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Abstract
Reelin, an extracellular matrix protein with putative antidepressant-like properties, becomes dysregulated by chronic stress.

Improvement in cognitive dysfunction and depression-like behavior induced by chronic stress has been reported with both

intrahippocampal and intravenous Reelin treatment but the mechanisms responsible are not clear. To determine if treatment

with Reelin modifies chronic stress-induced dysfunction in immune organs and whether this relates to behavioral and/or neu-

rochemical outcomes, spleens were collected from both male (n= 62) and female (n= 53) rats treated with daily corticoste-

rone injections for three weeks that received Reelin or vehicle. Reelin was intravenously administered once on the final day of

chronic stress, or repeatedly, with weekly treatments throughout chronic stress. Behavior was assessed during the forced

swim test and the object-in-place test. Chronic corticosterone caused significant atrophy of the spleen white pulp, but treat-

ment with a single shot of Reelin restored white pulp in both males and females. Repeated Reelin injections also resolved

atrophy in females. Correlations were observed between recovery of white pulp atrophy and recovery of behavioral deficits

and expression of both Reelin and glutamate receptor 1 in the hippocampus, supporting a role of the peripheral immune sys-

tem in the recovery of chronic stress-induced behaviors following treatment with Reelin. Our data adds to research indicating

Reelin could be a valuable therapeutic target for chronic stress-related disorders including major depression.
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Introduction
Immune function is regulated by glucocorticoids, rendering
immunity susceptible to chronic stress. Glucocorticoids reg-
ulate HPA-axis negative feedback and lymphocyte survival1–
5 and chronic stress impacts cortisol rhythms and sensitivity
and dysregulates neurochemistry.6–9 Experimentally, rodents
exposed to three weeks of corticosterone have neurobiologi-
cal and behavioral alterations associated with major depres-
sion (MD) including unintended weight change, altered
social behavior, learning and memory impairment, anxiety,
increased despair-like behavior, anhedonia, loss of synapses,

dendritic atrophy, and neurotransmitter dysregulation,
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particularly to GABAergic and glutamatergic systems.9–14

Peripheral inflammation can disrupt blood–brain barrier
integrity and influence the transport of proinflammatory cyto-
kines into the brain, affecting microglia.15,16 Microglia dys-
function can disrupt neuronal processes and increase the
susceptibility to developing neuroinflammatory disorders
including Alzheimer’s dementia (AD) (reviewed by Huang
et al.17). Although the resolution of mood disturbance is par-
amount for treating depression, targeting peripheral inflam-
mation is an important therapeutic target to reduce the
likelihood of developing psychiatric disorders of neuroin-
flammation known to present more frequently in individuals
with a history of depression.18,19

Reelin, a large extracellular matrix glycoprotein that reg-
ulates synaptic plasticity, is dysregulated in numerous neuro-
psychiatric diseases including MD and AD.20–27 Altered
expression and methylation of Reelin in peripheral blood is
seen in various disease states.23,28,29 Reduced Reelin expres-
sion increases vulnerability to chronic stress-induced despair-
like behavior, and chronic stress depletes hippocampal
Reelin expression in otherwise healthy wild-type
animals.9,30,31 Treatment with exogenous Reelin adminis-
tered intrahippocampally or intravenously normalizes
chronic stress-induced despair-like behavior.32,33 Various
regulators of lymphocyte survival and proliferation are influ-
enced by Reelin signaling, including phosphatidylinositol
3-kinase (PI3K) and mammalian target of rapamycin34–36

(reviewed by Zeng and Chi37). PI3K/Akt pathway activation
selectively phosphorylates Bcl-2/Bcl-XL-associated death
promoter, promoting cell survival by protecting differentiat-
ing neurons and T cells from apoptosis.38,39 Although
Reelin-mediated regulation of cell survival and apoptosis in
the periphery is less understood, homozygous Reeler
mutants, which have a 126 kB deletion in both Reelin
alleles resulting in absence of Reelin mRNA, show altered
splenic T lymphocyte proliferation and down-regulation of
immunity-related genes, consistent with a role of Reelin in
immunity.40,41 Regulating cell survival and proliferation in
lymphatic germinal centers could impact the resolution of
chronic stress-induced inflammation to indirectly regulate
neuroinflammation.

The spleen is a secondary lymphoid organ involved in
innate and adaptive immunity, acting as a blood filter and lym-
phocyte germinal center, and is affected in various neuropsy-
chiatric diseases (reviewed by Wei et al.42). The spleen is
composed of two compartments: red pulp, where macrophages
remove pathogens and aging erythrocytes from circulation, and
white pulp, B- and T-lymphocyte germinal centers and sur-
rounding marginal zone. Spleen alterations are reported in
various models of chronic stress.43–47 Reelin is expressed in
blood, is stored, transported, and released by platelets, and a
large percentage of the body’s total platelet supply are stored
in the spleen.48–50 Direct functions of Reelin in the spleen
are not understood, however, amyloid β (Aβ), one of the hall-
mark features of AD, is also stored in platelets and transported

to the brain via platelets.51,52 Reelin reduces Aβ toxicity,
leading to the hypothesis that stress-induced Reelin depletion
affects platelet Aβ synthesis and dispersal into the brain.53,54

Additionally, splenectomy enhances amyloid pathology and
cognitive dysfunction in transgenic animal models of AD.55

We hypothesized Reelin would recover glucocorticoid-
induced atrophy of the spleen, which may have implications
for future prognosis, given depression increases AD risk, both
conditions are associated with both inflammation and Reelin
dysregulation, and Reelin treatment recovers chronic
stress-induced depression-like behavior, spatial memory deficits
and neuronal dysregulation.18,19,32 We hypothesized three
weeks of corticosterone exposure would induce splenic white
pulp atrophy, as seen in various models of chronic stress, and
that Reelin would reduce chronic stress-induced white pulp
atrophy.43,45,56,57 We hypothesized behavioral and neurobio-
logical outcomes would correlate to spleen morphology follow-
ing chronic stress and Reelin treatment. To evaluate these
hypotheses, rats were treated with corticosterone for three
weeks before receiving Reelin or vehicle and performing the
forced swim test and object-in-place task. Spleens were col-
lected and stained to quantify white pulp and correlations
were evaluated between white pulp, behavior, and hippocampal
expression of Reelin and GluR1. Detailed group data of beha-
vioral testing and hippocampal protein expression from these
animals is reported in Allen et al.32

Materials and Methods

Animals
Young adult Long-Evans rats (N= 115), weighing approxi-
mately 200–250 g at the experiment start, were purchased
from Charles River (Saint-Constant, QC). Animals were
single housed in clear plastic cages in a colony room main-
tained at a constant temperature of 22±1 °C and a 12:12 h
light/dark cycle (lights on at 0700 h and off at 1900 h).
Rats were briefly handled once daily for 7 days prior to the
experiment start. All experimental procedures were carried
out during the light period of the light/dark cycle and were
conducted in accordance with regulations outlined by the
University of Victoria Committee on Animal Care and the
Canadian Council on Animal Care.

Drugs
Experimental animals were randomly assigned to receive
chronic corticosterone or vehicle subcutaneous injections for
21 days at a dosage of 40 mg/kg (1 mL/kg, s.c.; Steraloids,
Newport, RI). Corticosterone was suspended in 0.9% (w/v)
physiological saline (pH= 7.4) and 2% (v/v) Tween-80
(Sigma Aldrich, Germany). An a priori criterion involved
removing animals losing > 25% free body weight, although
no removal was necessary. A subset of rats also received
3 μg of recombinant Reelin (3820-MR-025/CR; R&D
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Systems) dissolved in 0.1% PBS (tail vein, 0.5 mL volume).
Rats not receiving Reelin received a vehicle tail vein injection.
Reelin was administered in two treatment schedules: a repeat
schedule, administered on days 11 and 21 of corticosterone
injections, and a single treatment, with Reelin injections on
day 21 of corticosterone. Reelin was administered for approx-
imately 1 h following corticosterone treatment. The dosage and
duration of Reelin treatment were selected based upon past
results showing 3 μg of Reelin to be most effective for resolv-
ing despair-like behavior.32 Groups sizes are as follows: Male
Vehicle/Vehicle (MVV): n= 14; Female Vehicle/Vehicle
(FVV): n= 11; Male Vehicle/Reelin (MVR): n= 10; Female
Vehicle/Reelin (FVR): n= 10; Male Corticosterone/Vehicle
(MCV): n= 19; Female Corticosterone/Vehicle (FCV): n=
14; Male Corticosterone/Reelin One-Shot (MCRO): n= 7;
Female Corticosterone/Reelin One-Shot (FCRO): n= 8; Male
Corticosterone/Reelin Repeated-doses (MCRR): n= 10;
Female Corticosterone/Reelin Repeated-doses (FCRR): n=
10. Spleens derive from multiple experiments reported
within32 resulting in unequal sample sizes here.

Behavioral Testing
The spleens studied here are derived from a subset of animals
tested to evaluate the dose–response of the antidepressant-
like effects of Reelin treatment. Rats performed the forced
swim test and object-in-place test to evaluate despair-like
behavior and spatial memory—results of behavioral testing
and hippocampal protein expression are reported else-
where.32 The raw data was re-examined here for correlation
analyses with the permission of the publisher.

Forced Swim Test
The forced swim test was conducted one day after the final cor-
ticosterone injection and Reelin treatment to evaluate the
fast-acting antidepressant-like effects of Reelin. Animals
were placed in a Plexiglas tank filled with 30 cm of water
(27± 2 °C) and removed after 10 min. The duration of immo-
bility, defined as swimming no more than that required to keep
the nose above water, was manually scored to quantify despair-
like behavior during the task while blinded to condition. This
task has been the most reliable antidepressant screening tool
in rodent research over recent decades. Scores in the forced
swim test are represented as the percentage of change from
the mean of vehicle/vehicles of the corresponding sex.

Object in Place Test
The object-in-place task was conducted to evaluate spatial
memory 48 h after the forced swim test, and 24 h after a
10-minute exposure to the open field. In the training phase rats
were placed in the arena for 5 min alongside one unique
object 10 cm from each corner. After 5 min, animals were
removed from the arena and returned to home cages for 1 h.

Rats returned to the arena for a retention test during which
two object positions were swapped. The duration exploring
objects was scored while blind to condition to compare novel
location exploration to exploration of objects in original posi-
tions during the first 2 min of the retention test. A discrimination
ratio (DR) was calculated as follows; DR= (time exploring
novel locations – time exploring familiar locations) ÷ (time
exploring novel locations+ time exploring familiar locations).
A positive DR is interpreted as intact object-in-place recognition
memory. Scores in the object-in-place test are represented as a
percentage of change from the mean of the vehicle/vehicle
group of the corresponding sex and are reported in
Supplemental Tables 1 and 2.

Tissue Collection and Preparation
Following the conclusion of behavioral testing, animals were
deeply anesthetized with 5% isoflurane before transcardial per-
fusion of 0.9% (w/v) physiological saline (pH of 7.4), followed
by perfusion of 4% paraformaldehyde. Spleens and brains were
collected and placed in 4% paraformaldehyde for 24 h, prior to
transfer into 10% (w/v) sucrose in PBS, and finally into 30%
(w/v) sucrose and 0.1% (w/v) sodium azide in PBS, where
tissue remained until freezing. A portion of each spleen was
frozen with liquid nitrogen while immersed in O.C.T.
(Fischer Healthcare, USA), before sectioning at 15 µm using
a Leica cryostat (CM 1850 UV, Germany). Following slide-
mounted serial sectioning, spleens were stained with hematox-
ylin and eosin (H&E). White pulp staining heavily for hema-
toxylin (see Figure 1 for example). Tissue was fixed in 70%
ethanol, followed by deionized water (dI) rinse before staining
with hematoxylin (Gill No. 2, Sigma Aldrich, Germany) for
1 min, followed by dI rinse. The tissue was placed in a
bluing reagent of 0.2% sodium bicarbonate (in dI) before
brief placement in acidic ethanol. The tissue underwent
another dI rinse before a 2-minute exposure to alcoholic
Eosin Y (Sigma Aldrich, Germany). Eosin Y staining was fol-
lowed by ethanol dehydration, xylene, and cover slipping.
Immunohistochemistry was conducted on free-floating
coronal sections through the hippocampus for quantification
of Reelin expression and glutamate receptor 1 (GluR1) expres-
sion in the subgranular zone (SGZ). Sections were incubated
with mouse anti-Reelin (MILLIPORE, MAB5364) or rabbit
anti-GluR1 (MILLIPORE, AB1504) primary antibody at a
concentration of 1:1000 for 48 h at 4 °C in a blocking solution
of 5% (v/v) normal horse serum/normal goat serum, 0.5% (v/v)
Triton X-100 and 1% (w/v) BSA in 0.1 M TBS. Sections were
incubated for 1 h with either a biotinylated horse anti-mouse
(1:500, Vector Laboratories BA2001) or goat anti-rabbit IgG
(Vector laboratories, AB-2313606) secondary antibody
before incubation in ABC (1:500, Vector Laboratories) for 1
h. Reelin immunolabeling was visualized with 0.02% (w/v)
DAB and 0.0078% H2O2 and GluR1 with 0.05% (w/v)
glucose oxidase DAB, 4.167% NiSO4 and 0.002% H2O2.
Tissue was mounted on Super-Frost Plus Microscope glass
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slides before being dehydrated with ethanol and cover slipped
with Permount (Fischer Scientific SP15-500).

Imaging and Spleen Analysis
Spleen sections were imaged with a Zeiss microscope
(Imager.M2, Germany) at 2.5X magnification. Images were
converted to binary using color thresholding in ImageJ Fiji
free software (version 1.53c; WS Rasband, National
Institute of Health, Bethesda, MD) using a semiquantitative
method for isolating hematoxylin from images of H&E
stains58 to quantify white pulp area (see Figure 1 for exam-
ples). To determine if binary recreations accurately represent
white pulp, outlines were created using Fiji’s wand tool from
the binary image and overlayed onto the original. If outlines
did not match, corrections are made prior to obtaining results.
Image analysis was conducted while blind to the subject/

condition. Three sections, separated by a minimum of
60 µm, were quantified for a percentage of spleen occupied
by white pulp from each rat for statistical comparisons.
Cell counts for Reelin and GluR1 immunolabeled cells
were quantified as described previously.29 Estimates were
obtained using the formula N=ΣQ–x1/ssfxA(x, ystep)
a(frame)xt/h, where N is the cell count estimate; ΣQ is the
number of counted cells, ssf is the section sampling fraction,
A(x, ystep) is an area associated with each x, y movement;
a(frame) is the counting frame area; t is the weighted
average section thickness; and h is the height of the dissector.
Analyses were conducted while blind to conditions.

Statistical Analysis
Statistical analyses were performed using Prism 9 software
(version 9.3). Group differences in spleen mass and white

Figure 1. Representative images of spleen sections stained with hematoxylin and eosin. (A) Example section of spleen collected from a

vehicle-treated rat. (B) Conversion of sample H&E-stained tissue image of spleen from vehicle-treated rat to binary. (C) Example section of

spleen collected from a rat exposed to repeated corticosterone injections. (D) Conversion of sample H&E-stained tissue image of spleen

from corticosterone-treated rat. (E) Example section of spleen collected from a corticosterone and Reelin-treated rat. (F) Conversion of

sample H&E-stained tissue image of spleen from corticosterone and Reelin-treated rat.

Alt text: (A, C, E) Low magnification image of a spleen section showing white pulp nodules for (A) vehicle/vehicle; (C) corticosterone/

vehicle; (E) corticosterone/Reelin. (B, D, F) White and black binary conversion of the white pulp areas of figures (A, C, E) with white pulp

represented by black.
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pulp area were evaluated with factorial ANOVAs (2× 2× 2
design), with sex (male and female), corticosterone treatment
(vehicle or CORT), and Reelin treatment (vehicle or Reelin)
as factors, followed by t-tests where significant differences
were observed using Dunnett’s correction for multiple com-
parisons by comparing each group against CORT/vehicle.
Those treated with either repeated or single-vehicle injec-
tions, and those treated with vehicle/Reelin were combined
into control groups (i.e. Vehicle/Vehicle from the repeated
Reelin study are grouped with Vehicle/Vehicle from the
single-dose study). Corticosterone/Reelin treatment groups
were similarly grouped for factorial ANOVAs but analyzed
in isolation for post-hoc testing. Results are expressed as
mean ± SEM. Pearson correlations of white pulp area
against behavioral and neurobiological data were conducted
where values are represented as the percentage differences
from the control group mean of the corresponding sex to
illustrate relationships between white pulp atrophy to either
behavioral deficits or deficits to Reelin expression and/or
GluR1 expression. All animals performed in the forced
swim test, however not all animals performed in the object
in place test or had protein expression quantified, as
spleens analyzed here were derived from various experiments
reported within,32 resulted in varying group sizes (n’s
reported in Tables 1 to 4). Group data regarding behavioral
and neurobiological outcomes demonstrating deficits associ-
ated with chronic stress and subsequent recovery of beha-
vioral deficits are reported in (Allen et al.).32 Raw data
used for correlation analyses are reported in Supplemental
Tables 1 and 2.

Results

Chronic Exposure to Corticosterone Reduces Spleen
Mass
Results of factorial ANOVA of spleen masses found a signif-
icant main effect of sex [F(3,51)= 40.65, p<.0001] and
CORT [F(1,54)= 22.09, p < .0001] but no main effect of
Reelin treatment (p= .85). Additionally, no significant inter-
action was observed (p’s > .33). We determined male spleens
weighed significantly greater than female, both when treat-
ment is not considered [(t(53)= 4.476, p < .0001)]
(Figure 2A) and within each treatment (p’s < .05)
(Figure 2B). Post-hoc t-tests revealed reduced spleen mass
in corticosterone-treated males (MCV= 0.694± .021) com-
pared to those receiving vehicle [MVV= 0.895± .0551]
[t(28)=3.555, p < .01]. Reductions were not recovered by
Reelin [MCRO= 0.6535± .037; p> .05] (Figure 2C). In
females, we observed significantly reduced spleen mass fol-
lowing corticosterone [FCV= 0.491± .030] relative to the
vehicle [FVV= 0.661± .032] [t(21)= 3.763, p< .01], not
recovered by Reelin [FCRO= 0.519± .038; p> .05]
(Figure 2D). When comparing ratios of spleen mass to
animal mass, factorial ANOVA found a main effect of sex

[F(3,51)= 5.86; p= .019] but not for CORT or Reelin treat-
ment (p’s > .32). Post-hoc tests found no significant group
differences (p’s > .51) (Figure 2E).

White Pulp Atrophy Following Corticosterone and
Recovery Following Reelin
To evaluate if chronic stress reduced white pulp, we com-
pared the percentage of surface area occupied by white
pulp. Results of factorial ANOVA found a significant inter-
action between corticosterone and Reelin treatment
(F(3,111)= 20.06, p< .0001), and a significant main effect
of CORT [F(3,111)= 28.13, p < .0001]. No main effect of
Sex or Reelin was observed (p’s > .13). Post-hoc compari-
sons revealed a significant reduction in white pulp area in
corticosterone-treated rats relative to controls [MCV= 22.8
± 1.02; MVV= 30.3± 1.0] [t(57)= 5.492, p < .0001], that
was recovered by one shot of Reelin [MCRO= 29.6±
1.29] [t(57)= 3.837, p< .01], but not repeated Reelin treat-
ment [MCRR= 23.5± 0.86; p> .05] (Figure 3A). Post-hoc
t-tests also revealed corticosterone-treated females [FCV=
21.87± 0.64] had reduced white pulp compared to the
vehicle [FVV= 30.23± 1.51] [t(48)= 5.010, p < .0001]. In
females, both one Reelin treatment [FCRO= 28.27± 1.294]
[t(48)= 3.487, p< .01] and repeated reelin treatments
[FCRR= 28.38± 1.642] [t(48)= 3.796, p < .01] resulted in
significant recovery of white pulp atrophy (Figure 3B).

White Pulp Atrophy Correlates to Immobility in the
Forced Swim Task, Spatial Memory in the Object in
Place Task, and Hippocampal Expression of Reelin
and GluR1
No significant correlations with white pulp atrophy and beha-
vioral task performance, or either Reelin or GluR1 expression
were observed in males or females treated with corticosterone
(p’s > .05) as shown in Table 1 (for individual data, see
Supplemental Tables 1 and 2). In males exposed to repeated
Reelin injections, a significant correlation was observed
between change to white pulp and immobility during the
forced swim test (p< .05), and discrimination ratio for spatial
memory during the object in place task (p< .01) as shown in
Table 2. No significant correlation was observed between
white pulp atrophy in chronically stressed male rats treated
with Reelin once or in female rats receiving Reelin in either
treatment schedule. However, when pooling female treatment
groups, a significant negative correlation was observed
between white pulp areas and discrimination ratios during the
object-in-place task (p< .05). No significant correlation was
observed between white pulp and behavior in male or female
rats treated with either vehicle/vehicle or in vehicle-treated
rats receiving Reelin (p’s > .05) as shown in Table 3. When
aggregating groups, a significant positive correlation emerged
between white pulp and GluR1 (p< .001), which was observed
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in males (p< .05) and females (p< .05). A significant positive
correlation was also observed between SGZ Reelin expression
and white pulp atrophy across all groups (p< .05) that was seen
across males (p< .05) but not females (p> .05).

Discussion
Corticosterone reduced spleen mass and induced white pulp
atrophy in both males and females (Figures 2 and 3). This
dosage and duration of corticosterone induces depression-
like behavior and various neurobiological changes associated
with MD59 and atrophy of spleen white pulp. The white pulp
of corticosterone-treated rats frequently appears fragmented
and dispersed, occupying significantly less surface area
(see Figure 1C and D). The lack of homogeneity of
atrophy within individual sections, as demonstrated in

Figure 1C and E, led us to consider it valuable to conduct
analysis of entire sections rather than limited visual fields,
as conducted elsewhere.44,45 Results support research dem-
onstrating experimental models of chronic stress, including
chronic restraint stress or chronic unpredictable stress, alter
the morphology of spleen germinal centers.43,45,56,57 Our
results are consistent with previous results showing chronic
stress disrupts spleen morphology.43–47,60 Although the
spleen is a blood filter and fixation was conducted through
the circulatory system, if altered spleen morphology affects
filtration through the spleen to impact fixation quality, the
result is the same—functional deficits contributing to frag-
mentation supports the determination that spleen dysfunction
occurs following chronic stress.

Reelin recovered chronic stress-induced white pulp
atrophy, consistent with the role of Reelin in regulating

Table 2. Pearson correlation coefficients, 95% confidence intervals, and sample sizes for correlations of white pulp area of spleen and behavior in the forced swim task,

an object in place task, hippocampal sub-granular zone Reelin expression, and GluR1 expression for corticosterone treated males and females receiving Reelin.

Treatment group

White pulp atrophy by forced

swim test immobility

White pulp atrophy by object

location discrimination ratio

White pulp atrophy by Reelin

expression in SGZ

White pulp atrophy by GluR1

expression in SGZ

Male Corticosterone/Reelin

One shot

0.03 (−0.74 to 0.76) n= 7 n= 0 −0.45 (−0.90 to 0.46) n= 7 −0.97* (−0.99 to −0.20) n= 4

Female Corticosterone/Reelin

One shot

−0.42 (−0.87 to 0.41) n= 8 −0.36 (−0.85 to 0.46) n= 8 0.07 (−0.67 to 0.74) n= 8 n= 0

Male Corticosterone/Reelin

Repeated

0.64* (0.013 to 0.90) n= 10 0.84** (0.46 to 0.96) n= 10 n= 0 0.35 (−0.36 to 0.80) n= 10

Female Corticosterone/Reelin

Repeated

0.44 (−0.27 to 0.84) n= 10 −0.61 (−0.90 to 0.03) n= 10 0.37 (−0.34 to 0.81) n= 10 −0.06 (−0.67 to 0.59) n= 10

Male Corticosterone/Reelin

Both treatments

0.25 (−0.27 to 0.65) n= 17 0.84** (0.46 to 0.96) n= 10 −0.45 (−0.90 to 0.46) n= 7 −0.05 (−0.56 to 0.49) n= 14

Female Corticosterone/Reelin

Both treatments

0.17 (−0.32 to 0.59) n= 18 −0.53* (−0.80 to −0.08) n= 18 0.24 (−0.25 to 0.64) n= 18 −0.06 (−0.67 to 0.59) n= 10

All Corticosterone/Reelin 0.11 (−0.23 to 0.43) n= 35 −0.31 (−0.61 to 0.07) n= 28 0.16 (−0.25 to 0.53) n= 25 0.04 (−0.37 to 0.43) n= 24

Note. *Correlation is significant at the .05 level (two-tailed).

**Correlation is significant at the .01 level (two-tailed).

GluR1: glutamate receptor 1; SGZ: subgranular zone.

Values are represented as the percentage differences from the mean of the vehicle/vehicle group of the corresponding sex.

Table 1. Pearson correlation coefficients, 95% confidence intervals, and sample sizes for correlations of white pulp area of spleen and

behavior in the forced swim task, an object in place task, hippocampal sub-granular zone Reelin expression, and GluR1 expression for

corticosterone treated males and females. Values are represented as the percentage differences from the mean of the vehicle/vehicle group of

the corresponding sex.

Treatment group

White pulp atrophy by

forced swim test

immobility

White pulp atrophy by

object location

discrimination ratio

White pulp atrophy by

Reelin expression in

SGZ

White pulp atrophy by

GluR1 expression in SGZ

Male Corticosterone/

Vehicle

0.03 (−0.43 to 0.48)

n= 19

−0.28(−0.75 to 0.38) n= 11 0.05(−0.49 to 0.57) n=
14

−0.10(−0.58 to 0.43)

n= 15

Female Corticosterone/

Vehicle

−0.09(−0.59 to 0.47)

n= 14

0.02(−0.66 to 0.67) n= 9 −0.59(−0.97 to 0.61)

n= 5

0.33(−0.43 to 0.82)

n= 9

All Corticosterone/

Vehicle

0.04(−0.31 to 0.38)

n= 33

−0.06(−0.44 to 0.34)

n= 25

−0.03(−0.48 to 0.43)

n= 19

−0.05(−0.45 to 0.36)

n= 24

Note. GluR1: glutamate receptor 1; SGZ: subgranular zone. Values are represented as the percentage differences from the mean of the vehicle/vehicle group of

the corresponding sex.
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immunity.40,41 Both treatment schedules resolved atrophy in
females (Figure 3B) and males treated once had significant
white pulp recovery (Figure 3A). As we observed recovery
in rats receiving a single Reelin treatment on the final day
of chronic stress, results suggest Reelin recovered atrophy
of white pulp rather than prevent atrophy. When comparing
treatment outcomes across males and females, only the
repeated Reelin treatment showed sex differences, with
males having significantly less white pulp than females
(Figure 3C). Females generally have less endogenous
Reelin than males and males may have transiently increased
Reelin expression in acute phases of stress—although this
transient phenomenon could be unique to early life
stress.32,61,62 Absence of recovery in the treatment group
expected to have the highest Reelin levels (i.e. males receiv-
ing multiple doses) is consistent with behavioral observations
of diminishing antidepressant-like effects of Reelin at high
doses32 suggesting “fine tuning” of Reelin signaling is
more beneficial than providing excess. Although Reelin sig-
naling is involved in lymphocyte apoptosis, proliferation, and
differentiation, future studies are necessary to determine the
downstream target(s) of Reelin responsible for the recovery
of stress-induced white pulp atrophy.34–36,63,64 Reelin also
influences leukocyte adhesion, which could impact the frag-
mentation of white pulp following chronic stress and recov-
ery with Reelin treatment.65 Although Reelin did not
normalize spleen mass (Figure 2C and D), which might be
inferred as evidence of sustained immune dysfunction, no
changes were observed for the spleen to body mass ratios
(Figure 2E). This could indicate spleen mass may normalize
with animal mass following cessation of chronic stress,
potentially with or without Reelin treatment. Reduced
spleen mass itself does not indicate spleen composition is

altered, as this could be related to the global effects of corti-
costerone. However, concomitantly reduced mass and germi-
nal center areas following chronic stress supports the
conclusion that chronic corticosterone alters spleen composi-
tion, as seen in other rodent models of chronic
stress.42,44,55,56 As we observed recovery of white pulp
atrophy following Reelin treatment in chronically stressed
rats and evidence shows splenectomy in transgenic AD
mice exacerbates AD pathology,55 future experimentation
is warranted to better understand if Reelin treatment
impacts Aβ levels following chronic stress or amyloid aggre-
gation later in life. In a model of chronic unpredictable stress,
animals receiving minocycline (an antibiotic with anti-
inflammatory properties) after the conclusion of the stress
period had improved cognitive function relative to animals
receiving vehicle injections after one week of treatment, con-
sistent with a role of inflammation in the recovery of chronic
stress-related deficits.66 It will be valuable to evaluate the
impact of chronic stress with and without Reelin treatment
on spleen white pulp morphology after longer periods fol-
lowing removal of stressors to determine whether the antide-
pressant and anti-inflammatory effects of Reelin will translate
into improved prognosis following future stress exposures.

To evaluate if white pulp atrophy relates to behavioral or
neurobiological outcomes relevant to depression, we corre-
lated white pulp deficits with immobility during the forced
swim test, discrimination ratios from the object-in-place
task, and expression of Reelin and GluR1 in the SGZ. We
correlated results from the object-in-place task for behavioral
assessment of hippocampal function as research shows the
object-in-place task is a hippocampus-dependent spatial
memory task and deficits in the task have been reported fol-
lowing chronic corticosterone exposure.33 As past

Table 3. Pearson correlation coefficients, 95% confidence intervals, and sample sizes for correlations of white pulp area of spleen and behavior in the forced

swim task, an object in place task, hippocampal subgranular zone Reelin expression, and GluR1 expression for vehicle-treated males and females, including those

that received Reelin.

Treatment group

White pulp atrophy by forced

swim test immobility

White pulp atrophy by object location

discrimination ratio

White pulp atrophy by Reelin

expression in SGZ

White pulp atrophy by GluR1

expression in SGZ

Male Vehicle/

Vehicle

−0.43 (−0.76 to 0.086) n= 16 −0.37 (−0.81 to 0.34) n= 10 0.34 (−0.33 to 0.78) n= 11 −0.37 (−0.81 to 0.33) n= 10

Female Vehicle/

Vehicle

0.54 (−0.09 to 0.86) n= 11 0.09 (−0.57 to 0.68) n= 10 n= 1 −0.05 (−0.66 to 0.60) n= 10

Male Vehicle/

Reelin

0.49 (−0.20 to 0.86) n= 10 −0.16 (−0.72 to 0.52) n= 10 n= 0 −0.18 (−0.73 to 0.50) n= 10

Female Vehicle/

Reelin

0.29 (−0.42 to 0.78) n= 10 0.22 (−0.48 to 0.75) n= 10 −0.15 (−0.71 to 0.53) n= 10 0.12 (−0.55 to 0.70) n= 10

All Vehicle/

Vehicle

0.09 (−0.30 to 0.46) n= 27 −0.001 (−0.43 to 0.43) n= 21 0.39 (−0.23 to 0.79) n= 12 0.28 (−0.14 to 0.62) n= 23

All Vehicle/

Reelin

0.31 (−0.16 to 0.66) n= 20 0.01 (−0.44 to 0.45) n= 20 −0.15 (−0.71 to 0.53) n= 10 0.04 (−0.41 to 0.48) n= 20

All V/V & All V/R 0.11 (−0.19 To 0.38) N= 47 −0.03 (−0.33 to 0.28) n= 41 0.31 (−0.12 to 0.65) n= 22 0.21 (−0.10 to 0.48)

n= 43

Note. GluR1: glutamate receptor 1; SGZ: subgranular zone.

Values are represented as the percentage differences from the mean of the vehicle/vehicle group of the corresponding sex.
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assessments identify alterations to hippocampal Reelin
expression following chronic corticosterone, we chose to
focus on the hippocampus for behavioral assessment and
analysis of protein expression.32 Although Reelin is
expressed in the entorhinal cortex and contributes to spatial
memory, much less is known of the effects of chronic
stress on entorhinal cortex Reelin expression67–69

Hippocampal glutamatergic signaling following chronic
stress and Reelin treatment is of interest as both Reelin and
inflammatory processes regulate NMDA receptor activity
and trafficking.70,71 GluR1 data was selected from 32 follow-
ing both Reelin treatment schedules to determine if recovery
of peripheral immunity relates to the recovery of hippocam-
pal glutamatergic signaling following Reelin treatment.
Although alterations to these factors present at the group
level following chronic corticosterone exposure, no signifi-
cant correlations were seen between the severity of white
pulp atrophy and behavioral or neurobiological outcomes
in the absence of Reelin treatment (Table 1). This could
suggest secondary immune dysfunction associated with
chronic glucocorticoid exposure occurs independently from
glucocorticoid-induced behavioral or neurobiological defi-
cits, however, limited outcome variability across small
sample sizes reduces the likelihood of meaningful correla-
tions emerging. Therefore, an expanded assessment to iden-
tify potential relationships between peripheral inflammation
and the level of behavioral and neurobiological deficit is
required. In contrast to our results, past studies found that
maintained spleen weight amidst chronic stress is associated
with resilience to evoke despair-like behavior.46 The lack of
relationships between despair-like behavior and white pulp in
animals exposed to corticosterone is consistent with studies
in which chronic stress exposure lasts at least three weeks
that suggest increased spleen mass following stress relating
to resilience is transient, and not seen when extending
stress exposure.43,45,60

When evaluating correlations in rats treated with Reelin,
correlations are observed between white pulp atrophy and
behavioral task performance in chronically stressed rats

receiving Reelin, although directions were not all accurately
predicted. Our observation of correlations following Reelin
treatment supports our hypothesis that peripheral immune
recovery is related to the recovery of behavioral despair
and spatial memory following Reelin treatment. More
white pulp was associated with better spatial memory for
Reelin-treated males, although the opposite was found for
females (see Table 2). A positive correlation with forced
swim task immobility indicates male rats treated with
repeated Reelin injections with more white pulp showed
more despair-like behavior—contrary to our hypothesis.
Although these correlations emerge with limited sample
sizes, which can lead to spurious correlations, that relation-
ships emerge in multiple treatment groups across multiple
behavioral assessments supports our hypothesis that
Reelin-induced recovery of behavioral and neurobiological
deficits is related to peripheral immune recovery. Although
this exploratory analysis finds relationships between periph-
eral immunity and recovery of behavioral despair and spatial
memory, further investigation into the immune-related
effects of Reelin treatment following chronic stress is war-
ranted with larger samples to better understand relationships
between immunity and recovery of stress-induced behavioral
deficits.

Relationships between white pulp and SGZ Reelin expres-
sion or GluR1 didn’t emerge in any treatment group.
However, relationships emerged when aggregating treat-
ments, as shown in Table 4. Although we observed recovery
of white pulp atrophy following Reelin-treatment in females,
and behavioral assessments found the recovery of despair-
like behavior and SGZ Reelin expression in these
animals,32 we did not observe a relationship between white
pulp and SGZ Reelin expression or FST immobility in
females (see Table 4). This could suggest sex differences
exist between immunity, Reelin, and behavioral outcomes
following chronic stress, consistent with numerous reports
of sex differences in immune function (as reviewed by
Klein and Flanagan72) and HPA axis sensitivity (as reviewed
by Heck and Handa73). An unaccounted-for effect of estrus

Table 4. Pearson correlation coefficients, 95% confidence intervals, and sample sizes for correlations of white pulp area of spleen and behavior in the forced

swim task, an object in place task, hippocampal sub-granular zone Reelin expression, and GluR1 expression for all rats grouped together, all males and all

females.

Treatment

group

White pulp atrophy by forced

swim test immobility

White pulp atrophy by object location

discrimination ratio

White pulp atrophy by Reelin

expression in SGZ

White pulp atrophy by GluR1

expression in SGZ

All rats −0.31*** (−0.46 to −0.13)
n= 115

0.09 (−0.11 to 0.29) n= 94 0.30* (0.06 to 0.50) n= 66 0.35*** (0.16 to 0.52) n= 91

All males −0.39** (−0.58 to −0.15) n= 62 0.23 (−0.09 to 0.50) n= 41 0.38* (.039 to 0.65) n= 32 0.32* (0.05 to 0.55) n= 52

All females −0.18 (−0.43 to 0.93) n= 53 0.02 (−0.25 to 0.29) n= 53 0.21 (−0.14 to 0.51) n= 34 0.35* (0.04 to 0.60) n= 39

Note. *Correlation is significant at the .05 level (two-tailed).

**Correlation is significant at the .01 level (two-tailed)

***Correlation is significant at the .001 level (two-tailed).

GluR1: glutamate receptor 1; SGZ: subgranular zone.

Values are represented as the percentage differences from the mean of the vehicle/vehicle group of the corresponding sex.
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cycles could potentially mask relationships between white
pulp and hippocampal protein expression or behavior in
females, as Reelin expression fluctuates with the estrus
cycle.74 Unfortunately, estrus cycles were not recorded or
considered by Allen et al.32 Endogenous Reelin expression
can’t be ascertained following recombinant Reelin treatment
through assessment of Reelin in the SGZ as Reelin may be
trafficked across the blood–brain barrier.75 Plasma Reelin is
susceptible to proteolysis and breakage, making archival
blood sample analyses unreliable.76 Future assessments
should consider endogenous Reelin expression prior to
Reelin treatment to consider the impact of endogenous
expression on outcomes. Additionally, future evaluations
should determine whether the anti-inflammatory effects of
Reelin treatment are limited to peripheral immune structures,
or if neuroinflammation is similarly affected. Given the
numerous links between peripheral and CNS immunity,
recovery in the periphery should translate into improved reg-
ulation of neuroinflammation and this should therefore be
evaluated in future studies.

Although preliminary analysis conducted via hand-drawn
white pulp outlines found there might exist white pulp def-
icits following chronic corticosterone exposure, it was con-
sidered a failure to include all fragmented white pulp in
corticosterone-treated rats could be responsible for deficits
to total white pulp area, and perhaps although disorganized
morphologically, total area might be underrepresented by
hand-drawn methods. This led to the use of color threshold-
ing methods available with ImageJ for quantifying hematox-
ylin and eosin staining across whole sections.57 Spleens
were only weighed after this preliminary analysis, therefore
group sizes are reduced for mass analysis. When drawing
conclusions pertaining to relationships between immunity
and spatial memory, it is worth considering limitations of
the task, and group size limitations for within-group correla-
tions. Discrimination ratios might be an insufficiently sensi-
tive measurement for quantifying relative spatial memory
performance among those performing above chance, as
group results are more meaningful than individual scores
in novelty-based recognition tasks.77 Within-group

Figure 2. (A) Spleen mass comparison between males and females. (B) Spleen mass comparison of sexes by treatment group. (C) Spleen

mass comparisons for male treatment groups. (D) Spleen mass comparisons for female treatment groups. (E) The ratio of the spleen to

animal mass for each treatment group.

M: male; F: female; VV: vehicle/vehicle; VR: vehicle/Reelin; CV: corticosterone/vehicle; CRR: corticosterone/repeated Reelin; CRO:

corticosterone/Reelin – one shot Alt text: (A) Graph with spleen mass for each sex showing male spleens weigh more. (B) Graph of spleen

mass with each condition split by the sexes showing males have larger spleens in each treatment. (C) Graph of spleen mass for males only

demonstrates corticosterone reduces the mass of spleen and Reelin does not recover mass. (D) Graph of spleen mass for females only

demonstrates corticosterone reduces the mass of spleen and Reelin does not recover mass. (E) Graph demonstrating the ratio of spleen

mass to animal mass does not change after any treatment.
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relationships should be re-evaluated across larger datasets to
better understand how immunity-related recovery following
Reelin treatment impacts behavioral and neurobiological
outcomes of chronic stress.

In summary, results support our hypothesis that chronic
corticosterone induces white pulp atrophy, and recovery of
spleen morphology occurs following Reelin treatment.
Relationships were observed between recovery of white
pulp and behavioral and neurobiological outcomes relevant
to depression following Reelin treatment. What remains
unclear are the mechanism(s) through which Reelin restores
secondary immune dysfunction and whether immune recov-
ery with Reelin treatment impacts susceptibility to relapse

upon future stress exposure or susceptibility to develop disor-
ders of inflammation.
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Figure 3. Evaluation of H&E-stained spleen sections for a percentage of area occupied by white pulp. (A) White pulp areas in male

treatment groups. (B) White pulp areas in female treatment groups. (C) White pulp comparison of sexes by treatment group.

M: male; F: female; VV: vehicle/vehicle; VR: vehicle/Reelin; CV: corticosterone/vehicle; CRR: corticosterone/repeated Reelin; CRO:

corticosterone/Reelin – one shot Alt text: (A) Graph of spleen white pulp % area from the males in each condition showing C/V had less

white pulp, whereas C/RO has a recovery of white pulp, C/RR does not. (B) Graph of spleen white pulp % area from the females in each

condition showing C/V had less white pulp, whereas C/RO and C/RR have recovery of white pulp. (C) Graph comparing white pulp % area

of males and females in each condition, showing only the repeated Reelin groups are significantly different, with females having more white

pulp than males.
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