ test. *P < 0.05, **P < 0.01, ***P < 0.001. 

As expected, E2 had a significant effect on the number of Vglut1 positive clusters along 
MAP2 positive dendrites (F2, 15 = 11.15, P = 0.001, Fig. 1O). E2-induced increased in the 
number of Vglut1 positive clusters (P < 0.01, Fig. 1M4-M6, O) was reversed by ICI 
182,780 (P < 0.05, Fig. 1M7-M9, O). In addition, inhibition of endogenous E2 synthesis 
with letrozole also caused a decrease in KL protein levels, KL positive clusters and 
Vglut1 positive clusters along MAP2 positive dendrites in the hippocampal neurons (Fig. 
S2) [34]. Overall, these results showed that E2 regulated the levels of KL protein in the 
hippocampal neurons. To determine whether E2 regulates KL expression in the 
hippocampus of male rats, male rats received vehicle or E2 treatment for 7 days, and 
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western blot analysis showed that E2 treatment increased KL protein levels in the male 
hippocampus (Fig. S3). 

2.2. E2 did not affect the number of Vglut1-positive excitatory presynaptic terminal when the 
This experiment was to determine whether E2 affects the number of Vglut1 positive 

clusters along dendrites when endogenous KL protein levels are reduced. Firstly, we 
demonstrated that expression of KL-shRNA1 caused a significant decrease in both the 
intensity of KL staining (t12 = 3.91, P = 0.002, Fig. 2A, B), and the levels of KL protein 
evaluated in cultured hippocampal neurons (F2, 9 = 275.8, P < 0.001, Fig. 2C).  

 
Figure 2. Klotho played an essential role in E2-mediated increase in the number of Vglut1 positive 
clusters in hippocampal neurons. Primary cultured hippocampal neurons were transfected with a 
vector encoding scrambled control shRNA (sh-Scr, A1-A4) or Klotho shRNA (sh-KL, A5-A8) at 
Div 10, and the neurons were fixed for double immunostaining with anti-KL (red) and anti-MAP2 
(blue) antibodies at Div14. The dashed lines in A6 showed the dendrites of the non-transfected 
neuron which did not express Klotho shRNA-GFP (A). Quantification of KL expression in 
cultured hippocampal neurons (B). Designed two different Klotho shRNA, sh-KL #1 and sh-KL# 2. 
Vectors encoding sh-Scr and sh-KL were introduced into hippocampal neurons by electroporation 
at the time of plating and the western blot result (C) showed that expression of shRNA #1 and #2 
reduced klotho (130kDa) expression effectively. We used sh-KL #1 in the following experiments. 
Cultured hippocampal neurons were transfected with a vector encoding sh-Scr (D1-D8) and sh-KL 
(D9-D16) at Div 10, and the cultures at Div 13 were treated with vehicle (D1-D4, D9-D12) or 10 nM 
E2 (D5-D8, D13-D16) for 48h before fixing for double immunostaining with antibodies specific to 
Vglut1 (red) and MAP2 (blue) (D). Quantification of Vglut1 positive clusters (E). One-way and 
two-way ANOVA followed by Tukey’s test. Data were shown as mean±SEM. **P < 0.01, ***P < 
0.001. 

To determine whether E2-mediated up-regulation of KL expression is required for 
E2-induced increase in the number of Vglut1 positive clusters, the cultured hippocampal 
neurons were transfected with a vector encoding KL-shRNA-GFP or 
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scrambled-shRNA-GFP at Div 10. At Div 13, the cultures were treated with vehicle or E2 
for 48h (Fig. 2D) as described [32]. Two-way ANOVA analysis showed that KL-shRNA 
and E2 treatment had a significant effect on the number of Vglut1-positive clusters 
(interaction: F1, 21 = 4.71, P = 0.04; shRNA: F1, 21 = 324.8, P < 0.001; E2: F1, 21 = 24.76, P < 0.001; 
Fig. 2D, E)). Post hoc Tukey’s test showed that in KL-shRNA-expressing neurons, 
Vglut1-positive clusters were decreased in comparison to scrambled-shRNA-expressing 
neurons (P < 0.001, Fig. 2D9-D12 vs D1-D4, Fig. 2E). In scrambled-shRNA-expressing 
neurons, E2 treatment caused a significant increase in the number of Vglut1-positive 
clusters versus vehicle-treated scrambled-shRNA-expressing neurons (P < 0.01, Fig. 
2D5-D8 vs D1-D4, Fig. 2E). However, this effect of E2 was eliminated in 
KL-shRNA-expressing neurons (P > 0.05, Fig. 2D13-D16 vs D9-D12, Fig. 2E). E2 no 
longer increased the number of Vglut1 positive clusters in hippocampal neurons after 
KL expression was decreased by KL-shRNA.  

2.3. CUMS-induced deficit in spatial learning and memory, anhedonic-like and anxiety-like 
behaviors were accompanied by a decrease in KL protein levels in male rats only 

To determine the effects of CUMS on KL protein expression in the rat hippocampus, 
rats of both sexes received CUMS for 3 weeks (Fig. 3A).   
Spatial learning and memory. The Morris water maze (MWM) test was used to 
evaluate spatial learning and memory. On day 5 during the 5-day learning phase, we 
detected a significant main effect of stress (F1, 28 = 23.51, P < 0.0001) and sex (F1, 28 = 5.88, P 
= 0.022) on escape latency to the platform, where only male stressed rats took 
significantly longer time to find the platform than unstressed males (P < 0.01; Fig. 3B). 

 
Figure 3. CUMS-induced spatial learning and memory impairment, anhedonic-like and 
anxiety-like behaviors in male rats were accompanied by a decrease in KL protein levels in 
hippocampus of male but not female rats. Experimental design. SPT (sucrose preference test), OFT 
(open field test) and MWM (Morris water maze) test (A). The latency to platform in rats of both 
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sexes during 5-day training in the MWM test. CUMS decrease the latency on day 5 during training 
in male, but not female rats (B). CUMS decreased the number of platform crossings (C) and time 
spent in the target quadrant (D) in males only on day 6 during the probe trial. Only male rats 
showed a decrease in sucrose consumption in the SPT after CUMS (E). Time spent in the center of 
the open field (F), the number of rearing (G), the number of grooming (H) and the total distance 
travelled (I) in the OFT. Representative confocal images of KL staining (red) in the hippocampal 
CA1 area in female control (J), female CUMS (K), male control (L) and male CUMS (M) rats. 
Quantification of fluorescence intensity of KL staining in hippocampal CA1 area in male and 
female rats (N). Western blot analysis of KL protein (130kDa) in hippocampus of male and female 
rats (O, P). Data were shown as mean±SEM. Two-way ANOVA followed by Tukey’s test. *P < 0.05, 
**P < 0.01, ***P <0.001 n = 8-10. 

During the probe trial on day 6, stress and sex had a significant effect on platform area 
crossings (Interaction: F1, 28 = 10.94, P = 0.003, Fig. 3C, Table S1) and time spent in the 
target quadrant (interaction: F1, 28 = 9.29, P = 0.005; stress: F1, 28 = 12.97, P = 0.001; sex: F1, 28 = 
4.03, P = 0.05; Fig. 3D). Tukey’s test showed that stressed male, but not stressed female 
rats exhibited a decrease in platform area crossings (P < 0.01, Fig .3C) and time spent in 
the target quadrant (P < 0.001, Fig. 3D) compared to unstressed controls, respectively 
(Fig. 3B-D).  

Although the MWM has been widely used to evaluate CUMS-induced deficit in 
spatial learning and memory [35-38], swimming in the MWM which may be a stressor to 
animals and affect the CUMS-mediated results. The Barnes maze test (BMT) is generally 
thought to be less stressful than the Morris water maze according to plasma 
corticosterone levels, and more sensitive to early cognitive deficits [39, 40]. To determine 
whether the swimming in the MWM test affects the results of the MWM, another cohort 
of rats of both sexes receiving the same CUMS exposure, the BMT was used to verify the 
results of the MWM test. Our results showed that swimming in the MWM did not affect 
the results of the MWM test since the results of MWM and BMT are identical (Fig. S4), 
which may result from the fact that swimming that was included in our CUMS protocol 
is a novel stress to rats in the MWM test.  

In the Barnes Maze test, stress and sex displayed a significant effect on escape 
latency on day 4 during 4-day training (interaction: F1, 24 = 9.67, P = 0.005; sex: F1, 24 = 15.99, 
P = 0.0005; stress: F1, 24 = 33.37, P < 0.0001; Fig. S4A). Tukey’s test showed that only 
stressed males exhibited an increase in escape latency compared to unstressed males (P < 
0.0001). On day 7 during the probe trial, there was a significant effect of sex and/or stress 
on the escape latency (interaction: F1, 24 = 8.71, P = 0.007; stress: F1, 24 = 22.99, P < 0.0001 
Fig.S4B, Table S1); Only stress had a significant effect on number of errors to find the 
target hole (F1, 24 = 20.59, P = 0.0001) and time spent in the target quadrant (F1, 24 = 8.32, P = 
0.008). Tukey’s test showed that on day 7 during the probe trail, stressed males, but not 
stressed females showed an increase in escape latency (P < 0.001, Fig.S4B), a decrease in 
time spent in the target quadrant (P < 0.05, Fig.S4C) and an increase in number of errors 
to locate the target hole (P < 0.001, Fig.S4D) compared to unstressed controls. These 
results showed that CUMS caused a deficit in spatial learning and memory in males only, 
and females were resilient to CUMS. 

Anhedonic-like behavior. Sucrose consumption in the SPT was used to evaluate 
anhedonic-like behavior. Stressed rats that did not like sweet by drinking less sucrose 
solution showed anhendoic-like behavior. Two-way ANOVA analysis revealed a 
significant main effect of sex (F1, 36 = 6.14, P = 0.02) and stress (F1, 36 = 9.15, P = 0.005) on 
sucrose consumption (Table S1). CUMS caused a significant decrease in sucrose 
consumption in males compared with male control (P < 0.05), but CUMS did not alter 
sucrose consumption in females (Fig. 3E). CUMS-induced anhedonic-like behavior is sex 
dependent.  

Anxiety-like behavior: Stress had a significant effect on time spent in the center (F1, 

36 = 8.89, P = 0.006), rearing (F1, 28 = 11.39, P = 0.002), and the distance travelled (F1, 28 = 9.98, 
P = 0.004) in the OFT. Sex also had a significant effect on time spent in the center (F1, 28 = 
32.05, P < 0.0001), rearing (F1, 28 = 6.31, P = 0.002), and the distance travelled (F1, 28 = 5.96 P 
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= 0.02) in the OFT (Table S1). Tukey’s test showed that CUMS caused a significant 
decrease in time spent in the center (P < 0.01, Fig. 3F), the number of rearing (P < 0.05, 
Fig. 3G), and the distance travelled (P < 0.05, Fig. 3I) in the OFT in males compared to 
unstressed male controls. CUMS did not alter grooming in rats of both sexes (Fig. 3H). 
CUMS induced anxiety-like behaviors in male, but not female rats. 

Since KL is associated with cognition and stress response, the next experiment was 
to determine whether the CUMS-induced deficit in spatial learning and memory, 
anhedonic-like and anxiety-like behavior,in male rats was accompanied by an alteration 
in KL expression in the hippocampus. The results showed that there was a significant 
main effect of stress on the integrated intensity of KL staining in CA1 pyramidal neurons 
(F1, 16 = 17.83, P = 0.006; Table S1). CUMS induced a significant decrease in the integrated 
intensity of KL staining in CA1 pyramidal neurons in male, but not female rats 
compared to unstressed controls (P < 0.01, Fig. 3J-N). Western blot results showed that 
stress and sex had a significant effect on the levels of KL protein in the hippocampus 
(interaction: F1, 24 = 7.13, P = 0.01; sex: F1, 24 = 7.13, P = 0.01; stress: F1, 24 = 18.16, P = 0.0003, 
Fig. 3O, P). Tukey’s test showed that stressed male, but not female rats displayed a 
significant decrease in the levels of KL protein in the hippocampus compared with 
unstressed controls (P < 0.01). Females showed a significantly higher degree of resilience 
to stress than males. Sex differences in CUMS-mediated decrease in KL expression may 
contribute to the sex difference in resilience to stress. 

2.4. Reduction of endogenous KL in hippocampus did not alter spatial learning and memory, 
anhedonic-like and anxiety-like behavior in rats of both sexes 

CUMS-induced decrease in KL expression in the hippocampus was accompanied 
by a deficit in spatial learning and memory, anhedonic-like and anxiety-like behaviors in 
male, but not female rats, which raised the possibility that endogenous KL plays a key 
role in the sex differences in stress resilience. To address this question, endogenous KL 
expression in the rat hippocampus of both sexes was knocked down (KL-KD) by 
expressing AAV vector encoding KL-shRNA for 3 weeks compared to control rats of 
both sexes expressing scrambled shRNA (KL-CO) (female: t10 = 29.9, P < 0.001; male: t10 = 
6.46, P < 0.001; Fig. 4A-D).  

Spatial learning and memory. The MWM test showed that KL-KD did not have a 
significant effect on the latency to platform during training on day 1-5, the number of 
platform area crossings and time spent in the target quadrant on day 6 during the probe 
trail (Fig.4E-G, Table S1).  

Anhedonic-like and anxiety-like behaviors. KL-KD did not have a significant 
effect on sucrose preference in sucrose preference test (Fig. 4H), time spent in the center 
of the open filed (Fig. 4I) number of rearing (Fig. 4J), number of grooming (Fig. 4K) and 
the total distance travelled in the OFT (Fig. 4L) in rats of both sexes (Table S1). These 
results showed that reduction of hippocampal KL did not impair spatial learning and 
memory, induce anhedonic-like and anxiety-like behaviors in rats of both sexes. The 
next experiment was to determine whether reduction of endogenous KL levels alter sex 
difference in resilience to stress. 
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Figure 4. AAV-mediated decrease in the expression of hippocampal klotho (KL) protein did not 
impair spatial learning and memory in Morris water maze test, and induce anhedonic-like 
behaviors. Experimental design. SPT (sucrose preference test), OFT (open field test) and MWM 
(Morris water maze) test (A). Representative image of AAV-KLshRNA-GFP expression (B). 
Western blot analysis showed a decrease in the levels of hippocampal KL protein (130kDa) by 
Klotho shRNA (sh-KL) compared with scrambled shRNA (sh-Scr) in female (C) and male rats (D). 
In the MWM, decreased expression of KL did not alter the latency to platform on day 1-5 during 
training in the MWM (E), the number of platform area crossings (F) and time spent in target 
quadrant on day 6 (G) during probe trial in male and female rats. No significant difference 
between sh-KL and sh-Scr groups in sucrose consumption was found in the SPT (H). Time spent 
in the center of the open field (I), the number of rearing (J), the number of grooming (K) and total 
distance travelled (L) in the OFT. C-D, T-test; E, two-way repeated measures ANOVA; F-L, 
two-way ANOVA followed by Tukey’s test. Data were shown as mean±SEM. ***P < 0.001, n = 8-13. 

2.5. Endogenous KL plays an essential role in sex differences in CUMS-induced deficit in spatial 
learning and memory, anhedonic-like and anxiety-like behaviors 

To determine whether KL-KD altered stress resilience in female rats, rats of both 
sexes which had KL-KD or KL-CO were subjected to CUMS for 2 weeks (Fig. 5A). The 
rational for using 2-week CUMS is based on our time course of sucrose preference test in 
which 2-week, but not 1-week CUMS induced a significant decrease in sucrose 
consumption in KL shRNA-expressing rats, but not scrambled shRNA-expressing rats of 
both sexes. Three-week CUMS induced behavioral phenotypes in normal male rats only 
(Fig. 3).  

Spatial learning and memory. Three-way ANOVA analysis revealed a significant 
main effect of shRNA (F1, 56 = 10.99, P =0.002) and stress (F1, 56 = 25.61, P < 0.0001) on 
escape latency on day 5 during training (Table S2). Tukey’s test showed that two-week 
CUMS caused a significant decrease in escape latency in KL-KD female (P < 0.05) and 
male (P < 0.05) rats compared to unstressed KL-CO controls (Fig. 5B). However, CUMS 
did not alter escape latency in normal rats of both sexes. These results showed that  
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Figure 5. AAV-mediated decrease in KL protein levels increased stress susceptibility and 
diminished sex differences in spatial learning and memory deficit, anhedonic-like and 
anxiety-like behaviors induced by 2-week CUMS. Experimental design. SPT (sucrose preference 
test), OFT (open field test) and MWM (Morris water maze) test (A). In the MWM, CUMS did not 
alter the latency to platform in KL normal rats of both sexes during 5-day training, but CUMS 
caused a decrease in the latency to platform in KL-KD (knockdown) rats of both sexes on day 5 
during training (B). CUMS did not alter the number of platform area crossings (C) and time spent 
in the target quadrant (D) in KL normal rats of both sexes. In contrast, in KL-KD rats of both sexes, 
CUMS decreased the number of platform area crossings (C) and time spent in the target quadrant 
(D) in the MWM test. CUMS caused a decrease in sucrose consumption in the SPT (E), a decrease 
in time spent in the center of open field (F), a decrease in rearing times (G), a decrease in grooming 
times (H) and total distance travelled (I) in the OFT in KL-KD rats of both sexes. Data were shown 
as mean±SEM. B, three-way repeated measures ANOVA; C-I, three-way ANOVA followed by 
Tukey’s test. *P < 0.05, **P < 0.01, **P < 0.001, **P < 0.0001, n=6-8. sh-KL, KL-shRNA; sh-Scr, control 
scrambled shRNA. 

two-week CUMS induced a deficit in spatial learning in male and female rats when 
endogenous KL expression was reduced. Consistent with these results, there was a 
significant main effect of shRNA (F1, 56 = 18.17, P < 0.0001), a main effect of stress (F1, 56 = 
26.47, P < 0.0001) and a significant effect of shRNA x stress interaction (F1, 56 = 5.53, P = 
0.02) on platform area crossings (Fig. 5C, Table S2). Tukey’s test showed that 2-week 
CUMS caused a significant decrease in platform area crossings in KL-KD females (P < 
0.01) and males (P < 0.05) compared to unstressed KL-KD controls (Fig. 5C). Similarly, 
there was a significant effect of shRNA (F1, 56 = 21.56, P < 0.0001) and stress (F1, 56 = 18.75, P 
< 0.0001), and a significant interaction of shRNA x stress (F1, 56 = 4.04, P = 0.049) on time 
spent in the target quadrant (Fig. 5D, Table S2). CUMS caused a significant decrease in 
time spent in the target quadrant in KL-KD females (P < 0.05) and KL-KD males (P < 0.05) 
compared to unstressed KL-KD controls (Fig. 5D). However, CUMS did not alter these 
behaviors in normal KL-CO rats of both sexes. Two-week CUMS induced a similar 
deficit in spatial memory in KL-KD rats of both sexes, and reduction of endogenous KL 
expression diminished the sex differences in stress resilience.  

Anhedonic-like behavior. Three-way ANOVA analysis showed that there was a 
significant main effect of shRNA (F1, 56 = 7.68, P = 0.008), stress (F1, 56 = 27.09, P < 0.0001) 
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and shRNA x stress interaction (F1, 56= 4.1, P = 0.049) on sucrose consumption (Fig. 5E, 
Table S2). Tukey’s test showed that CUMS caused a significant decrease in sucrose 
consumption in KL-KD females (P < 0.01) and males (P < 0.05) compared to unstressed 
KL-KD controls (Fig. 5E). Two-week CUMS induced a similar level of anhedonic-like 
behavior in KL-KD, but not normal male and female rats.  

Anxiety-like behavior was evaluated by time spent in the center of the open field. 
There was a significant main effect of shRNA (F1, 56 = 53.66, P < 0.001), stress (F1, 56 = 38.05, 
P < 0.0001) and a significant interaction of shRNA x stress (F1, 56 = 6.14, P = 0.02) on time 
spent in the center (Fig. 5F, Table S2). Tukey’s test showed that CUMS caused a 
significant decrease in time spent in the center in KL-KD females (P < 0.0001) and males 
(P < 0.05) compared to unstressed female and male KL-KD controls, respectively (Fig. 
5F). These results showed two-week CUMS induced anxiety-like behavior in KL-KD 
female and male rats with more severe phenotype in females. In addition, there was a 
significant effect of stress on rearing (F1, 56 = 17.11, P = 0.0002, Fig. 5G) and grooming (F1, 56 

= 26.55, P < 0.0001, Fig. 5H), and a significant interaction of shRNA x stress on rearing (F1, 

56= 6.6, P = 0.01, Fig. 5G) and grooming (F1, 56= 4.67, P = 0.04, Fig. 5H) (Table S2). Post hoc 
multiple comparison tests revealed that CUMS caused a significant decrease in rearing 
(P < 0.05) and grooming (P < 0.05) times in KL-KD, but not normal KL-CO rats of both 
sexes compared to unstressed controls (Fig. 5G-H). CUMS induced a similar decrease in 
rearing and grooming times in male and female rats when endogenous KL expression 
was reduced. Similarly, there was a significant main effect of shRNA (F1,56 = 22.3, P < 
0.0001), stress (F1, 56 = 18.96, P < 0.0001) and the interaction of shRNA x stress (F1, 56 = 10.57, 
P = 0.002) on total distance travelled (Fig. 5I, Table S2). CUMS caused a significant 
decrease in total distance travelled in KL-KD males (P < 0.05) and females (P < 0.01), but 
not normal KL-CO males and females compared to unstressed controls (Fig. 5I). 
Two-week CUMS induced a similar decrease in total distance travelled in KL-KD male 
and KL-KD female rats. 

Overall, in KL intact control rats of both sexes, two-week CUMS did not alter 
cognitive function, induce anhedonic-like and anxiety-like behaviors. Reduction of KL 
expression in the hippocampus did not alter these behaviors, but decreased resilience, 
especially female rats, to stress and diminished the sex differences in CUMS-induced 
deficit in spatial learning and memory, anhedoic-like and anxiety-like behaviors, 
highlighting an important role of KL in the sex differences in stress resilience. 

3. Discussion 

3.1. E2 regulated KL expression in hippocampal neurons 
Immunostaining showed that KL is localized in the soma and dendrites of 

hippocampal CA1 pyramidal neurons and MAP2 positive dendrites of cultured 
hippocampal neurons, in agreement with previous studies [5, 31]. E2 treatments for 48h 
and 7 days significantly reversed OVX-mediated decrease in KL protein levels in the 
hippocampus. There are three KL forms with different functions, a full length, 
transmembrane KL (130 kDa), shed KL and a secreted KL (70 kDa) in humans and mice 
[6, 7, 41]. Our study focused on full length KL. Secreted KL which is expressed in mice 
and humans, but not expressed in rats [10, 11] plays an important role in spatial learning 
and memory in mice [6, 42]. Our western blot results confirmed that E2 replacement 
reversed OVX-mediated decrease in KL protein (130kDa) level in OVX rat hippocampus. 
This is in agreement with our previous study [4]. To our knowledge, this is the first 
report that showed regulation of KL protein by E2 in the rat hippocampus. E2 increases 
the excitatory synapse number in hippocampal neurons [33]. KL deficient mice show a 
decrease in synapse number in the hippocampus [13]. These studies suggest an 
important role of KL in E2-mediated synapse formation. 

Our results indicated localization of KL positive clusters on the dendrites of 
dissociated hippocampal neurons, and E2 treatment caused an increase in the number of 
both KL positive and Vglut1 positive clusters along MAP2 positive dendrites. Vglut1 is 
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localized to the presynaptic side of excitatory synapses, and the number of Vglut1 
positive clusters on the dendrites reflects the number of excitatory synapses [32]. The 
E2-mediated increase in the number of Vglut1 clusters is in agreement with our previous 
study [32] and reports by others [33, 43, 44]. Western blot analysis confirmed 
upregulation of KL protein by E2 in dissociated hippocampal neurons. Reversal of 
E2-mediated increase in KL protein levels in hippocampal neurons by ICI 182,780 [33] 
showed regulation of KL expression by E2 via estrogen receptors, but further study is 
required to determine which estrogen receptors contribute to this effect.  

3.2. KL plays an essential role in E2-medaited synapse formation in hippocampal neurons 
Letrozole-mediated decrease in the number of KL positive clusters was 

accompanied by a decrease in the number of Vglut1 positive clusters in the dendrites of 
the hippocampal neurons, in agreement with previous report that inhibition of 
endogenous E2 synthesis by letrozole causes a decrease in synapse number in 
hippocampal neurons [43, 45], which raised the hypothesis that KL plays an important 
role in E2-mediated synapse formation. E2 treatment caused a significant increase in the 
number of Vglut1-positive clusters along the MAP2 positive dendrites of 
GFP-expressing hippocampal neurons expressing scramble-shRNA. As expected, the 
ability of E2 to increase the number of Vglut1 positive clusters was eliminated in 
cultured hippocampal neurons expressing KL shRNA, which showed that E2 treatment 
no longer significantly increased the number of Vglut1-positive clusters when 
endogenous KL expression in these neurons was reduced. These results demonstrated 
that endogenous KL plays an essential role in E2-mediated formation of excitatory 
synapses in hippocampal neurons. Importantly, our results showed that decreased KL 
levels by KL-shRNA led to a similar decrease in the number of Vglut1 positive clusters 
in hippocampal neurons compared with scramble-shRNA-expressing control neurons in 
which KL levels were intact. These results showed an essential role of KL in the 
formation of excitatory synapses in hippocampal neurons. The mechanism through 
which endogenous KL regulates the number of Vglut1 positive clusters and affects 
E2-mediated formation of Vglut1 positive clusters is one of our future research 
directions. Estrogen plays a key role in sex differences in cognition, and there is a sex 
difference in both stress resilience and chronic stress-mediated cognitive deficit in 
rodents [29]. KL may play a role in sex differences in stress resilience characterized by 
sex differences in cognitive deficits, anhedonic-like and anxiety-like behaviors induced 
by CUMS 

3.3. Sex differences in CUMS-induced KL expression is associated with sex difference in stress 
resilience in behaviors 

Cognitive deficit, anhedonia and anxiety are often comorbid in depression [46, 47]. 
CUMS, an established animal model of depression, is widely used to induce cognitive 
deficits, anhedonic-like and anxiety-like behaviors in rodents [35, 48]. CUMS-induced 
deficit in spatial learning and memory in male, but not female rats is in agreement with 
previous studies in which chronic stress generally induced a cognitive deficit in male but 
did not have an effect on cognition or even enhance cognitive function in female rodents 
[27, 29]. CUMS-induced decrease in time spent in the center of the open field in males 
showed increased anxiety-like behavior, in line with previous reports [49, 50]. There are 
conflicting reports about the sex differences in CUMS-induced anhedonic-like behaviors 
in rats [51-54]. Rearing and grooming behaviors are the indicators of the emotional state 
of rats [55]. CUMS-induced decrease in time spent in the center and grooming times 
showed a high level of anxiety-like behavior [56]. However, conflicting reports 
suggested that rearing and grooming behaviors may not be the best indexes for 
anxiety-like behavior [57, 58]. The estrous cycle in female rats was not taken into 
consideration in the current study as CUMS disrupted the estrous cycle [51, 52]. 
CUMS-mediated decrease in the level of KL protein in the hippocampus is consistent 
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with previous reports in which chronic stress causes a decrease in the KL mRNA levels 
in the hippocampus and choroid plexus of male rats [20, 59], but female rats were not 
included in these studies. However, the mechanisms through which chronic stress 
induce sex differences in cognitive deficit are largely unknown. In this study, the 
CUMS-induced deficit in spatial learning and memory, anhedonic-like and anxiety-like 
behaviors in male rats was accompanied by a decrease in the levels of KL protein in the 
hippocampus of male but not female rats. Previous reports show that KL in the brain is 
required for maintaining a normal cognitive function in mice, since global knock down 
of KL in the mouse brain causes a cognitive deficit [14]. Global overexpression of KL in 
the mouse brain [60] and KL overexpression in the bilateral ventricles of mouse brain 
enhances cognition [61]. Downregulation of hippocampal KL is correlated with 
impairment in hippocampal-dependent memory in mice [62]. These results generated 
our hypothesis that the inability to decrease KL expression in the female hippocampus 
in the presence of chronic stress is responsible for the sex differences in chronic 
stress-induced deficit in spatial learning and memory, anhedonic-like and anxiety-like 
beahviors. We tested our hypothesis and discussed the results below. 

3.4. Endogenous KL in the hippocampus is essential for sex difference in stress resilience 
To test our hypothesis, rats of both sexes were exposed to CUMS after knocking 

down expression of full length KL in bilateral hippocampus. The rationale for selecting 
the hippocampus is that the hippocampus is vulnerable to stress, associated with 
anhedonic-like and anxiety-like behaviors, and plays an important role in learning and 
memory. Furthermore, KL is highly expressed in the rat hippocampus. To our 
knowledge, we showed for the first time that specific knockdown of KL in the rat 
hippocampus did not induce a clear deficit in spatial learning and memory, 
anhedonic-like and anxiety-like behaviors in males and females. KL deficiency-mediated 
impairment in cognition in mice may contribute to secreted KL [63] because 
overexpression of the secreted form of KL enhances cognition while reduction of the 
secreted form of KL impairs cognition in mice [42]. Secreted KL was not expressed in the 
rat hippocampus [11]. Our results suggest that full length KL in the hippocampus does 
not play an essential role in maintaining cognitive function in rats, which requires 
further study, since all previous studies that show a role of KL in spatial memory were 
performed in mice. Interestingly, three-week CUMS impaired spatial learning and 
memory in male but not female rats, as expected when endogenous KL expression was 
not disrupted. However, two-week CUMS induced a deficit in spatial learning memory, 
anhedonic-like and anxiety-like behaviors in both female and male rats when 
endogenous KL levels were reduced using KL shRNA. Two-week CUMS did not alter 
cognitive function, anhedonic-like and anxiety behaviors in rats of both sexes when 
endogenous KL levels were intact. Furthermore, the sex differences in CUMS-induced 
deficit in spatial learning and memory, anhedonic-like and anxiety-like behaviors were 
diminished when the levels of endogenous KL protein were reduced in the rat 
hippocampus of both sexes. Estrogen plays a key role in the sex differences in chronic 
stress-mediated cognitive deficits, because inhibition of estrogen receptors or blocking of 
endogenous estrogen synthesis impairs cognition in female rats and diminishes the sex 
differences [27]. Underlying mechanisms are not clear. Regulation of KL by estrogen 
may contribute to the underlying mechanism. Our results indicated that E2 up-regulated 
KL expression in the hippocampus of female rats that were resilient to CUMS-induced 
cognitive deficit, while a reduction in KL expression in the hippocampus decreased this 
resistance to stress in female rats and diminished the sex differences in CUMS-induced 
deficit in spatial learning and memory, anhedonic-like and anxiety-like behaviors by 
increasing the susceptibility of female rats to chronic stress. These studies suggest an 
important role of KL in sex differences in resilience to stress. Estrogen-mediated KL 
expression plays a crucial role in counteracting the detrimental effects of chronic stress 
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on cognition in female rats. The underlying mechanism of this effect should be 
addressed in future studies. 

In conclusion, E2 up-regulated KL protein levels in rat hippocampal neurons. E2 
cannot increase Vglut1 expression and the number of Vglut1 positive clusters along 
dendrites of hippocampal neurons when endogenous KL levels are decreased. KL plays 
an essential role in the E2-mediated formation of excitatory synapses. A 
CUMS-mediated decrease in the level of KL protein in the hippocampus of male, but not 
female rats was accompanied by a deficit in spatial learning and memory, 
anhedonic-like and anxiety-like behaviors in males only. The AAV-KL shRNA-mediated 
decrease in KL levels in the hippocampus of female rats decreased the resilience of 
female rats to stress, and diminished sex differences in CUMS-induced cognitive deficit, 
anhedonic-like and anxiety-like behaviors. These findings support our hypothesis that 
KL plays a key role in sex differences in stress resilience. 

4. Materials and Methods 

4.1. Animals and reagents  
Ten-week old male and female Sprague–Dawley rats were purchased from the 

laboratory animal center of Xi’an Jiaotong University (Xi’an, China). Animals were 
housed in a temperature (21 ± 1℃) and humidity-controlled (60-65%) animal care facility 
with 12-h light/-12-h dark cycle and unrestricted access to food and tap water. The 
animal protocol was approved by the Animal Care Committee of Shaanxi Normal 
University (Xi’an, China). All manipulations were performed in accordance with the 
ethical principles of animal use and care. All animals were adapted to the laboratory 
conditions for 7 days before starting the experiment.  

The following reagents were used: β-Estradiol 3-benzoate (E8515, Sigma Aldrich), 
sesame oil (S3547, Sigma Aldrich), β-Estradiol suitable for cell culture (E2257, Sigma 
Aldrich), ICI182,780 (estrogen receptor antagonist, 1047, TOCRIS), Letrozole (aromatase 
inhibitor, 4382, TOCRIS), Primary antibodies: Klotho (AF1819, R&D system, 
immunostaining and Western blot), Klotho (ab203576, Abcam, western blot), vesicular 
glutamate transporter (Vglut1) (AB5905, Millipore), MAP2 (sc-32791. Santa Cruz).  

4.2. Ovariectomy (OVX) and estradiol replacement 
Bilateral OVX or sham surgery was performed as described in our previous studies 

[4, 32]. The animals were randomly divided into 4 groups: sham, OVX+vehicle, OVX+E2 
(7days), OVX+E2 (48h). Ten days after surgery, OVX rats received subcutaneous 
injection of 10µg of β-Estradiol 3-benzoate dissolved in 100μl sesame oil or 100μl sesame 
oil only (vehicle) [4]. For OVX+E2 (7days) group, the rats received E2 for 7 consecutive 
days, and for OVX+E2 (48h) group, rats received one subcutaneous injection of E2 and 
were sacrificed 48 hours after injection. Successful OVX was confirmed by measuring 
circulating E2 levels.  

4.3. Primary rat hippocampal neurons, drug treatments and transfection 
Primary cultures of hippocampal neurons were prepared from embryonic day 18 

Sprague Dawley rats of mixed sexes as described [32]. The cultures were treated with 10 
nM E2, vehicle or E2 plus 1 μM ICI182, 780 or E2 plus 0.1 μM letrozole at Div 13 for 48h 
and then cultures were fixed with 4% paraformaldehyde and stained at Div 15 with 
antibodies specific to KL, Vglut1, and MAP2 as described [34]. To reduce KL expression, 
two rat KL shRNAs were designed (BLOCK-iT™ RNAi Designer). The shRNAs were 
annealed and ligated into a pAAV-U6-IRES-hrGFP vector. The inhibition efficiency of 
KL shRNAs was confirmed in rat hippocampal cultures. One of the rat KL shRNAs 
(CCTTACTTCGAGAAATGCGGG, nt1772-1792, NM_031336.1) was used based on its 
higher knockout efficiency, and the specificity of this shRNA was previously confirmed 
[64]. In addition, a non-target shRNA (Scrambled shRNA) 
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(GTCTGTCCTGTCGTCTCTTAA) was used as a control. For shRNA knock-down 
experiments, pAAV-U6-IRES-hrGFP vector encoding KL shRNA or scrambled shRNA 
(control) was introduced into hippocampal neurons via electroporation at the time of 
plating at day 0 or using Lipofectamine 2000 Reagent (Invitrogen) at Div 10 as described 
[32].  

4.4. Western blot  
Western blot was performed as described [65]. Total protein was extracted from 

whole hippocampus or primary cultures using RIPA buffer (Solorbio Life Sciences, # 
R0010). Samples were homogenized using a Pro Homogenizer and the protein 
concentration was determined using the bicinchoninic acid assay (BCA) with bovine 
serum albumin as standard. Briefly, 30 μg proteins were loaded per lane on an 8-10% 
gradient acrylamide gel and proteins were transferred to Immobilon-P transfer 
membranes (Millipore) and incubated with the following primary antibodies: KL (1:1000, 
ab203576, Abcam), GAPDH (1:10000, ZSGB-BIO). After incubation with the 
corresponding secondary antibodies, membranes were visualized using the 
Luminescent imaging system (Tanon, China). The signal for each target protein was 
normalized to the GAPDH signal before being analyzed.  

4.5. Immunohistochemistry (brain sections) 
The immunohistochemistry was performed as described in our previous report [32]. 

Briefly, coronal sections (12 μm) were cut in a cryostat and mounted on gelatin-coated 
slides. Sections were blocked in 1% BSA, 5% normal donkey serum and 0.20% Triton 
X-100 (pH 7.4) for 1 h at room temperature. Then sections were stained with antibody 
specific to KL at 4°C overnight. Primary antibodies were visualized with Cy3-labeled 
donkey anti-rabbit IgG (Jackson Lab). Images were captured with a Zeiss LSM800 
confocal microscope. 

4.6. Immunocytochemistry of cultured hippocampal neurons 
Immunostaining of dissociated neurons was performed as described previously 

[32]. Briefly, neurons were fixed with 4% paraformaldehyde at room temperature for 18 
min. After 7 min in 1%BSA, 5% normal donkey serum, 0.20% Triton X-100 followed by 
53 min in the same buffer without Triton X-100 at room temperature, neurons were 
doubly stained with antibodies specific to KL or Vglut1 plus MAP2 overnight at 4°C. 
Primary antibodies were visualized with appropriate secondary antibodies [32]. Images 
were taken with a Zeiss LSM800 confocal microscope. 

4.7. Chronic Unpredictable Mild Stress (CUMS) 
CUMS was performed as described [66] with a slight modification. Each rat was 

kept in one cage and was subjected to 8 unpredictable stressors including: (1) Inversion 
of the light/dark cycle for 12/12 h, (2) Swimming for 5 min in 4°C cold water or 45°C hot 
water, (3) Cage with damp sawdust for 24 h, (4) Cage tilting for 24 h, (5) Shaking for 30 
min, (6) Nip tail for 1 min, (7) Fasting and water deprivation (overnight), (8) Lights on 
overnight. Rats received one unpredictable stressor per day in the first week, two 
stressors every other day in the second week and two random stressors per day in the 
third week. The same stressor was not used in two consecutive days. Unstressed 
controls were simply handled daily.  

4.8. Stereotaxic surgery and adeno-associated virus (AAV) microinjection 
Stereotaxic surgery was performed as described [67] according to the coordinates: 

3.0 mm posterior to bregma, 2.2 mm lateral from midline and 2.4 mm below the skull 
surface. Two μl AAV9 vectors encoded KL shRNA or scrambled shRNA (packaged and 
purified by Hanbio Biotechnology, Shanghai, China) were injected into bilateral 
hippocampus at infusion rates of 0.2μl /min using a micro-infusion pump. To prevent 
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back flow, the needle was left in the place for an additional 10 minutes before it was 
slowly removed. After behavioral tests, we verified the accuracy of the injections by 
examining brain sections; animals were excluded from analysis when the injection site 
was off target. 

4.9. Behavioral assessments 
Sucrose preference test (SPT) [66] was used as a measure of anhedonic-like 

behavior, a key symptom of depression [68]. For the sucrose preference test, controls and 
CUMS-exposed rats were deprived of food and water for eight hours (9:00–17:00) and 
subsequently exposed to 1% sucrose solution and water for 4 hours from 17:00 to 21:00. 
The positions of the bottles were switched midway to prevent bottle preference. Sucrose 
and water consumption was measured and the sucrose preference was calculated as 
described [68]: sucrose preference index (%) = (sucrose intake/total fluid intake) × 100. 

Open field test (OFT) was conducted as described in our previous study [68]. All 
rats were placed in the testing room for an hour before performing the OFT. The test was 
conducted for 5 min in a dimly lit room. Briefly, rats were placed in the center of the 
open field box (60cm long × 60cm wide × 40 cm deep black wooden box) individually 
and the rats were allowed to explore the area freely during a 5-min test session. An 
automated video tracking system was used to record the locomotive activities of each rat 
during the test (Smart v3.0, RWD, Shenzhen, China). The total distance travelled, 
grooming and rearing times and time spent in the center of the open field were 
recorded. 

Morris water maze (MWM) test was performed as described with a slight modifi-
cation [67]. In the acquisition trials, rats received 4 training trials (60 s per trial) per day 
for 5 consecutive days and were trained to find the platform in one of four quadrants. Rat 
was placed in a random starting location in the pool and given 60 s to swim to the plat-
form in each trial. The rat was allowed to stay on the platform for 15 s. If the rat failed to 
reach the platform within 60 s, it was guided to the platform by the experimenter and 
was allowed to stay on the platform for 15 s. A probe trial was conducted 24 h after the 
5-day training on day 6 with the hidden platform being removed. Rats were placed in a 
random starting location, and allowed to swim to the former location of the hidden 
platform in the maze for 60 s. The latency to the platform in the acquisition trials, the 
number of crossings over the platform location, and time spent in the target quadrant 
were recorded by a computerized video tracking system.  

4.10. Data collection and Statistical analysis  
All images were taken with identical settings under the same conditions using a 

Zeiss LSM800 confocal microscope and analyzed as described [69]. Images were 
calibrated, and thresholds were set to ensure that all structures of interest were included 
in the analysis before performing analysis and counting synaptic clusters. 
Quantifications were performed using MetaMorph image analysis system (Molecular 
Devices, Inc). Data are shown as mean ± SEM. Statistical analyses were performed with 
T-test, one-way ANOVA, two-way ANOVA or three-way ANOVA followed by Tukey’s 
test. All the computed F- and p-values of two-way ANOVA and three-way ANOVA are 
reported in the supplementary material (Table S1-S2). GraphPad Prism 8.0.2 was used 
for all analyses and drawing the graphs. P < 0.05 was defined as a significant difference. 

Author Contributions: Conceptualization, Z.T. and X.M.; formal analysis, Z.T., Y.L., J.I. and C.W.; 
investigation, X.M.; data curation, Z.T., Y.L., Y.G. and X.M.; writing-original draft preparation, 
Z.T.; writing-review and editing, X.M.; project administration, X.M.; funding acquisition, Z.T. and 
X.M. All authors have read and approved the final version of the manuscript to be published. 

Funding: This work was supported by the Fundamental Research Funds For the Central Universi-
ties to Tan (2018TS074).  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 December 2022                   doi:10.20944/preprints202212.0211.v1

https://doi.org/10.20944/preprints202212.0211.v1


 

 

Institutional Review Board Statement: The study was conducted in accordance with the ethical 
principles of animal use and care, and approved by the Animal Care Committee of Shaanxi Normal 
University.  

Informed Consent Statement: Not applicable. 

Acknowledgments: We thank Ryan Ma at UConn for his reading of the manuscript. 

Conflicts of Interest: The authors declare no conflicts of interest. 

References 
1. Frick, K.M.; Kim, J.; Tuscher, J.J.; et al. Sex steroid hormones matter for learning and memory: estrogenic regulation of 

hippocampal function in male and female rodents. Learn Mem 2015, 22, 472-93. doi: 10.1101/lm.037267.114. 
2. Woolley, C.S. and Mcewen, B.S. Roles of estradiol and progesterone in regulation of hippocampal dendritic spine density 

during the estrous cycle in the rat. J Comp Neurol 1993, 336, 293-306. doi: 10.1002/cne.903360210. 
3. Smith, C.C. and Mcmahon, L.L. Estrogen-induced increase in the magnitude of long-term potentiation occurs only when 

the ratio of NMDA transmission to AMPA transmission is increased. J Neurosci 2005, 25, 7780-91. doi: 
10.1523/JNEUROSCI.0762-05.2005. 

4. Iqbal, J.; Tan, Z.N.; Li, M.X.; et al. Estradiol Alters Hippocampal Gene Expression during the Estrous Cycle. Endocr Res 2020, 
45, 84-101. doi: 10.1080/07435800.2019.1674868. 

5. Li, Q.; Vo, H.T.; Wang, J.; et al. Klotho regulates CA1 hippocampal synaptic plasticity. Neuroscience 2017, 347, 123-133. doi: 
10.1016/j.neuroscience.2017.02.006. 

6. Masso, A.; Sanchez, A.; Gimenez-Llort, L.; et al. Secreted and Transmembrane alphaKlotho Isoforms Have Different 
Spatio-Temporal Profiles in the Brain during Aging and Alzheimer's Disease Progression. PLoS One 2015, 10, e0143623. doi: 
10.1371/journal.pone.0143623. 

7. Matsumura, Y.; Aizawa, H.; Shiraki-Iida, T.; et al. Identification of the human klotho gene and its two transcripts encoding 
membrane and secreted klotho protein. Biochem Biophys Res Commun 1998, 242, 626-30. doi: 10.1006/bbrc.1997.8019. 

8. Kuro-O, M.; Matsumura, Y.; Aizawa, H.; et al. Mutation of the mouse klotho gene leads to a syndrome resembling ageing. 
Nature 1997, 390, 45-51. doi: 10.1038/36285. 

9. Shiraki-Iida, T.; Aizawa, H.; Matsumura, Y.; et al. Structure of the mouse klotho gene and its two transcripts encoding 
membrane and secreted protein. FEBS Lett 1998, 424, 6-10. doi: 10.1016/s0014-5793(98)00127-6. 

10. Xu, Y. and Sun, Z. Molecular basis of Klotho: from gene to function in aging. Endocr Rev 2015, 36, 174-93. doi: 
10.1210/er.2013-1079. 

11. Ohyama, Y.; Kurabayashi, M.; Masuda, H.; et al. Molecular cloning of rat klotho cDNA: markedly decreased expression of 
klotho by acute inflammatory stress. Biochem Biophys Res Commun 1998, 251, 920-5. doi: 10.1006/bbrc.1998.9576. 

12. Kurosu, H.; Yamamoto, M.; Clark, J.D.; et al. Suppression of aging in mice by the hormone Klotho. Science 2005, 309, 
1829-33. doi: 10.1126/science.1112766. 

13. Li, S.A.; Watanabe, M.; Yamada, H.; et al. Immunohistochemical localization of Klotho protein in brain, kidney, and 
reproductive organs of mice. Cell Struct Funct 2004, 29, 91-9. doi: 10.1247/csf.29.91. 

14. Nagai, T.; Yamada, K.; Kim, H.C.; et al. Cognition impairment in the genetic model of aging klotho gene mutant mice: a role 
of oxidative stress. FASEB J 2003, 17, 50-2. doi: 10.1096/fj.02-0448fje. 

15. Dubal, D.B.; Yokoyama, J.S.; Zhu, L.; et al. Life extension factor klotho enhances cognition. Cell Rep 2014, 7, 1065-76. doi: 
10.1016/j.celrep.2014.03.076. 

16. Zeldich, E.; Chen, C.D.; Colvin, T.A.; et al. The neuroprotective effect of Klotho is mediated via regulation of members of 
the redox system. J Biol Chem 2014, 289, 24700-15. doi: 10.1074/jbc.M114.567321. 

17. Prather, A.A.; Epel, E.S.; Arenander, J.; et al. Longevity factor klotho and chronic psychological stress. Transl Psychiatry 
2015, 5, e585. doi: 10.1038/tp.2015.81. 

18. Hoyer, C.; Sartorius, A.; Aksay, S.S.; et al. Electroconvulsive therapy enhances the anti-ageing hormone Klotho in the 
cerebrospinal fluid of geriatric patients with major depression. Eur Neuropsychopharmacol 2018, 28, 428-435. doi: 
10.1016/j.euroneuro.2017.12.012. 

19. Gao, X.; Sun, Z.; Ma, G.; et al. Reduced Plasma Levels of alpha-Klotho and Their Correlation With Klotho Polymorphisms 
in Elderly Patients With Major Depressive Disorders. Front Psychiatry 2021, 12, 682691. doi: 10.3389/fpsyt.2021.682691. 

20. Sathyanesan, M.; Girgenti, M.J.; Banasr, M.; et al. A molecular characterization of the choroid plexus and stress-induced 
gene regulation. Transl Psychiatry 2012, 2, e139. doi: 10.1038/tp.2012.64. 

21. Wu, H.J.; Wu, W.N.; Fan, H.; et al. Life extension factor klotho regulates behavioral responses to stress via modulation of 
GluN2B function in the nucleus accumbens. Neuropsychopharmacology 2022, 47, 1710-1720. doi: 10.1038/s41386-022-01323-3. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 December 2022                   doi:10.20944/preprints202212.0211.v1

https://doi.org/10.20944/preprints202212.0211.v1


 

 

22. Pego, J.M.; Sousa, J.C.; Almeida, O.F.; et al. Stress and the neuroendocrinology of anxiety disorders. Curr Top Behav Neurosci 
2010, 2, 97-117. doi: 10.1007/7854_2009_13. 

23. Donner, N.C. and Lowry, C.A. Sex differences in anxiety and emotional behavior. Pflugers Arch 2013, 465, 601-26. doi: 
10.1007/s00424-013-1271-7. 

24. Choi, K.W.; Kim, Y.K.and Jeon, H.J. Comorbid Anxiety and Depression: Clinical and Conceptual Consideration and 
Transdiagnostic Treatment. Adv Exp Med Biol 2020, 1191, 219-235. doi: 10.1007/978-981-32-9705-0_14. 

25. Willner, P. The chronic mild stress (CMS) model of depression: History, evaluation and usage. Neurobiol Stress 2017, 6, 
78-93. doi: 10.1016/j.ynstr.2016.08.002. 

26. Moench, K.M. and Wellman, C.L. Differential dendritic remodeling in prelimbic cortex of male and female rats during 
recovery from chronic stress. Neuroscience 2017, 357, 145-159. doi: 10.1016/j.neuroscience.2017.05.049. 

27. Wei, J.; Yuen, E.Y.; Liu, W.; et al. Estrogen protects against the detrimental effects of repeated stress on glutamatergic 
transmission and cognition. Mol Psychiatry 2014, 19, 588-98. doi: 10.1038/mp.2013.83. 

28. Wohleb, E.S.; Terwilliger, R.; Duman, C.H.; et al. Stress-Induced Neuronal Colony Stimulating Factor 1 Provokes 
Microglia-Mediated Neuronal Remodeling and Depressive-like Behavior. Biol Psychiatry 2018, 83, 38-49. doi: 
10.1016/j.biopsych.2017.05.026. 

29. Luine, V.; Gomez, J.; Beck, K.; et al. Sex differences in chronic stress effects on cognition in rodents. Pharmacol Biochem Behav 
2017, 152, 13-19. doi: 10.1016/j.pbb.2016.08.005. 

30. Mazarati, A.; Jones, N.C.; Galanopoulou, A.S.; et al. A companion to the preclinical common data elements on 
neurobehavioral comorbidities of epilepsy: a report of the TASK3 behavior working group of the ILAE/AES Joint 
Translational Task Force. Epilepsia Open 2018, 3, 24-52. doi: 10.1002/epi4.12236. 

31. Ho, W.Y.; Navakkode, S.; Liu, F.; et al. Deregulated expression of a longevity gene, Klotho, in the C9orf72 deletion mice 
with impaired synaptic plasticity and adult hippocampal neurogenesis. Acta Neuropathol Commun 2020, 8, 155. doi: 
10.1186/s40478-020-01030-4. 

32. Ma, X.M.; Huang, J.P.; Kim, E.J.; et al. Kalirin-7, an important component of excitatory synapses, is regulated by estradiol in 
hippocampal neurons. Hippocampus 2011, 21, 661-77. doi: 10.1002/hipo.20780. 

33. Jelks, K.B.; Wylie, R.; Floyd, C.L.; et al. Estradiol targets synaptic proteins to induce glutamatergic synapse formation in 
cultured hippocampal neurons: critical role of estrogen receptor-alpha. J Neurosci 2007, 27, 6903-13. doi: 
10.1523/JNEUROSCI.0909-07.2007. 

34. Kretz, O.; Fester, L.; Wehrenberg, U.; et al. Hippocampal synapses depend on hippocampal estrogen synthesis. J Neurosci 
2004, 24, 5913-21. doi: 10.1523/JNEUROSCI.5186-03.2004. 

35. Xu, L.; Sun, H.; Qu, C.; et al. The environmental enrichment ameliorates chronic unpredictable mild stress-induced 
depressive-like behaviors and cognitive decline by inducing autophagy-mediated inflammation inhibition. Brain Res Bull 
2022, 187, 98-110. doi: 10.1016/j.brainresbull.2022.07.001. 

36. Liu, D.; Zhang, Q.; Gu, J.; et al. Resveratrol prevents impaired cognition induced by chronic unpredictable mild stress in 
rats. Prog Neuropsychopharmacol Biol Psychiatry 2014, 49, 21-9. doi: 10.1016/j.pnpbp.2013.10.017. 

37. Gumuslu, E.; Mutlu, O.; Sunnetci, D.; et al. The effects of tianeptine, olanzapine and fluoxetine on the cognitive behaviors 
of unpredictable chronic mild stress-exposed mice. Drug Res (Stuttg) 2013, 63, 532-9. doi: 10.1055/s-0033-1347237. 

38. Shen, J.; Li, Y.; Qu, C.; et al. The enriched environment ameliorates chronic unpredictable mild stress-induced 
depressive-like behaviors and cognitive impairment by activating the SIRT1/miR-134 signaling pathway in hippocampus. J 
Affect Disord 2019, 248, 81-90. doi: 10.1016/j.jad.2019.01.031. 

39. Gawel, K.; Gibula, E.; Marszalek-Grabska, M.; et al. Assessment of spatial learning and memory in the Barnes maze task in 
rodents-methodological consideration. Naunyn Schmiedebergs Arch Pharmacol 2019, 392, 1-18. doi: 
10.1007/s00210-018-1589-y. 

40. Russo-Savage, L.; Rao, V.K.S.; Eipper, B.A.; et al. Role of Kalirin and Mouse Strain in Retention of Spatial Memory Training 
in an Alzheimer’s Disease Model Mouse Line. Neurobiology of Aging 2020, In press, doi: 
https://doi.org/10.1016/j.neurobiolaging.2020.07.006. 

41. Chen, C.D.; Li, Y.; Chen, A.K.; et al. Identification of the cleavage sites leading to the shed forms of human and mouse 
anti-aging and cognition-enhancing protein Klotho. PLoS One 2020, 15, e0226382. doi: 10.1371/journal.pone.0226382. 

42. Masso, A.; Sanchez, A.; Bosch, A.; et al. Secreted alphaKlotho isoform protects against age-dependent memory deficits. Mol 
Psychiatry 2018, 23, 1937-1947. doi: 10.1038/mp.2017.211. 

43. Zhou, L.; Fester, L.; Haghshenas, S.; et al. Oestradiol-induced synapse formation in the female hippocampus: roles of 
oestrogen receptor subtypes. J Neuroendocrinol 2014, 26, 439-47. doi: 10.1111/jne.12162. 

44. Murphy, D.D.; Cole, N.B.; Greenberger, V.; et al. Estradiol increases dendritic spine density by reducing GABA 
neurotransmission in hippocampal neurons. J Neurosci 1998, 18, 2550-9. doi: 10.1523/JNEUROSCI.18-07-02550.1988. 

45. Zhou, L.; Fester, L.; Von Blittersdorff, B.; et al. Aromatase inhibitors induce spine synapse loss in the hippocampus of 
ovariectomized mice. Endocrinology 2010, 151, 1153-60. doi: 10.1210/en.2009-0254. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 December 2022                   doi:10.20944/preprints202212.0211.v1

https://doi.org/10.20944/preprints202212.0211.v1


 

 

46. Winer, E.S.; Bryant, J.; Bartoszek, G.; et al. Mapping the relationship between anxiety, anhedonia, and depression. J Affect 
Disord 2017, 221, 289-296. doi: 10.1016/j.jad.2017.06.006. 

47. Liu, J.; Dong, Q.; Lu, X.; et al. Influence of comorbid anxiety symptoms on cognitive deficits in patients with major 
depressive disorder. J Affect Disord 2020, 260, 91-96. doi: 10.1016/j.jad.2019.08.091. 

48. Zhang, Z.; Cai, X.; Yao, Z.; et al. EA Ameliorated Depressive Behaviors in CUMS Rats and Was Related to Its Suppressing 
Autophagy in the Hippocampus. Neural Plast 2020, 2020, 8860968. doi: 10.1155/2020/8860968. 

49. Scholl, J.L.; Afzal, A.; Fox, L.C.; et al. Sex differences in anxiety-like behaviors in rats. Physiol Behav 2019, 211, 112670. doi: 
10.1016/j.physbeh.2019.112670. 

50. Knight, P.; Chellian, R.; Wilson, R.; et al. Sex differences in the elevated plus-maze test and large open field test in adult 
Wistar rats. Pharmacol Biochem Behav 2021, 204, 173168. doi: 10.1016/j.pbb.2021.173168. 

51. Kokras, N. and Dalla, C. Sex differences in animal models of psychiatric disorders. Br J Pharmacol 2014, 171, 4595-619. doi: 
10.1111/bph.12710. 

52. Lu, J.; Wu, X.Y.; Zhu, Q.B.; et al. Sex differences in the stress response in SD rats. Behav Brain Res 2015, 284, 231-7. doi: 
10.1016/j.bbr.2015.02.009. 

53. Grippo, A.J.; Sullivan, N.R.; Damjanoska, K.J.; et al. Chronic mild stress induces behavioral and physiological changes, and 
may alter serotonin 1A receptor function, in male and cycling female rats. Psychopharmacology (Berl) 2005, 179, 769-80. doi: 
10.1007/s00213-004-2103-4. 

54. Dalla, C.; Antoniou, K.; Kokras, N.; et al. Sex differences in the effects of two stress paradigms on dopaminergic 
neurotransmission. Physiol Behav 2008, 93, 595-605. doi: 10.1016/j.physbeh.2007.10.020. 

55. Gilad, V.H.; Rabey, J.M.; Eliyayev, Y.; et al. Different effects of acute neonatal stressors and long-term postnatal handling 
on stress-induced changes in behavior and in ornithine decarboxylase activity of adult rats. Brain Res Dev Brain Res 2000, 
120, 255-9. doi: 10.1016/s0165-3806(00)00012-2. 

56. Bouwknecht, J.A.; Spiga, F.; Staub, D.R.; et al. Differential effects of exposure to low-light or high-light open-field on 
anxiety-related behaviors: relationship to c-Fos expression in serotonergic and non-serotonergic neurons in the dorsal 
raphe nucleus. Brain Res Bull 2007, 72, 32-43. doi: 10.1016/j.brainresbull.2006.12.009. 

57. Seibenhener, M.L. and Wooten, M.C. Use of the Open Field Maze to measure locomotor and anxiety-like behavior in mice. J 
Vis Exp 2015, e52434. doi: 10.3791/52434. 

58. Kraeuter, A.K.; Guest, P.C.and Sarnyai, Z. The Open Field Test for Measuring Locomotor Activity and Anxiety-Like 
Behavior. Methods Mol Biol 2019, 1916, 99-103. doi: 10.1007/978-1-4939-8994-2_9. 

59. Stankiewicz, A.M.; Goscik, J.; Majewska, A.; et al. The Effect of Acute and Chronic Social Stress on the Hippocampal 
Transcriptome in Mice. PLoS One 2015, 10, e0142195. doi: 10.1371/journal.pone.0142195. 

60. Laszczyk, A.M.; Fox-Quick, S.; Vo, H.T.; et al. Klotho regulates postnatal neurogenesis and protects against age-related 
spatial memory loss. Neurobiol Aging 2017, 59, 41-54. doi: 10.1016/j.neurobiolaging.2017.07.008. 

61. Zhou, H.J.; Zeng, C.Y.; Yang, T.T.; et al. Lentivirus-mediated klotho up-regulation improves aging-related memory deficits 
and oxidative stress in senescence-accelerated mouse prone-8 mice. Life Sci 2018, 200, 56-62. doi: 10.1016/j.lfs.2018.03.027. 

62. Salech, F.; Varela-Nallar, L.; Arredondo, S.B.; et al. Local Klotho enhances neuronal progenitor proliferation in the adult 
hippocampus. J Gerontol A Biol Sci Med Sci 2017, doi: 10.1093/gerona/glx248. 

63. Li, D.; Jing, D.; Liu, Z.; et al. Enhanced Expression of Secreted alpha-Klotho in the Hippocampus Alters Nesting Behavior 
and Memory Formation in Mice. Front Cell Neurosci 2019, 13, 133. doi: 10.3389/fncel.2019.00133. 

64. Wang, X. and Sun, Z. RNAi silencing of brain klotho potentiates cold-induced elevation of blood pressure via the 
endothelin pathway. Physiol Genomics 2010, 41, 120-6. doi: 10.1152/physiolgenomics.00192.2009. 

65. Ma, X.M.; Kiraly, D.D.; Gaier, E.D.; et al. Kalirin-7 is required for synaptic structure and function. J Neurosci 2008, 28, 
12368-82. doi: 10.1523/JNEUROSCI.4269-08.2008. 

66. Qiao, H.; An, S.C.; Ren, W.; et al. Progressive alterations of hippocampal CA3-CA1 synapses in an animal model of 
depression. Behav Brain Res 2014, 275, 191-200. doi: 10.1016/j.bbr.2014.08.040. 

67. Zhou, M.H.; Sun, F.F.; Xu, C.; et al. Modulation of Kalirin-7 Expression by Hippocampal CA1 5-HT1B Receptors in Spatial 
Memory Consolidation. Behav Brain Res 2018, doi: 10.1016/j.bbr.2018.06.021. 

68. Xu, C.; Ma, X.M.; Chen, H.B.; et al. Orbitofrontal cortex 5-HT2A receptor mediates chronic stress-induced depressive-like 
behaviors and alterations of spine density and Kalirin7. Neuropharmacology 2016, 109, 7-17. doi: 
10.1016/j.neuropharm.2016.02.020. 

69. Ma, X.M.; Wang, Y.; Ferraro, F.; et al. Kalirin-7 is an essential component of both shaft and spine excitatory synapses in 
hippocampal interneurons. J Neurosci 2008, 28, 711-24. doi: 10.1523/JNEUROSCI.5283-07.2008. 

 
 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 December 2022                   doi:10.20944/preprints202212.0211.v1

https://doi.org/10.20944/preprints202212.0211.v1

	1. Introduction
	2. Results
	2.1. E2 regulated the KL protein levels in the hippocampal neurons
	2.2. E2 did not affect the number of Vglut1-positive excitatory presynaptic terminal when the
	2.3. CUMS-induced deficit in spatial learning and memory, anhedonic-like and anxiety-like behaviors were accompanied by a decrease in KL protein levels in male rats only
	2.4. Reduction of endogenous KL in hippocampus did not alter spatial learning and memory, anhedonic-like and anxiety-like behavior in rats of both sexes
	2.5. Endogenous KL plays an essential role in sex differences in CUMS-induced deficit in spatial learning and memory, anhedonic-like and anxiety-like behaviors

	3. Discussion
	3.1. E2 regulated KL expression in hippocampal neurons
	3.2. KL plays an essential role in E2-medaited synapse formation in hippocampal neurons
	3.3. Sex differences in CUMS-induced KL expression is associated with sex difference in stress resilience in behaviors
	3.4. Endogenous KL in the hippocampus is essential for sex difference in stress resilience

	4. Materials and Methods
	4.1. Animals and reagents
	4.2. Ovariectomy (OVX) and estradiol replacement
	4.3. Primary rat hippocampal neurons, drug treatments and transfection
	4.4. Western blot
	4.5. Immunohistochemistry (brain sections)
	4.6. Immunocytochemistry of cultured hippocampal neurons
	4.7. Chronic Unpredictable Mild Stress (CUMS)
	4.8. Stereotaxic surgery and adeno-associated virus (AAV) microinjection
	4.9. Behavioral assessments
	Morris water maze (MWM) test was performed as described with a slight modification [67]. In the acquisition trials, rats received 4 training trials (60 s per trial) per day for 5 consecutive days and were trained to find the platform in one of four qu...

	4.10. Data collection and Statistical analysis

	References

