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ABSTRACT

Accumulating evidence indicates that social isolation (SI) in humans and rodents is associated with increased cancer incidence and mortality, yet mediating
mechanisms remain elusive. Here, we examine the neuroendocrine and immunological consequences of SI and its short- and long-term physiological impacts in naive
and cancer-bearing rats. Findings indicate that isolated animals experienced a significant decrease in weight compared to controls. Specifically, females showed a
marked weight decrease during the first week of isolation. Isolated rats had significantly higher numbers of MADB106 experimental pulmonary metastases. Although
mortality rates were higher in isolated tumor-bearing rats, unexpectedly, they exhibited a reduced growth rate of orthotopically implanted MADB106 tumors.
Transcriptomic analyses of these excised tumors indicated a major downregulation in the expression of various genes, including those associated with pro-metastatic
processes (e.g., EMT). In naive rats (no cancer), levels of IL-6 increased, and total IgG levels decreased under SI conditions. A mixed effect was found for TNFa, which
increased in females and decreased in males. In the central nervous system, isolated rats showed altered gene expression in key brain regions associated with stress
responses and social behavior. The paraventricular nucleus of the thalamus emerged as a significantly affected region, along with the bed nucleus of the stria
terminalis. Changes were observed in the expression of oxytocin, serotonin, and dopamine receptors. Isolated rats also exhibited greater alterations in hypothal-
amic-pituitary—adrenal (HPA) axis-related regulation and an increase in plasma CORT levels. Our study highlights the profound impact of SI on metastatic processes.
Additionally, the potential detrimental effects of SI on thermoregulation were discussed, emphasizing the importance of social thermoregulation in maintaining
physiological stability and highlighting the need to avoid single-caging practices in research. We report neuro-immune interactions and changes in brain gene
expression, highlighting the need for further research into these underlying processes to improve outcomes in animal models and potential interventions for cancer
patients through increased social support.

1. Introduction Rats, like humans, are highly social creatures, and an extensive body

of literature demonstrates their sensitivity to SI, which negatively affects

Social isolation (SI) and loneliness have profound deleterious im-
pacts on health and are significant risk factors for cardiovascular dis-
eases (Xia and Li, 2018), mental illnesses (Cacioppo et al., 2010),
chronic inflammation (Matthews et al., 2024; Uchino et al., 2018), and
cancer (Lutgendorf et al., 2020, 2018). The impact of loneliness and SI
on morbidity and mortality is comparable to the effects of smoking 15
cigarettes daily (Holt-Lunstad et al., 2015; Wang et al., 2023; Xia and Li,
2018; Yu, 2023). In cancer patients, a few studies addressed mechanisms
via which SI can affect pro-metastatic tumor molecular characteristics,
such as epithelial-to-mesenchymal transition (EMT). These studies re-
ported associations between SI and pro-metastatic biomarkers, in both
ovarian and breast cancer (Bower et al., 2018; Lutgendorf et al., 2020,
2018, 2011).

* Corresponding author.
E-mail address: inbalbe@tauex.tau.ac.il (I. Ben-Ami Bartal).

https://doi.org/10.1016/j.bbi.2024.10.005

their welfare (Begni et al., 2020; de Boer and Koolhaas, 2024), and in-
creases both central and peripheral inflammatory status (Corsi-Zuelli
et al., 2019; Dunphy-Doherty et al., 2018; Moller et al., 2013). Similar to
the findings in humans, a few studies in rodents have addressed the
mediating mechanisms while reporting causal effects on cancer out-
comes. SI impacted tumor progression in several studies in mice (Dawes
et al., 2020; Madden et al., 2013; Sumis et al., 2016; Villano Bonamin
etal., 2001). Only a few studies in rats documented increased mammary
tumor progression and/or increased cancer-related mortality (Andrade
et al., 2023; Hermes et al., 2009; Hermes and McClintock, 2008; Verza

et al., 2021).
In rats, SI is recognized as a mild stressor that affects a wide range of
physiological processes, particularly the
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hypothalamic-pituitary—adrenal (HPA) axis (Begni et al., 2020; de Boer
and Koolhaas, 2024; Fone and Porkess, 2008; Mumtaz et al., 2018).
Reduced body weight (BW) is a primary indicator of stress in rodents (de
Boer and Koolhaas, 2024), and SI has been shown to decrease BW in
both mice and rats (Borges et al., 2023; Hamilton et al., 2022; Sun et al.,
2014). The behavioral phenotype in rats indicates that SI increases
anxiety-depressive-like behavior and heightens vigilance to other
stressors (Du Preez et al., 2020; Fone and Porkess, 2008; Wang et al.,
2017).

Brain regions that play a key role in the regulation of stress responses
and social behavior, which are also affected by SI, include the amygdala
and the bed nucleus of the stria terminalis (BNST) (Conrad et al., 2011;
Taugher et al., 2014; Wang et al.,, 2012). Additionally, the nucleus
accumbens (NAc), known for its role in motivation and reward for social
interaction, is also affected by SI (Bendersky et al., 2021). Last, the
paraventricular nucleus of the thalamus (PVT), though understudied in
the context of SI, is extensively interconnected with the above
mentioned regions, and may serve as a central hub in mediating stress,
social and motivated behavior (Hsu et al., 2014; Iglesias and Flagel,
2021; Penzo and Gao, 2021; Zhou and Zhu, 2019). Despite extensive
research into the effects of SI on brain and behavior, the exact neuro-
biological pathways involved—particularly those influencing peripheral
immunity—remain elusive. Understanding their unique biological re-
sponses to SI could facilitate new animal-models for SI that may enhance
the translation of findings from animal models to clinical testing and
implications.

In the current study, we anticipate that social isolation will impact
key brain regions and systems associated with stress, social behavior,
and motivation. Therefore, we employed a holistic approach, measuring
the HPA axis, along with the oxytocin, serotonergic, and dopaminergic
systems, which are known to modulate peripheral immune responses
(Haykin and Rolls, 2021; Schiller et al., 2021). To achieve this, we
measured the gene expression of several receptors within these brain
regions that play key roles in these systems. The oxytocin receptor
(OXTR), which mediates oxytocin’s effects, is involved in social
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bonding, stress regulation, and can directly impact immune cells (Carter
et al., 2020). Recent findings also indicate that oxytocin plays a key role
in immune modulation (Jiang et al., 2023; Mehdi et al., 2022). Within
the HPA axis, we measured key components of the corticotropin-
releasing hormone (CRH) system: CRH receptor 1 (CRH1) and CRH
binding protein (CRHBP), which are central regulators of the HPA axis.
CRHBP binds and inactivates CRH, while CRH1 mediates CRH’s effects
(Chu et al., 2024; Herman et al., 2016; Kalin, 2018). 5htrla is a sero-
tonin receptor involved in regulating mood and stress responses (Garcia-
Garcia et al., 2014). Disruptions in serotonin signaling are linked to a
range of psychopathologies in humans (Dayer, 2014), and have been
specifically associated with anhedonia-like behavior in rats (Li et al.,
2022). Lastly, the dopamine receptor 1 (DRD1) plays a critical role in the
regulation of motivation and reward, where dopamine is essential for
reinforcing behaviors and modulating the reward system (Bromberg-
Martin et al., 2010; Frey and McCabe, 2020). Recent studies have also
shown dopamine’s direct effect on peripheral immune cells (Ben-
Shaanan et al., 2016). It has been previously shown that the interaction
between these systems is essential for social reward (Dolen et al., 2013).
We hypothesize that the interaction of these three systems with the HPA
axis is particularly relevant to social isolation, which disrupts both stress
and motivation systems.

Our study investigates the effects of SI in rats facing immune chal-
lenges, specifically focusing on primary tumor growth and metastasis,
while exploring the neuro-immune pathways involved. We hypothesize
that SI will adversely affect immunity, exacerbate cancer progression
and mortality, and induce central changes in gene expression. Our
experimental design includes both short (5 weeks) and long (14 weeks)
periods of social isolation in naive and cancer-bearing rats to investigate
these dynamics in the brain and periphery (See Fig. 1).
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Fig. 1. Experimental timelines (A) Short-term SI up to 5 weeks, w/o the context of metastasis: Exp 1. Isolation was initiated 2 weeks prior to MADB106 cell injection.
Exp 2. Isolation was initiated one week prior to MADB106 cell injection. Exp 3. Isolation for 5 weeks with no cancer cell injection. (B) Prolonged (14 weeks) period of
SI in naive and cancer-bearing tumor rats. Exp 4: Isolation was initiated one day prior to orthotopic MADB106 cell injection, and tumors were surgically removed 4
weeks post-injection. Created with BioRender.com (C) Illustrations of the brain regions of interest (ROIs) punches’ sites according to the coordinates provided by

Paxinos and Watson rat brain atlas (2006).
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2. Methods
2.1. Animals

Male and female Fischer 344 (F344) inbred rats (Harlan Labora-
tories, Jerusalem, Israel), 3-6 months old, were housed 2-4 per cage
under standard vivarium conditions, 22 + 2°C, 12 h light/dark cycle,
50-60 % humidity, with food and water available ad libitum. Rats were
lightly handled at the beginning of each experiment to reduce stress
during treatment and weighing, which were conducted during the light
cycle, from 8 am to 4 pm. All weights at the beginning of each experi-
ment ranged from 200-360 g for males, and 120-200 g for females. Body
weight measurements were taken weekly, and changes were reported as
a percentage relative to the baseline, which was measured on the first
day of the experiment. Age, weight, and sex were evenly distributed
across all experimental groups, and in each experiment animals were of
similar age. Housing conditions were monitored by the Institutional
Animal Care and Use Committee of Tel Aviv University, which also
approved all studies described herein (approval numbers: 10-20-006
and TAU-LS-IL-2305-130-5). In Exp. 4 mortality was assessed in PT
bearing rats, in SI and CTRL conditions. To assess all-cause mortality
(which refers to the total number of deaths from any cause), we moni-
tored the rats every other day and tracked the total number of deaths in
each experimental group. A post-mortem investigation was performed
to assess the presence of metastases. The mortality rate analysis was
calculated using the Chi-square (Xz) test, based on the death rates within
the total number of rats in each group. Humane endpoints were strictly
followed: rats that lost more than 20 % of their body weight or appeared
to be in severe distress were euthanized to prevent unnecessary suffering
and were excluded from the data analysis. Two cases of euthanasia were
performed based on these criteria.

2.2. Social isolation

Rats were randomly assigned to either the SI or CTRL groups. Iso-
lated rats were individually housed in cages encased within an opaque
plastic barrier in a separate room of the vivarium, with environmental
conditions—such as temperature and light—maintained identical to
those of the CTRL group. This setup prevented visual contact with other
isolated rats and minimized auditory stimuli from non-isolated pairs. For
the short-term SI experiment, rats underwent SI for 4-5 weeks. To assess
the impact of two weeks of SI on metastasis formation, Exp. 1 initiated SI
two weeks prior to the cell line injection (detailed below). In Exp. 2, the
SI period was reduced to one week before injection to determine if the
same effects occurred over a shorter period. Exp. 3, of similar duration
(5 weeks), excluded the cancer context to measure the direct physical
effects of SI, with rats remaining in SI or CTRL conditions until the
endpoint. For the prolonged period—Exp. 4—we measured the impact
of SI on tumor growth, recovery after surgery, and the long-term effects
in naive rats. The total isolation period lasted 14 weeks: 4 weeks for
tumor growth and 10 weeks for post-surgery recovery.

2.3. MADBI106 tumor cell line

MADBI106 is a selected variant cell line derived from a pulmonary
metastasis of a chemically induced mammary adenocarcinoma
(MADB100) and is syngeneic to F344 rats. Injecting MADB106 into the
tail vein induces metastases exclusively in the lungs (Barlozzari, 1985).

2.3.1. Induction of experimental metastases

Rats were lightly anesthetized with 2 % isoflurane, and MADB106
tumor cells in 2.5 ml/kg PBS containing 0.1 % bovine serum albumin
(BSA) were injected into their tail vein. Cell dosage was 5 x 10°5/kg
(Exp. 1) and 2.5 x 10°5/kg (Exp. 2, to reduce the number of metastases).
21 days later, rats were euthanized, and their lungs were excised and
immersed in Bouin’s solution for 24 h. The lungs were then rinsed in
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ethanol, and visible extrapulmonary metastases were counted inde-
pendently by two experimenters blinded to the experimental groups.

2.3.2. Primary tumor inoculation

To evaluate the effect of SI on orthotopic growth of the PT in females,
rats were lightly anesthetized with 2 % isoflurane, and 0.1 x 10%/kg
MADB106 tumor cells in 0.2 ml PBS containing 0.1 % BSA were injected
into the left inguinal mammary fat pad. Two weeks post-injection, all
PTs were palpable, and 2-weeks later PTs were surgically removed under
anesthesia (1.5-2.5 % isoflurane) at an average weight of 5.7 g. Spe-
cifically, the area surrounding the PT was shaved and sterilized, fol-
lowed by an incision around the PT to excise it entirely. The PT
developed subcutaneously and did not penetrate the abdominal muscle.
The incision was then sutured using 3.0 nylon thread, and the excised PT
was weighed and stored at —80 °C for further transcriptomic analyses.
Post-mortem inspection revealed no metastases after tumor removal,
likely because this cell line does not metastasize spontaneously. Pain
alleviation was carried out through paracetamol administration (250
mg/kg) for the three days following surgery.

2.4. Peripheral immune-neuroendocrine assays

2.4.1. Plasma analytes

Rats were euthanized by an overdose of isoflurane, and blood was
collected from the left atrium of the heart within a maximum of 3.5 min
of approaching the animals, using EDTA-coated syringes. Blood was
then centrifuged at 1000g at 4 °C for 20 min, and plasma was collected
and stored in aliquots at —20 °C until further analyses.

To measure pro-inflammatory cytokine levels, we chose the standard
key parameters IL-6 and TNFa, which were widely used (Smith et al.,
2020) and available in sensitive and high-quality kits for rats. These kits
enabled accurate measurement of these cytokines even without immune
challenges in our hands. We selected plasma IgG levels as a general in-
dicator of immune system function. This measure is used to assess the
organism’s ability to produce antibodies and its overall immune
response capacity (Schroeder and Cavacini, 2010). Immunosorbent
assay (ELISA) kits were used in duplicate to assess plasma levels of
corticosterone (CORT) (EC3001, AssayPro, St. Charles, MO, assay range:
0.391—100 ng/ml) and TNFa and IL-6 (RTAOO assay range:
12.5—800 pg/mL, sensitivity 5 pg/mL, R6000B assay range
62.5—4,000 pg/mL, sensitivity 36 pg/mL, R&D Systems, Minneapolis,
MN), according to the manufacturer’s protocol. To increase the detect-
ability of the two cytokines, plasma was diluted by 1.5-fold, rather than
by 2-fold, based on consultation with R&D Systems Technical Support.

For assessing total plasma IgG, 96-well plates were coated with 2 pg/
mL Anti-Rat IgG Fc ab125900 (Abcam) and incubated overnight at 4 °C.
Plates were then blocked with a blocking buffer (3 % BSA 0.05 % Tween
20 mM EDTA) for 2 h at room temperature, then washed with 0.05 %
Tween PBD (PBST). Plasma samples were diluted by 1:819200 in the
blocking solution, and 60 pl of diluted plasma was incubated in each
well of the plate for 1 h at room temperature. Following a PBST wash,
plates were incubated with horseradish peroxidase (HRP)-conjugated
anti-rat IgG secondary antibody BLG-405405 (0.16 pg/mL, Biolegend)
for 45 min at room temperature, and then rewashed. After washing,
TMB ab171523 (Abcam) was added, and the optical density (OD) of the
plates was read at 650 nm. All ELISA analyses were performed using the
Multiskan™ FC (Thermo Scientific).

2.4.2. Splenic and whole blood leukocytes isolation

Upon euthanasia, blood was collected from the left atrium of the
heart using EDTA-coated syringes and immediately placed on ice.
Spleens were carefully excised and submerged in cold phosphate-
buffered saline (PBS) on ice until further processing. Red blood cells
(RBCs) from the collected samples were lysed using a 1:10 dilution of
RBC lysis buffer (155 mM NH4Cl, 10 mM KHCO3) and incubated for 5
min at room temperature. Samples were then centrifuged at 400g for 5
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min at 4 °C. The supernatant was discarded, and the cell pellet was
washed once with PBS (1:10 dilution) before a second centrifugation
under the same conditions. Finally, the cell pellet was resuspended in
NutriFreez® D10 Cryopreservation Media (Sartorius) and stored at
—80 °C. Spleen tissues were homogenized using a pestle (Biofil), passed
through a 70 pm cell strainer (Corning), and centrifuged at 400g for 5
min at 4 °C. RBCs were lysed as previously described, and the samples
were washed with PBS, followed by centrifugation at 400g for 5 min at
4 °C. The final cell pellet was resuspended in NutriFreez® D10 (Sarto-
rius) and frozen at —80 °C for subsequent analysis.

2.4.3. Flow cytometry

For flow cytometry analysis, all samples containing leukocytes from
spleen and whole blood were rapidly thawed in warm RPMI 1640 me-
dium supplemented with 10 % fetal bovine serum (FBS) (Thermo Fisher
Scientific) and maintained at 37 °C. After thawing, samples were
centrifuged at 400g for 5 min at 4 °C. Cell pellets were resuspended in
cell staining buffer (FC control, BLG420201) and stained with
fluorescence-conjugated monoclonal antibodies for 30 min at 4 °C in the
dark. The following antibodies were used: anti-rat CD3 (BLG-201403) to
gate T-cells, anti-CD4 (BLG-201403), anti-CD8 (BLG-200610), and anti-
CD25 (BLG-202105). Additional markers included anti-CD45RA
(MCA340FT), anti-CD161 (BLG-205604), and anti-CD11b/c (BLG-
201809) from Biolegend and Bio-Rad. Cell viability was assessed using
7-AAD viability staining (Thermo Fisher 00-6993), with all samples
achieving 85 % or greater viability. Flow cytometry was conducted
using the CytoFLEX S2 instrument (Beckman Coulter, Brea, CA, USA),
and data were analyzed using FlowJo software.

2.5. Brain dissection and punches

Upon euthanasia, brains were removed and snap-frozen on dry ice,
then stored at —80 °C until slicing. The tissue was sliced in a coronal
orientation on a cryostat. Tissue was obtained from each hemisphere
using a 1 mm diameter Miltex biopsy puncher (Bar Naor, Israel), aimed
for real-time quantitative polymerase chain reaction (PCR) analysis.
Punches were taken directly while the brain was on the cryostat, the
thickness of each punch 0.7-1 mm (measured by the number slices
rotated in the cryostat). Four brain regions of interest (ROIs) were
collected: the NAc, amygdala, BNST, and PVT. According to the co-
ordinates provided by Paxinos and Watson rat brain atlas (2006): NAc:
2.28—1.20 mm, BNST: 0.12 — —0.96 mm, amygdala and PVT —1.56 —
—2.92 mm (See Fig. 1C). All tissue punches were immediately frozen on
dry ice after collection and stored in clean tubes at —80 °C until rtPCR
analysis.

2.6. Quantitative real-time polymerase chain reaction (rtPCR)

Total RNA was first isolated with Trizol (Thermo Scientific) and
chloroform (Sigma-Aldrich Israel Ltd.). Subsequently, 250 ng of RNA per
reaction was reverse transcribed into cDNA using the Verso cDNA Kit
(Thermo Scientific). The quantitative real-time PCR (rtPCR) was con-
ducted using a Fast SYBR Green PCR Master Mix (Applied Biosystems)
along with specific primers for Oxtr and Gapdh genes (HyLabs Israel
Ltd.) (See primers sequences in Supplementary table 1S). To standardize
gene expression levels, all genes were normalized to Gapdh, which was
used as the reference gene for rtPCR based on its application in previous
studies involving similar manipulations, such as isolation in rats and
assessment of brain tissues (Panossian et al., 2020; Wang et al., 2017).
Gapdh exhibited stable expression across our experimental conditions,
with no significant differences between the SI and CTRL groups (t(199) =
0.17, p = 0.43). Product purity was validated through a melt curve
analysis using ABI hardware and software (QuantStudio Real-Time PCR
Systems, Thermo Scientific), and gene expression analyses were deter-
mined using the comparative AACt (fold change) method.
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2.7. Primary tumor RNA sequencing (RNA-seq)

Tumors were snap-frozen upon excision and subject to genome-wide
transcriptional profiling in the UCLA Social Genomics Core Laboratory
as previously described (Haldar et al., 2023). Briefly, RNA was extracted
from approximately 2 g of frozen tumor tissue (Qiagen RNeasy),
assessed for suitable mass (RiboGreen), reverse transcribed to cDNA
using a high efficlency mRNA-targeted enzyme system (Lexogen
QuantSeq 3' FWD) and subsequently sequenced using Illumina NovaSeq
instrument (Lexogen Services, GmbH). Sequencing targeted 10 million
sequencing reads per sample (achieved mean = 14.5 million) each of
which was mapped to the mRatBN7.2 genome sequence (average 99 %
mapping rate) and normalized to transcripts per million using the STAR
aligner.

2.7.1. Bioinformatic analysis

RNA-seq bioinformatics analysis was performed using R (version
4.1.1). Log2-transformed transcript abundance values were used as
input for standard linear models to assess the magnitude of differences in
gene expression between groups (SI vs. control). Genes showing > 2-fold
difference in response to SI (vs. control), were used as input for higher
level bioinformatic analysis using the Transcription Element Listening
System (TELiS, http://www.telis.ucla.edu/) (Cole et al., 2005). The
TELIS analysis focused on activity of a-priori defined transcription fac-
tors implicated in pro-inflammatory/anti-tumor pathways (NF-kB,
CREB, GR), hypoxic response (HIF1, HIF2a), and metabolic processes
(FOX03, FOX04). Additionally, the Transcript Origin Analysis (TOA)
method was employed, using established reference gene profiles from
the Gene Expression Omnibus to assess epithelial-to-mesenchymal
transition (EMT) (GSE13915 (Choi et al., 2010)), leukocyte subsets
(GSE1133 (Su et al.,, 2004)), and M1-M2 macrophage polarization
(GSE5099 (Martinez et al., 2006)). For all bioinformatics analyses, sta-
tistical significance was assessed from standard errors derived by boot-
strap resampling of linear model residual vectors across genes (200
cycles). This approach controls for any statistical dependence among
genes (Cole et al., 2005; Powell et al., 2013).

2.8. Statistical analysis

Statistical analyses were conducted to compare different experi-
mental groups. Comparisons were made using a Student’s t-test (two-
tailed) or one- or two-way analysis of variance (ANOVA). For variables
measured repeatedly, such as percentage body weight (%BW), a
repeated measures ANOVA was employed. All tests were set at a pre-
determined significance level of 0.05. In cases where significant differ-
ences between groups were detected, Fisher’s protected least significant
difference (Fisher’s PLSD) test was applied for pairwise post hoc com-
parisons. All means are reported as mean + SEM. Statistical computa-
tions were performed using SPSS v29 or GraphPad PRISM v10 software.

3. Results

3.1. Experiments 1 & 2: Short-term effects of SI on body weight and lung
metastases

Two separate experiments were conducted. In Exp. 1 (n = 19 males,
n = 21 females), F344 rats were subjected to SI for 2 weeks prior to I.V.
MADBL106 cell injection or remained with their counterparts in their
home cage (CTRL). Following tumor cell inoculation, SI was maintained
for an additional 3 weeks until all rats were euthanasiad for harvesting
lungs and blood tissues. In Exp. 2 (n = 12 males, n = 12 females), one
week of SI was employed before tumor cell injection, and the procedure
of Exp. 1 was followed (Fig. 1A).

3.1.1. Body weight
SI significantly reduced Body weight (BW) in both experiments, in a


http://www.telis.ucla.edu/

E. Trachtenberg et al.

sex- and time-dependent manner. In Exp. 1, significantly lower %BW
was observed in the SI condition compared to ctrl SI (repeated measures
ANOVA: F(1, 36y = 16.1, p < 0.001), with a significant main effect of sex
(Fa, 36) = 8.7, p = 0.006), but no interaction between SI and sex (p >
0.05). (Fig. 2A). Analysing specifically the %BW change at the end of the
first week of SI, two-way ANOVA (SI by sex) revealed a significant effect
of SI (F(1, 36) = 16.5, p < 0.001), and post-hoc LSD (PLSD) indicated a
significantly greater reduction in %BW in isolated females compared to
isolated males (p = 0.03). (Fig. 2B). In Exp. 2, similar to Exp. 1, SI
significantly reduced BW (repeated measures ANOVA: F(;, 29) = 6.0),
loss was observed in all groups post tumor injection. SI females exhibited
a significant reduction in %BW following tumor injection compared to
CTRL females (PLSD, p = 0.014) (Fig. 2D).
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3.1.2. MADBI106 experimental metastases

Two weeks of SI prior to tumor injection (Exp. 1) significantly
increased the number of lung metastases compared to CTRL (75 + 27 vs.
47 £ 24, F(, 36) = 10.7, p = 0.002) (Fig. 2E), while no significant effects
were observed in sex or sex by Sl interaction (p > 0.05). One week of SI
prior to cell injection (Exp. 2) resulted in a similar pattern of outcomes
(34 £ 19 vs. 21 £ 12, Fq, 20y = 4.17, p = 0.055) (Fig. 2G). When
examining corticosterone plasma levels at the time of lung harvest in
Exp. 2, no significant difference was identified between the SI and CTRL
groups (CTRL 681 + 871 ng/ml vs. SI 906 + 1200 ng/ml). However, a
significant correlation between corticosterone levels and the number of
lung metastases was observed ®R? = 0.201, p = 0.028).
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Fig. 2. The effect of SI on body weight and lung metastases. (A-D) Relative change in body weight at weekly time points throughout the experimental period. Bar
graphs showing the change in %BW after the first week of SI. (A-B) Exp 1. (C-D) Exp 2. (E-F) Mean number of metastases after two weeks (Exp 1.) and one week (Exp
2.) of SI prior to cell injection. All error bars represent the standard error of the mean (SEM).
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3.2. Experiment 3: Short-term effects of SI on neuroendocrine status in
naive rats

Female and male F344 rats remained in their home group cage or
were isolated for 5 weeks before being euthanasiad for collection of
blood and brain tissues (Fig. 1A) (n = 34 males, n = 36 females).
Different animals were used to assess different indices, as detailed
below.

3.2.1. Body weight, CORT, cytokines, and IgG levels

Consistent with previous findings, SI significantly reduced %BW
(repeated measures ANOVA: Fq, 58y = 13.4, p < 0.001), with an
approaching significance effect of sex (F(1, 58y = 3.06, p = 0.056) and no
significant interaction effect (Fig. S1). Focusing on %BW at the end of
the first week of SI, a two-way ANOVA (SI by sex) revealed a significant
effect of SI (F(, sy = 7.1, p = 0.01). PLSD indicated a significantly
greater reduction in %BW in SI females compared to CTRL females (p =
0.02), while no significant effect was observed in SI males (p > 0.05).
Plasma CORT levels were significantly higher in the SI condition (F1, sg)
= 7.2, p =0.009), with a trend toward a sex effect (F, 63y = 3.06, p =
0.08) and a significant sex by SI interaction (F(, 6g) = 3.8, p = 0.05),
indicating a larger increase in CORT levels in females compared to
males. PLSD contrasts showed a significant increase in CORT levels in SI
females compared to CTRL females (F(1, 36) = 7.6, p = 0.009), while no
significant changes were observed in males (p < 0.05) (Fig. 3A). For the
assessment of plasma levels of TNFa, IL-6, and IgG, 3-7 animals per
group were randomly chosen (separately for each index), as seen in
Fig. 3B-F. No significant effects in plasma TNFa levels were observed for
SI (p > 0.05). However, a significant interaction between sex and SI was
revealed (Fg, 26) = 26.1, p < 0.001), with PLSD contrasts showing a
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significant increase in isolated females (p < 0.001) and a significant
decrease in isolated males (p = 0.003) (Fig. 3B). Plasma IL-6 levels were
elevated in isolated rats, approaching significance (F(;, 10y = 4.8, p =
0.052), with no effects for sex or interaction (p > 0.05) (Fig. 3C). SI
significantly decreased total plasma IgG levels (F(;, 21) = 8.04, p = 0.01),
with no significant effect for sex (p > 0.05), but with a significant sex by
SI interaction (F(;, 21y = 14.5, p = 0.001). PLSD indicated a significant
decrease in males (p = 0.003) and a non-significant increase in females
(p = 0.37) (Fig. 3D). Assessing the correlations between CORT and the
three plasma indices revealed a significant negative correlation between
IL and 6 and CORT levels (R? = 0.373, p = 0.02) (Fig. 3E).

3.2.2. Changes in Oxtr, Crhbp, Crhl, 5htrla and Drd1 gene expression in
the NAc, BNST amygdala and PVT in isolated naive rats

To examine the neuromodulatory effects of SI, several genes of in-
terest were quantified in brain regions associated with social behavior.
This analysis revealed significant differences in gene expression between
conditions across tested regions. As significant differences between
males and females were observed in the control condition (Fig. S2), all
analyses were conducted separately for males and females.

In the NAc, Oxtr expression was significantly higher in SI females
compared to CTRL (F(;,7) = 3.8, p = 0.03), but not in males. However, a
trend toward increased Crhbp expression was noted (F1,8) = 4.9, p =
0.057) (Fig. 4A). In the BNST, SI females demonstrated a significant
increase in both Crh1 and Crhbp expression (F(;,7) = 48.5, p < 0.001 and
Fa,7y = 69.1, p < 0.001, respectively), along with an approaching sig-
nificance in 5htrla expression (F1,7y) = 5.3, p = 0.053) (Fig. 4B).
Conversely, SI males exhibited a trend toward a decrease in in Drdl
expression (F(;,g) = 4.6, p = 0.07) (Fig. 4C). In the amygdala, SI females
showed a significant decrease in Crhbp expression (F7) = 7.5, p =
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0.03), and significant increases in Crhl and 5htrla expression (F(1,9) =
7.5, p = 0.02; F1,9) = 16.9, p = 0.03, respectively) (Fig. 4D), while SI
males exhibited a significant increase in 5htrla expression (F(1 gy = 6.8,
p = 0.03) (Fig. 4E). In the PVT, a similar pattern was observed in both SI
females and males, with significant decreases in 5htrla, Drd1, and Oxtr
gene expression (F,7) = 29.2, p = 0.02; F(1,8) = 149.6, p < 0.001; Fy 7)
=30.9, p < 0.01; Fy g) = 33.4, p < 0.001; Fy ) = 22.6, p = 0.02; F(1.8) =
34.4, p < 0.001, respectively). Additionally, a significant increase in
Crhbp expression was documented in SI females (F,5y = 25.8, p = 0.04)
(Fig. 4D).

To determine whether certain genes were functionally connected,
network analysis was conducted across all genes and brain regions for
males and females separately. To this end, a correlation matrix was
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constructed based on Pearson’s correlations for the fold change values
(Fig. S3), and network graphs were created displaying the top correla-
tions thresholded at 0.7 (Fig. 4E-F). This analysis revealed that females
had a significantly higher number of significant correlation networks
than males (t3g) = 1.9, p = 0.01). Moreover, the PVT emerged as a
central hub in males and females with the highest number of coefficient
degrees (Fig. 4E-F).

3.3. Experiment 4: Prolonged SI in the context of a primary tumor —
Immune and neuroendocrine effects

To examine the effects of long-term isolation on the immune system,
adult female F344 rats were isolated for 14 weeks or remained in their



E. Trachtenberg et al.

home group cages. In a two-by-two design, rats were randomly assigned
to one of four groups: SI or CTRL, with or without a primary tumor (PT)
(n = 58). On the second day of SI, rats in the PT groups received
orthotopic mammary injections of MADB106 cells, and a month later
tumors were surgically removed. Ten weeks post-PT removal, all ani-
mals were euthanized, and spleen, blood, and brain tissues were
collected (Fig. 1B).

3.3.1. Body weight and mortality rate

A 2 x 2 repeated measures ANOVA indicated that across the 14-week
period, bearing a PT and its removal significantly reduced %BW (F(1, 44)
= 60.5, p < 0.001). SI significantly reduced %BW (F, 44y = 4.1, p =
0.04), and no significant interaction was observed (p > 0.05) (Fig. 5A-
B). On day seven of SI, the SI-PT group exhibited a significantly greater
reduction in %BW than the other three groups (PLSD, p < 0.01). At the
end of the experiment (14 weeks), the all-cause mortality rate among the
SI-PT group was significantly higher than that in the CTRL-PT group, (8
vs. 2 rats; X2 (1,34) = 3.9, p = 0.04) (Fig. 5C). The all-cause mortality
rate was summed at the end of the experiment for each group; for full
individual representation (Fig. 5D).

3.3.2. MADBI106 primary tumor weight and gene expression

Upon excision, PTs were weighed and frozen to assess the effect of SI
on MADB106 tumor weight and transcriptomics. Surprisingly, isolated
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rats had significantly reduced PT weight compared to CTRL rats (F(; 37)
= 2.5, p=0.015). (Fig. 6A). Primary analysis of PT whole-genome RNA
transcripts indicated that SI upregulated 292 genes > 2-fold and
downregulated 4,811 genes by the same magnitude (see the volcano
plot, Fig. 6B). A follow-up bioinformatic analysis of EMT among these
DEGs indicated a significant reduction in EMT in PTs from SI rats (vs.
control), as indicated by increased expression of genes associated with
epithelial differentiation (0.246 + 0.07, p = 0.002) (Fig. 6C). Addi-
tionally, SI significantly altered M1/M2 polarization in SI rats (vs.
control), as indicated by a significant downregulation of M2-related
genes (0.251 + 0.10, p = 0.013) (Fig. 6C). TOA analyses examining
transcriptional activity associated with tumor-infiltrating leukocytes
(TILs) subpopulations in the PTs of SI rats (vs. control) found SI-
upregulated genes derived predominately from CD8 + T-cells (0.367
+ 0.07, p < 0.001), B-cells (0.641 + 0.08, p < 0.001), NK cells (0.146 +
0.05, p < 0.01), and neutrophils (0.410 + 0.15, p < 0.01) (Fig. 6D).
TELiS promoter-based bioinformatic analysis comparing SI and CTRL
indicated reduced transcriptional control activity of CREB (mean log
ratio = -0.732 + 0.130, p < 0.001), HIF1a and HIF2a (—0.662 + 0.133,
p < 0.001; —0.378 £ 0.100, p < 0.001, respectively), and NF-kB
(—0.276 + 0.103, p < 0.01). This was accompanied by increased ac-
tivity of the FOXO3 and FOXO4 transcription factors (0.441 + 0.207, p
= 0.03; 0.462 + 0.100, p = 0.05, respectively) and the glucocorticoid
receptor (GR) (0.145 + 0.046, p < 0.001) (Fig. 6E).
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3.3.3. Plasma TNFa, CORT and IgG levels

Plasma was collected at the end of the 14-week follow-up period.
TNFa levels were assessed only in the PT groups and were found to be
significantly higher in SI compared to CTRL animals (F(; 8y = 3.9, p =
0.004) (Fig. 7A). A two-way ANOVA (PT by SI conditions) of all other
measures was conducted. Total IgG levels were significantly lower in SI
rats (F(1,17) = 8.5, p = 0.01), with no significant effect of PT (p > 0.05) or
PT by Sl interaction (p > 0.05) (Fig. 7B). No significant effect of SI or PT
was observed in plasma CORT levels (p > 0.05) at this time point.

3.3.4. Splenic and circulating immunocytes

Splenic and blood leukocyte subpopulations were identified by flow
cytometry, including NK cells (CD161 + ), B cells (CD45Ra + ), CD8 and
CD4 T cells, and CD11b/c + cells (monocytes, granulocytes, macro-
phages). Two-way ANOVA indicated that PT significantly increased the
percentage of splenic CD161+/NK cells (F(1,21) = 7.4, p = 0.012), with
no significant effect of SI or PT-SI interaction (p > 0.05) (Fig. 7C).
Conversely, in the blood, PT significantly decreased the percentage of
CD161+/NK cells (F(1,17) = 8.01, p = 0.012), with no significant effect of
SI or interaction (p > 0.05) (Fig. 8D). SI significantly decreased the
percentage of blood CD11b/c + cells (F(1,17) = 7.4, p = 0.014), with a
trend toward a decrease caused by PT (F(1,17) = 4.0, p = 0.06), and no
significant PT-SI interaction (p > 0.05) (Fig. 8E). No significant effects
were observed in the other immunocytes examined. A significant
negative correlation was found between blood %NK cells and PT weight
(R2 = 0.583, p = 0.02) (Fig. 7F), although PT weights were assessed 10
weeks earlier.

3.3.5. Changes in Oxtr and Crh1 gene expression in the NAc, BNST
amygdala and PVT in the context of PT during SI

To assess the main effects of SI and PT on gene expression in the four
brain regions, a 2 x 2 ANOVA was conducted. In the NAc, SI significantly
decreased Oxtr expression (F(1,15) = 4.8, p = 0.045) alongside a with a
trend toward a decrease caused by PT (F(1,15) = 3.5, p = 0.07), with no
significant interaction effect detected (p > 0.05) (Fig. 8A). In the BNST,
SI significantly increased Crhl expression (F(1,14) = 4.4, p = 0.05), with
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no effect for PT or SI-PT interaction (p > 0.05) (Fig. 8B). Crh1 expression
in the PVT showed a significant SI-PT interaction effect (F(;,15) = 5.6, p
= 0.031), but no effect of PT or SI alone (p > 0.05) (Fig. 8C). In the
amygdala, no significant alterations were observed in any genes across
all conditions.

Pearson correlation across all four brain ROIs and gene expressions
was conducted, showing that the amygdala had high internal correla-
tions (r > 0.7). Similarly to previous results in females in the short-term
SI experiment, the PVT was highly correlated with other regions. For
instance, Oxtr in the PVT was positively correlated with Crhl in the
amygdala (r = 0.632, p = 0.006) and 5htrla in the PVT (r = 0.638, p =
0.004) was positively correlated with Crhbp in the amygdala (r = 0.650,
p = 0.001). See Fig. S4 for the full correlation matrix.

3.3.6. OXTR, Crhbp mRNA levels correlate with CORT plasma levels
Although no significant differences were found in CORT levels be-
tween the four groups, significant correlations between plasma CORT
levels and mRNA levels from the brain regions were identified. CORT
was positively correlated with Oxtr in the NAc and in the amygdala (r =
0.452, p = 0.04; r = 0.410, p = 0.052), and negatively with Crhbp in the
BNST (r = -0.450, p 0.03). Apart from these, no other correlations be-
tween CORT and gene expressions in the brain were found (Fig. 8C).

4. Discussion

This study explored the impact of isolation on rats. Consistent with
our hypothesis, we observed an increase in susceptibility to lung
metastasis following one or two weeks of SI prior to inoculation of the
cell line. This aligns with literature findings that have linked SI with
cancer progression in rats (Andrade et al., 2023; De la Roca-Chiapas
et al., 2016; Hermes et al., 2009; Hermes and McClintock, 2008; Verza
et al., 2021). Notably, our research is the first to demonstrate that SI can
exacerbate experimental metastases, indicating reduced host resistance
to circulating tumor cells. Body weight was consistently reduced by SI
across all experiments, similar to previously reported studies in mice and
rats, especially in the context of an immune challenge (Andrade et al.,
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and CORT plasma levels.

2023; Verza et al., 2021). Our work also shows that this decrease in BW
is most profound during the first week of SI, and that females BW is
affected more than males. Our findings align with previous research and
underscore the significant influence of SI on physiological stress re-
sponses in rodents (Bledsoe et al., 2011; Borges et al., 2023; Harvey
et al., 2019; Hermes et al., 2009).

4.1. Mixed effects of social isolation on tumor toxicity

Counterintuitively, SI initiated with PT induction decreased the
weight of the developing PTs. Tumor transcriptomic analysis revealed
significant tumor molecular alterations: decreased EMT, and decreased
transcription activity of NF-kB and CREB. These findings contrast with
those from human studies. For example, an increase in EMT and in NF-
kB and CREB transcriptional activity was demonstrated in socially iso-
lated cancer patients (Bower et al., 2018; Lutgendorf et al., 2020, 2011).
Additionally, while higher levels of social support have been associated
with increased TILs and peripheral NK cells in humans (Lutgendorf
et al., 2005), the above results indicate that SI (rather than social sup-
port) upregulated genes derived from TILs. The discrepancy between
this finding and the associations found in cancer patients could be
explained by a major generic transcriptional downregulation in PTs
from isolated rats. We found a significant number of downregulated
genes, and much fewer upregulated genes (4,811 vs. 299, >2-fold
difference).

This underscores the profound inhibition of isolation on the tumor
transcriptomic activity and of several biological pathways, potentially
hindering tumor progression, as may have occurred herein, exhibited by
the reduction in weight of PTs subjected to SI. Moreover, SI decreased
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HIFla and HIF2a expression, while increasing FOXO3 and FOXO4
TFBMs. These changes are associated with adaptive responses to meta-
bolic stress and may also indicate disruptions in metabolic processes and
promotion of cell death (Dai et al., 2020; Farhan et al., 2020). In line
with this idea, a recent study found that isolated rats exhibit an
increased risk of dormant mammary tumor recurrence after tamoxifen
therapy, an effect that was attributed to the suppression of mitochon-
drial oxidative phosphorylation signaling pathways (Andrade et al.,
2023).

4.2. Thermoregulation as a possible mediating factor

Unlike humans, who can adapt to temperature changes through
clothing, rodents typically rely on close contact with conspecifics to
efficiently regulate body temperature, a process which is disrupted by
isolation (Ebensperger and Hayes, 2016; Hankenson et al., 2018). The
presence of a conspecific to help maintain warmth is particularly crucial
in modern laboratory settings, where the ambient temperature is lower
than the thermoneutral range for rats, which is above 28 °C (Hankenson
et al., 2018; Keller et al., 2022). With the typical vivarium temperature
set around 22 °C, which is in itself considered a mild stressor (Hylander
et al., 2019), isolation can be particularly detrimental to the rats’ ther-
moregulation. Studies in mice have demonstrated that SI can disrupt
metabolic processes by impairing thermoregulation, a phenomenon that
can be mitigated by providing an artificial nest (Hamilton et al., 2022;
Sun et al., 2014). They also reported that isolated mice significantly
reduced weight despite consuming more food, which was reversed when
an artificial nest was provided (Hamilton et al., 2022). In our study, we
also observed weight loss in isolated rats. Although we did not measure
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food intake, it is reasonable to speculate that, to maintain normal body
temperature, the isolated rats may have consumed more food, similar to
the findings in mice.

These findings suggest additional pathways through which SI can
activate the stress system, such as mild hypothermia or cold exposure,
which increase HPA and sympathetic nervous system activities, leading
to broad changes in body physiology and metabolism (Hu et al., 2022;
Ma and Morilak, 2005). Moreover, loneliness and SI have been linked to
increased adrenergic activity in humans and primates (Cacioppo et al.,
2015; Cole et al., 2021). Thus, in rats, the sympathetic nervous system
may also play a significant role in the SI- stress response, impacting
immune function. These pathways may play a role in the increased all-
cause mortality observed among SI-PT rats compared to CTRL-PT rats,
suggesting that compromised metabolism, weight loss, and heightened
stress responses contributed to the decreased tumor weight observed in
SI rats, while also leading to increased susceptibility to surgery and
impaired post-surgery recovery, resulting in higher mortality.

4.3. Sex-specific responses to social isolation

In naive isolated rats, we measured pro-inflammatory cytokines and
total IgG levels. Compared to controls, we observed an increase in IL-6
levels and a decrease in IgG levels in both sexes. Notably, TNFa levels
increased in isolated females but decreased in isolated males relative to
controls. This sex-specific difference in TNFa levels corresponds with
findings from a study in Sprague-Dawley rats, where isolation caused a
similar dimorphic effect (Hermes et al., 2006). In this study, female rats
bearing tumors exhibited similar patterns of increased TNF« levels and
decreased total IgG levels, alongside a reduced percentage of circulating
CD11b/c + immunocytes, even three months post- PT excision and
following four months of SI. Furthermore, our results parallel a vast
body of research on human subjects that shows an increase in IL-6 levels
and chronic inflammation in isolated and lonely individuals (Hafner
et al.,, 2011; Matthews et al., 2024; Smith et al., 2020). Moreover,
dimorphic sex differences in the characteristics of inflammatory bio-
markers were reported by many human studies (Koyama et al., 2021; Qi
et al., 2023; Umberson et al., 2022; Yang et al., 2014). The significant
negative correlation between IL and 6 and CORT observed in our find-
ings is supported by substantial existing evidence that cortisol and IL-6
are closely linked in a regulatory feedback loop (Pace and Miller, 2009).
Therefore, we propose that our results strengthen the understanding of
the connection between SI, stress system and its impact on the immune
response.

4.4. Neurobiological changes associated with social isolation

In rats, various neurobiological changes have been documented
following periods of SI (Fone and Porkess, 2008; Li et al., 2021; Mumtaz
et al., 2018). We hypothesized that SI would primarily affect brain re-
gions involved in stress, motivation, and social behavior, and indeed, the
NAc, BNST, and PVT exhibited changes in various markers. However,
the PVT showed the most pronounced alterations, with reduced 5htrla,
Drd1, and Oxtr expression in both sexes, which were highly correlated
with changes in other brain regions during both short- and long-term SI.
Though understudied in the context of SI, the PVT is a known hub for
mediating stress, social, and motivational behaviors (Hsu et al., 2014;
Penzo and Gao, 2021; Zhou and Zhu, 2019), integrating threat and
arousal signals from the cortex and hypothalamus to regions like the
NAc, BNST, and amygdala, which are involved in stress responses and
have been documented to be affected by SI (Bendersky et al., 2021;
Lavenda-Grosberg et al., 2022; Wang et al., 2012).

In the current study, we examined whether SI impacted the stress
pathway—specifically the HPA axis—both centrally and peripherally,
by measuring Crhbp and Crhl expression across four brain regions, and
plasma CORT levels. After 5 weeks of SI in females, Crhbp expression
increased in the PVT and BNST while decreasing in the amygdala. Crhi1
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also significantly increased in the BNST and amygdala, with these effects
persisting in the BNST after 14 weeks of SI. These central changes in the
CRH system during SI are documented in various rodents studies
(Bledsoe et al., 2011; Hostetler and Ryabinin, 2013). Additionally, in
females, a peripheral effect on the HPA axis was observed after 5 weeks
of SI, with increased CORT levels, though no significant effect was seen
in males or in females after 14 weeks. CORT level findings in isolated
rats have been inconsistent across studies (Alshammari et al., 2020;
Harvey et al., 2019; Sladjana and Ljubica, 2005), potentially due to
differences in measurement timing and methods. Although we found no
significant CORT change after 14 weeks, we observed a significant
correlation between Crhbp expression in the BNST and plasma CORT
levels.

Overall, the increases in Crhbp and Crh1 expression in brain regions,
along with the peripheral increase in CORT and the significant central-
peripheral correlations, suggest that SI activates both central and pe-
ripheral stress responses, acting as a chronic stressor. This suggests that
the HPA axis may be a primary pathway through which SI impacts pe-
ripheral immunity, aligning with growing evidence linking chronic
stress to immune dysregulation and heightened inflammatory responses
(Chu et al., 2024; Hermes et al., 2006).

We examined the impact of SI on oxytocin, which is involved in
social bonding, social behavior, and stress regulation through the CRH
system (Winter and Jurek, 2019). SI had both short and long-lasting
effects on Oxtr expression in the NAc and the PVT. Our findings align
with substantial evidence linking oxytocin to SI, both centrally and
peripherally (Grippo et al., 2009; Oliveira et al., 2019). For instance, in
aged F344 rats, Oxtr expression were elevated in the BNST (Perkins
etal., 2019). Moreover, Oxtr expression in the PVT was highly correlated
with Crhbp and Crh1 in other regions across animals. We also observed a
significant positive correlation between plasma CORT levels and Oxtr
expression in the NAc and amygdala following 14 weeks of SI in females.
These findings support the well-established connection between CRH
and oxytocin signaling pathways, which play a key role in stress regu-
lation (Hostetler and Ryabinin, 2013; Winter and Jurek, 2019). The
downregulation of Oxtr in the PVT and NAc suggests altered oxytocin
signaling, potentially leading to increased stress responses through the
CRH-oxytocin system, altered social behaviors, and direct impacts on
the immune system (Haykin and Rolls, 2021; Schiller et al., 2021).

The serotonergic and dopaminergic systems were also hypothesized
to be affected by SI, as they are known to play key roles in social
behavior, learning, motivation, and affiliation (Frey and McCabe, 2020;
Schmidt et al., 2020). Indeed, we report changes to DRD1, particularly in
males, and 5htral upregulation in the PVT and the amygdala in both
sexes, but only in the BNST in females. Our results align with other
studies linking SI and altered serotonin and dopamine signaling (Ago
et al., 2014; da Silva et al., 2024; Mumtaz et al., 2018; Vitale and Smith,
2022), and suggest that SI can lead to reduced activation of the reward
and motivation pathway, as social interactions are a primary source of
natural rewards (Krach et al., 2010). Moreover, these alterations in
serotonergic signaling could manifest as increased anxiety or depressive-
like behaviors, and potentially lead to anhedonia, which are common
outcomes of SI in both humans and rodents (Grippo et al., 2007; Liu
et al., 2019; Tan et al., 2020). Although there is some evidence that
dopamine and serotonergic signaling interact with the peripheral im-
mune system (Haykin and Rolls, 2021), the exact mechanisms remain
largely unknown.

Fundamental sex differences have been reported in stress response
and social behavior in rats (Barnard et al., 2019; Howerton et al., 2014),
and our findings reflect these dimorphisms. Specifically, females
exhibited significant alterations in the stress pathway and a reduction in
BW, while males showed a decrease in TNFa and more pronounced
changes in Drd1. These align with numerous studies highlighting sex
differences in responses to SI (Kinley et al., 2021; Oliveira et al., 2019),
such as increased vigilance to stressors in females (Weintraub et al.,
2010) and decreased sociability coupled with increased aggression in
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males (Perkins et al., 2019). These observations suggest that SI affects
both sexes but likely through distinct mechanisms, particularly con-
cerning behavioral phenotypes.

In sum, the underlying mechanisms through which SI impacts the
peripheral immune system likely involve complex interactions between
the HPA axis and the oxytocin, dopaminergic, and serotonergic systems,
which are known to be closely interlinked (Winter and Jurek, 2019).
Future studies focusing on the effects of SI on CNS mechanisms and their
downstream impacts on immunity are warranted.

4.5. Limitations and future directions

Our study provides significant insights into the effects of SI on both
naive and tumor-bearing rats. However, there are several limitations to
consider. The use of the MADB106 tumor cell line, which does not
metastasize spontaneously, may not be an ideal model to study cancer
mortality. Additionally, there are limited immunological assays avail-
able for rats compared to mice, from sensitive ELISA kits to various flow
cytometry antibodies. Although rats are highly social and suited for
social-behavioral studies, the lack of diverse immunological tools con-
strains our understanding of the link between SI and the immune system.

Our study provides a comprehensive approach by showing both
central and peripheral effects of SI on naive and cancer-bearing rats.
While our results provide a broad and solid foundation for identifying
possible neuro-immune targets, the mechanistic insights remain limited.
Intervention studies are necessary to identify the exact mechanisms,
likely involving several pathways, by which SI impacts immunity, such
as increasing metastases. For example, pharmacological interventions
should be explored, such as beta-blockers and COX-2 inhibitors, which
have been found to reduce metastases by modulating adrenergic
signaling and reducing inflammation (Sorski et al., 2016). Another
pharmacological approach could involve administering oxytocin ago-
nists and measuring their impact on peripheral immunity. This would
offer further insights into the role of oxytocin in the context of SI and its
effects on immunity. Moreover, the mechanisms by which SI may affect
rats could differ from those in humans, primarily because rats rely on
conspecifics for social thermoregulation, making some results non-
translatable to humans. Despite these differences, there are multiple
parallels between humans and rats in the effects of SI, such as its impact
on social interaction and reward, and the activation of the HPA axis
(Gadek-Michalska et al., 2017; Pisu et al., 2016).

Our prolonged SI experiment (14 weeks) was conducted only in fe-
males, due to the use of implantable mammary tumor, and our initial
findings indicated that females were substantially more impacted than
males. The longer-term effects of SI on males remain to be studied. While
we did not assess the estrus cycle of female rats, which may have
influenced the results (Ben-Eliyahu et al., 2000), the inclusion of both
sexes and the use of control groups likely mitigated this potential vari-
ability. Moreover, similar variability was observed in both sexes in both
the SI and CTRL groups. Future studies should consider monitoring the
estrus cycle to fully understand its impact on the observed SI effects.

Finally, in this study, the changes in brain and tumor transcriptome
were assessed only at the mRNA level and not at the protein level. This
limits our understanding of the physiological functions, as changes in
mRNA expression do not always correlate directly with protein expres-
sion. However, mRNA data remain highly valuable as they provide key
insights into gene expression changes and the molecular pathways
impacted by SI, and they are widely used in similar studies to understand
early molecular events influenced by behavioral changes (Begni et al.,
2020; Borges et al., 2023; Wang et al., 2017). These findings serve as a
crucial foundation for future studies, which should include protein-level
assessments to provide a more comprehensive understanding of the
mechanisms behind the impact of SI.
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5. Conclusion

Our study provides further evidence of the detrimental effects of SI
on immunity, metastasis progression, and rat welfare. It also hints at
novel neurobiological-immune mechanisms, which may underlie SI ef-
fects, suggesting that the PVT may be a key region involved in affecting
various neural systems such as the HPA axis, OXTR, Drd1, and 5htrla
within the NAc, BNST, and amygdala. We demonstrate, for the first time,
that SI can increase the number of metastases in rats, and, similar to
other studies, elevates pro-inflammatory cytokines and mortality.
Additionally, our findings indicate that SI exerts a long-lasting and
profound effect on peripheral immunity and body physiology, poten-
tially impacting the body’s ability to maintain homeostasis. Notably, the
impact of SI on thermoregulation is another critical factor, as the lack of
social thermoregulation may exacerbate the physiological stress expe-
rienced by isolated rats, further compromising their health. We urge
researchers to avoid single-housing in experiments when possible, as
this practice can significantly contribute to physiological stress and skew
results. Our causal results align with a vast body of pioneering correla-
tive evidence showing that SI and perceived loneliness in humans are
associated with increased inflammation and malignancies, poorer
health, and higher mortality (Cacioppo et al., 2015; Steptoe et al., 2013).
SI alone can negatively affect various physiological systems, and im-
mune and/or medical challenges like cancer may act as a double-hit
stressor (Sailer et al., 2022; Shangase et al., 2022). Further investiga-
tion into the mechanisms of SI using targeted interventions, such as
pharmacological or thermoregulatory manipulations, is necessary to
unveil the underlying mechanisms and mitigate these harmful effects.
This work underscores the importance of considering social needs when
treating cancer patients, as a supportive social environment may
enhance physical recovery, well-being, and resistance to post-operative
metastasis.
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