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Abstract
α-Klotho (α-Kl) is a modulator of aging, neuroprotection, and cognition. Transcription of the Klotho gene produces two 
splice variants—a membrane protein (mKl), which can be cleaved and released into the extracellular milieu, and a trun-
cated secreted form (sKl). Despite mounting evidence supporting a role for α-Kl in brain function, the specific roles of α-Kl 
isoforms in neuronal development remain elusive. Here, we examined α-Kl protein levels in rat brain and observed region-
specific expression in the adult that differs between isoforms. In the developing hippocampus, levels of isoforms decrease 
after the third postnatal week, marking the end of the critical period for development. We overexpressed α-Kl isoforms 
in primary cultures of rat cortical neurons and evaluated effects on brain-derived neurotrophic factor (BDNF) signaling. 
Overexpression of either isoform attenuated BDNF-mediated signaling and reduced intracellular Ca2+ levels, with mKl 
promoting a greater effect. mKl or sKl overexpression in hippocampal neurons resulted in a partially overlapping reduction 
in secondary dendrite branching. Moreover, mKl overexpression increased primary dendrite number. BDNF treatment of 
neurons overexpressing sKl resulted in a dendrite branching phenotype similar to control neurons. In neurons overexpressing 
mKl, BDNF treatment restored branching of secondary and higher order dendrites close, but not distal, to the soma. Taken 
together, the data presented support the idea that sKl and mKl play distinct roles in neuronal development, and specifically, 
in dendrite morphogenesis.
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Introduction

Expression of the Klotho gene is tightly regulated, with 
highest activity in organs, such as the brain, pituitary gland, 
kidney, ovary, testis, urinary bladder, skeletal muscle, and 
pancreas [1, 2]. α-Klotho (α-Kl) protein regulates aging [2, 
3], and increased levels of α-Kl in the periphery and CNS 
are associated with enhancement of cognition and protec-
tion against neurodegenerative diseases in animal models 
and humans [4]. Data regarding the possible roles of α-Kl 

in development and baseline cell function are scarce in the 
literature, especially regarding neural cells. Nevertheless, the 
characterization of α-Kl thus far has implicated this protein 
in several signaling pathways that play pivotal roles in regu-
lating neuronal development, function, and neuroprotection 
[4].

α-Kl proteins include different isoforms, which is possi-
bly a factor that contributes to the multiple actions of α-Kl 
in several signaling pathways. There are two distinct splice 
variants: a membrane isoform (mKl), containing KL1 and 
KL2 domains, and a secreted form (sKl), composed of the 
KL1 domain. mKl protein can be cleaved by α-secretases, 
such as disintegrin and metalloproteinases ADAM10 and 
17, and release a protein containing KL1 and KL2 domains 
[5–7] (Fig. 1A). The cleavage product can be targeted by 
β-secretases, producing separate proteins with either KL1 or 
KL2 domains (Fig. 1A) [5, 7]. One of the pathways impli-
cated in α-Kl-mediated regulation of aging is the inhibition 
of growth factor-related signaling, particularly IGF-1[3, 8]. 
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The proposed mechanism of action of α-Kl is via modulation 
of membrane microdomains enriched with sialic acid, such 
as lipid rafts, that work as signaling hubs for growth factor 
signaling [9–11]. The KL1 domain has high homology with 
glucosidases and retains the ability to bind to sialic acid resi-
dues present in proteins and lipids, and by doing so, modu-
lates signaling and protein stability [10–12]. The presence 
of KL2 in mKl physically blocks the sialic acid recognition 

pocket, impeding this interaction [9–12]. Since the central 
nervous system (CNS) is enriched in sialic acid-containing 
gangliosides [13–15], it potentially offers abundant binding 
sites for α-Kl. Thus, it is plausible that α-Kl expressed in the 
brain could act via sialic-acid enriched domains to regulate 
membrane stability and growth factor signaling.

A recent link between α-Kl and another growth fac-
tor, brain-derived neurotrophic factor (BDNF) has been 

Fig. 1   Expression of α-Kl protein in the adult rat brain and in the hip-
pocampus during postnatal development. A The Klotho gene gener-
ates two different transcripts. mRNA 1 is translated into the mem-
brane form of α-Klotho (mKL), which has a transmembrane domain, 
KL1, and KL2 domains. mKL can be cleaved by α- and β-secretases 
resulting in the production of cleavage products containing KL1 or 
KL2 or both domains. The product of alternative splicing (mRNA 2) 
is translated into secreted α-Klotho (sKl), which contains the KL1 
domain and has an additional C-terminal sequence. Created with 
BioRender.com. B-D Full length α-Klotho (KL1-KL2) is expressed 
at highest levels in the cerebellum while short α-Klotho (KL1) is 
highest in forebrain regions and striatum. B Representative Western 
blot images of α-Klotho in adult rat brain regions. C Quantification 
of full-length α-Klotho (120 kDa) and (D) short α-Klotho (72 kDa) 
relative to levels of α-tubulin and expressed as fold change of positive 

control (COS-7 cells transfected with mKl or sKl plasmids). Data are 
presented as mean ± SEM. **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001 
as determined by repeated measures one-way ANOVA followed by 
Tukey’s multiple comparisons test. n = 8 animals as represented by 
individual data points in the graphs. E–G α-Klotho levels decline 
after P21 in hippocampus. E Representative Western blot images of 
full-length mKl (120 kDa) and short isoforms (72 kDa) of α-Klotho 
in hippocampus across postnatal development. β-actin was used as a 
loading control. F Quantification of full-length α-Klotho (120  kDa) 
and (G) short α-Klotho (72  kDa) levels normalized to β-actin and 
expressed as fold change of whole brain α-Kl levels. Data are pre-
sented as mean ± SEM. *p ≤ 0.05, **p ≤ 0.01 as determined by one-
way ANOVA followed by Tukey’s multiple comparisons test. n = 6–8 
animals per time point as represented by individual data points in the 
graphs. Abbreviations: P: postnatal day; M: month
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reported. For example, serum levels of both α-Kl and BDNF 
are decreased and correlated in patients with schizophrenia 
[16]. Similar results have been observed in patients with 
depressive symptoms [17]. Furthermore, Klotho protein 
can also be affected by exercise, which elevates BDNF, 
resulting in higher cognitive function [18] and reviewed in 
[19]. However, how α-Kl interacts with BDNF signaling 
and whether the mKl and sKl isoforms have distinct effects 
on BDNF-mediated signaling is unknown. In the current 
work, we characterized protein levels of mKl and sKl in rat 
brain regions and during hippocampal postnatal develop-
ment. Additionally, we determined the impact of mKl and 
sKl overexpression on BDNF signaling in cultured cortical 
neurons. Since BDNF is one of the most-studied regulators 
of dendrite morphology and synaptic plasticity that has been 
investigated by our lab and others [20–25], and we observed 
a peak in the levels of α-Kl isoforms in the hippocampus 
between postnatal day (P) 4 and 10, when dendritogenesis 
occurs, we investigated the role of α-Kl and its interac-
tion with BDNF signaling in developing cultured neurons. 
We found that overexpression of either isoform attenuates 
BDNF-mediated signaling and reduces intracellular Ca2+ 
levels, and mKl promotes a greater effect. Moreover, over-
expression of either isoform reduces higher order dendrites, 
and only mKl overexpression increases primary dendrite 
number. sKl-promoted decreases in higher order dendrites 
are reversed by BDNF treatment, but this change is not 
observed in neurons overexpressing mKl. Taken together, 
our data support the idea that sKl and mKl play distinct 
roles in neuronal development, and specifically, in dendrite 
morphogenesis.

Materials and Methods

Experimental Animals

Adult Sprague Dawley rats of both sexes were obtained 
from Taconic Biosciences. Timed-pregnant rats were sin-
gle-housed under a 12 h light–dark cycle and had access 
to food and water ad libitum. All animal experiments fol-
lowed ARRIVE guidelines and were approved by Rutgers 
Institutional Animal Care and Use Committee (protocol # 
999900080).

Adult Rat Brain Dissection

On postnatal days (P) 0, 4, 10, 21, 30, 60, and 10 months 
of age, rats of each sex were euthanized by CO2 inhalation. 
Brain regions of interest (frontal cortex, cortex, hypothala-
mus, hippocampus, cerebellum, and striatum) were imme-
diately dissected, frozen in dry ice, and stored at -80 °C for 
later Western blot analysis.

Primary cortical and hippocampal cultures

Cortices or hippocampi were dissected from rat embryos 
at 18 days gestation as we previously described (i.e. [23, 
26],). Tissue culture plates and glass coverslips were coated 
with poly-D-lysine (PDL, 0.1 mg/ml) and washed with 
phosphate-buffered saline (PBS) prior to cell plating. For 
dendrite branching experiments, hippocampal cells were 
plated at a density of 5 × 104 cells/cm2 on glass coverslips. 
For Western blot experiments, cortical cells were seeded 
at a density of 105 cells/cm2 in 6 well plates. For cell via-
bility and Ca2+ assays, cortical cells used were plated at a 
density of 105 cells/cm2 in a 96 well plate. The cells were 
cultured in Neurobasal medium (Gibco™, cat# 21103049) 
supplemented with a final concentration of 10% B-27 
(Gibco™, cat# A3582801) and 5% GlutaMAX (Thermo 
Scientific™, cat# 35050061), which we refer to as full Neu-
robasal medium. Hippocampal cultures were co-transfected 
at DIV 7 with a construct expressing mRFP under a CMV 
promoter and a plasmid containing either GFP (Clontech, 
pEGFP-C1, control group), mKl-IRES-GFP (VectorBuilder, 
VB211220-1173gzn), or sKl-IRES-GFP (VectorBuilder, 
VB211220-1169ryc) using the calcium phosphate method 
as we previously described [23] using the reagents from Cal-
Phos Mammalian Transfection Kit (Takara Bio USA, Inc., 
catalog number 631312).

AAV Transduction of Cortical Neurons

On DIV7, overexpression of sKl or mKl was induced in 
cortical neurons via transduction with adeno-associated 
virus (AAV). We used constructs containing the synapsin 
promoter, which results in neuronal-specific expression of 
the construct [27]. Plasmid subcloning and ultra-purifica-
tion of viral particles were performed by VectorBuilder. 
The sequence for human sKl (NM_153683.2) or mKl 
(NM_004795.4) followed by a 3X GGGGS linker and a 
c-Myc tag were subcloned into pAAV vector containing 
a synapsin promoter (pAAV-Syn-mKl – ID# VB210329-
1088sfx; pAAV-Syn-sKl – ID# VB210329-1086xzs). The 
c-Myc tag allows for identification of successful expression 
of recombinant α-Kl. This tag is placed at the N-terminus 
and does not affect α-Kl function [28, 29].

An empty construct containing a stuffer sequence that 
is not transcribed was used in the control groups (pAAV-
Syn-stuffer – ID# VB210323-1179xzw). The sequences 
were packaged into AAV-PHP.eB capsids, which allows for 
efficient transduction of neurons [30].

We optimized viral transduction based on the instruction 
guide provided by VectorBuilder and determined that the 
multiplicity of infection (MOI) of 2 × 104 viral particles per 
cell was optimal for our experimental conditions. Briefly, 
at DIV 7, half of the medium volume was collected and 
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stored, and the cells were transduced with AAV. At 24 h 
after addition of virus, transduction medium was replaced 
with a mixture of 50% fresh full Neurobasal medium and 
50% conditioned full Neurobasal medium that was collected 
before the addition of virus.

Treatment of Cultures with BDNF

Based on previous studies from our group and others [23, 
31–33], hippocampal cultures were treated with 25 ng/mL 
BDNF treatment for 72 h, a length of time that increases 
dendrite branching. Briefly, BDNF (Peprotech, catalog num-
ber 450–02) was dissolved in PBS and diluted to a final 
concentration of 25 ng/mL in full Neurobasal medium. The 
medium containing BDNF was added at DIV 11, and at DIV 
14, the cells were fixed, and dendritic arbor morphology 
was assessed.

Similarly, AAV-transduced cortical cultures were treated 
with 25 ng/mL of BDNF for two different durations: 1) a 
5 min treatment at DIV 11, also referred to as short-term 
treatment, to investigate possible effects of α-Kl on early 
signaling events triggered by BDNF, and 2) a 72 h treatment 
from DIV 11 until DIV 14, referred to as long-term treat-
ment, to investigate the impact of overexpression of α-Kl on 
later signaling events.

Immunostaining of Cultures

Cell cultures were fixed with 4% paraformaldehyde (PFA) 
in PBS, washed with PBS, and blocked with 5% goat serum 
in PBST (PBS containing 0.1% Triton X-100, and 0.02% 
NaN3). Next, the samples were incubated with primary anti-
bodies for MAP2 (1:1000; BD Biosciences cat# 556320, 
RRID:AB_396359), GFP (1:500; Thermo Fisher Scientific 
cat# PA1-9533, RRID:AB_1074893)), and RFP (1:500; 
Rockland cat# 600–401-379, RRID:AB_2209751)). Then, 
the fixed cultures were rinsed three times with PBS, incu-
bated with respective secondary antibodies conjugated with 
Alexa-Fluor® 488, Alexa-Fluor® 555, or Alexa-Fluor® 647 
(Invitrogen; 1:1000), and rinsed three times with PBS. The 
neurons, identified by the presence of MAP2 signal, were 
imaged using an EVOS-FL fluorescence imaging system 
(ThermoFisher Scientific) with a 20X objective lens.

Semi‑Automated Sholl Analysis

After image acquisition, MAP2-, GFP-, and RFP-positive 
cells were used for tracing. The presence of GFP indicates 
the expression of α-Kl constructs, and the RFP signal was 
used for tracing dendrites. Neurons were traced using Neu-
ronJ (NIH, Bethesda, MD) and NeuronStudio (Mt. Sinai 
Medical School, NYC, NY), with the experimenter blinded 
to the condition. Next, the Bonfire program was used to 

conduct semi-automated Sholl analysis at 6 μm intervals 
[34, 35], by employing MATLAB (MathWorks, Natick, MA) 
to convert and export the data to Excel files. We employed 
an inside-out labeling scheme to determine dendrite order 
[23, 32].

Fluo‑4 Calcium Assay

The Fluo-4 Direct™ Calcium Assay Kit (Invitrogen™, 
cat# F10471) was used to assess intracellular Ca2+ lev-
els following the manufacturer’s instructions with minor 
modifications. Primary cortical cells were plated in 96 
well plates with black walls. Cells were transduced at DIV 
7 and treated with BDNF at DIV 11 for 5 min or 72 h to 
determine short- and long-term effects of BDNF treatment, 
respectively. Fluo-4 reagent was diluted in assay buffer with 
2.5 mM probenecid, and 100µL was added to each well. To 
determine the optimal time of probe incubation, the plate 
was loaded into a Varioskan™ LUX multimode microplate 
reader (Thermo Fisher Scientific), and fluorescence was 
measured every 10 min for one hour (excitation at 494 nm 
and emission at 516 nm). Fluorescent data was acquired 
from 5 different locations in each well, and based on these 
measurements, average fluorescence per well was calculated. 
We determined that after a 10-min incubation, differences 
due to treatment can be assessed and longer incubation times 
lead to signal saturation.

Protein Extraction and Western Blot Analysis

Proteins from rat brain tissue were isolated by the addition of 
ice-cold RIPA lysis buffer (50 mM Tris (pH 7.4), 1% NP40, 
0.25% sodium deoxycholate, 150 mM NaCl, 1 µM EDTA 
supplemented with protease and phosphatase inhibitors), 
mechanical dissociation using glass dounce homogeniza-
tion, and sonication for 20 s [35]. The tissue lysates were 
centrifuged at 4 °C at 3000 × g for 10 min to remove debris. 
The supernatant was collected, and protein concentration 
was determined by Pierce™ BCA protein assay.

Proteins were extracted from cortical cultures plated in 
6 well plates. At DIV 14, medium was removed, and the 
cells were rinsed two times with ice-cold PBS. Proteins were 
isolated by the addition of 120µL ice-cold RIPA lysis buffer, 
followed by sonication for 20 s [35]. Total cell lysates were 
centrifuged at 4 °C at 3000 × g for 10 min to remove debris. 
The supernatant was collected, and protein concentration 
was determined by Pierce™ BCA protein assay.

Protein extracts (20 µg) were loaded onto NuPAGE™ 4 
to 12%, Bis–Tris gels (Invitrogen, cat# NP0335BOX) and 
resolved by electrophoresis (1 h at 130 V) in MOPS run-
ning buffer. The proteins were transferred to a PVDF mem-
brane in NuPAGE™ transfer buffer with 10% methanol for 
1 h at 20 V. Next, membranes were blocked in 5% BSA in 
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TBS-T (50 mM Tris, 150 mM NaCl, 0.1% Tween 20, pH 
7.6) for 1 h and incubated overnight with primary antibodies 
diluted in block at 1:1000 (anti-α-Kl, Thermo Fisher Sci-
entific cat# PA5-88,303, RRID:AB_2804814; anti-pTrkB, 
Millipore cat# ABN1381, RRID:AB_2721199; anti-TrkB, 
Cell Signaling Technology cat# 4603, RRID:AB_2155125; 
anti-pERK1/2, Cell Signaling Technology cat# 9106 
(also 9106L, 9106S), RRID:AB_331768; anti-ERK, Cell 
Signaling Technology cat# 4695 (also 4695P, 4695S), 
RRID:AB_390779; anti-pAkt, Cell Signaling Technol-
ogy cat# 9271 (also 9271S, 9271L, NYUIHC-310), 
RRID:AB_329825; anti-Akt, Cell Signaling Technology 
cat# 9272 (also 9272S), RRID:AB_329827; anti-pCREB, 
Cell Signaling Technology cat# 9198 (also 9198S, 9198L), 
RRID:AB_2561044; anti-CREB, Cell Signaling Technol-
ogy cat# 9104, RRID:AB_490881; anti-PSD-95, Anti-
bodies Incorporated cat# 75–028, RRID:AB_2292909; 
anti-GluN1, Thermo Fisher Scientific cat# 32–0500, 
RRID:AB_2533060; anti-GluN2B, Cell Signaling Technol-
ogy Cat# 4207, RRID:AB_1264223; GluR1, Cell Signal-
ing Technology cat# 13,185, RRID:AB_2732897)), 1:5000 
(anti-β-actin, Cell Signaling Technology cat# 3700 (also 
3700P, 3700S), RRID:AB_2242334) or 1:10,000 (anti-α-
tubulin, Abcam cat# ab6161, RRID:AB_305329). Mem-
branes were washed 5 times with TBS-T and incubated with 
respective HRP-conjugated secondary antibodies (1:2000) 
in block for 1 h at room temperature. Finally, membranes 
were developed with Immobilon ECL Ultra (Millipore), the 
images were acquired using Licor Odyssey software, and 
band optical density was determined using Image Studio 
Lite (LI-COR Biosciences).

Statistical Analysis

Data were obtained from at least two independent experi-
ments, with a minimum of three biological replicates per 
experiment. N is indicated in each figure. Data were ana-
lyzed with one or two-way ANOVA (GraphPad Prism 9) 
when appropriate. p < 0.05 is statistically significant.

Results

α‑Kl Isoforms Demonstrate Different Expression 
Patterns in the Adult Rat Brain

The study that first described the Klotho gene and α-Kl pro-
tein characterized hypomorphic mice and reported the brain 
as an important tissue for α-Kl production, and specifically, 
the choroid plexus [2]. Other reports are consistent with this 
finding and demonstrate the expression of α-Kl in different 
brain regions of rodents and primates [1, 36–40]. In rats, 
early data demonstrated the presence of Klotho mRNA in 

the brain by RT-PCR [36, 41] and by in situ hybridization 
[36] using probes that detect only the KL2 domain. α-Kl pro-
tein has also been detected in rat brain and cultured neurons 
by immunofluorescence, which does not inform us about 
the expression of α-Kl isoforms [36]. Thus, we performed 
Western blot analysis to determine expression patterns of the 
individual α-Kl isoforms.

In adult rat brain, mKl (KL1-KL2) expression levels are 
highest in the cerebellum (Fig. 1B, C). Interestingly, the 
short forms of α-Kl, containing only the KL1 domain, are 
expressed in highest levels in the frontal cortex, striatum, 
and hippocampus, and to a lesser extent, in the cerebellum 
and hypothalamus (Fig. 1B, D). No differences in expres-
sion were observed between male and female mice as deter-
mined by two-way ANOVA (Fig. 1C, p=0.7656; Fig. 1D, 
p=0.2607).

Hippocampal Levels of α‑Kl Protein Decline Three 
Weeks after Birth

The hippocampal formation undergoes dramatic postnatal 
developmental changes that alter its transcriptional pat-
tern and function [42]. α-Kl is important for hippocampal 
function in adult mice [43, 44]; however, whether α-Klotho 
protein levels vary during hippocampal development is not 
known. Western blot analysis of α-Kl levels in the hippocam-
pus demonstrates that the full-length and short isoforms are 
high between postnatal days 4 and 10. The doublet observed 
is a result of the full-length, uncleaved membrane form and 
the cleaved form containing KL1 and KL2 domains. A pre-
vious study that characterized the cleavage of α-Kl showed 
that in tissue or cell lysate the band appears as a doublet. 
In medium, which contains only the cleaved Kl1-Kl2 form, 
there is a single band [6]. The levels of both isoforms signifi-
cantly decrease after postnatal day 21 (Fig. 1E-G).

BDNF Treatment does not Affect Endogenous 
or Recombinant α‑Kl Protein Levels

Neurotrophins, including BDNF, are key regulators of neu-
ronal maturation and dendrite branching [23, 45–47]. Since 
α-Kl affects growth factor signaling, we evaluated the effects 
of BDNF treatment on TrkB downstream signaling and 
dendrite morphology in rat primary neurons overexpress-
ing α-Kl isoforms. To study the effects of α-Kl isoforms on 
BDNF-TrkB signaling, we constructed AAV vectors car-
rying a neuron-specific promoter to efficiently transduce 
neurons [27], followed by mKL or sKL with a c-myc tag. 
Primary neuronal cultures were treated with BDNF for either 
5 min or 72 h with the goal of evaluating the effect of α-Kl 
in early versus late responses to BDNF.

First, we optimized AAV viral concentration to pro-
mote significant sKl and mKl overexpression, which we 
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determined to be 2 × 104 MOI. For each trial, we confirmed 
the presence of recombinant protein and overexpression of 
α-Kl by Western blot analysis. Transduction with either sKl 
or mKl AAV resulted in a significant increase in protein 
levels of sKl or mKl as detected by expression of KL1 or 
KL1-KL2 respectively, at DIV 11 (Fig. 2A) and at DIV 
14 (Fig. 2B). We observed a greater fold increase of α-Kl 
expression at DIV 14. Moreover, treatment with 25 ng/mL 
BDNF for 5 min (Fig. 2A) or 72 h (Fig. 2B) did not signifi-
cantly impact the expression of endogenous α-Kl isoforms 
in control neurons transduced with the empty vector, which 
do not contain the myc-tagged Klotho.

Overexpression of α‑Kl Isoforms Attenuates 
Increased Intracellular Ca2+ Levels Promoted 
by Long‑Term BDNF Treatment.

As demonstrated previously [48], after 5 min of BDNF treat-
ment, there is a robust increase in TrkB phosphorylation 
(Fig. 3A), triggering a rise in intracellular Ca2+ (Fig. 3C). 

Additionally, in our experiments, after 72 h BDNF treat-
ment, phosphorylation levels of TrkB return to baseline 
levels (Fig. 3B). We observed a reduction in the levels of 
full-length TrkB (140 kDa) in control cultures (AAV-empty 
group) and in cells overexpressing mKl or sKl with short-
term BDNF treatment (Fig. S1). Interestingly, after long-
term treatment with BDNF, intracellular levels of Ca2+ were 
higher in the BDNF-treated control (AAV-empty) group 
when compared to untreated control (Fig. 3D). Cells overex-
pressing sKl and treated with BDNF demonstrated increased 
intracellular Ca2+ levels when compared to untreated control 
cultures and untreated sKl overexpressing cells (Fig. 3D). 
Although BDNF-treated mKl overexpressing cells displayed 
higher intracellular Ca2+ levels when compared to untreated 
mKl overexpressing cells, no significant differences were 
observed when comparing versus the untreated AAV-empty 
control group (Fig. 3D). Finally, both sKl and mKl BDNF-
treated groups showed significant reductions in intracellu-
lar levels of Ca2+ when compared to BDNF-treated control 
cultures (Fig. 3D). These data suggest that overexpression 
of either α-Kl isoform decreases Ca2+ responses triggered 

Fig. 2   Transduction of neuronal cultures with AAV vectors results 
in increased α-Kl protein levels, which is unaffected by BDNF treat-
ment. Western blot analysis of α-Kl protein in control cells and cells 
transduced at DIV 7 with AAV-empty or vector carrying sequences 
for sKl or mKl expression. Cells were collected on (A) DIV 11 after 
5 min BDNF treatment and (B) DIV 14 after 72 h BDNF treatment. 
Graphs represent densitometric quantification of mKl (KL1-KL2) 

and short α-Kl isoforms (KL1) and are followed by respective rep-
resentative images. Levels of α-Kl were normalized to α-tubulin 
and expressed as fold change of control average. Data are presented 
as mean ± S.E.M. n = 9 obtained from three independent trials. 
*p < 0.05, **p < 0.01,***p < 0.001, ****p < 0.0001 as determined by 
one-way ANOVA followed by Tukey’s multiple comparison test
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by BDNF and that overexpression of mKl produces a more 
robust effect.

Activation of TrkB receptors leads to increased phos-
phorylation of downstream signaling pathways, including 
ERK, AKT, and CREB, which we observed after 5 min 
BDNF treatment, and this phosphorylation is independent 
of α-Klotho overexpression (Fig. 4A-C). After 72 h BDNF 
treatment, ERK phosphorylation increased in control 

cultures (Fig.  4D). BDNF also promoted increases in 
ERK phosphorylation in cells overexpressing mKl or sKl 
(Fig. 4D). In all groups, levels of AKT and CREB phos-
phorylation returned to baseline after 72 h BDNF treat-
ment (Fig. 4E,F). Additionally, we did not observe changes 
to total levels of ERK, AKT, or CREB after BDNF treat-
ment (Fig. S2).

Fig. 3   Effects of mKl or sKl overexpression on BDNF-mediated 
TrkB phosphorylation and increased intracellular calcium levels. 
BDNF treatment increases TrkB phosphorylation after 5  min treat-
ment, but not 72  h treatment, and this is independent of mKl or 
sKl overexpression. Cortical cultures were transduced at DIV 7 
with AAV-empty, AAV-sKl, or AAV-mKl vectors and treated with 
BDNF for 5  min or 72  h beginning on DIV 11. A, B Densitomet-
ric quantification and respective representative Western blot images 
of pTrkB (Y816) levels, which were normalized to α-tubulin levels 
and expressed as fold change of control (empty, untreated). Data 

were obtained from three independent trials and are presented as 
mean ± S.E.M; n = 9. C, D Intracellular Ca2+ levels measured by 
Fluo-4 fluorescence in live cortical cultures. Data were obtained 
from three independent trials and are presented as mean ± S.E.M; 
n = 52–54. **p < 0.01, ***p < 0.001, ****p < 0.0001, #p < 0.05, 
####p < 0.001 as determined by two-way ANOVA followed by 
Tukey’s multiple comparisons test: black asterisks, versus untreated 
AAV-empty control; blue asterisks, versus untreated sKl group; red 
asterisks, versus untreated mKl group; #, versus BDNF-treated AAV-
empty group



9162	 Molecular Neurobiology (2024) 61:9155–9170

It was previously reported that in mouse cultured hip-
pocampal neurons, AKT phosphorylation is reduced after 
24 h incubation with α-Klotho recombinant protein [49]. 
In primary cultured astrocytes, decreased levels of AKT 
phosphorylation was also observed, whereas ERK phospho-
rylation was increased after 15–120 min of incubation with 
α-Klotho recombinant protein [50]. It is important to note 
that prolonged exposure to α-Klotho could lead to adaptative 
changes, which could justify the absence of an effect in these 
signaling pathways in our experimental model.

α‑Kl Overexpression or 5 min BDNF Treatment does 
not Affect the Levels of PSD‑95, AMPA, and NMDA 
Receptors

BDNF treatment increases the levels of synaptic markers and 
glutamate receptors [51]. Thus, it is important to determine 
whether overexpression of α-Kl isoforms can alter expres-
sion of these proteins prior to and after 5 min treatment 
with BDNF. We found that neither overexpression of mKl 
or sKl nor short-term BDNF treatment had an impact on 

Fig. 4   Overexpression α-Kl isoforms does not impact BDNF-medi-
ated ERK, EKT, or CREB phosphorylation. Cortical cultures were 
transduced at DIV 7 with AAV-empty, AAV-sKl, or AAV-mKl vec-
tors and treated with BDNF for 5 min (A-C) or 72 h (D-F) on DIV 
11. Densitometric quantification and respective representative West-
ern blot images of (A, D) pERK, (B, E) pAKT, (C, F) pCREB lev-
els, which were normalized to α-tubulin levels and expressed as 

fold change of control (empty, untreated). Data were obtained from 
three independent trials and are presented as mean ± S.E.M; n = 6–9. 
*p < 0.05, ** p < 0.01, *** p < 0.001, ****p < 0.0001 as determined 
by two-way ANOVA followed by Tukey’s multiple comparisons test: 
black asterisks, versus untreated AAV-empty control group; blue 
asterisks, versus untreated sKl group; red asterisks, versus untreated 
mKl group
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protein levels of PSD-95, AMPA receptors subunit GluR1, 
or NMDA receptor subunits GluN1, GluN2B, and GluN2A 
(Fig. 5).

mKl and sKl Overexpression have Distinct Effects 
on BDNF‑Promoted Changes to the Dendritic Arbor

Our data suggest that overexpression of sKl and mKl 
impacts BDNF-triggered Ca2+ signaling in neurons. Thus, 
we asked whether increasing the levels of α-Kl affects 
changes to the dendritic arbor promoted by 72 h BDNF 
treatment (25 ng/mL) in rat hippocampal neurons. For 

the overall dendrite branching pattern (Fig. 6), untreated 
hippocampal neurons overexpressing mKl displayed an 
increase in dendritic intersections proximal to the soma 
(< 50 µm) and a decrease in the number of more distal 
intersections (Fig. 6G, H). This profile was mildly, but 
significantly, affected by BDNF treatment with increased 
number of intersections at approximately 50 µm from the 
soma (Fig. 6L). Despite this effect, BDNF-treated neu-
rons overexpressing mKl demonstrated a reduced num-
ber of intersections when compared to control neurons 
and neurons overexpressing sKl that were treated with 
BDNF (Fig. 6I). Untreated neurons overexpressing sKl 

Fig. 5   Overexpression of α-Kl 
isoforms and short-term BDNF 
treatment does not alter baseline 
levels of PSD-95, AMPA, and 
NMDA receptors. Western blot 
analysis of PSD-95 and AMPA 
and NMDA glutamate receptor 
subunits after (A-E) 5 min or 
(F-J) 72 h BDNF treatment 
of cortical cells on DIV 11 
previously transduced on DIV 7 
with AAV-empty, AAV-sKl, or 
AAV-mKl vectors. Densitomet-
ric quantification and respective 
representative Western blot 
images of (A, F) PSD-95, (B, 
G) GluR1, (C, H) GluN1, (D, 
I) GluN2B, and GluN2A (E, J). 
Levels of proteins were normal-
ized to α-tubulin and expressed 
as fold change of control 
(empty, untreated). Data were 
obtained from three independ-
ent trials and are presented as 
mean ± S.E.M; n = 9. *p < 0.05, 
**p < 0.01, ****p < 0.0001 
as determined by two-way 
ANOVA followed by Tukey’s 
multiple comparisons test: 
black asterisks, versus untreated 
AAV-empty control group; blue 
asterisks, versus untreated sKl 
group; red asterisks, versus 
untreated mKl group
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demonstrated an intermediate phenotype with smaller dif-
ferences versus control (empty plasmid) neurons (Fig. 6G, 
H). Treatment of neurons overexpressing sKl with BDNF 
rescued the dendrite branching pattern to that of control 
neurons (Fig.  6I, K). In the control condition, BDNF 

treatment did not have a significant effect when the den-
drites were not separated into different orders (Fig. 6G, J).

When Sholl analysis was performed for different dendrite 
orders, BDNF treatment significantly increased primary den-
drite intersections in the control group (empty) (Fig. 7A-I, 

Fig. 6   BDNF Treatment Rescues Changes to Dendritic Branching in 
Hippocampal Neurons Overexpressing sKl but not mKl. Sholl analy-
sis of neurons at DIV 14 that were transfected with empty, sKl, or 
mKl constructs. Cultures were untreated or treated with 25  ng/mL 
BDNF for 72 h. A-F Representative images of neurons in each exper-
imental condition. Scale bar = 50 µm. G-L Sholl curves for dendrites 
of all orders combined. G All groups plotted. H Untreated groups. 
I Treatment with BDNF. J Control (empty) group without and with 

BDNF treatment. K BDNF effects on cells overexpressing sKl. L 
BDNF effects on neurons overexpressing mKl. Data are presented 
as mean ± S.E.M; n = 41–59. *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001 as determined by two-way ANOVA followed by Tuk-
ey’s multiple comparisons test in which black asterisks indicate com-
parison versus untreated control (empty) group; blue asterisks versus 
sKl group; red asterisks versus mKl
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IV), and in neurons overexpressing sKl (Fig.  7A-I, V) 
with no significant effects on neurons overexpressing mKl 
(Fig. 7A-I, VI). mKl overexpression significantly increased 
the number of proximal intersections, while sKl overexpres-
sion had no effect (Fig. 7A-II). When we analyzed the impact 
of BDNF treatment in each condition, the number of primary 
dendrite intersections was similar in neurons overexpressing 
mKl and in untreated sister cultures, and overexpression of 
sKl led to a smaller increase in dendrites promoted by BDNF 
compared to the control group (Fig. 7A-III-VI).

For secondary dendrites, overexpression of either iso-
form had a negative impact on dendrite branching (Fig. 7B-
I, II). When comparing the effect of α-Kl isoform overex-
pression on BDNF treatment, neurons overexpressing sKl 
demonstrated Sholl curves similar to those of control, while 
neurons overexpressing mKl retained a morphology simi-
lar to the untreated mKl overxpression group, with only an 
increase in proximal branches (Fig. 7B-III-VI).

Overexpression of the mKl isoform significantly 
decreased the number of tertiary and higher order inter-
sections in untreated cells (Fig. 7C-I, II). Neurons overex-
pressing sKl presented an intermediate Sholl curve with a 
minor difference when compared to the empty untreated 
groups (Fig.  7C-I, II). After BDNF treatment, neurons 
overexpressing mKl demonstrated an increase in proximal 
branches compared to untreated neurons overexpressing mKl 
(Fig. 7C-VI). Interestingly, neurons overexpressing mKl that 
were treated with BDNF continued to demonstrate a reduced 
number of intersections compared to the control condition, 
while neurons with sKl overexpression presented a den-
drite branching phenotype similar to that of control neurons 
(Fig. 7C-III).

Taken together, our results support the idea that mKl and 
sKl shape the dendritic arbor via distinct mechanisms.

Discussion

In this study, we present for the first time, evidence that 
overexpression of α-Kl interferes with growth factor signal-
ing, and specifically BDNF signaling, in neurons and that 
the mKl and sKl isoforms have distinct impacts on BDNF 
signaling and changes to dendrite arborization (Fig. 8). 
Although the effects of mKl and sKl overexpression on den-
drite branching partially overlap, they are affected differently 
by BDNF treatment. Neurons overexpressing sKl display 
changes in BDNF-promoted increases intracellular levels 
of Ca2+ and changes to dendrite branching, with the latter 
phenotype restored to control levels after BDNF application. 
Overexpression of mKl results in a greater change in BDNF-
promoted increases in intracellular Ca2+ levels; however, the 
dendrite branching profile in these neurons was affected by 
BDNF only at the more proximal regions of the dendritic 

arbor. Thus, even after stimulation with BDNF, neurons 
overexpressing mKl retain a morphology that resembles 
immature neurons.

Previous studies have implicated α-Kl in growth factor 
signaling [11], and others suggest that α-Kl affects neu-
ronal maturation [43, 44, 52]. However, these studies did 
not investigate the specific effects of α-Kl overexpression in 
growth factor signaling in the CNS or neuronal cells or the 
specific effects of the different α-Kl isoforms. The different 
isoforms have distinct cellular targets [11, 53]. The mKl iso-
form directly interacts with fibroblast growth factor recep-
tor 1 (FGFR1), acting as a co-receptor for FGF-23. This 
interaction modulates the activity of FGFR1 and depends 
on the presence of both KL1 and KL2 domains [53]. The 
isoforms containing only KL1, either the sKl produced by 
alternative splicing or the product of mKl cleavage, possess 
a pocket that can bind to sialic acid present on membrane 
gangliosides or glycosylated proteins [11, 12]. Another line 
of evidence suggests that sKl alters protein stability in the 
membrane by removal of sialic acid residues [9].

Distinct mechanisms may be used by mKL and sKL to 
regulate dendrite branching. While sKL and cleaved mKL 
containing only KL1 modulate growth-factor related signal-
ing via inhibition of the PI3K-AKT pathway [3], mKLacts 
via an additional mechanism that includes direct interaction 
with FGFR, modifying its specificity towards FGF-23[4].

In this work, we investigated tyrosine kinase receptor 
signaling, specifically TrKB, ERK, AKT, and CREB phos-
phorylation and changes to intracellular Ca2+ levels. We did 
not find evidence that stable overexpression of mKL and 
sKL alters TrKB, ERK, AKT, or CREB phosphorylation 
after acute (5 min) or prolonged (72 h) BDNF treatment. 
However, shorter exposure times to mKL and sKL could 
alter AKT and ERK signaling pathways, as demonstrated 
by previous publications [1, 2].

The novelty of our data is the effect of treatment with 
the α-Klotho different isoforms on intracellular Ca2+ levels 
during prolonged BDNF treatment. mKL overexpression 
has a greater negative impact on BDNF-mediated increases 
in Ca2+ levels after 72 h of treatment (Fig. 3D). After pro-
longed mKL overexpression, intracellular Ca2+ levels do 
not differ significantly from the levels of untreated control 
(empty) neurons. In contrast, neurons overexpressing sKL 
respond to BDNF treatment by increasing the intracellular 
levels of Ca2+ in comparison to basal levels of the untreated 
control (empty) group. We propose that the ability of neu-
rons that overexpress sKL to maintain higher intracellular 
Ca2+ levels allows for the recovery of the dendrite branching 
phenotype observed after the 72 h BDNF treatment.

Our results demonstrate that α-Kl isoforms have differ-
ent expression patterns in the brain. This is not unexpected 
as different brain regions have distinct anatomical organi-
zation and gene expression profiles [54]. It is plausible 
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that the difference in expression could be attributed to the 
alternative splicing that generates mKl and sKl or to regu-
lation that takes place at the post-translational level. An 
additional difference between the isoforms is subcellular 
distribution and processing for release into the extracel-
lular space. As a membrane protein, the release of spe-
cific domains of mKl is dependent on tissue expression 
and activity of secretases. In fact, mKl can be shed by α, 
β, and y-secretases, and its cleavage can be influenced by 
hormones, such as insulin [5, 6, 28]. The stimulation of 

α-secretases ADAM 10 and 17 increases the release of the 
KL1 and KL2 fragments [6]. For the secreted isoform, the 
presence of an extra sequence directs this protein into the 
secretory pathway, and little is known about the factors that 
influence its release [55].

We observed high α-Kl levels in the hippocampus at 
postnatal time points that coincide with the critical period 
for development of this structure, in which neurons pre-
sent different plasticity mechanisms from that of mature 
neurons [56, 57]. Thus, the reduction of α-Kl levels after 
P21 in the hippocampus may be involved in the altera-
tions in plasticity needed for the completion of postnatal 
maturation.

Importantly, a limitation of our study is that we evaluated 
the effects of overexpression of the different α-Kl isoforms 
on dendrite branching. It is possible that this overexpression 
could result in dominant negative effects. Whether variations 
in α-Kl levels play a physiological role in dendrite morpho-
genesis should be addressed by future research. In addition, 
future studies will determine if the alterations in dendrite 
branching promoted by α-Kl may offer an advantage in path-
ological conditions that affect dendrite morphology, such as 
traumatic brain injury and stroke. The information gained 
from these studies could lead to new avenues for regaining 
function of the injured brain.

Fig. 7   Effects of α-Kl isoform overexpression and BDNF treatment 
on dendrite order-specific Sholl profiles. Sholl analysis of neurons 
at DIV 14 that were transfected with empty, sKl, or mKl constructs 
and untreated (control condition) or treated with 25 ng/mL BDNF for 
72 h. A Sholl curves of primary dendrites. B Sholl curves of second-
ary dendrites. C Sholl curves of tertiary and higher order dendrites. 
Graph labels: I. All groups; II. Untreated groups; III. BDNF treat-
ment; IV. BDNF treatment of the control (empty) group; V. BDNF 
treatment on cells overexpressing sKl; VI. Cells overexpressing 
mKl with no treatment or treatment with BDNF. Data are presented 
as mean ± S.E.M; n = 41–59. *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001 as determined by two-way ANOVA followed by 
Tukey’s multiple comparisons test in which black asterisks indicate 
comparison versus not treated control (empty) group; blue asterisks 
versus sKl group; red asterisks, versus mKl group

◂

Fig. 8   Summary of the effects 
of α-Kl overexpression on the 
response to BDNF treatment in 
primary neurons. sKl and mKl 
overexpression reduces second-
ary and tertiary and higher 
order branching, and mKl 
increases the number of primary 
branches in the untreated condi-
tion. BDNF treatment for 72 h 
leads to an increase in primary 
and secondary dendrites in the 
control condition and a restora-
tion of the control phenotype in 
neurons overexpressing sKl. In 
mKl overexpressing neurons, 
BDNF promotes a small, but 
significant, increase in primary 
and secondary dendrites, but the 
dendritic arbor is different than 
that of control neurons. BDNF 
treatment for 72 h induces ERK 
phosphorylation and a rise in 
intracellular calcium levels that 
are lowered by α-Kl overexpres-
sion. Created with BioRender.
com



9168	 Molecular Neurobiology (2024) 61:9155–9170

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s12035-​024-​04171-y.

Acknowledgements  We thank members of the Firestein lab for their 
feedback on experiments.

Authors' Contributions  All authors contributed to the study conception 
and design. Material preparation, data collection, and data analysis 
were performed by Marina Minto Cararo-Lopes, Ratchell Sadovnik, 
Allen Fu, Shradha Suresh, and Srinivasa Gandu. Bonnie L. Firestein 
oversaw performance of the project, aided in interpretation of results, 
and obtained funding. The first draft of the manuscript was written 
by Marina Minto Cararo-Lopes and Bonnie L. Firestein. All authors 
commented on previous versions of the manuscript. All authors read 
and approved the final manuscript.

Funding  This work was supported by the New Jersey Commission on 
Brain Injury Research grant # CBIR20IRG003 and CBIR22PIL020 
(to BLF). MMCL was funded by a predoctoral fellowship from 
Coordenação de Aperfeiçoamento de Pessoal de Nível Superior – 
Brazil (CAPES), finance code 001. SG was funded by the New Jer-
sey Commission on Brain Injury Research Predoctoral Fellowship # 
CBIR20FEL009. RS and AF received support from the Rutgers Uni-
versity Aresty Research Center.

Data Availability  Further information and data will be shared via fig-
ureshare.com or Box with a link provided upon reasonable request.

Declarations 

Ethics Approval  All the animal experiments followed ARRIVE guide-
lines and were approved by Rutgers Institutional Animal Care and Use 
Committee (protocol # 999,900,080).

Consent to Participate  Not applicable.

Consent for Publication  Not applicable.

Competing Interests  The authors have no relevant financial or non-
financial interests to disclose.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Li S-A, Watanabe M, Yamada H et al (2004) Immunohistochemi-
cal localization of Klotho protein in brain, kidney, and reproduc-
tive organs of mice. Cell Struct Funct 29:91–99. https://​doi.​org/​
10.​1247/​csf.​29.​91

	 2.	 Kuro-o M, Matsumura Y, Aizawa H et al (1997) Mutation of the 
mouse klotho gene leads to a syndrome resembling ageing. Nature 
390:45–51. https://​doi.​org/​10.​1038/​36285

	 3.	 Kurosu H, Yamamoto M, Clark JD et al (2005) Suppression of 
aging in mice by the hormone Klotho. Science (80-) 309:1829–
1833. https://​doi.​org/​10.​1126/​scien​ce.​11127​66

	 4.	 Cararo-Lopes MM, Mazucanti CHY, Scavone C et al (2017) The 
relevance of α-KLOTHO to the central nervous system: Some key 
questions. Ageing Res Rev 36. https://​doi.​org/​10.​1016/j.​arr.​2017.​
03.​003

	 5.	 Bloch L, Sineshchekova O, Reichenbach D et al (2009) Klotho is 
a substrate for α-, β-and γ-secretase. FEBS Lett 583:3221–3224. 
https://​doi.​org/​10.​1016/j.​febsl​et.​2009.​09.​009

	 6.	 Chen C-D, Podvin S, Gillespie E et al (2007) Insulin stimulates 
the cleavage and release of the extracellular domain of Klotho by 
ADAM10 and ADAM17. Proc Natl Acad Sci 104:19796–19801. 
https://​doi.​org/​10.​1073/​pnas.​07098​05104

	 7.	 Chen C-D, Tung TY, Liang J et al (2014) Identification of cleav-
age sites leading to the shed form of the anti-aging protein klotho. 
Biochemistry 53:5579–5587. https://​doi.​org/​10.​1021/​bi500​409n

	 8.	 Bartke A (2006) Long-lived Klotho mice: new insights into the 
roles of IGF-1 and insulin in aging. Trends Endocrinol Metab 
17:33–35. https://​doi.​org/​10.​1016/j.​tem.​2006.​01.​002

	 9.	 Cha S-K, Ortega B, Kurosu H et al (2008) Removal of sialic 
acid involving Klotho causes cell-surface retention of TRPV5 
channel via binding to galectin-1. Proc Natl Acad Sci 105:9805–
9810. https://​doi.​org/​10.​1073/​pnas.​08032​23105

	10.	 Wright JD, An S-W, Xie J et al (2019) Soluble klotho regulates 
TRPC6 calcium signaling via lipid rafts, independent of the FGFR-
FGF23 pathway. FASEB J 33:9182. https://​doi.​org/​10.​1096/​fj.​20190​
0321R

	11.	 Dalton G, An SW, Al-Juboori SI et al (2017) Soluble klotho 
binds monosialoganglioside to regulate membrane microdo-
mains and growth factor signaling. Proc Natl Acad Sci U S A 
114:752–757. https://​doi.​org/​10.​1073/​pnas.​16203​01114

	12.	 Wright JD, An S-W, Xie J et al (2017) Modeled structural basis 
for the recognition of α2-3-sialyllactose by soluble Klotho. 
FASEB J 31:3574. https://​doi.​org/​10.​1096/​fj.​20170​0043R

	13.	 Pan X, De Britto Pará De Aragão C, Velascomartin JP et al 
(2017) Neuraminidases 3 and 4 regulate neuronal function 
by catabolizing brain gangliosides. FASEB J 31:3467–3483. 
https://​doi.​org/​10.​1096/​fj.​20160​1299R

	14.	 Sipione S, Monyror J, Galleguillos D et al (2020) Gangliosides 
in the brain: physiology, pathophysiology and therapeutic appli-
cations. Front Neurosci 14:572965. https://​doi.​org/​10.​3389/​
fnins.​2020.​572965

	15.	 Yoo S-W, Motari MG, Susuki K et al (2015) Sialylation regu-
lates brain structure and function. FASEB J 29:3040. https://​
doi.​org/​10.​1096/​fj.​15-​270983

	16.	 Turkmen BA, Yazici E, Erdogan DG et al (2021) BDNF, GDNF, 
NGF and Klotho levels and neurocognitive functions in acute 
term of schizophrenia. BMC Psychiatry 21:1–12. https://​doi.​
org/​10.​1186/​s12888-​021-​03578-4

	17.	 Wu Y, Chen Z, Duan J et  al (2021) Serum levels of FGF21, 
β-klotho, and BDNF in stable coronary artery disease patients with 
depressive symptoms: a cross-sectional single-center study. Front 
Psychiatry 11:587492. https://​doi.​org/​10.​3389/​fpsyt.​2020.​587492

	18.	 Foster PP, Rosenblatt KP, Kuljiš RO (2011) Exercise-induced 
cognitive plasticity, implications for mild cognitive impairment 
and Alzheimer’s disease. Front Neurol 2:28. https://​doi.​org/​10.​
3389/​fneur.​2011.​00028

	19.	 Torbus-Paluszczak M, Bartman W, Adamczyk-Sowa M (2018) 
Klotho protein in neurodegenerative disorders. Neurol Sci 
39:1677–1682. https://​doi.​org/​10.​1007/​s10072-​018-​3496-x

	20.	 Huang ZJ, Kirkwood A, Pizzorusso T et al (1999) BDNF reg-
ulates the maturation of inhibition and the critical period of 

https://doi.org/10.1007/s12035-024-04171-y
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1247/csf.29.91
https://doi.org/10.1247/csf.29.91
https://doi.org/10.1038/36285
https://doi.org/10.1126/science.1112766
https://doi.org/10.1016/j.arr.2017.03.003
https://doi.org/10.1016/j.arr.2017.03.003
https://doi.org/10.1016/j.febslet.2009.09.009
https://doi.org/10.1073/pnas.0709805104
https://doi.org/10.1021/bi500409n
https://doi.org/10.1016/j.tem.2006.01.002
https://doi.org/10.1073/pnas.0803223105
https://doi.org/10.1096/fj.201900321R
https://doi.org/10.1096/fj.201900321R
https://doi.org/10.1073/pnas.1620301114
https://doi.org/10.1096/fj.201700043R
https://doi.org/10.1096/fj.201601299R
https://doi.org/10.3389/fnins.2020.572965
https://doi.org/10.3389/fnins.2020.572965
https://doi.org/10.1096/fj.15-270983
https://doi.org/10.1096/fj.15-270983
https://doi.org/10.1186/s12888-021-03578-4
https://doi.org/10.1186/s12888-021-03578-4
https://doi.org/10.3389/fpsyt.2020.587492
https://doi.org/10.3389/fneur.2011.00028
https://doi.org/10.3389/fneur.2011.00028
https://doi.org/10.1007/s10072-018-3496-x


9169Molecular Neurobiology (2024) 61:9155–9170	

plasticity in mouse visual cortex. Cell 98:739–755. https://​doi.​
org/​10.​1016/​s0092-​8674(00)​81509-3

	21.	 O’Neill KM, Kwon M, Donohue KE, Firestein BL (2017) 
Distinct effects on the dendritic arbor occur by microbead 
versus bath administration of brain-derived neurotrophic fac-
tor. Cell Mol Life Sci 74:4369–4385. https://​doi.​org/​10.​1007/​
s00018-​017-​2589-7

	22.	 Gottmann K, Mittmann T, Lessmann V (2009) BDNF signaling 
in the formation, maturation and plasticity of glutamatergic and 
GABAergic synapses. Exp brain Res 199:203–234. https://​doi.​
org/​10.​1007/​s00221-​009-​1994-z

	23.	 Kwon M, Fernández JR, Zegarek GF et al (2011) BDNF-pro-
moted increases in proximal dendrites occur via CREB-depend-
ent transcriptional regulation of cypin. J Neurosci 31:9735–
9745. https://​doi.​org/​10.​1523/​JNEUR​OSCI.​6785-​10.​2011

	24.	 Edelmann E, Leßmann V, Brigadski T (2014) Pre-and postsynaptic twists 
in BDNF secretion and action in synaptic plasticity. Neuropharmacology 
76:610–627. https://​doi.​org/​10.​1016/j.​neuro​pharm.​2013.​05.​043

	25.	 O’Neill KM, Donohue KE, Omelchenko A, Firestein BL (2018) 
The 3′ UTRs of brain-derived neurotrophic factor transcripts 
differentially regulate the dendritic arbor. Front Cell Neurosci 
12:60. https://​doi.​org/​10.​3389/​fncel.​2018.​00060

	26.	 Swiatkowski P, Sewell E, Sweet ES et al (2018) Cypin: A novel 
target for traumatic brain injury. Neurobiol Dis 119:13–25. https://​
doi.​org/​10.​1016/j.​nbd.​2018.​07.​019

	27.	 Kügler S, Kilic E, Bähr M (2003) Human synapsin 1 gene promoter 
confers highly neuron-specific long-term transgene expression from 
an adenoviral vector in the adult rat brain depending on the transduced 
area. Gene Ther 10:337–347. https://​doi.​org/​10.​1038/​sj.​gt.​33019​05

	28.	 Chen C-D, Li Y, Chen AK et al (2020) Identification of the cleav-
age sites leading to the shed forms of human and mouse anti-aging 
and cognition-enhancing protein Klotho. PLoS ONE 15:e0226382. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​02263​82

	29.	 Chen B, Wang X, Zhao W, Wu J (2010) Klotho inhibits growth and 
promotes apoptosis in human lung cancer cell line A549. J Exp Clin 
Cancer Res 29:1–7. https://​doi.​org/​10.​1186/​1756-​9966-​29-​99

	30.	 Chan KY, Jang MJ, Yoo BB et al (2017) Engineered AAVs for effi-
cient noninvasive gene delivery to the central and peripheral nervous 
systems. Nat Neurosci 20:1172–1179. https://​doi.​org/​10.​1038/​nn.​4593

	31.	 Ji Y, Lu Y, Yang F et al (2010) Acute and gradual increases in BDNF 
concentration elicit distinct signaling and functions in neurons. Nat 
Neurosci 13:302–309. https://​doi.​org/​10.​1038/​nn.​2505

	32.	 Langhammer CG, Previtera ML, Sweet ES et al (2010) Automated 
Sholl analysis of digitized neuronal morphology at multiple scales: 
whole cell Sholl analysis versus Sholl analysis of arbor subregions. 
Cytom Part A 77:1160–1168. https://​doi.​org/​10.​1002/​cyto.a.​20954

	33.	 Ji Y, Pang PT, Feng L, Lu B (2005) Cyclic AMP controls BDNF-
induced TrkB phosphorylation and dendritic spine formation in 
mature hippocampal neurons. Nat Neurosci 8:164–172. https://​doi.​
org/​10.​1038/​nn1381

	34.	 O’Neill KM, Akum BF, Dhawan ST et al (2015) Assessing effects 
on dendritic arborization using novel Sholl analyses. Front Cell Neu-
rosci 9:285. https://​doi.​org/​10.​3389/​fncel.​2015.​00285

	35.	 Swiatkowski P, Nikolaeva I, Kumar G et al (2017) Role of Akt-inde-
pendent mTORC1 and GSK3β signaling in sublethal NMDA-induced 
injury and the recovery of neuronal electrophysiology and survival. 
Sci Rep 7(1):1539. https://​doi.​org/​10.​1038/​s41598-​017-​01826-w

	36.	 Clinton SM, Glover ME, Maltare A et al (2013) Expression of klotho 
mRNA and protein in rat brain parenchyma from early postnatal 
development into adulthood. Brain Res 1527:1–14. https://​doi.​org/​
10.​1016/J.​BRAIN​RES.​2013.​06.​044

	37.	 Teocchi MA, Ferreira AÉD, de da L Liveira EP et al (2013) Hippocam-
pal gene expression dysregulation of Klotho, nuclear factor kappa B 
and tumor necrosis factor in temporal lobe epilepsy patients. J Neuro-
inflammation 10:53. https://​doi.​org/​10.​1186/​1742-​2094-​10-​53

	38.	 Lim K, Groen A, Molostvov G et al (2015) α-Klotho expression in 
human tissues. J Clin Endocrinol Metab 100:E1308–E1318. https://​
doi.​org/​10.​1210/​jc.​2015-​1800

	39.	 Castner SA, Gupta S, Wang D et  al (2023) Longevity factor 
klotho enhances cognition in aged nonhuman primates. Nat Aging 
3(8):931–937. https://​doi.​org/​10.​1038/​s43587-​023-​00441-x

	40.	 Behringer V, Stevens JMG, Deschner T et al (2018) Aging and sex 
affect soluble alpha klotho levels in bonobos and chimpanzees. Front 
Zool 15:1–10. https://​doi.​org/​10.​1186/​s12983-​018-​0282-9

	41.	 Ohyama Y, Kurabayashi M, Masuda H et al (1998) Molecular 
cloning of RatklothocDNA: markedly decreased expression ofk-
lothoby acute inflammatory stress. Biochem Biophys Res Commun 
251:920–925. https://​doi.​org/​10.​1006/​bbrc.​1998.​9576

	42.	 Donato F, Alberini CM, Amso D et al (2021) The ontogeny of hip-
pocampus-dependent memories. J Neurosci 41:920–926. https://​doi.​
org/​10.​1523/​JNEUR​OSCI.​1651-​20.​2020

	43.	 Salech F, Varela-Nallar L, Arredondo SB et al (2017) Local klotho 
enhances neuronal progenitor proliferation in the adult hippocampus. J 
Gerontol Ser A 74:1043–1051. https://​doi.​org/​10.​1093/​gerona/​glx248

	44.	 Laszczyk AM, Fox-Quick S, Vo HT et al (2017) Klotho regulates 
postnatal neurogenesis and protects against age-related spatial mem-
ory loss. Neurobiol Aging 59:41–54. https://​doi.​org/​10.​1016/j.​neuro​
biola​ging.​2017.​07.​008

	45.	 Gonzalez A, Moya-Alvarado G, Gonzalez-Billaut C, Bronfman 
FC (2016) Cellular and molecular mechanisms regulating neuronal 
growth by brain-derived neurotrophic factor. Cytoskeleton 73:612–
628. https://​doi.​org/​10.​1002/​cm.​21312

	46.	 Moya-Alvarado G, Gonzalez A, Stuardo N, Bronfman FC (2018) 
Brain-derived neurotrophic factor (BDNF) regulates Rab5-positive 
early endosomes in hippocampal neurons to induce dendritic branching. 
Front Cell Neurosci 12:493. https://​doi.​org/​10.​3389/​fncel.​2018.​00493

	47.	 Sasi M, Vignoli B, Canossa M, Blum R (2017) Neurobiology of 
local and intercellular BDNF signaling. Pflügers Arch J Physiol 
469:593–610. https://​doi.​org/​10.​1007/​s00424-​017-​1964-4

	48.	 Kumar V, Zhang M-X, Swank MW et al (2005) Regulation of den-
dritic morphogenesis by Ras–PI3K–Akt–mTOR and Ras–MAPK 
signaling pathways. J Neurosci 25:11288–11299. https://​doi.​org/​10.​
1523/​JNEUR​OSCI.​2284-​05.​2005

	49.	 Orellana AM, Mazucanti CH, Dos Anjos LP et al (2023) Klotho 
increases antioxidant defenses in astrocytes and ubiquitin–protea-
some activity in neurons. Sci Rep 13:15080. https://​doi.​org/​10.​1038/​
s41598-​023-​41166-6

	50.	 Mazucanti CH, Kawamoto EM, Mattson MP et al (2019) Activity-
dependent neuronal Klotho enhances astrocytic aerobic glycolysis. 
J Cereb Blood Flow Metab 39:1544–1556. https://​doi.​org/​10.​1177/​
02716​78X18​762

	51.	 Caldeira MV, Melo CV, Pereira DB et al (2007) BDNF regulates the 
expression and traffic of NMDA receptors in cultured hippocampal 
neurons. Mol Cell Neurosci 35:208–219. https://​doi.​org/​10.​1016/j.​
mcn.​2007.​02.​019

	52.	 Su Y-T, Lau S-F, Ip JPK et al (2019) α2-Chimaerin is essential for neu-
ral stem cell homeostasis in mouse adult neurogenesis. Proc Natl Acad 
Sci 116:13651–13660. https://​doi.​org/​10.​1073/​pnas.​19038​91116

	53.	 Chen G, Liu Y, Goetz R et al (2018) α-Klotho is a non-enzymatic 
molecular scaffold for FGF23 hormone signalling. Nature 553:461–
466. https://​doi.​org/​10.​1038/​natur​e25451

	54.	 Liang WS, Dunckley T, Beach TG et al (2007) Gene expression pro-
files in anatomically and functionally distinct regions of the normal 
aged human brain. Physiol Genomics 28:311–322. https://​doi.​org/​
10.​1152/​physi​olgen​omics.​00208.​2006

	55.	 Shiraki-Iida T, Aizawa H, Matsumura Y et al (1998) Structure of 
the mouse klotho gene and its two transcripts encoding membrane 
and secreted protein. FEBS Lett 424:6–10. https://​doi.​org/​10.​1016/​
s0014-​5793(98)​00127-6

	56.	 Travaglia A, Steinmetz AB, Miranda JM, Alberini CM (2018) 
Mechanisms of critical period in the hippocampus underlie object 

https://doi.org/10.1016/s0092-8674(00)81509-3
https://doi.org/10.1016/s0092-8674(00)81509-3
https://doi.org/10.1007/s00018-017-2589-7
https://doi.org/10.1007/s00018-017-2589-7
https://doi.org/10.1007/s00221-009-1994-z
https://doi.org/10.1007/s00221-009-1994-z
https://doi.org/10.1523/JNEUROSCI.6785-10.2011
https://doi.org/10.1016/j.neuropharm.2013.05.043
https://doi.org/10.3389/fncel.2018.00060
https://doi.org/10.1016/j.nbd.2018.07.019
https://doi.org/10.1016/j.nbd.2018.07.019
https://doi.org/10.1038/sj.gt.3301905
https://doi.org/10.1371/journal.pone.0226382
https://doi.org/10.1186/1756-9966-29-99
https://doi.org/10.1038/nn.4593
https://doi.org/10.1038/nn.2505
https://doi.org/10.1002/cyto.a.20954
https://doi.org/10.1038/nn1381
https://doi.org/10.1038/nn1381
https://doi.org/10.3389/fncel.2015.00285
https://doi.org/10.1038/s41598-017-01826-w
https://doi.org/10.1016/J.BRAINRES.2013.06.044
https://doi.org/10.1016/J.BRAINRES.2013.06.044
https://doi.org/10.1186/1742-2094-10-53
https://doi.org/10.1210/jc.2015-1800
https://doi.org/10.1210/jc.2015-1800
https://doi.org/10.1038/s43587-023-00441-x
https://doi.org/10.1186/s12983-018-0282-9
https://doi.org/10.1006/bbrc.1998.9576
https://doi.org/10.1523/JNEUROSCI.1651-20.2020
https://doi.org/10.1523/JNEUROSCI.1651-20.2020
https://doi.org/10.1093/gerona/glx248
https://doi.org/10.1016/j.neurobiolaging.2017.07.008
https://doi.org/10.1016/j.neurobiolaging.2017.07.008
https://doi.org/10.1002/cm.21312
https://doi.org/10.3389/fncel.2018.00493
https://doi.org/10.1007/s00424-017-1964-4
https://doi.org/10.1523/JNEUROSCI.2284-05.2005
https://doi.org/10.1523/JNEUROSCI.2284-05.2005
https://doi.org/10.1038/s41598-023-41166-6
https://doi.org/10.1038/s41598-023-41166-6
https://doi.org/10.1177/0271678X18762
https://doi.org/10.1177/0271678X18762
https://doi.org/10.1016/j.mcn.2007.02.019
https://doi.org/10.1016/j.mcn.2007.02.019
https://doi.org/10.1073/pnas.1903891116
https://doi.org/10.1038/nature25451
https://doi.org/10.1152/physiolgenomics.00208.2006
https://doi.org/10.1152/physiolgenomics.00208.2006
https://doi.org/10.1016/s0014-5793(98)00127-6
https://doi.org/10.1016/s0014-5793(98)00127-6


9170	 Molecular Neurobiology (2024) 61:9155–9170

location learning and memory in infant rats. Learn Mem 25:176–
182. https://​doi.​org/​10.​1101/​lm.​046946.​117

	57.	 Travaglia A, Bisaz R, Sweet ES et al (2016) Infantile amnesia 
reflects a developmental critical period for hippocampal learning. 
Nat Neurosci 19:1225–1233. https://​doi.​org/​10.​1038/​nn.​4348

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1101/lm.046946.117
https://doi.org/10.1038/nn.4348

	Overexpression of α-Klotho isoforms promotes distinct Effects on BDNF-Induced Alterations in Dendritic Morphology
	Abstract
	Introduction
	Materials and Methods
	Experimental Animals
	Adult Rat Brain Dissection
	Primary cortical and hippocampal cultures
	AAV Transduction of Cortical Neurons
	Treatment of Cultures with BDNF
	Immunostaining of Cultures
	Semi-Automated Sholl Analysis
	Fluo-4 Calcium Assay
	Protein Extraction and Western Blot Analysis
	Statistical Analysis

	Results
	α-Kl Isoforms Demonstrate Different Expression Patterns in the Adult Rat Brain
	Hippocampal Levels of α-Kl Protein Decline Three Weeks after Birth
	BDNF Treatment does not Affect Endogenous or Recombinant α-Kl Protein Levels

	Overexpression of α-Kl Isoforms Attenuates Increased Intracellular Ca2+ Levels Promoted by Long-Term BDNF Treatment.
	α-Kl Overexpression or 5 min BDNF Treatment does not Affect the Levels of PSD-95, AMPA, and NMDA Receptors
	mKl and sKl Overexpression have Distinct Effects on BDNF-Promoted Changes to the Dendritic Arbor

	Discussion
	Acknowledgements 
	References


