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Abstract
Rationale and objective  Environmental enrichment (EE) has been shown in old rats to improve learning and memory. 
Vitamin D (VitD) has also been shown to modulate age-related, cognitive dysfunction. As both EE and VitD could work to 
improve cognition via enhancement of neurotrophic factors, their effects might occlude one another. Therefore, a clinically 
relevant question is whether noted cognition-promoting effects of EE and VitD can co-occur.
Methods  Aged rats were housed for 6 weeks in one of three housing conditions: environmentally enriched (EE), socially 
enriched (SE), or standard condition (SC). Further, a 4th group was co-treated with VitD supplementation (400 IU kg−1 
daily, 6 weeks) under EE conditions (EE + VitD).
Results  Treatment with VitD and EE housing were  associated with higher score on measures of learning and memory and 
exhibited lower anxiety scores compared to EE alone, SE or SC as assayed in the elevated plus maze, Morris water maze, 
passive avoidance, and open field tasks. Additionally, in the EE + VitD group, mRNA expression levels of NGF, TrkA, 
BDNF, Nrf2, and IGF-1 were significantly higher compared to expression seen in the EE group. Furthermore, field potential 
recordings showed that EE + VitD resulted in a greater enhancement of hippocampal LTP and neuronal excitability when 
compared to EE alone.
Conclusions  These findings demonstrate that in aged rats exposure to EE and VitD results in effects on hippocampal cogni-
tive dysfunction and molecular mechanisms which are greater than effects of EE alone, suggesting potential for synergistic 
therapeutic effects for management of age-related cognitive decline.

Keywords  Age-related cognitive decline · Vitamin D · Learning and memory · Enriched environment · Neuronal 
excitability

 *	 Mohammad Shabani 
	 shabani@kmu.ac.ir

1	 Clinical Neurology Research Centre, Shiraz University 
of Medical Sciences, Shiraz, Iran

2	 Department of Drug Design and Pharmacology, Faculty 
of Health and Medical Sciences, University of Copenhagen, 
2100 Copenhagen, Denmark

3	 Histomorphometry and Stereology Research Centre, Shiraz 
University of Medical Sciences, Shiraz, Iran

4	 Evidence‑Based Phytotherapy and Complementary Medicine 
Research Center, Alborz University of Medical Sciences, 
Karaj, Iran

5	 Department of Physiology and Pharmacology, School 
of Medicine, Alborz University of Medical Sciences, Karaj, 
Iran

6	 Neuroscience Research Center, Neuropharmacology Institute, 
Kerman University of Medical Sciences, Kerman, Iran

Introduction

The elderly population is growing worldwide (617 mil-
lion people aged ≥ 65 years). Therefore, the importance 
of healthy aging has become a public health precedence 

for the World Health Organization (Global strategy and 
action plan on aging and health World Health Organization 
2017). Results from studies of humans and rodent models 
indicate that normal aging is accompanied by decrements 
in perceptual abilities and a moderate degree of cognitive 
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dysfunction (Gros and Wang 2018; Hertzog et al. 2008; 
La Spina et al. 2019; Romo-Araiza et al. 2018). While 
some decline of cognitive ability across a lifetime is con-
sidered normal, understanding factors which could ame-
liorate this decline would contribute to the improvement 
of aging. Human and rodent studies have noted shrinkage 
of the hippocampus, frontal cortex, and entorhinal cortex 
associated with aging which could contribute to cognitive 
dysfunction (Driscoll et al. 2009, 2003; Raz et al. 2005). 
In addition to volume reduction, age-dependent cognitive 
decline may be due to neuronal deficits in plasticity due 
to reduction in the number of synapses, alterations in the 
physiological processes underlying synaptic plasticity, hin-
dered neurogenesis (Dennis et al. 2016; Mathews et al. 
2017; Takei 2019), and modifications in the expression of 
neuroplasticity-related proteins which are changes associ-
ated with aging (Barnes 1994; Burke and Barnes 2006; 
Erickson and Barnes 2003; Smith et al. 2000).

Environmental enrichment (EE) has been shown to be 
one of the most influential external factors in inducing  
hippocampal plasticity and in improving learning and 
memory skills in experimental studies (Garthe et al. 2016; 
Clemenson et al. 2017; Hilal et al. 2017; Kempermann 
et  al. 2002). The mechanisms by which EE improves 
learning and memory are likely multi-factorial but, at the 
molecular level, seem to involve neurotrophic factors which 
have been shown to play a significant role in promoting 
neuronal survival and in mechanisms underlying synaptic 
plasticity (Clemenson et al. 2017; Huang and Reichardt 
2001). Specifically, brain-derived neurotrophic factor 
(BDNF), nerve growth factor (NGF), and insulin-like 
growth factor-1 (IGF-I) have been implicated in cognitive 
benefits of EE (Conner et al. 2009; Frielingsdorf et al. 
2007; Shohayeb et al. 2018; Triviño-Paredes et al. 2016; 
Zigova et al. 1998).

Deletion of the murine BDNF receptor (TrkB) leads 
to development of impairment of long-term potentiation 
(LTP) and reduced neuronal survival which was associated 
with development of anxiety-like behavior (Bergami et al. 
2008). BDNF also constitutively stimulates an antioxidant 
defense process by mediating the expression of a master 
transcription regulator known as Nrf2 which plays a role 
in redox homeostasis status. Low levels of BDNF inhibit 
Nrf2 activation which consequently leads to exposure to 
stress-oxidative damage (Bouvier et al. 2017). In behavio-
ral examinations, BDNF has been shown to be important 
for the enhancement of learning and memory following 
EE (Bekinschtein et al. 2011; Jain et al. 2013; Jha et al. 
2016; Kuzumaki et al. 2011; Rossi et al. 2006; Tipyasang 
et al. 2014).

NGF is another trophic factor shown to be important in 
neuronal growth, differentiation, and survival (Conner et al. 
2009; Frielingsdorf et al. 2007), which has been linked to 

mechanisms underlying EE-associated improvements in cog-
nition. Housing of rats for 6 weeks in an enriched environ-
ment was associated with an increased expression of NGF 
and improvement of spatial and working memory (Birch et al. 
2013). Blocking of endogenous NGF using specific antibodies 
has been shown to lead to a considerable reduction in hip-
pocampal LTP and impaired spatial memory performance 
(Conner et al. 2009). There is some evidence to indicate that 
NGF also mediates the expression of other trophic factors 
such as IGF which has a crucial role in brain development and 
plasticity (Dyer et al. 2016). In addition to effects on cogni-
tion, EE has  been shown to play a role in behaviors which 
influence cognition, including anxiety. Further, EE has  been 
shown to relieve symptoms of anxiety, which was an effect 
associated with increases in hippocampal expression of the 
trophic cytokines BDNF, NGF, and IGF-1 (Zhang et al. 2018).

Vitamin D (VitD), which can stimulate trophic 
factors, has also been shown to play a role in cognition. 
VitD deficiency, especially in the elderly population, is 
associated with impaired learning, memory, and cognitive 
processes (Al-Amin et al. 2019; Llewellyn et al. 2010). 
Supplementation with high dose of VitD markedly improved 
the performance of visual (nonverbal) memory in those with 
primary insufficient VitD level (Pettersen 2017). Further, 
several studies have reported an association between low 
serum levels of VitD and the risk of anxiety symptoms 
(Han et al. 2018; Huang et al. 2014; Kim et al. 2020; Wu 
et al. 2016). A role for VitD in cognition and cognitive-
related processes and behaviors is not unexpected as VitD 
acts as a potent antioxidant agent which protects cells 
from oxidative, stress-induced damage (Sepidarkish et al. 
2019), as well as regulates the expression of proteins and 
neurotrophic factors involved in synaptic plasticity and 
physiological neuronal health (Eyles et al. 2007). Further, 
VitD is involved in cell differentiation (Carlberg 2016; 
Gil et al. 2018), neurotransmitter biosynthesis (Gezen-Ak 
et al. 2014b; Máčová et al. 2017), and intracellular calcium 
regulation (Fleet 2017).

While VitD and EE supplementation have  individually 
been shown to enhance learning and memory and cogni-
tive-based behaviors, as well as to stimulate processes and 
heighten proteins implicated in learning and memory and 
neurogenesis, the present study was designed to investigate 
for the first time the behavioral, synaptic, and molecular out-
come of combining VitD (vitamin D3; 400 IU kg−1 daily) 
and EE on cognitive dysfunction in aged rats. Cognitive 
performance was evaluated by a battery of behavioral tests. 
Synaptic plasticity and cellular excitability were examined 
by electrophysiology conducted in the CA1 region of hip-
pocampal brain slices. Finally, gene expression of NGF, 
TrkA, BDNF, TrkB, Nrf2, and IGF-1 was evaluated by 
using RT-qPCR. Excitingly, our results raise the possibility 
that combining EE with VitD could result in heightening 
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the enhancement in age-related cognitive decline elicited 
by EE alone.

Experimental procedures

Animal subjects

In this study, we used 22-month-old Sprague–Dawley 
male rats. All standard conditions such as room tempera-
ture (23 ± 1 °C), humidity (50 ± 10%), 12-h dark and light 
cycles, and free access to water and food were maintained. 
Behavioral tests were performed during the dark cycle. All 
procedures in this work were approved by, and adhered to 
the ethical guidelines of the Institutional Ethics Committee 
(IEC) of the Kerman University of Medical Science. During 
the course of the experimentation, animals were monitored 
three times a week, and animals showing any signs of ill-
ness were excluded from the study. Animal weight and food 
intake were measured twice weekly.

Housing conditions

In this study, animals were housed under one of four hous-
ing conditions: environmental enrichment (EE), social 
enrichment (SE), standard conditions (SC), and EE with 
supplementation with VitD (EE + VitD). EE cages were 
50 × 50 cm plastic cages equipped with different colored 
objects that included plastic tubes, PVC pipes, and plastic 
huts. The objects within EE cages were changed weekly 
to maintain novelty. Forty old male rats (22 months) were  
divided randomly into 4 groups: SC, SE, EE, and EE + VitD. 
 In the SC group, 2 old rats were housed in each standard 
cage (20 × 35 cm), whereas, in SE housing conditions, five 
old rats were housed with normal bedding and without any 
objects in 50 × 50 cm plastic cages. Similar to SE condi-
tions, for EE, and EE + VitD groups, 5 rats were housed 
in each cage. Vitamin D supplementation (400 IU/kg/day) 
was given orally for 6 weeks in the EE + VitD group. After 
6 weeks of SC, SE, EE, or EE + VitD animal housing, the 
four groups were subjected to behavioral and electrophysi-
ological experiments, and thereafter, tissue was collected  
for molecular and physiological studies. During the 6 weeks  
of selective housing and prior to testing, we excluded 20% 
of animals (n = 8) due to age-related diseases. Accordingly, 
when behavioral testing was scheduled to begin, the study 
consisted of 32 old rats distributed within the 4 groups (SC  
n = 6, SE n = 8, EE n = 9, EE + VitD n = 9).  Two separate 
personnel managed the housing conditions and behavio-
ral assessment, ensuring that the person who completed 
the behavioral testing was blind to the differential housing 
conditions.

Sources of Vitamin D

Animals in SC, SE, and EE groups received normal diet dur-
ing the 6 weeks which contained 1000 IU VitD (cholecalcif-
erol) in each kilogram of chow. In addition to dietary VitD 
intake, aged rats in EE + VitD group received oral supplemen-
tal drops of VitD (400 IU kg−1 daily dosage) for 6 weeks (Vid-
rop, Medical Union Pharmaceuticals, Abu-Sultan, Ismailia, 
Egypt). This dose of VitD was suggested based on previous 
studies showing induction of neuroprotective effect of this 
dose in experimental animals (Hajiluian et al. 2017; Khairy 
and Attia 2019; Latimer et al. 2014a).

One milliliter (28 drops) of oral solution contains 2800 IU 
vitamin D3 (each drop contains 100 IU of vitamin D3). After 
calculating the dose based on animal’s weight, an adjustable 
micropipette was used for drug delivery, the tip of the pipette 
was inserted at the corner of the rat’s mouth, and the solu-
tions were delivered into the mouth.   Following confirmation 
that the animal  had swallowed the solution, the remaining was 
emptied into the animal’s mouth.

Behavioral testing

After the end of the 6 weeks of housing, rats were tested 
in the following behavioral tasks. An experimenter blindly 
tested the animals, and data were collected by a video image 
motion analyzer (Ethovision, Noldus Information Technol-
ogy; the Netherlands).

Elevated plus maze test (EPM) and the open field test (OFT)

Expression of anxiety is believed to involve hippocampal 
decline and loss of cognitive functioning. Testing of effects 
on anxiety-like behavior was conducted using two behavioral 
assays, the EPM and the OFT with 6-h interval on the first 
day of the 7th week.

The EPM apparatus consisted of two open and two closed 
arms. The arms were each 50 cm long and 10 cm wide, 
elevated 50 cm off the ground, and the closed arms had 
40 cm high walls. Each rat was placed at the junction of 
the 4 arms. During 5 min, the time spent in the open arms 
and the number of entries into each of the four arms were 
recorded. When all paws of the rat entered the open or closed 
arms, this was scored as a valid entry (Tanioka et al. 2020).

The OFT apparatus which was 90 × 90 × 45 cm consisted 
of a 16 square grid floor with central (45 × 45) and peripheral 
regions placed in a brightly lit room (an overhead light illu-
minated the central squares; 60 lx in its center). Rats were 
individually placed at the center of the open field. During 
a 5-min period, the time spent within the center zone (sec-
onds) was measured. The apparatus was thoroughly cleaned 
with 70% ethanol after each OFT trial (Shabani et al. 2019).
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Morris water maze test (MWM)

The animals were subjected to MWM for evaluation of spa-
tial learning and memory on days 2 and 3 of the 7th week 
(Fig. S1). Data were collected by a video image motion 
analyzer (Ethovision, Noldus Information Technology; the 
Netherlands). The MWM apparatus was made of a circular 
water pool (140 cm wide and 45 cm high). At the first ses-
sion, the platform was placed 1.5 cm above the surface water 
and a trial was performed with visible platform. The training 
sessions were performed with submerged platform (1.5 cm 
under the surface water), and each rat was trained in 3 blocks 
separated by a 30-min resting period, while each block con-
sisted of 4 trials with a  30-s interval between two trials. 
The location of the platform remained constant for training. 
Rats were allowed to swim from one of the four quadrants 
for 60 s while facing against the maze wall. The latency to 
escape and traveled distance in the three blocks (B1, B2, 
and B3) were recorded as indexes for evaluation of learn-
ing. After 24 h. the platform was removed, and in order to 
evaluate memory retention, the distance traveled in the target 
quadrant was recorded (Shabani et al. 2019).

Radial arm maze test (RAM)

This test was performed as has been published previ-
ously with only minor modifications (Karimi et al. 2018). 
Working memory was studied in an eight-arm radial maze 
(50 cm long and 10 cm wide). A food plate was fixed  
at the distal end of each arm, and a reinforcement pellet  
was placed on this plate. Motivation to search for food 
was increased by overnight fasting before the day of test- 
ing. The rats were removed from the maze after eating 
all four pellets. The RAM test was conducted over 3 days 
(days 3, 4, and 5 of the 7th week) with 3 trials in each day 
(Fig. S1). On day 3, 1 h after the MWM test, 3 trials of 
RAM were performed without overnight fasting for habitu-
ation. On days 4 and 5 of the 7th week, working memory 
was evaluated with overnight fasting. All spatial cues were 
in the same location as in trial sessions. Re-entry in an arm 
that was previously baited was defined as working mem- 
ory error (WME). Scoring of WMEs was conducted by an 
investigator blinded to treatment group.

Passive avoidance test (PAT)

This test was conducted on days 5 and 6 of the 7th week 
(Fig. S1) as previously published (Karimi et al. 2018). One 
hour after the last trial of RAM, while having free access 
to water and food, the learning trial of the PAT was con-
ducted. Briefly, the PAT was performed in a shuttle box 

apparatus with two light and dark chambers and a guillo-
tine door between the rooms. Step through latency (STL) 
was measured which is the time each rat spent in the light 
room before entering the dark room. PAT has three stages: 
adaptation, learning, and retention. In the learning trial, 
the animal was punished with an electrical shock (0.5 mA, 
50 Hz, 2 s once) upon entrance to the dark room. The 
learning stage was repeated every 5 min until rats learned 
to avoid entering the dark room. Evaluation of retention 
of learning was performed 24 h after the learning stage. 
In adaptation and retention stages, STL time was recorded 
without the inclusion of the electrical shock. The maxi-
mum cutoff time for the STL was 300 s without foot shock.

Field potential recording

After the end of behavioral testing course, field potential 
(FP) recordings (Electromodule-R12, Science Beam, and 
Tehran, Iran) were performed on day 6 of the 7th week 
with our previously published protocol (Shabani et al. 
2017).

The rats were anesthetized with urethane (1.5 g kg−1), 
and head restraint was induced by placing them within a 
stereotaxic apparatus. Recordings of field potentials (fEP-
SPs) were conducted by insertion of bipolar stainless-steel 
electrodes (0.2 mm diameter, Advent, UK) in the hippocam-
pal CA1 region (-3AP and 2L as recording site) and in the 
Shaffer collateral pathway (-4AP and 3L as stimulation site). 
Monophasic square waves were used for stimulation, and 
the electrical signals were amplified 1000-fold, digitized 
at 10 kHz, and filtered at 1–3 kHz (Esmaeili Tazangi et al. 
2015; Haghani et al. 2016). Electrode placement was opti-
mized to obtain the best possible hippocampal response. 
After 30 min of stability, fEPSP amplitude was recorded by 
progressive stimulation impulses from 25 to 1200 µA, and 
input/output curves were generated. After 20 min of baseline 
recording, high-frequency stimulation (HFS) was delivered 
with 3 × 10 trains of 20 pulses at 200 Hz in order to induce 
LTP. The fEPSP recording was continued for 60 min after 
HFS.

Tissue isolation and blood analysis

After fEPSP recordings, rats were deeply anesthetized by 
an intraperitoneal injection of chloral hydrate (400 mg/kg), 
and blood samples were collected for measurement of 25 
hydroxyl vitamin D3 (25OHD), calcium, and phosphorus 
levels in the serum (Stavenuiter et al. 2015). Following 
decapitation, brains were removed, the right hippocampus 
was isolated and immediately stored at − 80 °C until process-
ing in the real-time qPCR study.
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Real‑time qPCR

For determination of the mRNA expression of NGF (nerve 
growth factor), TrkA (tropomyosin receptor kinase A), 
BDNF (brain-derived neurotrophic factor), TrkB (tropo-
myosin receptor kinase B), Nrf2 (nuclear factor erythroid 
2–related factor 2), and IGF-1 (insulin-like growth factor-1), 
quantitative real-time PCR was used, with amplification 
of GAPDH mRNA conducted as an internal control. The 
primer sequences used for real-time RT-PCR are shown in 
Table S1, and basic steps were followed which were (1) hip-
pocampal RNA extraction using Triazole reagent (Gibco, 
Invitrogen Corp); (2) RNA concentration measurement 
using a nanodrop spectrophotometer (Thermo Scientific, 
Waltham, MA, USA); (3) cDNA synthesis using a cDNA 
Synthesis Kit (Gibco, Invitrogen Corp); (4) quantitative real-
time PCR using a Light-Cycler PCR system (Roche Diag-
nostics Ltd); (5) total volume of 20 μl, including 2 µl cDNA 
at a 1:10 dilution, 0.5 µM primers, and SYBR Green I mix; 
(6) the amplification protocol: one incubation at 95 °C for 
10 min followed by 30 cycles at 94 °C for 30 s, 58 °C for 
30 s, and 72 °C for 30 s; (7) melting curve analysis and sub-
sequent sequence analysis were performed for the PCR prod-
ucts from each primer pair; (8) the PCR products produced 
both with and without RT with NGF, TrkA, BDNF, TrkB, 
Nrf2, IGF-1, and GAPDH primers were electrophoresed 
on 1.5% agarose gels and stained with ethidium bromide 9. 
The amounts of NGF, TrkA, BDNF, TrkB, Nrf2, and IGF-
1mRNA were normalized against mRNA levels of GAPDH 
in the corresponding samples (Wang et al. 2014).

Statistical analyses

The data are  presented as the mean ± SEM, and all calcu-
lations were made using GraphPad Prism (version 6.07). 
The Student’s unpaired t-test was used for comparison of 
body weight, food intake, serum calcium, and phosphorus 
between rats with normal VitD and rats with supplementary 
VitD. We used a one-way ANOVA to evaluate EPM, OFT, 

PA, swimming speed, swimming in the correct quadrant, and 
qRT-PCR data. For comparison of traveled distance and time 
in 3 blocks of the MWM test, WMEs in the RAM task, and 
to evaluate differences in fEPSP slope in I/O curves, we used 
a two-way ANOVA. For comparison of the time and interac-
tion (time and group) effects on fEPSP changes after deliv-
ery of HFS, a two-way repeated-measure ANOVA was used. 
Tukey’s correction post-hoc test was used for confirmation 
of differences occurring between groups. For all data, dif-
ferences were considered significant at the level of p < 0.05.

Results

A timeline of behavioral experiments across days and time/
rest between different tests as well as the time of electro-
physiology and tissue isolation in EE + VitD group has been 
shown in Fig S1.

Physiological factors and blood analysis

For evaluation of possible effects of vitamin D supplemen-
tation on animal physiological factors (Fig. 1), we meas-
ured daily food intake and body weight and for compari-
sons, divided the animals into two groups: 3 non-vitamin D 
groups (n = 23) and EE + VitD (n = 9). Our results showed 
that in spite of a tenfold increase in daily intake of VitD 
in the supplemented group, there were no significant dif-
ferences in food intake [F (3, 28) = 0.02, p = 0.9] or body 
weight between the groups [F (3, 168) = 1.060, p = 0.3678]. 
At the beginning of the 6 weeks of housing, old male SD rats 
(22 months) weighed ∼500 g, and by the end of the 6 weeks 
of housing and before behavioral testing, animals in all 
groups had gained ∼30–60 g, and there were no significant 
changes in daily food intake and body weight throughout the 
experiment between the groups (Fig. 1a–c).

To verify that the provision of a tenfold increase in daily 
vitamin D resulted in heightening VitD status, blood lev-
els of 25OHD as well as calcium and phosphorus were 

Fig. 1   Effects of SE, EE, and EE + VitD on food intake and body weight in aged rats (a–c). The values are shown as mean ± SEM (SC n = 6, SE 
n = 8, EE n = 9, EE + VitD n = 9). One-way ANOVA with Tukey’s correction post-hoc test
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measured in all animals (Fig. 2). We found that the serum 
levels of calcium (10.6 ± 0.12 vs 11.12 ± 0.37 mg/dL) and 
phosphorus (5.9 ± 0.19 vs 5.7 ± 0.25 mg/dL) were unchanged 
with the VitD supplementation (Fig. 2a, b). However, we 
found an approximately twofold increase in 25OHD levels 
(31.45 ± 1.67 vs 16.02 ± 0.37 ng/mL) in the group receiving 
VitD supplementation when compared to levels seen in the 
normal VitD group (Fig. 2c).

In addition, the one-way ANOVA analysis showed that 
there were no significant differences in the serum levels of 
calcium and phosphorus between the four groups [F (3, 
28) = 0.76, p = 0.52] and [F (3, 28) = 0.46, p = 0.70] respec-
tively (Fig. 2d, e), and we found a significantly higher level 
of  25OHD  in the EE + VitD group relative to SC, SE,  
and EE groups [Fig. 2f; F (3, 28) = 55.55, p < 0.0001].

Behavioral tests

Aged rats exposed to 6 weeks of EE with VitD supplemen-
tation displayed improved learning and memory as well as 
reductions in anxiety-like behavior when compared to per-
formance seen in the EE group when behavior was evaluated 
in the MWM, PAT, EPM, and OFT tasks.

Aged rats housed under SE conditions spent a greater 
amount of time in the open arms in the EPM when com-
pared to the time spent by the SC group (SE: 94.6 ± 4.7 s 

or 31.5 ± 1.5%; SC: 52.3 ± 10.1 s or 17.4 ± 3.3%; p < 0.05; 
Fig. 3a, b). Aged rats housed under EE conditions also spent 
a significantly higher amount of time in the open arms when 
compared to the SC group (EE: 88.6 ± 9.2 s or 29.5 ± 3%; 
p < 0.05). The EE group receiving VitD supplementation 
exhibited a significantly higher time spent in the open arms 
(130.6 ± 9.9 s or 43.5 ± 3.3%) when compared to that seen 
in the EE group (88.6 ± 9.2 s; p < 0.01) and the SE group 
[94.6 ± 4.7 s; p < 0.05, F (3, 28) = 11.97, p < 0.0001]. Our 
results suggest that SE and EE housing do decrease anxi-
ety in old animals, and co-treatment with VitD supplemen-
tation can enhance the reduction of anxiety-like behavior. 
There were no significant differences between the groups 
in the number of entries into the open and close arms [F (3, 
28) = 0.02, p = 0.99] and [F (3, 28) = 0.45, p = 0.71] respec-
tively (Fig. 3c, d).

Anxiety-like behavior was also monitored with the OFT. As 
shown in Fig. 4a, b, the SE (30.8 ± 2.4 s or 10.2 ± 0.8%) and 
EE (34.1 ± 2.2 s or 11.3 ± 0.7%) groups exhibited a signifi-
cantly (p < 0.05, p < 0.01) higher amount of time in the center 
when compared to that shown by SC aged rats (17.3 ± 3.2 s or 
5.7 ± 1%). The group receiving co-treatment of VitD and EE 
displayed a significantly greater amount of time exploring the 
center of the maze (45.3 ± 3.8 s or 15.1 ± 1.2%) when com-
pared to that shown by the EE (p < 0.05) and SE (30.8 ± 2.4 s; 
p < 0.01) groups [F (3, 28) = 12.90, p < 0.0001].

Fig. 2   Effects of vitamin D supplementation on the serum levels 
of calcium, phosphorus, and 25OHD in aged rats. Unpaired t-test 
between 3 non-vitamin D groups and EE + VitD (a–c). One-way 
ANOVA analysis with Tukey’s correction post-hoc test between SC, 

SE, EE, and EE + VitD (d–f) (###p < 0.001 compared to EE + VitD). 
The values are shown as mean ± SEM (SC n = 6, SE n = 8, EE n = 9, 
EE + VitD n = 9)
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To assess the progression of spatial learning, traveled 
distance and time to find the platform in the MWM during 
the training phase were analyzed for each rat across 12 trials 

conducted in 3 blocks. Progression in spatial learning was 
determined by decreases in traveled distance and latency to 
reach the platform. When taken together, the data indicated 

Fig. 3   Effects of SE, EE, and 
EE + VitD on anxiety-like 
behavior in aged rats as assayed 
by the elevated plus maze. The 
time spent in the open arms 
was greater in SE and EE when 
compared to SC (*p < 0.05). 
The time spent in the open arms 
was also significantly higher in 
the EE + VitD group when com-
pared to EE alone (##p < 0.01) 
and SE (#p < 0.05) (a and b). 
The number of entries into the 
open and close arms are shown 
(c and d). The values are shown 
as mean ± SEM (SC n = 6, 
SE n = 8, EE n = 9, EE + VitD 
n = 9). One-way ANOVA with 
Tukey’s correction post-hoc 
test were used

Fig. 4   Effects of SE, EE, and EE + VitD on anxiety behavior in 
the open field test. One-way ANOVA analysis with Tukey’s cor-
rection post-hoc test showed the time spent in the central zone was 
significantly greater in the SE and EE groups when compared to SC 
(*p < 0.05, **p < 0.01). VitD supplementation in combination with 

EE resulted in significantly higher time spent in the central zone 
when compared to EE and SE (#p < 0.05, ##p < 0.01) (a and b). 
The values are shown as mean ± SEM (SC n = 6, SE n = 8, EE n = 9, 
EE + VitD n = 9)
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that SE and EE were significantly different in B1 and B2 
trials in aged rats when compared to similar parameters seen 
in the SC group, and there were no significant differences 
between SE and EE in these measures in any of the 3 trial 
blocks (Fig. 5a, b).

VitD supplementation resulted in a significantly reduced 
traveled distance and time to find the platform in 3 blocks 
when compared to similar measures in the SC group. 
When compared to findings in the EE group, the VitD + EE 
group only showed a difference in a decrease in traveled 
distance and latency in block 2 [Distance: 375 ± 58.9 vs 
770 ± 70.3 cm; F (3, 12) = 22.86, p < 0.0001, and Latency: 
24 ± 2.9 vs 35.7 ± 2.1 s; F (3, 12) = 16.42, p = 0.0002].

Following the removal of the platform, spatial memory 
can be evaluated as the percentage of distance and time spent 
in the correct quadrant. The greater the percentage of time 
spent and the path length indicates memory enhancement. 
The percentage of distance (43.6 ± 2.4% vs 30.1 ± 1.8%) 
and the time spent in the correct quadrant (31.3 ± 1.7% 
vs 20.5 ± 2.9%; p < 0.05) were significantly greater in the 
aged rat under EE housing conditions when compared to 
findings in aged rats under SC housing (Fig. 5c, d). Rats 
treated with VitD supplementation exhibited a signifi-
cantly greater percentage of traveled distance (58.7 ± 3.1% 
vs 43.6 ± 2.4%; p < 0.01) and time in the target quadrant 
when compared to similar parameters in the EE group 
(42.5 ± 2.6 vs 31.3 ± 1.7%; p < 0.05) (Fig. 5c, d). The speed 

of swimming was also monitored as speed of swimming 
would be expected to decline with age as has been reported 
in other studies (Briones and Darwish 2012). However, there 
were no differences seen when this parameter was compared 
between SC, SE, and EE groups. Interestingly, VitD sup-
plementation was found to be associated with a significant 
increase in the speed of swimming (30.3 ± 2.3 cm/s) relative 
to rats in EE (20.6 ± 2.2 cm/s), SE (p < 0.05), and SC groups 
(p < 0.01; Fig. 5e). Because the time spent to find the plat-
form is affected by the speed of swimming, our findings of 
traveled distance in the correct quadrant, and total distance 
traveled to reach the visible platform in the 3 acquisition 
trials, suggest that these two measures might be superior 
in detecting a difference in spatial learning and memory 
improvement than the time.

The RAM test was used across 3 consecutive days to 
assess spatial working memory. Two-way ANOVA analysis 
showed that SE housing did not result in significant differ-
ences in working memory in aged animals when compared 
to SC conditions (Fig. 6). Additionally, EE housing and 
EE + VitD treatment did not result in significant changes in 
WMEs on the first day of assessment. However, in the 2nd 
day of testing, we found a significant decrease in WMEs in 
EE (3.9 ± 0.7; p < 0.01) and EE + VitD (3.3 ± 0.8) groups 
compared to SC (7.2 ± 0.8; p < 0.001). On the 3rd testing 
day, WMEs were also significantly lower in EE (p < 0.05) 
and EE + VitD (p < 0.01) groups when compared to errors 

Fig. 5   Effects of SE, EE, and EE + VitD on spatial learning and mem- 
ory in the Morris water maze. After VitD supplementation, traveled 
distance and latency time significantly decreased in block 2 when com-
pared  to EE alone (two-way ANOVA) (a and b). VitD supplementa-
tion was associated with an increase in the percentage of distance and 

latency time in the correct quadrant (c and d) (one-way ANOVA with 
Tukey’s correction post-hoc test). VitD supplementation increased 
swimming speed in aged rats (e) (*p < 0.05, ***p < 0.001 compared 
to SC; #p < 0.05, ##p < 0.01 compared to EE + VitD). The values are 
shown as mean ± SEM (SC n = 6, SE n = 8, EE n = 9, EE + VitD n = 9)
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seen in SC [F (3, 4) = 16.94, p = 0.0097]. Learning of the 
PAT appeared to be similar in all groups, and there were 
no significant differences between the groups in the shock 
number applied (1–3 foot shocks) (Fig. 7a).

The STL time was significantly greater in EE 
(213.8 ± 18.4  s, p < 0.05) and in EE + VitD group 
(292.9 ± 26.6 s, p < 0.001) when compared to this value in 
the SC group (123.3 ± 9.2; Fig. 7b), and rats in the SE group 
did not exhibit a significantly different latency to entry into 
the dark room than rats under the SC housing protocol. Fur-
ther, treatment with the combination of VitD + EE housing 
resulted in a significantly greater STL time (292.9 ± 26.6 s) 
than that seen in the EE group (213.8 ± 18.4 s, p < 0.05; 
Fig. 7b), suggesting an improvement in fear-memory per-
formance beyond that seen with EE alone.

Field potential recording

For evaluation of neuronal excitability in the CA1 region of 
the hippocampus, an input/output (I/O) curve was generated 
by monitoring fEPSP responses to progressive increases in 
the current stimulation intensity (25–1200 µA). The slope 
of the I/O curve in the EE + VitD group exhibited a sig-
nificant left shift relative to that seen in the other groups 
(Fig.  8a). Therefore, more detailed comparisons of the 
maximum fEPSP slope from the I/O curve of each group 
were conducted which showed a significant increase in the 
maximum responses in the EE + VitD group (752.9 ± 54.9) 
when compared to findings in the SC (492 ± 43.5; p < 0.01), 
SE (431 ± 45.2; p < 0.001), and EE (560 ± 23.3; p < 0.05) 
groups [F (3, 27) = 10.62, p < 0.0001; Fig. 8b]. Further 
analysis showed that the half-maximal stimulation strength 
responses were significantly greater in the EE + VitD group 
(611.4 ± 54.1) with respect to those in the SC (407 ± 37; 
p < 0.05) and SE (374.4 ± 49; p < 0.01) groups [F (3, 
27) = 6.281, p = 0.0023; Fig. 8c]. While previous studies 
have shown that VitD can recover excitability in aged rats 
(Latimer et al. 2014b), our data raise the intriguing possibil-
ity that excitability can be further heightened by adding EE 
to VitD treatment.

As the co-treatment of VitD and EE could improve 
learning and memory to a greater degree than EE alone, 
we focused on synaptic plasticity differences between EE 
and EE + VitD. Long-term potentiation in the CA1 region 
of the hippocampus is believed to mechanistically under-
lie cognitive processes, and therefore, we determined 
whether LTP varied across different housing conditions. 
The obtained results showed that aged rats under EE hous-
ing displayed increased LTP (157.5 ± 2.3%), when com-
pared to that seen under SE (125.1 ± 5.6%; p < 0.01) and SC 
(112.5 ± 3%; p < 0.001) housing. Furthermore, the addition 
of VitD resulted in a heightened increase which was sig-
nificant (181.3 ± 7.9%), relative to EE alone [p < 0.01; F (3, 
27) = 29.71, p < 0.0001; Fig. 9a–c].

Fig. 6   Effects of SE, EE, and EE + VitD on spatial working memory 
in the radial arm maze compared with SC. The values are shown as 
mean ± SEM. The working memory errors (WMEs) over 3 con-
secutive days are shown. There was a significantly lower amount 
of WMEs in EE and EE + VitD on days 2 and 3, when compared to 
WMEs made in the SC group (*p < 0.05, **p < 0.01, ***p < 0.001). 
Two-way RM ANOVA (SC n = 6, SE n = 8, EE n = 9, EE + VitD 
n = 9) were used

Fig. 7   Effects of SE, EE, and 
EE + VitD on passive avoidance 
memory. The difference in num-
bers of shocks applied is shown 
(a). Treatment with VitD and 
EE housing resulted in a signifi-
cantly higher STL time when 
compared to STL values seen 
in the EE group (b). The values 
are shown as mean ± SEM. 
Significant differences with 
respect to the SC (*p < 0.05, 
***p < 0.001) and EE + VitD 
(#p < 0.05) are shown
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Quantitative real‑time RT‑PCR

We found that different housing conditions were associ-
ated with significant differences in mRNA expression 
levels of NGF [F (3, 28) = 23.82, p < 0.0001], TrkA [F 
(3, 28) = 27.82; p < 0.0001], BDNF [F (3, 28) = 24.28, 
p < 0.0001], TrkB [F (3, 28) = 16.80, p < 0.0001], Nrf2 [F 
(3, 28) = 16.63, p < 0.0001], and IGF-1 [F (3, 28) = 12.44, 
p < 0.0001] in aged rats. Rats housed under the SC protocol 
exhibited significantly lower levels of mRNA for these 6 pro-
teins than levels seen in either the EE group or the EE + VitD 
groups (Fig. 10a–f). SE housing conditions were associated 
with higher levels of mRNA for BDNF, Nrf2, and IGF-1 
when compared to levels seen in the SC group (p < 0.05). 
Additionally, the combination of VitD and EE housing 
resulted in significantly enhanced expression mRNA lev-
els of NGF, TrkA, BDNF (p < 0.001), Nrf2 (p < 0.01), and 
IGF-1 (p < 0.05) from levels seen in the EE group.

Discussion

The present study investigated whether the addition of VitD 
to enrichment of the environment can improve hippocampal-
based cognition and CA1 synaptic plasticity in aged rats 
more than either EE or SE alone. We found that 6 weeks 
of SE significantly decreased signs of anxiety-like behavior 

as assayed in the EPM and OFT tasks, whereas it did not 
improve learning and memory abilities monitored by the 
MWM and RAM. Exposure to EE was associated with a 
significant increase in learning and memory performance 
as confirmed by the MWM, RAM, and PAT behavioral 
tests. Our findings are in line with those from other studies 
which have shown a determinative role of EE in preventing 
several aspects of cognitive impairment and in enhancing 
spatial memory performance in behavior tasks including 
the MWM test, an object/odor recognition task, and RAM 
(Cortese et al. 2018; Frick et al. 2003). However, for the first 
time, we have shown that EE animals who received the addi-
tion of VitD supplement exhibited enhanced performance 
in learning and memory tasks as assayed in the MWM and 
PAT tests. The increased swim speed due to vitamin D sup-
plementation suggests wider physiological changes; thus,  
future studies on this parameter are recommended. Further, 
co-treatment of VitD and EE was associated with reduced 
anxiety-like behaviors when compared to EE alone in aged 
rats based on the increase in the time spent in the central 
part of the OFT or open arms of the EPM which has been 
suggested to reflect a decrease in anxiety (Prut and Belzung 
2003; Wang et al. 2019). As anxiety-related behaviors are 
linked to hippocampal neurogenesis (Marques et al. 2016; 
Revest et al. 2009), neurogenesis could play a role in our 
findings.

Fig. 8   Co-treatment of VitD 
and EE improved neuronal 
excitability of CA1 neurons in 
aged rats. The slope of the I/O 
curve in the EE + VitD group 
displays a significant left-ward 
shift relative to the other groups 
(two-way ANOVA) (a). One-
way ANOVA showed significant 
differences in the maximum 
and half-maximal stimula-
tion strength responses in the 
EE + VitD group (#p < 0.05, 
##p < 0.01, ###p < 0.001) (b 
and c). The values are shown 
as mean ± SEM (SC n = 6, SE 
n = 7, EE n = 9, EE + VitD n = 9)
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Neurogenesis can be affected by several extrinsic param-
eters including diet, drugs, physical activity, and environ-
mental conditions (Bayat et al. 2015; Shohayeb et al. 2018; 
Triviño-Paredes et al. 2016). An environment enriched by 
physical and social interactions has been shown to enhance 
age-related neurogenesis and ameliorate reductions in syn-
aptic plasticity, which likely contribute to cognitive improve-
ments as well as diminished anxiety-like behaviors (Bayat 
et al. 2015; Clemenson et al. 2017; Hilal et al. 2017). We 
found that improvements in cognitive behavioral tests and 
synaptic mechanisms were elicited from EE alone, but that 
addition of VitD resulted in heightening this improvement, 
suggesting that the mechanism underlying the cognitive-
based benefits of EE are distinct from those mediated by 
VitD or that potentiation is possible and that the effects of 
the two can be synergistic rather than occluding one another. 
The mechanisms underlying the EE enhancement in cog-
nition and synaptic activity and those underlying VitD are 
unknown. However, our molecular findings suggest a poten-
tial role of BDNF, IGF-I, NGF, and their related receptors 
(TrkA and TrkB) as their mRNA expression was greatest 
when EE was supplemented with VitD.

The peptides NGF, IGF, and BDNF positively affect 
neurogenesis by modulating neuronal stem cell prolifera-
tion, differentiation, and survival (Acheson et al. 1995; 
Bekinschtein et al. 2011; Scharfman et al. 2005). NGF 
and BNDF bind with high affinity to two types of tro-
pomyosin-related kinase (Trk) receptors TrkA and TrkB 
(Bekinschtein et al. 2011). There is a positive correlation 
between hippocampal NGF expression throughout life 
and hippocampal plasticity and hippocampal-dependent 
memory. In addition, promotion of cholinergic septal 
neurons which provide input to the hippocampus (Conner 
et al. 2009) has been shown to be mediated by activation 
of TrkA receptor (Latina et al. 2017; Sanchez-Ortiz et al. 
2012). Activation of TrkB receptor induces neuronal syn-
aptic activity through induction of the transcription factor, 
cAMP response element binding (CREB) which is a key 
player in the signaling process underlying normal learning 
and memory (Hu et al. 2013; Sakamoto et al. 2011). The 
critical role of BDNF for memory-related processes under-
lying LTP, synaptic plasticity, and synaptic consolidation 
has been well-established (Bramham and Messaoudi 2005) 
as well as the importance of this factor in the regulation 

Fig. 9   EE + VitD enhanced LTP in aged rats. The sample traces are 
presented before and after high-frequency stimulation (HFS; 200 Hz) 
which occurred at time 0 (a). The normalized fEPSP amplitude to 
baseline before HFS, and 60 min after HFS. (b). The means of per-

cent changes of fEPSP 60-min post-HFS  are presented (c). Signifi-
cant differences with respect to the SC (***p < 0.001), EE + VitD 
(##p < 0.05), and ($$p < 0.01). Data are presented as mean ± SEM 
(SC n = 6, SE n = 7, EE n = 9, EE + VitD n = 9)
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of trafficking (Caldeira et al. 2007), phosphorylation (Lin 
et al. 1998), and expression levels of NMDARs which play 
a vital role in synapse strengthening (Suen et al. 1997). 
BDNF can also increase the number, size, and complexity 
of dendritic spines, likely through upregulation of actin 
polymerization (Alonso et al. 2004; Horch and Katz 2002; 
Rex et al. 2007). BDNF is considered a key regulator of 
environmental-induced neurogenesis since enriched BDNF 
heterozygous knockout mice did not show improvement 
in hippocampal neurogenesis (Rossi et al. 2006). Further, 
EE has been shown to increase the level (Kuzumaki et al. 
2011) and protein content (Lazarov et al. 2005) of hip-
pocampal BDNF. In addition, BDNF, Nrf2, and IGF-1 
expression modify anxiety-like behavior (Baldini et al. 
2013; Hill and Martinowich 2016; Mitschelen et al. 2011; 
Zhou et al. 2019), which is supported by our findings that 
a significant increase in BDNF, NGF, and IGF-1, and Nrf2 
was associated with a significant reduction in anxiety in 
SE, EE, and EE + VitD groups when compared to animals 
in SC. The findings of the study also revealed that com-
pared to EE alone, administration of VitD with EE was 
associated with a significant increase in the expression 

of all aforementioned target genes with the exception of 
TrkB. Relevant to this point, the beneficial effects of vita-
min D supplementation on primary hippocampal and cor-
tical neuron culture were shown to be associated with a 
significant increase in NGF release (Gezen-Ak et al. 2011, 
2014a). Furthermore, the antiaging, anti-oxidation activity 
of VitD has been suggested to be mediated via upregula-
tion of Nrf2 gene (Chen et al. 2019). Finally, there is a 
positive correlation between VitD supplementation and the 
expression of proteins and neurotrophic factors involved 
in synaptic plasticity and physiological neuronal health 
(Eyles et al. 2007).

In order to clarify the effects of SC, SE, EE, and/or 
EE + VitD on hippocampal functions underlying learning 
and memory, we also examined LTP and CA1 neuronal 
excitability as previous work had shown that synaptic plas-
ticity and neuronal excitability decrease with aging (Burke 
and Barnes 2010). EE + VitD was associated with a greater 
degree of LTP than that seen with EE alone. In our work, 
neuronal excitability in the CA1 region was monitored 
by generation of input/output curves using field potential 
recordings. Significant differences between SC, SE, and EE 

Fig. 10   mRNA expression analysis by quantitative real-time RT-
PCR. mRNA expression levels of NGF, TrkA, BDNF, TrkB, Nrf2, 
and IGF-1 in the SC group were significantly lower than those in 
the EE and EE + VitD group (*p < 0.05, **p < 0.01, ***p < 0.001 

compared with SC). Significant elevation in expression levels of 
(NGF, TrkA, BDNF (###p < 0.001)), Nrf2 (##p < 0.01), and IGF-
1(#p < 0.05) were noted in the EE + VitD when compared to findings 
seen in the EE group (a–f)
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in neuronal excitability were not detected. However, steeper 
I/O slopes (leftward shift) in the EE + VitD group were seen 
which indicated an increase of neuronal excitability. Our 
data are supported by findings that VitD supplementation 
causes a significantly steeper I/O slope in hippocampal 
neurons in slices that was  indicative of higher neuronal 
excitability (Latimer et al. 2014b). Although we did not 
examine neurogenesis, it has been established that newborn 
neurons exhibit high excitability which has been shown 
to underlie heightened hippocampal activity (Goncalves 
et al. 2016). Accordingly, we speculate that the increase of 
neuronal excitability in EE + VitD animals could involve 
an increase in hippocampal neurogenesis following VitD 
supplementation.

VitD regulates several crucial physiologic processes 
in the CNS including cell differentiation (Carlberg 2016; 
Gil et al. 2018), neurotransmitter biosynthesis, and neuro-
trophic release (Gezen-Ak et al. 2014b; Máčová et al. 2017). 
VitD supplementation decelerates age-related reductions of 
neuronal density (Landfield and Cadwallader–Neal 1998). 
Although there is very little information about the regula-
tory role of VitD on calcium in the CNS, in the periphery, 
a calcium regulatory role of VitD has been identified (Fleet 
2017). As aging is associated with a significant upregulation 
of voltage-operated calcium channels (Landfield et al. 1992; 
Moyer et al. 1992), and impairment of calcium homeostasis 
is now considered as one of the pathological mechanisms 
involved in several neurodegenerative diseases (Wang and 
Sun 2010), since chronic treatment with  VitD has been 
shown to downregulate hippocampal L-type voltage-sensi-
tive calcium channels (VSCC) (Brewer et al. 2001), VitD-
mediated reductions in calcium could play a role in slowing 
degeneration. Further, the antioxidant properties of VitD 
have been well-established as there are many reports which 
confirm its cell-protecting activity against oxidative damage 
(Sepidarkish et al. 2019).

When VitD was combined with EE, we saw significant 
improvements in several anxiety and cognitive-based tests. 
Cognitive performance is affected by the level of VitD as 
deficiency of this hormone, especially in the elderly popu-
lation, is associated with impaired learning, memory, and 
cognitive ability (Al-Amin et al. 2019; Llewellyn et al. 
2010). VitD supplementation has been shown in aged rats 
to prevent cognitive impairment and improve hippocampal 
plasticity via upregulating either the expression of some key 
genes involved in neuroplasticity or upregulating the major 
neurotransmitter receptors such as dopamine, serotonin, 
and glutamate (Latimer et al. 2014a). Whatever the mecha-
nism underlying the effects of VitD, the exciting conclusion 
from our study is that the effects of VitD on improving 
memory and learning performance, as well as up-regulating 
the expression of neurotrophic factors and related receptors 
and enhancing synaptic activity, are synergistic with those 

of EE. Although there are studies regarding the enhancer 
role of VitD or EE on neuronal plasticity and neurogenesis, 
to the best of our knowledge, this is the first report of the 
simultaneous effects of such a combination on neurogenesis 
and hippocampal plasticity. Our study has  several  limita-
tions, including the daily oral gavage of vitamin D  which 
can be a stress-inducing technique. In addition, the use of 
only male rats  is a limitation, because the effect observed 
in male rats may not be the same in female rats, and, there-
fore, the possibility of a sex-based difference needs to be 
explicitly studied. Finally, inclusion of a vitamin D-only 
control group or vitamin D + SC/SE groups within this 
study potentially would have allowed a better understand-
ing of the interactions of VitD supplementation with dif-
ferential housing.

Conclusion

In summary, the results presented in this study demonstrate 
that co-treatment of VitD supplementation and enriched 
environment in aged rats improves cognitive dysfunction to a 
greater extent than social or environmental enrichment. Our 
finding suggests that this neurohormone exerts its beneficial 
function by increasing synaptic plasticity, neuronal excit-
ability, and gene expression of NGF, TrkA, BDNF, Nrf2, 
and IGF-1, which likely reduce the negative effects of aging 
on cognition.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00213-​021-​05853-4.

Author contribution  MB has conceived and designed the concept and 
road map of the study, searched the literature collected the data, and 
drafted the manuscript. KAK, MH, ABH, AK, GB, and EH helped 
design the study, searched the literature, reviewed the manuscript, and 
helped with the revision of the manuscript. MS has critically reviewed 
the manuscript, designed the study, and helped in manuscript prep-
aration. He is the archival author and attests to the integrity of the 
original data and the analysis reported in this manuscript. All authors 
have made substantive contribution and attest to approving the final 
manuscript.

Funding  Funding for this study was provided by Kerman Neuroscience 
Research Center.

Declarations 

Conflict of interest  The authors declare no competing interests.

References

Acheson A et al (1995) A BDNF autocrine loop in adult sensory neu-
rons prevents cell death Nature 374:450–453. https://​doi.​org/​10.​
1038/​37445​0a0

2309Psychopharmacology (2021) 238:2297–2312

https://doi.org/10.1007/s00213-021-05853-4
https://doi.org/10.1038/374450a0
https://doi.org/10.1038/374450a0


1 3

Al-Amin M et al (2019) Vitamin D deficiency is associated with 
reduced hippocampal volume and disrupted structural connectiv-
ity in patients with mild cognitive impairment. Hum Brain Mapp 
40:394–406. https://​doi.​org/​10.​1002/​hbm.​24380

Alonso M, Medina JH, Pozzo-Miller L (2004) ERK1/2 activation 
is necessary for BDNF to increase dendritic spine density in 
hippocampal CA1 pyramidal neurons. Learn Mem 11:172–
178.https://​doi.​org/​10.​1101/​lm.​67804

Baldini S et al (2013) Enriched early life experiences reduce adult anx-
iety-like behavior in rats: a role for insulin-like growth factor 1. J 
Neurosci 33:11715–11723.https://​doi.​org/​10.​1523/​JNEUR​OSCI.​
3541-​12.​2013

Barnes CA (1994) Normal aging: regionally specific changes in hip-
pocampal synaptic transmission. Trends Neurosci 17:13–18. 
https://​doi.​org/​10.​1016/​0166-​2236(94)​90029-9

Bayat M, Sharifi MD, Haghani M, Shabani M (2015) Enriched envi-
ronment improves synaptic plasticity and cognitive deficiency in 
chronic cerebral hypoperfused rats. Brain Res Bull 119:34–40. 
https://​doi.​org/​10.​1016/j.​brain​resbu​ll.​2015.​10.​001

Bekinschtein P, Oomen C, Saksida L, Bussey T (2011) Effects of envi-
ronmental enrichment and voluntary exercise on neurogenesis, 
learning and memory, and pattern separation: BDNF as a critical 
variable? Semin Cell Dev Biol 22:536–542. https://​doi.​org/​10.​
1016/j.​semcdb.​2011.​07.​002

Bergami M, Rimondini R, Santi S, Blum R, Götz M, Canossa M (2008) 
Deletion of TrkB in adult progenitors alters newborn neuron 
integration into hippocampal circuits and increases anxiety-like 
behavior. Proc Natl Acad Sci 105:15570. https://​doi.​org/​10.​1073/​
pnas.​08037​02105

Birch A, McGarry N, Kelly A (2013) Short-term environmental enrich-
ment, in the absence of exercise, improves memory, and increases 
NGF concentration, early neuronal survival, and synaptogenesis 
in the dentate gyrus in a time-dependent manner. Hippocampus 
23. https://​doi.​org/​10.​1002/​hipo.​22103

Bouvier E et al (2017) Nrf2-dependent persistent oxidative stress 
results in stress-induced vulnerability to depression. Mol Psychia-
try 22:1701–1713. https://​doi.​org/​10.​1038/​mp.​2016.​144

Bramham CR, Messaoudi E (2005) BDNF function in adult synaptic 
plasticity: the synaptic consolidation hypothesis. Prog Neurobiol 
76:99–125. https://​doi.​org/​10.​1016/j.​pneur​obio.​2005.​06.​003

Brewer LD, Thibault V, Chen KC, Langub MC, Landfield PW, Porter 
NM (2001) Vitamin D hormone confers neuroprotection in par-
allel with downregulation of L-type calcium channel expression 
in hippocampal neurons The Journal of neuroscience : the offi-
cial journal of the Society for. Neuroscience 21:98–108. https://​
doi.​org/​10.​1523/​JNEUR​OSCI.​21-​01-​00098.​2001

Briones TL, Darwish H (2012) Vitamin D mitigates age-related cog-
nitive decline through the modulation of pro-inflammatory state 
and decrease in amyloid burden. J Neuroinflammation 9:244. 
https://​doi.​org/​10.​1186/​1742-​2094-9-​244

Burke SN, Barnes CA (2006) Neural plasticity in the ageing brain. 
Nat Rev Neurosci 7:30–40. https://​doi.​org/​10.​1038/​nrn18​09

Burke SN, Barnes CA (2010) Senescent synapses and hippocampal 
circuit dynamics. Trends Neurosci 33:153–161. https://​doi.​org/​
10.​1016/j.​tins.​2009.​12.​003

Caldeira MV, Melo CV, Pereira DB, Carvalho RF, Carvalho AL, 
Duarte CB (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

Carlberg C (2016) Chapter Ten - Molecular approaches for optimiz-
ing vitamin D supplementation. In: Litwack G (ed) Vitamins & 
Hormones, vol 100. Academic Press, pp 255–271. https://​doi.​org/​
10.​1016/​bs.​vh.​2015.​10.​001

Chen L et al (2019) 1,25-Dihydroxyvitamin D exerts an antiaging role 
by activation of Nrf2-antioxidant signaling and inactivation of 

p16/p53-senescence signaling. Aging Cell 18:e12951. https://​doi.​
org/​10.​1111/​acel.​12951

Clemenson GD, Gage FH, Stark CEL (2017) Environmental enrichment 
and neuronal plasticity. In: Chao MV (ed) The Oxford Handbook of 
Developmental Neural Plasticity. New York : Oxford University Press

Conner JM et al (2009) NGF is essential for hippocampal plastic-
ity and learning. J Neurosci 29:10883. https://​doi.​org/​10.​1523/​
JNEUR​OSCI.​2594-​09.​2009

Cortese GP, Olin A, O’Riordan K, Hullinger R, Burger C (2018) Envi-
ronmental enrichment improves hippocampal function in aged rats 
by enhancing learning and memory, LTP, and mGluR5-Homer1c 
activity. Neurobiol Aging 63:1–11. https://​doi.​org/​10.​1016/j.​neuro​
biola​ging.​2017.​11.​004

Dennis CV, Suh LS, Rodriguez ML, Kril JJ, Sutherland GT (2016) 
Human adult neurogenesis across the ages: an immunohistochemi-
cal study. Neuropathol Appl Neurobiol 42:621–638. https://​doi.​
org/​10.​1111/​nan.​12337

Driscoll I, Davatzikos C, An Y, Wu X, Shen D, Kraut M, Resnick SM 
(2009) Longitudinal pattern of regional brain volume change dif-
ferentiates normal aging from MCI. Neurology 72:1906–1913. 
https://​doi.​org/​10.​1212/​WNL.​0b013​e3181​a82634

Driscoll I, Hamilton DA, Petropoulos H, Yeo RA, Brooks WM,  
Baumgartner RN, Sutherland RJ (2003) The aging hippocampus: 
cognitive, biochemical and structural findings. Cereb Cortex 
13:1344–1351.https://​doi.​org/​10.​1093/​cercor/​bhg081

Dyer AH, Vahdatpour C, Sanfeliu A, Tropea D (2016) The role of 
insulin-like growth factor 1 (IGF-1) in brain development, matura-
tion and neuroplasticity. Neuroscience 325:89–99.https://​doi.​org/​
10.​1016/j.​neuro​scien​ce.​2016.​03.​056

Erickson CA, Barnes CA (2003) The neurobiology of memory changes 
in normal aging. Exp Gerontol 38:61–69. https://​doi.​org/​10.​1016/​
s0531-​5565(02)​00160-2

Esmaeili Tazangi P, Moosavi SM, Shabani M, Haghani M (2015) 
Erythropoietin improves synaptic plasticity and memory deficits 
by decrease of the neurotransmitter release probability in the rat 
model of Alzheimer’s disease Pharmacology, biochemistry, and 
behavior 130:15–21. https://​doi.​org/​10.​1016/j.​pbb.​2014.​12.​011

Eyles D, Almeras L, Benech P, Patatian A, Mackay-Sim A, McGrath 
J, Féron F (2007) Developmental vitamin D deficiency alters the 
expression of genes encoding mitochondrial, cytoskeletal and 
synaptic proteins in the adult rat brain. J Steroid Biochem Mol 
Biol 103:538–545. https://​doi.​org/​10.​1016/j.​jsbmb.​2006.​12.​096

Fleet JC (2017) The role of vitamin D in the endocrinology con-
trolling calcium homeostasis. Mol Cell Endocrinol 453:36–45. 
https://​doi.​org/​10.​1016/j.​mce.​2017.​04.​008

Frick KM, Stearns NA, Pan J-Y, Berger-Sweeney J (2003) Effects of 
environmental enrichment on spatial memory and neurochem-
istry in middle-aged mice. Learn Mem 10:187–198. https://​doi.​
org/​10.​1101/​lm.​50703

Frielingsdorf H, Simpson DR, Thal LJ, Pizzo DP (2007) Nerve 
growth factor promotes survival of new neurons in the adult hip-
pocampus. Neurobiol Dis 26:47–55. https://​doi.​org/​10.​1016/j.​
nbd.​2006.​11.​015

Garthe A, Roeder I, Kempermann G (2016) Mice in an enriched 
environment learn more flexibly because of adult hippocampal 
neurogenesis. Hippocampus 26:261–271. https://​doi.​org/​10.​
1002/​hipo.​22520

Gezen-Ak D, Dursun E, Yilmazer S (2011) The effects of vitamin 
D receptor silencing on the expression of LVSCC-A1C and 
LVSCC-A1D and the release of NGF in cortical neurons. PLoS 
One 6:e17553. https://​doi.​org/​10.​1371/​journ​al.​pone.​00175​53

Gezen-Ak D, Dursun E, Yilmazer S (2014a) The effect of vitamin 
D Treatment on nerve growth factor (NGF) Release from hip-
pocampal neurons Noro psikiyatri arsivi. 51:157–162. https://​
doi.​org/​10.​4274/​npa.​y7076

2310 Psychopharmacology (2021) 238:2297–2312

https://doi.org/10.1002/hbm.24380
https://doi.org/10.1101/lm.67804
https://doi.org/10.1523/JNEUROSCI.3541-12.2013
https://doi.org/10.1523/JNEUROSCI.3541-12.2013
https://doi.org/10.1016/0166-2236(94)90029-9
https://doi.org/10.1016/j.brainresbull.2015.10.001
https://doi.org/10.1016/j.semcdb.2011.07.002
https://doi.org/10.1016/j.semcdb.2011.07.002
https://doi.org/10.1073/pnas.0803702105
https://doi.org/10.1073/pnas.0803702105
https://doi.org/10.1002/hipo.22103
https://doi.org/10.1038/mp.2016.144
https://doi.org/10.1016/j.pneurobio.2005.06.003
https://doi.org/10.1523/JNEUROSCI.21-01-00098.2001
https://doi.org/10.1523/JNEUROSCI.21-01-00098.2001
https://doi.org/10.1186/1742-2094-9-244
https://doi.org/10.1038/nrn1809
https://doi.org/10.1016/j.tins.2009.12.003
https://doi.org/10.1016/j.tins.2009.12.003
https://doi.org/10.1016/j.mcn.2007.02.019
https://doi.org/10.1016/j.mcn.2007.02.019
https://doi.org/10.1016/bs.vh.2015.10.001
https://doi.org/10.1016/bs.vh.2015.10.001
https://doi.org/10.1111/acel.12951
https://doi.org/10.1111/acel.12951
https://doi.org/10.1523/JNEUROSCI.2594-09.2009
https://doi.org/10.1523/JNEUROSCI.2594-09.2009
https://doi.org/10.1016/j.neurobiolaging.2017.11.004
https://doi.org/10.1016/j.neurobiolaging.2017.11.004
https://doi.org/10.1111/nan.12337
https://doi.org/10.1111/nan.12337
https://doi.org/10.1212/WNL.0b013e3181a82634
https://doi.org/10.1093/cercor/bhg081
https://doi.org/10.1016/j.neuroscience.2016.03.056
https://doi.org/10.1016/j.neuroscience.2016.03.056
https://doi.org/10.1016/s0531-5565(02)00160-2
https://doi.org/10.1016/s0531-5565(02)00160-2
https://doi.org/10.1016/j.pbb.2014.12.011
https://doi.org/10.1016/j.jsbmb.2006.12.096
https://doi.org/10.1016/j.mce.2017.04.008
https://doi.org/10.1101/lm.50703
https://doi.org/10.1101/lm.50703
https://doi.org/10.1016/j.nbd.2006.11.015
https://doi.org/10.1016/j.nbd.2006.11.015
https://doi.org/10.1002/hipo.22520
https://doi.org/10.1002/hipo.22520
https://doi.org/10.1371/journal.pone.0017553
https://doi.org/10.4274/npa.y7076
https://doi.org/10.4274/npa.y7076


1 3

Gezen-Ak D, Dursun E, Yilmazer S (2014b) The effect of vitamin 
D treatment on nerve growth factor (NGF) release from hip-
pocampal neurons Noro Psikiyatr Ars. 51:157–162. https://​doi.​
org/​10.​4274/​npa.​y7076

Gil A, Plaza-Diaz J, Mesa MD (2018) Vitamin D: Classic and Novel 
Actions. Ann Nutr Metab 72:87–95. https://​doi.​org/​10.​1159/​
00048​6536

Global strategy and action plan on ageing and health (World Health 
Organization 2017)

Goncalves JT, Schafer ST, Gage FH (2016) Adult neurogenesis in 
the hippocampus: from stem cells to behavior cell 167:897–914. 
https://​doi.​org/​10.​1016/j.​cell.​2016.​10.​021

Gros A, Wang SH (2018) Behavioral tagging and capture: long-
term memory decline in middle-aged rats. Neurobiol Aging 
67:31–41. https://​doi.​org/​10.​1016/j.​neuro​biola​ging.​2018.​02.​023

Haghani M, Keshavarz S, Nazari M, Rafati A (2016) Electrophysiol-
ogy of cerebral ischemia and reperfusion: first evidence for the 
role of synapse in ischemic tolerance. Synapse 70:351–360. 
https://​doi.​org/​10.​1002/​syn.​21910

Hajiluian G, Nameni G, Shahabi P, Mesgari-Abbasi M, Sadigh-
Eteghad S (2005) Farhangi MA (2017) Vitamin D administra-
tion, cognitive function, BBB permeability and neuroinflam-
matory factors in high-fat diet-induced obese rats. Int J Obes 
41:639–644. https://​doi.​org/​10.​1038/​ijo.​2017.​10

Han B, Zhu FX, Yu HF, Liu S, Zhou JL (2018) Low serum levels 
of vitamin D are associated with anxiety in children and ado-
lescents with dialysis Sci Rep 8:5956. https://​doi.​org/​10.​1038/​
s41598-​018-​24451-7

Hertzog C, Kramer AF, Wilson RS, Lindenberger U (2008) Enrich-
ment effects on adult cognitive development: can the functional 
capacity of older adults be preserved and enhanced? Psycho-
logical science in the public interest : a journal of the American 
Psychological Society 9:1–65. https://​doi.​org/​10.​1111/j.​1539-​
6053.​2009.​01034.x

Hilal ML et al (2017) Activity-dependent neuroplasticity induced by 
an enriched environment reverses cognitive deficits in scribble 
deficient mouse cereb cortex 27:5635–5651. https://​doi.​org/​10.​
1093/​cercor/​bhw333

Hill JL, Martinowich K (2016) Activity-dependent signaling: influ-
ence on plasticity in circuits controlling fear-related behavior. 
Curr Opin Neurobiol 36:59–65. https://​doi.​org/​10.​1016/j.​conb.​
2015.​10.​001

Horch HW, Katz LC (2002) BDNF release from single cells elicits 
local dendritic growth in nearby neurons. Nat Neurosci 5:1177–
1184. https://​doi.​org/​10.​1038/​nn927

Hu Y-S, Long N, Pigino G, Brady ST, Lazarov O (2013) Molecular  
mechanisms of environmental enrichment: impairments in 
Akt/GSK3β, neurotrophin-3 and CREB signaling. PLoS One 
8:e64460. https://​doi.​org/​10.​1371/​journ​al.​pone.​00644​60

Huang EJ, Reichardt LF (2001) Neurotrophins: roles in neuronal 
development and function annual review of neuroscience 
24:677–736. https://​doi.​org/​10.​1146/​annur​ev.​neuro.​24.1.​677

Huang JY, Arnold D, Qiu CF, Miller RS, Williams MA, Enquobahrie 
DA (2014) Association of serum vitamin D with symptoms of 
depression and anxiety in early pregnancy. J Womens Health 
(Larchmt) 23:588–595. https://​doi.​org/​10.​1089/​jwh.​2013.​4598

Jain V, Baitharu I, Prasad D, Ilavazhagan G (2013) Enriched environ-
ment prevents hypobaric hypoxia induced memory impairment 
and neurodegeneration: role of BDNF/PI3K/GSK3beta pathway 
coupled with CREB activation. PLoS One 8:e62235. https://​doi.​
org/​10.​1371/​journ​al.​pone.​00622​35

Jha S, Dong BE, Xue Y, Delotterie DF, Vail MG, Sakata K (2016) 
Antidepressive and BDNF effects of enriched environment treat-
ment across ages in mice lacking BDNF expression through 

promoter IV Transl. Psychiatry 6:e896. https://​doi.​org/​10.​1038/​
tp.​2016.​160

Karimi N, Bayat M, Haghani M, Saadi HF, Ghazipour GR (2018) 2.45 
GHz microwave radiation impairs learning, memory, and hip-
pocampal synaptic plasticity in the rat Toxicology and industrial 
health:748233718798976. https://​doi.​org/​10.​1177/​07482​33718​798976

Kempermann G, Gast D, Gage F (2002) Neuroplasticity in old age: 
sustained fivefold induction of hippocampal neurogenesis by long-
term environmental enrichment. Ann Neurol 52:135–143. https://​
doi.​org/​10.​1002/​ana.​10262

Khairy EY, Attia MM (2019) Protective effects of vitamin D on neuro-
physiologic alterations in brain aging: role of brain-derived neu-
rotrophic factor (BDNF). Nutr Neurosci 1–10. https://​doi.​org/​10.​
1080/​10284​15x.​2019.​16658​54

Kim SY et al (2020) The relationship between serum vitamin D lev-
els. C-reactive protein, and anxiety symptoms Psychiatry Investig 
17:312–319. https://​doi.​org/​10.​30773/​pi.​2019.​0290

Kuzumaki N et al (2011) Hippocampal epigenetic modification at the 
brain-derived neurotrophic factor gene induced by an enriched 
environment. Hippocampus 21:127–132. https://​doi.​org/​10.​1002/​
hipo.​20775

La Spina M et al (2019) Pterostilbene improves cognitive performance 
in aged rats: an in vivo study. Cell Physiol Biochem 52:232–239. 
https://​doi.​org/​10.​33594/​00000​0017

Landfield PW, Cadwallader–Neal L (1998) Long-term treatment with 
Calcitriol (1,25(OH)2 vit D3) retards a biomarker of hippocampal 
aging in rats. Neurobiol Aging 19:469–477. https://​doi.​org/​10.​
1016/​S0197-​4580(98)​00079-7

Landfield PW, Thibault O, Mazzanti ML, Porter NM, Kerr DS (1992) 
Mechanisms of neuronal death in brain aging and alzheimer’s 
disease: role of endocrine-mediated calcium dyshomeostasis. J 
Neurobiol 23:1247–1260. https://​doi.​org/​10.​1002/​neu.​48023​0914

Latimer CS et al (2014) Vitamin D prevents cognitive decline and 
enhances hippocampal synaptic function in aging rats. Proc Natl 
Acad Sci 111:E4359. https://​doi.​org/​10.​1073/​pnas.​14044​77111

Latimer CS et al (2014) Vitamin D prevents cognitive decline and 
enhances hippocampal synaptic function in aging rats. Proc Natl 
Acad Sci USA 111:E4359-4366. https://​doi.​org/​10.​1073/​pnas.​
14044​77111

Latina V, Caioli S, Zona C, Ciotti MT, Amadoro G, Calissano P (2017) 
Impaired NGF/TrkA signaling causes early AD-linked presynaptic 
dysfunction in cholinergic primary neurons frontiers in cellular 
neuroscience 11:68. https://​doi.​org/​10.​3389/​fncel.​2017.​00068

Lazarov O et al (2005) Environmental enrichment reduces Aβ lev-
els and amyloid deposition in transgenic mice cell 120:701–713. 
https://​doi.​org/​10.​1016/j.​cell.​2005.​01.​015

Lin SY, Wu K, Levine ES, Mount HT, Suen PC, Black IB (1998) 
BDNF acutely increases tyrosine phosphorylation of the NMDA 
receptor subunit 2B in cortical and hippocampal postsynaptic den-
sities Brain research Molecular brain research 55:20–27.https://​
doi.​org/​10.​1016/​s0169-​328x(97)​00349-5

Llewellyn DJ, Lang IA, Langa KM, Melzer D (2010) Vitamin D and 
cognitive impairment in the elderly U.S. Population The Journals 
of Gerontology: Series A 66A:59–65. https://​doi.​org/​10.​1093/​
gerona/​glq185

Máčová L, Bicikova M, Ostatníková D, Hill M, Stárka L (2017) 
Vitamin D, neurosteroids and autism physiological research 
66:S333-S340. https://​doi.​org/​10.​33549/​physi​olres.​933721

Marques AA, Bevilaqua MC, da Fonseca AM, Nardi AE, Thuret S, 
Dias GP (2016) Gender differences in the neurobiology of anxi-
ety: focus on adult hippocampal neurogenesis neural plasticity 
2016:5026713. https://​doi.​org/​10.​1155/​2016/​50267​13

Mathews KJ, Allen KM, Boerrigter D, Ball H, Shannon Weickert C, 
Double KL (2017) Evidence for reduced neurogenesis in the aging 

2311Psychopharmacology (2021) 238:2297–2312

https://doi.org/10.4274/npa.y7076
https://doi.org/10.4274/npa.y7076
https://doi.org/10.1159/000486536
https://doi.org/10.1159/000486536
https://doi.org/10.1016/j.cell.2016.10.021
https://doi.org/10.1016/j.neurobiolaging.2018.02.023
https://doi.org/10.1002/syn.21910
https://doi.org/10.1038/ijo.2017.10
https://doi.org/10.1038/s41598-018-24451-7
https://doi.org/10.1038/s41598-018-24451-7
https://doi.org/10.1111/j.1539-6053.2009.01034.x
https://doi.org/10.1111/j.1539-6053.2009.01034.x
https://doi.org/10.1093/cercor/bhw333
https://doi.org/10.1093/cercor/bhw333
https://doi.org/10.1016/j.conb.2015.10.001
https://doi.org/10.1016/j.conb.2015.10.001
https://doi.org/10.1038/nn927
https://doi.org/10.1371/journal.pone.0064460
https://doi.org/10.1146/annurev.neuro.24.1.677
https://doi.org/10.1089/jwh.2013.4598
https://doi.org/10.1371/journal.pone.0062235
https://doi.org/10.1371/journal.pone.0062235
https://doi.org/10.1038/tp.2016.160
https://doi.org/10.1038/tp.2016.160
https://doi.org/10.1177/0748233718798976
https://doi.org/10.1002/ana.10262
https://doi.org/10.1002/ana.10262
https://doi.org/10.1080/1028415x.2019.1665854
https://doi.org/10.1080/1028415x.2019.1665854
https://doi.org/10.30773/pi.2019.0290
https://doi.org/10.1002/hipo.20775
https://doi.org/10.1002/hipo.20775
https://doi.org/10.33594/000000017
https://doi.org/10.1016/S0197-4580(98)00079-7
https://doi.org/10.1016/S0197-4580(98)00079-7
https://doi.org/10.1002/neu.480230914
https://doi.org/10.1073/pnas.1404477111
https://doi.org/10.1073/pnas.1404477111
https://doi.org/10.1073/pnas.1404477111
https://doi.org/10.3389/fncel.2017.00068
https://doi.org/10.1016/j.cell.2005.01.015
https://doi.org/10.1016/s0169-328x(97)00349-5
https://doi.org/10.1016/s0169-328x(97)00349-5
https://doi.org/10.1093/gerona/glq185
https://doi.org/10.1093/gerona/glq185
https://doi.org/10.33549/physiolres.933721
https://doi.org/10.1155/2016/5026713


1 3

human hippocampus despite stable stem cell markers. Aging Cell 
16:1195–1199. https://​doi.​org/​10.​1111/​acel.​12641

Mitschelen M et al (2011) Long-term deficiency of circulating and hip-
pocampal insulin-like growth factor I induces depressive behavior 
in adult mice: a potential model of geriatric depression. Neuro-
science 185:50–60. https://​doi.​org/​10.​1016/j.​neuro​scien​ce.​2011.​
04.​032

Moyer JR, Thompson LT, Black JP, Disterhoft JF (1992) Nimodipine 
increases excitability of rabbit CA1 pyramidal neurons in an age- 
and concentration-dependent manner. J Neurophysiol 68:2100–
2109. https://​doi.​org/​10.​1152/​jn.​1992.​68.6.​2100

Pettersen J (2017) Does high dose vitamin D supplementation enhance 
cognition?: a randomized trial in healthy adults. Exp Gerontol 
90. https://​doi.​org/​10.​1016/j.​exger.​2017.​01.​019

Prut L, Belzung C (2003) The open field as a paradigm to measure the 
effects of drugs on anxiety-like behaviors: a review. Eur J Phar-
macol 463:3–33. https://​doi.​org/​10.​1016/​s0014-​2999(03)​01272-x

Raz N et al. (2005) Regional brain changes in aging healthy adults: 
general trends, individual differences and modifiers Cereb Cortex 
15:1676–1689. https://​doi.​org/​10.​1093/​cercor/​bhi044

Revest JM, Dupret D, Koehl M, Funk-Reiter C, Grosjean N, Piazza PV, 
Abrous DN (2009) Adult hippocampal neurogenesis is involved 
in anxiety-related behaviors. Mol Psychiatry 14:959–967. https://​
doi.​org/​10.​1038/​mp.​2009.​15

Rex CS, Lin CY, Kramar EA, Chen LY, Gall CM, Lynch G (2007) 
Brain-derived neurotrophic factor promotes long-term potentia-
tion-related cytoskeletal changes in adult hippocampus. J Neuro-
sci 27:3017–3029. https://​doi.​org/​10.​1523/​JNEUR​OSCI.​4037-​06.​
2007

Romo-Araiza A et al (2018) Probiotics and prebiotics as a therapeutic 
strategy to improve memory in a model of middle-aged rats front 
aging Neurosci 10:416. https://​doi.​org/​10.​3389/​fnagi.​2018.​00416

Rossi C et al (2006) Brain-derived neurotrophic factor (BDNF) is 
required for the enhancement of hippocampal neurogenesis 
following environmental enrichment. Eur J Neurosci 24:1850–
1856.https://​doi.​org/​10.​1111/j.​1460-​9568.​2006.​05059.x

Sakamoto K, Karelina K, Obrietan K (2011) CREB: a multifaceted 
regulator of neuronal plasticity and protection. J Neurochem 
116:1–9. https://​doi.​org/​10.​1111/j.​1471-​4159.​2010.​07080.x

Sanchez-Ortiz E, Yui D, Song D, Li Y, Rubenstein JL, Reichardt LF, 
Parada LF (2012) TrkA gene ablation in basal forebrain results in 
dysfunction of the cholinergic circuitry. J Neurosci 32:4065–4079. 
https://​doi.​org/​10.​1523/​JNEUR​OSCI.​6314-​11.​2012

Scharfman H, Goodman J, Macleod A, Phani S, Antonelli C, Croll 
S (2005) Increased neurogenesis and the ectopic granule cells 
after intrahippocampal BDNF infusion in adult rats. Exp Neurol 
192:348–356. https://​doi.​org/​10.​1016/j.​expne​urol.​2004.​11.​016

Sepidarkish M, Farsi F, Akbari-Fakhrabadi M, Namazi N, Almasi-
Hashiani A, Maleki Hagiagha A, Heshmati J (2019) The effect 
of vitamin D supplementation on oxidative stress parameters: 
a systematic review and meta-analysis of clinical trials. Phar-
macol Res 139:141–152. https://​doi.​org/​10.​1016/j.​phrs.​2018.​
11.​011

Shabani M, Ebrahimpoor F, Firouzjaei MA, Kamali L, Shid Moosavi 
SM, Noorafshan A, Haghani M (2019) Modulation of sphingo-
sine-1-phosphate receptor by FTY720 contributes in improvement 
of hepatic encephalopathy induced by bile duct ligation. Brain 
Res Bull 146:253–269. https://​doi.​org/​10.​1016/j.​brain​resbu​ll.​
2019.​01.​012

Shabani M, Haghani M, Tazangi PE, Bayat M, Shid Moosavi SM, 
Ranjbar H (2017) Netrin-1 improves the amyloid-beta-mediated 

suppression of memory and synaptic plasticity Brain Res Bull 
131:107–116. https://​doi.​org/​10.​1016/j.​brain​resbu​ll.​2017.​03.​015

Shohayeb B, Diab M, Ahmed M, Ng DCH (2018) Factors that influ-
ence adult neurogenesis as potential therapy Transl Neurodegener 
7:4–4. https://​doi.​org/​10.​1186/​s40035-​018-​0109-9

Smith TD, Adams MM, Gallagher M, Morrison JH, Rapp PR (2000) 
Circuit-specific alterations in hippocampal synaptophysin immu-
noreactivity predict spatial learning impairment in aged rats. J 
Neurosci 20:6587–6593

Stavenuiter AW et al (2015) A novel rat model of vitamin D deficiency: 
safe and rapid induction of vitamin D and calcitriol deficiency 
without hyperparathyroidism Biomed Res Int 2015:604275. 
https://​doi.​org/​10.​1155/​2015/​604275

Suen PC, Wu K, Levine ES, Mount HT, Xu JL, Lin SY, Black IB 
(1997) Brain-derived neurotrophic factor rapidly enhances phos-
phorylation of the postsynaptic N-methyl-D-aspartate receptor 
subunit 1 Proceedings of the National Academy of Sciences of 
the United States of America 94:8191–8195. https://​doi.​org/​10.​
1073/​pnas.​94.​15.​8191

Takei Y (2019) Age-dependent decline in neurogenesis of the hip-
pocampus and extracellular nucleotides. Hum Cell 32:88–94. 
https://​doi.​org/​10.​1007/​s13577-​019-​00241-9

Tanioka M, Park WK, Shim I (2020) Neuroprotection from excitotoxic 
injury by local administration of lipid emulsion into the brain of 
rats 21. https://​doi.​org/​10.​3390/​ijms2​10827​06

Tipyasang R, Kunwittaya S, Mukda S, Kotchabhakdi NJ, Kotchabhakdi 
N (2014) Enriched environment attenuates changes in water-maze 
performance and BDNF level caused by prenatal alcohol exposure 
EXCLI J 13:536–547

Triviño-Paredes J, Patten AR, Gil-Mohapel J, Christie BR (2016) The 
effects of hormones and physical exercise on hippocampal struc-
tural plasticity. Front Neuroendocrinol 41:23–43. https://​doi.​org/​
10.​1016/j.​yfrne.​2016.​03.​001

Wang F, Chang G, Geng X (2014) NGF and TERT co-transfected 
BMSCs improve the restoration of cognitive impairment in vas-
cular dementia rats. PLoS ONE 9:e98774. https://​doi.​org/​10.​1371/​
journ​al.​pone.​00987​74

Wang H, Li Q, Tang H, Ding J, Xu N, Sun S, Chen S (2019) The 
activated newborn neurons participate in enriched environment 
induced improvement of locomotor function in APP/PS1 mice. 
Brain Behav 9:e01316. https://​doi.​org/​10.​1002/​brb3.​1316

Wang JM, Sun C (2010) Calcium and neurogenesis in Alzheimer’s 
disease Front Neurosci 4:194–194. https://​doi.​org/​10.​3389/​fnins.​
2010.​00194

Wu C et al (2016) Association between serum levels of vitamin D and 
the risk of post-stroke anxiety medicine (Baltimore) 95:e3566. 
https://​doi.​org/​10.​1097/​MD.​00000​00000​003566

Zhang Y, Wang G, Wang L, Zhao J, Huang R, Xiong Q (2018) The 
short-term improvements of enriched environment in behav-
iors and pathological changes of APP/PS1 mice via regulating 
cytokines. Hum Vaccin Immunother 14:2003–2011. https://​doi.​
org/​10.​1080/​21645​515.​2018.​14639​44

Zhou CH et al. (2019) Electroacupuncture pretreatment ameliorates 
PTSD-like behaviors in rats by enhancing hippocampal neurogen-
esis via the Keap1/Nrf2 antioxidant signaling pathway frontiers in 
cellular neuroscience 13:275. https://​doi.​org/​10.​3389/​fncel.​2019.​
00275

Zigova T, Pencea V, Wiegand SJ, Luskin MB (1998) Intraventricular 
administration of BDNF increases the Number of newly generated 
neurons in the adult olfactory bulb molecular and cellular neu-
roscience 11:234–245. https://​doi.​org/​10.​1006/​mcne.​1998.​0684

2312 Psychopharmacology (2021) 238:2297–2312

https://doi.org/10.1111/acel.12641
https://doi.org/10.1016/j.neuroscience.2011.04.032
https://doi.org/10.1016/j.neuroscience.2011.04.032
https://doi.org/10.1152/jn.1992.68.6.2100
https://doi.org/10.1016/j.exger.2017.01.019
https://doi.org/10.1016/s0014-2999(03)01272-x
https://doi.org/10.1093/cercor/bhi044
https://doi.org/10.1038/mp.2009.15
https://doi.org/10.1038/mp.2009.15
https://doi.org/10.1523/JNEUROSCI.4037-06.2007
https://doi.org/10.1523/JNEUROSCI.4037-06.2007
https://doi.org/10.3389/fnagi.2018.00416
https://doi.org/10.1111/j.1460-9568.2006.05059.x
https://doi.org/10.1111/j.1471-4159.2010.07080.x
https://doi.org/10.1523/JNEUROSCI.6314-11.2012
https://doi.org/10.1016/j.expneurol.2004.11.016
https://doi.org/10.1016/j.phrs.2018.11.011
https://doi.org/10.1016/j.phrs.2018.11.011
https://doi.org/10.1016/j.brainresbull.2019.01.012
https://doi.org/10.1016/j.brainresbull.2019.01.012
https://doi.org/10.1016/j.brainresbull.2017.03.015
https://doi.org/10.1186/s40035-018-0109-9
https://doi.org/10.1155/2015/604275
https://doi.org/10.1073/pnas.94.15.8191
https://doi.org/10.1073/pnas.94.15.8191
https://doi.org/10.1007/s13577-019-00241-9
https://doi.org/10.3390/ijms21082706
https://doi.org/10.1016/j.yfrne.2016.03.001
https://doi.org/10.1016/j.yfrne.2016.03.001
https://doi.org/10.1371/journal.pone.0098774
https://doi.org/10.1371/journal.pone.0098774
https://doi.org/10.1002/brb3.1316
https://doi.org/10.3389/fnins.2010.00194
https://doi.org/10.3389/fnins.2010.00194
https://doi.org/10.1097/MD.0000000000003566
https://doi.org/10.1080/21645515.2018.1463944
https://doi.org/10.1080/21645515.2018.1463944
https://doi.org/10.3389/fncel.2019.00275
https://doi.org/10.3389/fncel.2019.00275
https://doi.org/10.1006/mcne.1998.0684

	Co-treatment of vitamin D supplementation with enriched environment improves synaptic plasticity and spatial learning and memory in aged rats
	Abstract
	Rationale and objective 
	Methods 
	Results 
	Conclusions 

	Introduction
	Experimental procedures
	Animal subjects
	Housing conditions

	Sources of Vitamin D
	Behavioral testing
	Elevated plus maze test (EPM) and the open field test (OFT)
	Morris water maze test (MWM)
	Radial arm maze test (RAM)
	Passive avoidance test (PAT)
	Field potential recording
	Tissue isolation and blood analysis
	Real-time qPCR
	Statistical analyses


	Results
	Physiological factors and blood analysis
	Behavioral tests
	Field potential recording
	Quantitative real-time RT-PCR

	Discussion
	Conclusion
	References


