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Fast-acting antidepressant-like effects of Reelin evaluated in
the repeated-corticosterone chronic stress paradigm
Kyle J. Brymer1, Jenessa Johnston1, Justin J. Botterill2, Raquel Romay-Tallon3, Milann A. Mitchell1, Josh Allen3, Graziano Pinna 4,
Hector J. Caruncho3 and Lisa E. Kalynchuk3

The present report examines the effects of repeated or single intrahippocampal Reelin infusions on measures of depressive-like
behavior, cognition, and hippocampal neurogenesis in the repeated-corticosterone (CORT) paradigm. Rats received subcutaneous
injections of CORT for 3 weeks and Reelin was infused through an inserted canula in the left hippocampus on days 7, 14, and 21, or
only on day 21 of CORT injections. CORT increased immobility in the forced-swim test and impaired object-location memory.
Notably, these effects were reversed by both repeated and single-Reelin infusions. CORT decreased both the number and
complexity of doublecortin-labeled maturing newborn neurons in the dentate gyrus subgranular zone, and a single-Reelin infusion
increased the number but not complexity of newborn neurons, while repeated Reelin infusions restored both. Injection of the
AMPA antagonist CNQX blocked the rescue of the behavioral phenotype by Reelin but did completely block the effects of Reelin on
hippocampal neurogenesis. Reelin is able to rescue the deficits in AMPA, NMDA, GABAA receptors, mTOR and p-mTOR induced by
CORT. These novel results demonstrate that a single intrahippocampal Reelin infusion into the dorsal hippocampus has fast-acting
antidepressant-like effects, and that some of these effects may be at least partially independent of Reelin actions on hippocampal
neurogenesis.
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INTRODUCTION
Depression is a debilitating psychiatric disorder that is currently
estimated to be the leading cause of disability worldwide [1–4]. A
recent meta-analysis has shown the effectiveness of antidepres-
sants in relation to placebo [5, 6] although there are still issues
about their real efficacy and ability to foster long-term remission
of symptoms [7].
It seems clear thereby that novel efficacious and fast-acting

antidepressants are required. This prompted numerous studies on
the fast-antidepressant properties of ketamine [8–10] and recently
resulted in the approval of esketamine by the US Food and Drug
Administration for treatment-resistant depression [11].
Among the putative signal transduction pathways mediating

the fast-antidepressant effects of ketamine are those implicating
an upregulation of the Akt–mTOR pathway [10]. Interestingly, the
extracellular matrix protein Reelin (which is downregulated in
psychotic and mood disorders [12–14]) also stimulates the
Akt–mTOR pathway [15, 16].
Reelin is primarily expressed by GABAergic interneuron

subtypes in the adult cortex and hippocampus [17–19], and
repeated administration of corticosterone (CORT) in rodents
results in depressive-like behavior and decreases the number of
Reelin-ir cells in the dentate gyrus subgranular zone (SGZ) of the
rat hippocampus [20–22]. Immobility in the forced-swim test in
CORT-treated rats is paralleled by slowed newborn granule-cell

maturation and decreased Reelin expression in the SGZ [23, 24].
Conventional antidepressants like imipramine or anti-
inflammatory drugs with antidepressant actions like etanercept
protect against the deleterious effects of repeated CORT in the
forced-swim test (FST), hippocampal Reelin expression, and
dentate gyrus newborn granule cells' maturation [25–28], and
cyclical corticosterone administration sensitizes depressive-like
behavior in rodents [29]. Furthermore, animals expressing Reelin
deficits are highly vulnerable to the behavioral effects induced by
repeated CORT and show specific alterations in the expression of
nitric oxide synthase in SGZ Reelin-ir cells that may perhaps relay
to oxidative stress and mitochondrial dysfunctions [30–32].
It is not surprising then that genetically induced overexpression

of Reelin prevents the expression of some behavioral and
neurochemical alterations induced by repeated CORT [33].
Intraventricular injections of exogenous recombinant Reelin were
shown to recover synaptic function and cognitive deficits in a
mouse model of Angelman syndrome [34], and a single injection
of exogenous Reelin was reported to increase hippocampal CA1
long-term potentiation, dendritic spine density, and spatial
learning and memory in otherwise experimentally naïve mice [35].
This brought us to evaluate the hypothesis that repeated

intrahippocampal infusions of exogenous recombinant Reelin will
be able to prevent the development of behavioral and
neurochemical alterations induced by repeated CORT, that a

Received: 4 September 2019 Revised: 10 December 2019 Accepted: 2 January 2020
Published online: 11 January 2020

1Department of Psychology, University of Saskatchewan, Saskatoon, SK S7N 5A5, Canada; 2Center for Dementia Research, The Nathan Kline Institute for Psychiatric Research,
Orangeburg, NY 10962, USA; 3Division of Medical Sciences, University of Victoria, Victoria, BC, Canada and 4The Psychiatric Institute. Department of Psychiatry, University of Illinois
at Chicago, Chicago, IL 60612, USA
Correspondence: Hector J. Caruncho (hectorjcaruncho@uvic.ca)
These authors contributed equally: Hector J. Caruncho, Lisa E. Kalynchuk

www.nature.com/npp

© The Author(s), under exclusive licence to American College of Neuropsychopharmacology 2020

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-020-0609-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-020-0609-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-020-0609-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-020-0609-z&domain=pdf
http://orcid.org/0000-0001-7541-4855
http://orcid.org/0000-0001-7541-4855
http://orcid.org/0000-0001-7541-4855
http://orcid.org/0000-0001-7541-4855
http://orcid.org/0000-0001-7541-4855
mailto:hectorjcaruncho@uvic.ca
www.nature.com/npp


single-infusion of exogenous Reelin will be able to at least partially
reverse the effects of repeated CORT (i.e. ketamine-like), and that
these Reelin effects would be blocked by the AMPA receptor
antagonist CNQX.

MATERIALS AND METHODS
Animals and experimental design
We used a total of 96 adult male Long-Evans rats purchased from
Charles River (QC, Canada). All experimental procedures were in
accordance with the guidelines of the Canadian Council and
Animal Care.
For our first experiment we used a total of 60 rats assigned to

the following treatment groups: 21 days of vehicle or CORT
injections, while the remaining groups received either vehicle or
CORT injections in addition to infusions of Reelin either: once
on day 21 of injections, or three times, on days 7, 14, and 21
of injections. Half of the animals were sacrificed at time 1 while
the other half were sacrificed at the end of this test at time 2
(Fig. 1aA, B).
We also used 30 rats to evaluate the effect of the AMPA

receptor antagonist CNQX in blocking the effects of single
intrahippocampal Reelin infusions. Rats were assigned to follow-
ing groups: 21 days of vehicle injections or 21 days of CORT
injections, while the remaining groups received either vehicle or
CORT injections in addition to infusions of Reelin on day 21 of
injections, and another group of animals received infusions of
Reelin on day 21 and an infusion of CNQX on day 22, just 30 min
prior to undergoing the FST (Fig. 1aC).

Corticosterone injections
All CORT and vehicle injections were administered subcutaneously
once per day CORT (Steraloids) was suspended in 0.9% (w/v)
physiological saline with 2% (v/v) Tween-80 (Sigma-Aldrich) and
given at a dose of 40 mg/kg in a volume of 1 ml/kg.

Surgery, Reelin, and CNQX infusions
Surgery was conducted as previously described [36, 37]. Rats were
deeply anesthetized and secured into a stereotaxic apparatus
using ear bars. At flat skull position, a single cannula (C313G/spc,
Plastics 1) was chronically implanted into the left hemisphere of
the dorsal hippocampus using the following coordinates relative
to Bregma: −3.5 mm anteroposterior, +2.6 mmmediolateral, −3.1
mm dorsoventral [38].
Recombinant Reelin (3820-MR-025/CR; R & D Systems) was used

at a concentration of 1 µg per 1 µl in 0.1 M PBS (pH= 7.4).
Intrahippocampal Reelin infusions were administered in a
dedicated-procedures room for the duration of the experiments.
We used a 2 µl Hamilton syringe secured to an infusion pump and
infused a total of 1 μl of recombinant Reelin solution directly into
the left dorsal hippocampus at a rate of 0.5 µl/min [34, 39].
CNQX (Cat. No. 0190; Tocris Bioscience) was used at a working

concentration of 1 µg per 1 µl in a solution containing 20% DMSO
and 80% saline, in line with previously published protocols using a
similar approach [40, 41]. A total of 1 μl CNQX was infused on day
22, 30 min before the FST, at a rate of 0.5 μl/min.

Behavioral paradigms
The FST was conducted on day 22, the day after the final CORT
injection and intrahippocampal Reelin infusion (Fig. 1a) [23, 42]. Each
rat was individually placed in a Plexiglas swim tank (25 × 25 × 60 cm,
27 ± 2 °C water, 30 cm deep) for 10min. We measured the duration
of time each rat spent immobile, struggling, and swimming.
Rats that were not sacrificed at time 1 went on to complete the

object-location test (OBL) for time 2. Rats received three
habituation sessions before the training session. During the first
two habituation sessions, rats were brought in pairs and placed in
separate arenas for 10min. During the last habituation session,

rats were brought in individually and placed in the arena for 10
min. The last habituation occurred 24–48 h before the first testing
session. In both sample and test phases, objects were placed in
the corners of the arena 10 cm from each of the nearest walls and
subjects were placed in the center of the arena facing the wall
opposite the objects [43].
The rats were allowed to explore two identical objects for 4 min

during the sample phase. Twenty-four hours later, rats underwent
a testing phase, during which they explored two copies of the
sample objects for 4 min, but with one object moved to a corner
location at the front of the box while the other maintained its
original position. Data were scored by a researcher who was blind
to treatment conditions, using previously published measures
[43, 44].

Immunohistochemistry
Rats were sacrificed on day 22 following the FST at time 1, or upon
completing the OBL on day 28 at time 2 (Fig. 1a). Following
anesthesia and perfusion, brains were kept in the same
formaldehyde fixative for 48 h at 4 °C, and sectioned in the
coronal plane at 30 μm on a vibrating microtome (VT1200s; Leica
Biosystems). Sections were collected and stored at −20 °C until
use in a cryoprotectant solution.
To ensure consistent immunohistochemical processing, we

processed all sections in unison with treatment groups counter-
balanced across all tissue plates. Control experiments omitting the
primary antibody were unable to detect any immunoreactive cells.
Doublecortin (DCX) immunohistochemistry was run as pre-

viously described [23, 45]. Sections were incubated in a rabbit anti-
DCX polyclonal primary antibody (1:1000, AB-561007; Cell Signal-
ling Technologies) diluted in blocking solution for 24 h at room
temperature. Followed by incubation for 1 h in a biotinylated
secondary antibody (1:500, AB-2313606; Vector Laboratories)
diluted in 5% (v/v) NGS, 1% (w/v) BSA, and 0.5% (v/v) Triton X-
100 in 0.1 M TBS, followed by ABC complex (1:500, Vector
Laboratories) for 1 h. Sections were visualized with 0.025% (w/v)
DAB, 4.167% NiSO4, and 0.002% (v/v) H2O2.

Image analysis
Immunohistochemistry quantification was conducted as pre-
viously described [23, 45]. The SGZ was traced at ×4 magnification
using a computerized stereology program [23]. The total number
of immunopositive cells was estimated using the following
formula: Ntotal= ∑Q− × 1/ssf × A(x, y step)/a(frame) × t/h. ∑Q−

represents the number of counted cells, ssf is the section
sampling fraction (1 in 12), A(x, y step) is the area associated
with each x, y movement, a(frame) is the area of the counting
frame, t is the weighted average section thickness, and h is the
height of the dissector [23, 25, 45]. To avoid counting sectioning
artifacts, we used a guard zone of 2 μm.
We used a dendritic categorization method that our laboratory

has used in the past [23, 45]. A meander scan was used to
randomly select 100 DCX-ir cells from each rat. A researcher blind
to experimental conditions then assigned the cell to one of six
complexity categories based on both the presence and extent of
apical dendrites (see Fig. 2b). Data are presented as the
percentage of DCX-ir cells for each of the six categories.

Synaptosomes and incubations
Six rats (three vehicle and three CORT-treated) were anesthetized
with 5% isofluorane and killed by decapitation on day 22.
Immediately after sacrifice, the hippocampus and cortex were
dissected on ice, the hemispheres pooled together, and snap
frozen in liquid nitrogen then stored until use at −80 °C.
Synaptosomes were obtained through homogenization of the

collected tissue in ice-cold modified Krebs–Henseleit buffer
(mKRBS) supplemented with a protease inhibitor cocktail
(1860932; Thermoscientific). The homogenate was drawn into a

Fast-acting antidepressant-like effects of Reelin evaluated in the. . .
KJ Brymer et al.

1708

Neuropsychopharmacology (2020) 45:1707 – 1716



1 cc Luer lock syringe and passed through sequential filtrations
[100 μm pore nylon filters (NY1H02500; EMD Millipore); 5 μm
nitrocellulose Durapore membrane filters (SBLP01300; Millipore)],
and was centrifuged at 1000 × g for 15 min at 4 °C, then the pellet
(containing the synaptosomes) was resuspended in 350 μl pre-
warmed (32 °C) ACSF. Synaptosomes were incubated for 30 min

at 32 °C with 5% circling CO2 with either Reelin at a concentration
of 5, 10, or 50 nM, or ACSF alone. Reactions were terminated
with centrifugation at 1000 × g for 15 min at 4 °C in ice-cold
mKRBS and the pellets were resuspended in 50 μl mKRBS
supplemented with protease and phosphatase inhibitor cocktails
(78428; Thermoscientific).
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Western blotting
For western blot analysis, 10 μg of protein was electrophoretically
resolved in 10% SDS-polyacrylamide gel at 200 V for 60 min, and
then transferred onto PVDF membranes via wet transfer (100 V on
ice for 90 min). Membranes were blocked using 5% (w/v) BSA for
1 h at room temperature. To evaluate SNP enrichment, PSD-95
(ab2723; Abcam) was used to compare against whole homo-
genate. Over all groups of SNPs, PSD-95, total mTOR (2983T; Cell
Signaling Technology), and phosphorylated mTOR (p-mTOR)
(2971S; Cell Signaling Technology) were measured. Antibodies
were diluted in 10 ml of the blocking buffer and applied to the
blots overnight at 4 °C. Blots were washed in TBST following
incubation, and then incubated with the appropriate secondary
antibody diluted at 1:5000 in blocking buffer for 1 h at room
temperature. Luminata Crescendo (for p-mTOR and mTOR) or
Classico (PSD-95) was use for chemiluminescent detection. All
images were captured using a SynGene imaging system. Western
blot bands were quantified using GeneTools companion program.

Statistical analyses
All statistical analyses were carried out using SPSS v24. We
determined statistical significance using one-way analysis of
variance (ANOVA), and post hoc comparisons were made using
Tukey HSD when appropriate. The criterion for statistical
significance was set at p < 0.05. All graphs depict the mean ±
standard error of the mean.

RESULTS
Significant group differences for body weight were observed
already after 7 days of CORT and thereon, and were not rescued
by Reelin infusions (Fig. 1bA).

CORT increases immobility behavior in the FST and
intrahippocampal Reelin infusions rapidly reverse this deficit
We first evaluated if repeated-Reelin infusions could reverse the
deficits induced by CORT in the FST (Fig. 1bB–D). We found
significant group differences for immobility (F(3, 39)= 25.507, p <
0.001), struggling (F(3, 39)= 5.797, p < 0.01), and swimming (F(3,
39)= 14.707, p < 0.001) in the FST. Post hoc analyses revealed that
CORT-treated animals spent more time immobile and less time
swimming than all other groups (all p values <0.001). We then
evaluated a second paradigm with a single-Reelin infusion given
just 24 h before the FST (Fig. 1bB). We found significant group
differences for immobility (F(5,59)= 18.01, p < 0.001), struggling (F
(5,59)= 3.94, p < 0.01), and swimming (F(5,59)= 9.94, p < 0.001)
(Fig. 1bB–D). Post hoc analyses revealed that CORT-treated rats

spent significantly more time immobile and less time swimming
compared to all other groups (all p values <0.5).

CORT impairs hippocampal-dependent memory and
intrahippocampal Reelin infusions restores this deficit
We observed a significant main effect of repeated-Reelin
treatment on OBL memory performance (F(3, 19)= 9.433, p <
0.001) (Fig. 1bE). Post hoc analyses revealed that CORT-treated
animals had a significantly lower discrimination ratio than all other
groups (all p values <0.01). We also observed a significant main
effect of single-Reelin treatment on object-location performance
(F(5, 29)= 7.74, p < 0.001). Post hoc analyses revealed that CORT-
treated rats had a significantly lower discrimination ratio than all
other groups (all p values <0.01).

Intrahippocampal Reelin infusions protect against the deleterious
effects of CORT on hippocampal neurogenesis
At time 1 (Fig. 2a–c) stereological analyses revealed significant
group differences in both the ipsilateral (F(5, 29)= 5.329, p < 0.01)
and contralateral (F(5, 29)= 4.391, p < 0.01) dentate gyrus (Fig. 2a,
b). Post hoc analyses revealed that CORT-treated rats had
significantly fewer DCX-ir cells within the SGZ/GCL in the
ipsilateral hemisphere than all other groups (p values <0.05)
except for vehicle rats (p= 0.148). Interestingly, post hoc analyses
revealed that in the contralateral hemisphere, CORT Reelin single-
treated rats were not significantly different from CORT-treated rats
(p= 0.317). We next examined dendritic complexity. We found
significant group differences for categories 1 (F(5, 29)= 3.966, p <
0.01), 2 (F(5, 29)= 18.377, p < 0.001), 5 (F(5, 29)= 10.711, p <
0.001), and 6 (F(5, 29)= 4.043, p < 0.01).
We next analyzed changes at time 2 (Fig. 2d). Stereological

analyses revealed significant group differences in both the
ipsilateral (F(5, 29)= 7.958, p < 0.001) and contralateral (F(5, 29)
= 5.266, p < 0.01) SGZ/GCL. Post hoc analyses revealed that CORT-
treated rats had significantly fewer DCX-ir cells within the SGZ/
GCL across both hemispheres than all other groups (all p values
<0.05). We also found significant group differences for categories
1 (F(5, 29)= 98.072, p < 0.001), 2 (F(5, 29)= 64.019, p < 0.001), 4 (F
(5, 29)= 9.359, p < 0.001), 5 (F(5, 29)= 10.172, p < 0.001), and 6 (F
(5, 29)= 20.731, p < 0.001).

CNQX blocks the fast-acting effects of Reelin in reversing the
depressive-like behavior induced by repeated CORT on the FST
We found significant group differences for immobility (F(5, 29)=
12.433, p < 0.001), struggling (F(5, 29)= 2.652, p < 0.05), and
swimming (F(5, 29)= 9.494, p < 0.001) (Fig. 3). Post hoc analyses
revealed that CORT and CORT Reelin single CNQX-treated rats spent

Fig. 1 Experimental design, and evaluation of behavioral tests. a Schematic representation of the experimental design used for the study.
Stereotaxic surgery was performed and a chronic indwelling cannula was inserted into the left dorsal hippocampus. Animals were weight-
matched and received 21 days of 40mg/kg of corticosterone (CORT) or vehicle injections. A subset of animals received infusions of 1 µg/µl of
Reelin either on days 7, 14, and 21 of CORT/vehicle injections, or only on day 21. All rats underwent the forced-swim test (FST) on day 21, and
a subset of rats were immediately sacrificed (time 1). The remaining rats then underwent the object-location memory paradigm (OBL) from
days 23 to 28, and were then sacrificed (time 2). All experimental groups were evenly distributed throughout both times 1 and 2. Shown in
panel C, a new group of animals underwent stereotaxic surgery and an indwelling cannula was implanted into left dorsal hippocampus.
Animals were weight-matched and received 21 days of 40mg/kg of CORT or vehicle injections. A subset of animals received infusions of 1 µg/
µl Reelin on day 21, and another subset of animals received an infusion of 1 µg/µl of CNQX 30min prior to the FST. b Mean body weight
through days 1–21, collapsed across both times 1 and 2. Panel A shows that CORT-treated and CORT repeated-Reelin rats weighed less than
vehicle, vehicle Reelin single, and vehicle repeated-Reelin rats on day 14 (p < 0.05) and 21 (p < 0.05) and significantly less than vehicle and
vehicle Reelin single rats on day 7 (p < 0.05), and CORT Reelin single rats weighed significantly less than vehicle and vehicle Reelin single rats
on days 7 and 14 (p < 0.05), and significantly less than vehicle, vehicle Reelin single, and vehicle repeated-Reelin rats on day 21 (p < 0.05). B–D:
CORT had significant effects on the FST and OBL, and treatment with Reelin reversed this in a fast-acting manner. Data are collapsed across
times 1 and 2. Panel B shows the effects of treatment on time spent immobile in the FST. CORT-treated rats spent significantly more time
immobile than all other groups (p < 0.05). Panel C shows the effects of treatment on time spent struggling. CORT-treated rats spent
significantly less time struggling than all other groups (p < 0.05). Panel D shows the effects of treatment on time spent swimming. CORT-
treated rats spent significantly less time swimming than all other groups (p < 0.05). CORT had significant effects on OBL memory, and Reelin
restored this. Panel E shows the discrimination ratio for the OBL variant. CORT-treated rats had a significantly lower discrimination ratio than
all other groups (p < 0.05). All data are represented as means ± standard error of the mean.
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significantly longer immobile than all other groups (p values <0.05),
and CORT-treated rats spent significantly less time swimming than
vehicle, vehicle Reelin single, and CORT Reelin single rats (p values
<0.05), Lastly, CORT Reelin single CNQX-treated rats spent
significantly less time swimming than vehicle, vehicle Reelin single,
and CORT Reelin single-treated rats (p values <0.05).

CNQX fails to block the effects of Reelin in reversing the lower
DCX-ir cell counts induced by repeated CORT
We found a significant main effect of treatment on the total
number of DCX-ir cells (F(5, 29)= 3.859, p < 0.05) (Fig. 4). Post hoc
analyses revealed that CORT-treated rats had significantly fewer
DCX-ir cells in the ipsilateral hemisphere than CORT Reelin single
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and CORT Reelin single CNQX-treated rats (p values <0.05), but did
not differ from vehicle (p= 0.231), vehicle Reelin single (p=
0.637), or vehicle Reelin single CNQX-treated rats (p= 0.839). We
also found significant group differences for our dendritic
complexity analyses: significant group differences emerged for
the % of cells in categories 1 (F(5, 29)= 8.054, p < 0.001), 2 (F(5,
29)= 67.242, p < 0.001), 4 (F(5, 29)= 9.649, p < 0.001), 5 (F(5, 29)=
23.314, p < 0.001), and 6 (F(5, 29)= 15.193, p < 0.001).

Reelin rescues repeated-CORT effects in mTOR and p-mTOR in
hippocampal synaptosomes
PSD-95 expression was significantly decreased in CORT-
administered animals [t(5.269), p < 0.01], as well as expression of
total mTOR [t(2.666), p < 0.05] and p-mTOR [t(0.0123), p < 0.05]
(Fig. 5). Interestingly, CORT activity increased the ratio of mTOR
activity over the vehicles [t(2.681), p < 0.05]. Significant differences
were found between CORT and all experimental subgroups for
PSD-95 [F(3,6)= 23.86, p < 0.001], mTOR [F(3,6)= 89.75, p <
0.0001], p-mTOR [F(3,6)= 69.6, p < 0.0001], and the ratio of active
mTOR [F(3,6)= 12.17, p < 0.01]. PSD-95 was significantly increased
at 50 nM Reelin (p < 0.01), but not at 5 and 10 nM. All
concentrations of Reelin increased mTOR expression, with higher
concentrations yielding higher expression (5 nM, p < 0.01; 10 nM,

p < 0.001; 50 nM, p < 0.001). This pattern followed with p-mTOR,
increasing with 10 nM (p < 0.05) and 50 nM (p < 0.001), though it
was not increased at 5 nM.
We also observed that Reelin is able to rescue deficits in

glutamatergic and GABAergic markers induced by CORT (Supple-
mentary Data and Figs. 1–3).

DISCUSSION
We have previously demonstrated that in the repeated-CORT
paradigm both conventional tricyclic antidepressants like imipra-
mine or anti-inflammatory drugs that have shown an antidepres-
sant effect like etanercept are able to rescue the increases in
immobility in the FST induced by repeated CORT [25, 26]. One
should consider that although recent reports have partially
questioned the validity of the FST to evaluate depression-like
behavior [46], this test has been widely used to predict
antidepressant efficacy [47], which was our rationale to use it to
ascertain the putative antidepressant-like effects of exogenous
Reelin in this study. We have also evaluated a hippocampal-
dependent memory test (OBL) because cognitive disturbances in
major depression related to memory impairments have been
shown as prominent in major depression [48–50]. However, an
extensive analysis of multiple depression-like behavioral tasks
would be necessary to further evaluate the effects of exogenous
Reelin.
Understanding the limitations and advantages of the use of

animal models and behavioral tests in preclinical psychiatric
research is essential for fostering translation of research data
[51, 52], thereby we also believe as important the evaluation of
Reelin effects on other models (and strains/species) for the study
of depression-like deficits such as that using the chronic
unpredictable stress paradigm.
The repeated-CORT paradigm results in similar behavioral

alterations in the FST in male and female rats [53]. Although this
provides a rationale for a single sex study, we recognize that
further studies need to be done to evaluate putative sex
differences that may underlie the antidepressant-like effects of
exogenous Reelin.
Previous reports indicated that genetic overexpression of Reelin

prevents the development of an increase in immobility in the FST
after repeated CORT [33] prompting us to investigate if
intrahippocampal infusions of exogenous Reelin administered
weekly during CORT treatment would result in a preventive effect
of the increase in immobility in the FST induced by CORT. Our
results indicate that this is the case as repeated Reelin completely
solves the increase in immobility and decrease in swimming time
in the FST, and parallels the effects of imipramine [25] or the TNF-α
antagonist etanercept [26] using the same paradigm.
We furthered our study by examining if a single intrahippo-

campal infusion of exogenous Reelin administered on the final
day of CORT treatment would prevent the increase in immobility
induced by CORT. Our data have shown that Reelin infusions have
a fast-effect in reversing the alterations in the FST induced by
repeated CORT that resemble those of ketamine. In fact, our

Fig. 2 Effects of CORT and Reelin on DCX-ir cells. Effects of Reelin on hippocampal neurogenesis at times 1 (a–c) and 2 (d). CORT had
significant effects on hippocampal neurogenesis. a Representative photomicrographs of doublecortin expression in the granule cell/
subgranular zone. b Representative images of DCX-ir cell maturation that have been used in our categorization studies. c, d Effects of
treatment on the number of doublecortin-ir cells in the granule cell/subgranular zone at times 1 and 2, respectively (see Fig. 1). CORT-treated
rats had significantly fewer doublecortin-ir cells in the ipsilateral hemisphere than vehicle Reelin single, CORT Reelin single, vehicle repeated-
Reelin, and CORT repeated-Reelin animals. In the contralateral hemisphere, CORT-treated rats had significantly fewer doublecortin-ir cells than
vehicle, vehicle Reelin single, vehicle repeated-Reelin, and CORT repeated-Reelin animals (these effects are more evident, i.e. stronger, at time
2). Similarly, the reversal of CORT-induced alterations in the quantified categorization of dendritic complexity induced by Reelin infusions is
evident already at time 1 and stronger at time 2. All data are represented as means ± standard error of the mean. VRS vehicle Reelin single,
CRS CORT Reelin single, VRR vehicle repeated-Reelin, CRR CORT repeated-Reelin.

Fig. 3 CORT had significant effects on depressive-like behavior,
treatment with Reelin restored this, and CNQX abolished Reelin’s
antidepressant effect. CORT and CORT Reelin CNQX-treated rats
spent significantly more time immobile than all other groups (a) (p
values <0.05). b Effect of treatment on time spent struggling. c Effect
of treatment on time spent swimming. CORT-treated rats spent
significantly less time swimming than vehicle, vehicle Reelin single,
and CORT Reelin single-treated rats (p values <0.05), and CORT
Reelin CNQX-treated rats spent significantly less time swimming
than vehicle, vehicle Reelin single, and CORT Reelin single-treated
rats (p values <0.05). All data are represented as means ± standard
error of the mean.
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Fig. 4 Effects of intrahippocampal Reelin and CNQX-treatment on hippocampal neurogenesis. CORT had significant effects on
hippocampal neurogenesis. a Representative photomicrographs of doublecortin expression in the granule cell/subgranular zone (scale bar=
200 μm). A higher magnification image is shown in the insets (scale bar= 50 μm). b Effects of treatment on the number of doublecortin-ir cells
in the granule cell/subgranular zone. Overall, CORT-treated rats had significantly fewer doublecortin-ir cells than CORT Reelin single and CORT
Reelin single CNQX-treated rats in the ipsilateral hemisphere (p values <0.05). c Quantified categorization of dendritic complexity using
doublecortin staining. All data are represented as means ± standard error of the mean. VRS vehicle Reelin single, CRS CORT Reelin single,
VRCNQX vehicle Reelin single CNQX, CRCNQX CORT Reelin single CNQX.
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studies also provide some additional data towards that as
synaptosomes from CORT-treated animals show downregulation
in levels of PSD-95, mTOR, and p-mTOR, that are rescued by
in vitro incubations with Reelin in a concentration-dependent
manner, similarly to the effects of ketamine [54, 55].
Chronic stress also impairs hippocampal-dependent memory as

assayed by the OBL [26, 56, 57]. Reelin is critically involved in
cognition, particularly spatial memory [35]. Furthermore, Reelin
supplementation in a mouse model of Angelman syndrome
recovers deficits in spatial learning and memory [34]. Our findings
are in line with previous research, as we report that both repeated
and single intrahippocampal Reelin infusions restore CORT-
induced deficits in OBL memory.
The hippocampus requires NMDA receptor synaptic plasticity

[58] and hippocampal Reelin regulates the composition and
trafficking of NMDA receptor subunits [59], and one can surmise
that intrahippocampal Reelin infusions may have played a role in
the normalization of cognitive behavior in CORT-treated animals,
and most likely require a contribution of glutamate. Our data
demonstrate that repeated CORT brings about alterations in
hippocampal glutamatergic and GABAergic receptors that prob-
ably underlie some of the excitatory/inhibitory imbalance brought
about by chronic stress [28, 33], and that Reelin infusions are able
to reverse these effects.
The role of hippocampal neurogenesis in depression is currently

unclear, as antidepressant effects can be achieved without
increases in neurogenesis [60] and studies of post-mortem
depressed tissue have generally failed to find reductions in
neurogenesis [61]. However, increasing neurogenesis through a
transgenic mouse line rescued a CORT-induced depressive
phenotype [62]. It seems that deficits in neurogenesis may be
associated more with a lack of response to antidepressant
treatment than with the development of a depressive phenotype
[63]. Interestingly, Pujadas et al. [64] found that mice over-
expressing Reelin have a significant increase in DCX-ir granule
cells, accompanied by increased complexity in their dendrites. We
have shown that CORT decreases hippocampal neurogenesis, and

the tricyclic antidepressant imipramine restores this [23, 25].
Repeated infusions of exogenous Reelin result in a rescuing of
both the number and maturation of DCX-ir cells in the dentate
SGZ in both the ipsilateral and contralateral sides to the Reelin
infusion when animals are sacrificed at times 1 or 2. Interestingly,
single infusions of exogenous Reelin that are able to completely
reverse CORT effects in the FST only have a partial effect in
rescuing DCX-ir SGZ neurons. This may indicate that a complete
restoration of DCX-ir neurons numbers and maturation is not a
fast event and might not be necessary for rescuing the phenotype
in the FST.
Intrahippocampal infusion of CNQX thirty minutes before the

FST was enough to block the rescuing effects of Reelin on
immobility induced by repeated CORT but failed to block the
effects of exogenous Reelin in hippocampal neurogenesis. As
some fast-antidepressant actions of ketamine appear to be
mediated by its actions on AMPA receptors [65] it seemed logic
to develop an experimental design to evaluate if an antagonist of
AMPA receptors could block Reelin actions in rescuing the effects
of repeated CORT. While we have shown this to be the case for the
behavioral effects in the FST, that does not happen when
analyzing hippocampal neurogenesis by evaluation of DCX-ir
neurons in the dentate SGZ. Considering the data available
implicating hippocampal neurogenesis in antidepressant effects
[66], our data could indicate that perhaps some behavioral
components may rely on Reelin effects on modulating glutama-
tergic synaptic strength while other behaviors could relate to
Reelin effects on hippocampal neurogenesis and newborn cells
maturation.
It is also important to reflect that in un-lesioned animals,

psychotropic drugs administration also results in alterations in
Reelin expression levels as well as in molecules mediating the
Reelin signal transduction pathways [67], providing further
indication that Reelin levels may relate to some pathological/
therapeutic events in mood and psychotic disorders.
In conclusion, our data indicate a putative fast-action of Reelin

that may result in some antidepressant-like actions. However,

Fig. 5 Western blot evaluation of PSD-95 and mTOR expression upon incubation with Reelin of hippocampal synaptosomes from CORT-
treated animals. Optical density analysis demonstrates that CORT decreases expression of mTOR, p-mTOR, active mTOR ratio (p-mTOR/
mTOR), and PSD-95, and that Reelin incubations are able to rescue these deficits in a concentration-dependent manner.
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there is a necessity to provide additional probes of a possible fast-
antidepressant-like actions of Reelin mostly when considering
possible limitations associated with preclinical models and
behavioral tests.
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