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Although chronic stress is typically associated with disease and negative
outcomes, wild animals often survive—and even thrive—in environments
marked by recurring threats. In this study, we investigated neurobiological
differences in vigilance-associated and stress-coping systems, as well as
resilience, in wild and laboratory-bred rats (Rattus norvegicus) to explore
potential survival-related adaptations in wild populations. Consistent with
previous findings, wild rats exposed to chronic environmental stressors
exhibited heightened hypothalamic-pituitary-adrenal axis activity, evidenced by
enlarged adrenal glands and elevated fecal metabolites of glucocorticoids. Brains
were processed using thionin staining for neural and glial cell counts and
immunohistochemistry for immunoreactive targets. Wild rats exhibited
neuronal and glial cell modifications in vigilance-related cortical regions,
including the auditory and piriform cortices. Additional adaptations included
increased glial cell density in the lateral habenula—a region implicated in coping
appraisal—and enhanced microvascular density in the hippocampus. These
findings underscore the value of incorporating wild animals exposed to
naturalistic stressors into the study of adaptive and maladaptive stress
responses. Integrating wild and laboratory models may yield translational
insights for developing therapeutic strategies targeting stress- and anxiety-
related disorders.
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1 Introduction

Laboratory-housed rats live in highly controlled environments
with limited engagement opportunities, leading to predictable,
sedentary behavior (Makowska and Weary, 2016). In contrast,
wild rats face continuous high-risk challenges, requiring
heightened vigilance to detect and respond to environmental
threats such as predators, toxins, and other hazards (Koizumi
et al., 2018; Lambert, 2023; Clinchy et al., 2013). By comparing
selectively-bred laboratory rats to their wild Rattus norvegicus
counterparts, we can gain a deeper understanding of how animals
maintain vigilance in response to the unpredictable threats
encountered in natural habitats.

In the mid-20™ century, neuroscience pioneer Curt Richter
compared adrenal gland weights of wild rats to laboratory R.
norvegicus, reporting that the wild rats’ adrenal glands were
approximately 300% larger than those of laboratory populations
(Richter, 1949). This finding was recently replicated when our lab
reported that the adrenal glands of urban wild-trapped R.
norvegicus were 320% larger than weight and sex-matched
laboratory-bred rats, accompanied by a 600% increase in fecal
corticosterone (CORT) metabolites (FCMs; Jacob et al., 2022).
These observations suggest that heightened hypothalamic-
pituitary-adrenal (HPA) axis activity in wild rats is a
neurobiological correlate of enhanced vigilance, defined as
sustained attention accompanied by tonic alertness (Oken et al,
2006). An understanding of the neurobiological correlates of
prolonged threat assessment in wild habitats is informative,
considering that survival in the wild depends on appropriate
levels of vigilance (Karaer et al., 2023).

In addition to reported adrenal gland differences between wild
and domestic rats, brain structures involved in survival-related
behavior also appear to differ between wild and laboratory rats.
For example, larger amygdala volumes have been reported in wild
rats and rabbits compared to domestic species (Koizumi et al., 2018;
Brusini et al., 2018); further, in animals exposed to chronic stress,
neural atrophy has been observed in brain areas such as the
hippocampus (McEwen et al., 2016). Despite the documented
association between chronic stress and brain atrophy in specific
brain structures, wild rats in our previous research exhibited
relatively larger brain volumes and increased neuronal density in
the cerebellum, a brain area that is important for movement
adaptation (Jacob et al, 2022). Together, these findings point to
the existence of significant neurobiological adaptations to
heightened vigilance in wild rats (Carrilho et al., 2024; Koizumi
et al,, 2018). Interestingly, a recent study reported smaller cerebella
and comparable numbers of Purkinje neurons in wild R. norvegicus
compared to laboratory strains; however, the wild rats were F3
generations from wild-trapped rats, different than wild-trapped rats
(Waner-Mariquito et al., 2025). This discrepancy suggests that,
whereas domestication may have an impact on rat cerebella volume,
exposure to wild habitats throughout the rats’ development is also
an influential factor (Jacob et al., 2022).

Neuroendocrine adaptations to chronically stressful
environments may be driven by key molecular mechanisms such
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as mineralocorticoid receptor (MR) activity and expression.
Whereas glucocorticoid receptors (GRs) are located throughout
the brain, MRs are localized in the limbic areas, especially the
hippocampus and amygdala (ter Heegde et al., 2015). Within the
hippocampus, the highest MR concentration is in the CA2 region,
an area associated with plasticity functions, especially related to
memory, social recognition, and coping appraisal (McCann et al,
20215 Joéls and de Kloet, 2017). MRs are colocalized with GRs in the
hippocampus but have a higher affinity (i.e., 10 times higher) to
glucocorticoids than observed in GRs (de Kloet, 2022).
Additionally, higher levels of glucocorticoids have been associated
with heightened behavioral vigilance (Voellmy et al., 2014), as well
as neural vigilance (i.e., neural reactivity; Henckens et al., 2016), in
response to biologically relevant threatening stimuli.

Further, MR expression affects the transcription of genes related
to neuroplasticity, including growth factors and cell-adhesion
molecules (ter Heegde et al., 2015). Thus, past research suggests
that MR engagement is involved in both the initial appraisal of
stressful stimuli and subsequent memory systems of the experience,
likely influencing future responses to similar stressful contexts
(McCann et al,, 2021). In clinical investigations, lower MR
activation and the putative effect on stress appraisal and coping
are associated with psychiatric conditions such as depression,
anxiety disorders, and schizophrenia (ter Heegde et al., 2015). In
support of these observations, antidepressants such as imipramine
have been shown to increase hippocampal MR mRNA expression in
the rat hippocampus (Brady et al., 1991, Seckl and Fink, 1992).

Also of interest in understanding stress adaptation in chronically
stressful wild habitats is the steroid hormone dehydroepiandrosterone
(DHEA). DHEA and its sulfate (DHEA-S) are produced in the
adrenal glands of humans and the gonads of rats and mice
(Maninger et al, 2009). Additionally, DHEA is produced in the
brain and has been found to modulate glutamate [i.e., N-methyl-D-
aspartate (NMDA)] and Gamma-Aminobutyric Acid (GABA)
neurochemical systems (Maninger et al., 2009). Generally, DHEA is
known as a marker of acute stress with additional anti-glucocorticoid
properties (Dutheil et al., 2021). Further, DHEA levels are inversely
related to the intensity of depressive episodes and may have
clinical relevance for other psychiatric and neurologic conditions
such as anxiety disorders and dementia (Peixoto et al., 2020;
Sripada et al,, 2013; Rasmusson et al.,, 2004; Souza-Teodoro et al.,
2024), as well as providing neuroregenerative effects following brain
injuries (Rahmani et al., 2013). Consequently, both MR and DHEA
functions have been associated with emotional resilience in the face of
prolonged stress exposure.

Enriched laboratory environments, consisting of larger physical
spaces, social housing, and the introduction of novel stimuli, result
in neural and behavioral adaptations that appear consistent with
rodents housed in natural habitats (Lambert et al., 2015; Lambert,
2023). For example, rats housed in complex environments have
thicker cortices, increased hippocampal neuroplasticity markers,
and more complex neuronal structures than laboratory control
animals (Mohammed et al., 2002; Han et al., 2022). Additionally, in
models of cerebral stroke, animals housed in enriched
environments exhibit increased angiogenesis and faster recovery
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rates (Gresita et al., 2022; Shen et al., 2020). Thus, microvasculature
changes related to varying experiences or environments can lead to
impactful outcomes such as altered cerebrovascular architecture
and vascular pruning (Bogorad et al., 2019).

Although enriched laboratory environments mimic some
aspects of natural habitats, they lack the persistent exposure to
unpredictable stressors that wild rats face, which may drive more
robust neurobiological adaptations. Even natural-enriched
laboratory environments that contain elements of species-relevant
environmental stimuli fall short of replicating the continuous
presence of threats that characterize authentic natural habitats
(Bardi et al, 2016). Additionally, in contrast to the constant
provision of food, water, shelter, and temperature regulation in
the laboratory, these variables are scarce and unpredictable for wild
rats. To survive such threats and challenges, wild rats must
accurately assess risk and employ appropriate coping and
decision-making strategies to respond in a manner that
maximizes the probability of survival. Accordingly, heightened
sensitivity in sensory and motor cortical areas likely facilitates
responsiveness to such real-time threats in wild habitats, leading
to enhanced survival (Krubitzer et al, 2011). Also of putative
relevance, prior research with varying experiential training
suggests that the lateral habenula (LHb), an epithalamic brain
structure, is involved in coping appraisal as it facilitates freeze
responses in threatening contexts (Hones and Mizumori, 2022).
Serving as an interface between internal emotional processes and
external context, the LHb facilitates rapid and efficient responses to
threatening stimuli (Baker et al., 2022). Thus, in addition to limbic
structures such as the hippocampus and amygdala (Koizumi et al.,
2018; Zanette et al., 2019), several brain areas are involved in
decision-making and stress responses—responses that shape
vigilance systems and, ultimately, survival, in wild animals.

Due to their apparent tolerance of high corticosterone levels,
wild rats provide a potentially valuable model for the investigation
of stress adaptation mechanisms during long-term vigilant states.
As previously stated, although high HPA activity is generally related
to negative brain and health outcomes (Bremner, 2006; McEwen
etal., 2016; Bremner and Wittbrodt, 2020), previous research in our
lab indicates that wild rats have healthy brain weights and cerebellar
neuronal density, with no evidence of compromised tissue thus far
(Jacob et al., 2022). Given these findings, the current study further
investigated the neural substrates of vigilance and resilience in wild
rats. Specifically, male and female wild and laboratory-matched rats
were evaluated to determine the impact of their respective habitats
on the following targeted mechanisms of neural vigilance and
resilience: (1) hippocampal MR and GR immunoreactivity, (2)
limbic and cortical microvasculature density, and (3) neuronal/
glial ratios in cortical areas important for responsivity to stressful
stimuli. Additionally, markers of HPA activity were assessed,
including CORT and DHEA fecal metabolites, as well as relative
adrenal weights. Due to their role in both stress and immune
functions, spleen weights were also collected. Based on prior
findings, it was hypothesized that the wild rats would have higher
levels of MR-immunoreactive (MR-ir), region-specific
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modifications of GR-immunoreactive (GR-ir), increased
microvasculature coverage (MVC), and evidence of altered
neuronal and glial cell density in targeted cortical areas associated
with responses to external threats (e.g., motor, somatosensory,
pyriform, anterior cingulate, and auditory cortical areas), as well
as modifications in the bed nucleus of the stria terminalis (BNST),
LHb, and basolateral amygdala (BLA). Spleens and adrenal glands
were hypothesized to be larger in wild rats due to increased antigen
and threat exposure. An enhanced understanding of these
mechanisms in wild rats offers critical insights into stress
adaptation that laboratory models alone cannot provide.

2 Method
2.1 Animals

Over a three-month period during the summer of 2021, male
(n=4) and female (n=7) wild rats (R. norvegicus) were live-trapped
in urban Richmond, VA, USA, using Tomahawk live traps, Model
603.5 (Tomahawk Live Traps, Hazelhurst, WI). Once the wild
animals were anesthetized, ages were estimated using a
combination of body weight and a visual inspection of the
developmental stage of reproductive organs in males (e.g.,
descended testicles in males indicated sexual maturity). In
addition to tracking body weight, the viscera of the trapped
female rats were examined and further dissected to confirm that
the nipples, uterus, and ovaries showed no evidence of pregnancy,
parturition, or lactation. One female and three males were estimated
to be juveniles or pre-adults based on these criteria. As described in
the results section, body weight ratios and covariates were used to
statistically control for varying body weights.

Laboratory control Long Evans rats (Male = 4, Female = 7; Inotiv,
Lafayette, IN) were weight- and sex-matched to the wild rats. Rats
were acclimated to standard laboratory housing conditions and were
housed in ventilated rat cages measuring 43cm (L) x 34cm (W) x
20cm (H) (Innovive, San Diego, CA)- for a minimum of five days
prior to tissue collection. Males were pair-housed upon arrival;
additionally, four females were pair-housed, whereas three females
were housed together in a larger cage [60cm (L) x 30cm (W) x 30cm
(H)] to accommodate the larger group of animals following their
arrival to the lab. All cages were lined with pine bedding and ad
libitum access to a standard rat chow diet and water was provided for
the laboratory rats. The vivarium space was maintained on a 12-hour
light cycle from 7:00 AM to 7:00 PM, with temperature maintained at
22°C + 1°C and humidity between 45% and 55%. This study was
carried out in accordance with the recommendations of, and
approved by, the University of Richmond’s Institutional Animal
Care and Use Committee.

For hormone and gross anatomy assessments, both male and
female animals were included in the statistical analyses. For neural/
cellular quantifications, including immunohistochemical
experiments, only female animals were included in statistical
analyses due to a tissue processing error in the males.
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2.2 Trapping and tissue collection

The traps were pre-baited for 48 hours and set at approximately
8:00 PM following the initial exposure period. All traps were retrieved
the following morning at approximately 8:00 AM. Following capture,
rats were transported in their secured live trap to the outdoor field
laboratory at the University of Richmond. After an initial sedation
with isoflurane, both laboratory and wild rats were given an
intraperitoneal (ip) injection of 2,2,2-tribromoethanol (400 mg/kg,
previously marketed as Avertin' ). Subsequent responses were
measured through a toe- or tail-pinch; once the animals were
determined to be nonresponsive, they were euthanized via
rapid guillotine.

Brains were immediately extracted and hemisected along the
cerebral fissure. The right hemisphere was snap-frozen on dry ice
for another ongoing investigation focused on transposable element
(TE) assay assessment. The left hemisphere was postfixed in 4%
paraformaldehyde for 24 hours, then transferred sequentially into
10%, 20%, and 30% sucrose solutions for cyroprotection.

Spleens and adrenal glands were excised and individually placed
into pre-weighed, labeled, 5mL polypropylene screw-cap tubes
stored on wet ice. Organ weights were then collected on fresh
tissue by weighing the vial containing the dissected organ and
subtracting the previously recorded initial vial weight. This
dissection and weighing procedure minimized exposure to any
pathogens contained within the organs of the wild rats.

2.3 Hormone assessments

Glucocorticoids (primarily CORT in rodents, measured here via
FCMs), as well as fecal DHEA metabolites (FDMs) were extracted
from fecal boluses and evaluated using an ELISA kit (Enzo Life
Sciences, Farmingdale, NY). For wild rats, fecal samples were
collected from the rectum or distal colon during tissue collection
and immediately stored at -80°C in microcentrifuge tubes until
analysis. Following arrival to the vivarium, fresh fecal samples were
collected from the laboratory animals prior to being placed in new
home cages. To minimize circadian effects, the fecal collection
period coincided with a similar time of day (appx. 10:00 AM).
The rationale for collecting fecal samples immediately upon arrival
to the laboratory was to capture the circulating CORT and DHEA
levels during transport stress, as an attempt to mimic the trap and
relocation stress in the wild rats (Jacob et al., 2022). Previous work
in our laboratory indicates that CORT and DHEA levels lag
approximately 12 hours behind circulating blood concentrations.
This differs from the more immediate peak circulating
concentrations in the blood following exposure to stressful stimuli
(Bardi et al.,, 2010).

To prepare samples for analysis, the fecal samples were removed
from cryo-storage and allowed to thaw to room temperature on the
benchtop in their closed vials. Vials containing the fecal samples
were then weighed and placed in an enclosed incubator set to 65°C
+ 5°C situated inside a biological safety cabinet, with the snap tops
set slightly ajar to allow for moisture to escape and dried overnight.
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The following day, the dried fecal samples were weighed again and
assessed for adequate moisture loss determined by an approximate
50% reduction in weight and a dry, hard consistency.

To extract the CORT and DHEA metabolites, a slurry was made
using the ratio of 0.09 g fecal material:1.0 mL methanol, adjusted to
each sample’s final dried weight. A metal straight-tip dissection
probe was used to break up the dried fecal samples to fully
incorporate the fecal material into the methanol mixture. To
prevent cross-contamination, the probe was sanitized between
samples using fresh methanol or 100% ethanol and wiped dry.
Following homogenization, the samples were allowed to sit at room
temperature for up to 30 minutes while the solids separated and
sank to the bottom of the solution.

Samples were then analyzed according to the Enzo Life Sciences
ELISA kit protocol (Farmingdale, NY). Briefly, 20 pl of the
supernatant (i.e., the clear liquid above the settled solids) was
drawn from each sample, and after ensuring no solid material
was contained in the aliquot, it was placed in a clean, labeled
microcentrifuge tube. Assay buffer was added at the recommended
1:20 dilution and mixed well before being plated in duplicate. The
final dilution in the wells equaled 1:40 after following the
manufacturer’s instructions. Concentrations were measured
against a standard curve and prepared per the manufacturer’s
protocol. Plates were read on a BioTek ELx800 Microplate Reader
with BioTek Gen5 detection software (BioTek Instruments,
Winooski, VT) at 405 nM. Final concentrations (pg/mL) were
calculated by converting net Optical Density (OD) values (sample
OD value - blank OD value) via extrapolation values calculated
based on the standard curve. A coefficient of variation (CV) limit
(£10%) was set for OD values between duplicate wells for each
sample. If samples fell above the standard curve, they were diluted
and repeated to ensure alignment with the kit parameters.
According to the manufacturer, both the CORT and DHEA kits
exhibit high specificity for the target hormones, with cross-
reactivity to structurally related steroids of less than 1%.

2.4 Immunohistochemistry and
cytoarchitectural analyses

Due to tissue integrity challenges during the perfusion process,
histological experiments were only conducted on female wild and
female laboratory rats. The left cerebrum of each animal was
mounted by immersing the posterior portion of the hemisphere
into optimal cutting temperature (OCT) compound and then
positioning it in the cryostat (HM525 NX Thermo Fischer;
Waltham MA) set to -25°C. Once thoroughly frozen, 40 pm-thick
free-floating sections were collected from selected regions, including
the anterior hippocampus, BLA, LHD, auditory cortex, cingulate
cortex, motor cortex, piriform cortex, and somatosensory cortex
and subsequently placed in Phosphate Buffered Saline (PBS) + 0.1%
sodium azide. For each region of interest, and for each histological
procedure, duplicate sections were separated by every 6™
consecutive section, resulting in a minimum distance of 200um
between sections to ensure each cell was only counted once. All

frontiersin.org


https://doi.org/10.3389/fetho.2025.1644812
https://www.frontiersin.org/journals/ethology
https://www.frontiersin.org

Kent et al.

target regions were assessed for neuron and glial cell densities via
thionin-stained cells.

For thionin-stained tissue (utilized to visualize cell bodies), the
sections were mounted onto 25x75x1 mm gelatin-coated slides
(Globe Scientific, Mahwah, NJ) and dried at room temperature
overnight before being exposed to the thionin histological protocol
(0.1% dilution) and cover-slipped using Permount mounting
medium (Fisher Scientific). Cellular counts were gathered from
the targeted regions (i.e., dorsal hippocampus, motor cortex, LHh,
piriform cortex, auditory cortex, anterior cingulate cortex, and
BLA). Brain tissue was analyzed using the Zeiss Axioscope M.2
light microscope with the software Neurolucida 360 (MBF
Bioscience, Williston, VT, USA). Neurons and glial cells (broadly
defined) were counted using unique digital markers assigned to
each cell within a defined 200x300 um visual field set in the region
of interest at 40x magnification. Cell counts were collected from a
minimum of two tissue sections (and an average of four sections)
per region for each animal and averaged for a final
representative estimate.

For the immunohistochemistry processing, all free-floating
sections were washed in PBS for 10 minutes to remove any
residual paraformaldehyde and sodium azide. Tissue designated
for GR, MR, and CD-31 (a marker of microvasculature used in
addition to microvasculature-MR staining) was exposed to an
antigen retrieval step consisting of placing sections in PBS
containing 10mM sodium citrate for 30 minutes in a 75°C water
bath. The sections were then allowed to cool to room temperature
before proceeding with the staining protocol. Immunoreactivity was
assessed using the following primary antibodies and concentrations:
anti-mineralocorticoid receptor [rMR1-18 9C2 IgG1; 1:400 dilution
gifted from Gomez-Sanchez Laboratory, University of Mississippi
Medical Center (Gomez-Sanchez et al., 2006)], anti-glucocorticoid
receptor (GR Ab-226; 1:750 dilution; Signalway Antibody,
Greenville, MD, USA), and anti-CD-31 (Abcam TLD-3A12,
Eugene OR, dilution of 1:100). To visualize immunoreactivity,
sections were exposed to 3,3’-Diaminobenzidine (i.e., DAB
substrate) for approximately 10 minutes. Stained sections were
mounted onto gelatin-coated slides and cleared and cover slipped
with Permount (Fisher Scientific). GR-ir and MR-ir cells were
quantified using Neurolucida 360 software (MBF Bioscience,
Williston, VT, USA) at 40x magnification in the following
regions: cornu ammonus (CA) -1, -2, and -3 of the hippocampus,
auditory cortex, BLA, and anterior cingulate cortex. A minimum of
two tissue sections per region and an average of four sections per
hemisphere were evaluated and cell counts were averaged for a final
representative estimate. A standard-sized field of vision (i.e., 200 x
300 um) was used for all quantifications at 40x. For all targeted
proteins, negative controls—prepared by omitting the primary
antibody during the staining procedure—were included to verify
the specificity of the observed immunoreactivity.

For MV C analyses, the percent area of stained microvasculature
within the anterior cingulate cortex and the dentate gyrus in MR-ir
or CD-31-immunoreactive (CD-31-ir) tissue was determined using
an image thresholding tool to highlight targeted immunoreactive
tissue (BIOQUANT Image Analysis Co., Nashville, TN, USA) at
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40x magnification. The dependent variable for MVC analysis was
the percent of visual field (200x300 um) containing MR-ir or CD-
31-ir tissue, which was determined with Ilastik interactive machine
learning image classification system (Ilastik.com).

2.5 Statistical analyses

Statistical analyses were conducted using SPSS Statistics, version
29 (IBM). Endocrine data were analyzed via a two-way ANCOVA
(2 x 2; sex x environment), with body weight included as a
covariate. Where appropriate, Tukey’s post hoc tests were applied
for pairwise comparisons. Spleen and adrenal gland data, expressed
as gland-to-body weight ratios to account for body weight
differences, were analyzed using two-way ANOVAs.
Immunohistochemistry results were assessed using two-tailed
independent samples t-tests to compare wild and laboratory
female rats. Data met the assumptions of normality unless
otherwise stated. Statistical significance was set at o. = 0.05. Due
to the multiple comparisons conducted for the neural assessments
conducted in the females, a Bonferroni correction was applied to
control the family-wise error rate for t-tests, with each brain region
(e.g., Lhb) treated as a separate family. Adjusted alpha levels were
calculated as O, gjusted = 0/m, and individual p-values were evaluated
against these thresholds. All figures were generated using GraphPad
Prism, version 9.0 (GraphPad Software; www.graphpad.com).
Graphs display the mean + standard error of the mean (SEM),
with individual data points shown when appropriate. To reduce
redundancy, means for data presented in figures are not repeated in
the text. However, for non-significant trends not shown graphically,
group means are included in the narrative to facilitate
interpretation. Similar to the graphs, all reported means are
expressed as mean + SEM.

3 Results
3.1 Anatomical measurements

A 2 x 2 ANOVA revealed a significant interaction between sex
and habitat for spleen-to-body weight ratios (F; 13=6.053, p = 0.024,
np> = 0.252). Post hoc comparisons indicated no significant
difference between male groups; however, wild female rats had
significantly heavier spleens relative to body weight compared to
laboratory females (Figure 1A). Additionally, a 2 x 2 ANOVA
revealed a main effect of habitat on adrenal-to-body weight ratios
(Fy,1=55.103, p < 0.001, np*> = 0.754), with wild rats showing
significantly greater relative adrenal weights than laboratory
rats (Figure 1B).

3.2 Endocrine assays

A 2 x 2 ANCOVA revealed a significant main effect of habitat
on fecal CORT metabolites (FCMs), with wild rats exhibiting
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Organ Weights. A 2x2 ANOVA indicated a significant interaction (p=.02) of sex and habitat on spleen weights; specifically, wild females had heavier
spleens whereas no effect of habitat was observed in males (A). Focusing on adrenal weights (B), a 2x2 ANOVA indicated a significant effect of
habitat with heavier adrenals observed in the wild rats (p=.001). See text for additional statistical information.
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Endocrinological metabolites. A 2x2 ANCOVA revealed a significant effect of habitat on fecal corticosterone metabolites (A); specifically, wild rats
had higher FCM levels than lab rats (p=.001). A main effect of sex was observed in the Fecal DHEA metabolites (B) with the females exhibiting higher

levels than males and a nonsignificant trend suggested that wild rats had

significant main effects were observed for sex (females had higher ratios;

significantly higher FCM levels than laboratory rats (F; ;;,=34.09, p
< 0.001, np* = 0.670; Figure 2A). No significant differences in FCM
were observed between males and females. A separate 2 x 2
ANCOVA indicated a significant main effect of sex on fecal
DHEA metabolite (FDM) levels, with females showing
significantly higher levels than males (F,,,=11.14, p = 0.004, np*
= 0.396; Figure 2B). Although not statistically significant, a trend
toward higher FDM levels in wild rats compared to laboratory rats
was observed (F; 1,=3.54, p = 0.077, np> = 0.172; also depicted in
Figure 2B). A third 2 x 2 ANCOV A revealed significant main effects
of both habitat and sex on the DHEA: CORT metabolite ratio.
Laboratory rats exhibited a significantly higher DHEA: CORT ratio
compared to wild rats (F;;,=8.023, p = 0.011, np*> = 0.321), and
females exhibited a higher ratio than males (F; ;,=4.788, p = 0.043,
np> = 0.220; Figure 2C).

To confirm that transport was a stressor for the laboratory rats—as
indicated by elevated FCM levels—a repeated-measures analysis was
conducted. FCM levels were significantly higher immediately following
transport compared to after five days of acclimation (F,y=17.27,
p = 0.002, np* = 0.657). Samples taken from lab rats directly after
transport (to control for the relocation factor in the comparison with
the wild rats, as described above) exhibited significantly higher FCM
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higher FDA levels than lab rats. Focusing on the DHEA/CORT Ratio (C),
p=.04) and habitat (lab rats had higher ratios; p=.01).

levels compared to samples taken after acclimation to the lab for five
days F1,9=5.17.27, p=0.002, np2=0.657 (arrival = 2278.08+360.46;
acclimation = 694.16+107.075; means provided since these data are
not included in a figure).

3.3.1 Thionine detection of neuronal and glial
cells

Thionine-stained tissue was examined in wild and laboratory
females (n = 7 per group). For the lateral habenula, after Bonferroni
correction (o0 = 0.0167 for three comparisons within this brain
region family), an independent samples t-test revealed a significant
effect of habitat on the number of neurons in the assessed LHb
visual field (t; = 3.352, p = 0.012, d = 2.248), with wild females
exhibiting significantly more neurons than laboratory females
(Figure 3A). The ratio of neurons to glial cells in the LHb also
differed significantly between groups (t; = 3.409, p = 0.011, d =
2.287), again with wild females showing a higher ratio (Figure 3B).
No significant differences were observed in the number of glial cells
in the LHb.

In cortical regions, a t-test indicated a significant difference in
the number of neurons in the auditory cortex (ty = 4.602, p = 0.001,
d = 2.885), which was revealed following a Bonferroni correction
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Lateral Habenula Cellular Profile. Compared to laboratory-bred rats, an independent samples t-test revealed that wild rats had more neurons in the
sampled visual field of the lateral habenula (A; p=.012) and a higher ratio of neurons to glia (B; p=.011).
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FIGURE 4

Auditory Cortex Neuronal Density. An independent samples t-test
indicated that wild rats had higher numbers of neurons in the
targeted visual field of the auditory cortex compared to lab rats
(p=.001).

(0.05/4, adjusted o = 0.0125) for four comparisons in this brain
region. Wild females had significantly more neurons in this region
compared to laboratory females (Figure 4). Although wild females
had a 16% increase in glial cells in the auditory cortex relative to
laboratory females (wild: M=154.15 + 7.29; lab: M=131.97 + 1.67),
this difference was not statistically significant. Similarly, no
significant difference was found in the neuron-to-glia ratio in the
auditory cortex. In the piriform cortex, a Bonferroni-corrected t-test
(0.05/3, adjusted o = 0.0167) revealed a significant effect of habitat
on glial cell counts (tg = 3.965, p = 0.004, d = 2.559), with wild rats
displaying more glial cells than laboratory rats (Figure 5). No
significant differences were found in the number of neurons or
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Piriform Cortex Glia Cells. An independent samples t-test indicated
that wild rats had higher numbers of glial cells in the targeted visual
field of the piriform cortex than lab rats (p=.004).

the neuron-to-glia ratio in the piriform cortex. In the
somatosensory cortex, no significant differences were observed in
the number of glial cells (Bonferroni correction: 0.05/3, o. = 0.0167),
though wild females exhibited a 16.2% increase compared to
laboratory females (wild: M=78.68 + 4.85; lab: M= 67.71 + 1.76).
There were also no significant differences in neuron counts or the
neuron-to-glial cell ratio in this region. In the motor cortex, habitat
had no significant effect on the number of neurons, glial cells, or the
neuron-to-glial cell ratio.

In the dentate gyrus, no significant differences were found
between groups in neuron counts, glial cell counts, or neuron-to-
glia ratio. However, wild females had a 26.4% higher glial cell count
than laboratory females (wild: M=82.16 + 6.99; lab: M=64.99 +
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Microvasculature. An independent t-test indicated that the wild rats had higher MR immunoreactive tissue in the targeted visual field of the dentate

gyrus than the lab rats, indicating enhanced microvasculature (p=.008).

4.29). Similarly, no significant group differences were observed in
the bed nucleus of the stria terminalis (BNST) for any of the
assessed metrics.

3.3.2 Corticosteroid and mineralocorticoid
receptor immunoreactive cells

GR-ir and MR-ir cells were assessed in several brain regions of
female rats, including the hippocampal CA1, CA2, and CA3 areas;
the motor, auditory, and anterior cingulate cortices; and the
basolateral amygdala (BLA).

A t-test with Bonferroni correction using brain area as family
(0.05/3, adjusted o. = 0.0167) revealed no statistically significant
effect of habitat on the number of GR-ir cells in CA2. However, wild
rats exhibited a 36% increase in GR-ir cells compared to laboratory
rats (wild: M=57.8 + 4.97; lab: M=42.5 + 1.94). In CA3, no
significant difference was detected after Bonferroni correction
(0.05/3, adjusted o = 0.0167; wild: M=49.64 + 4.04; lab: M=40.0 +
1.74). Similarly, in CAl, no statistically significant difference was
found (wild: M=58.67 + 6.47; lab: M=44.73 + 2.90). No significant
differences in GR-ir cells were observed in the remaining targeted
areas (i.e., motor cortex, auditory cortex, BLA, and anterior
cingulate cortex).

Focusing on MR-ir cells, a t-test revealed no significant
difference in CA2 after Bonferroni correction (0.05/3, adjusted
o = 0.0167). Nevertheless, wild rats displayed a 26% increase in
MR-ir cell counts compared to laboratory rats (wild: M=58.59 +
3.36; lab: M=46.29 + 6.48). No significant differences in MR-ir cells
were observed in CA1 or CA3. Additionally, the ratio of MR-ir:GR-
ir cells did not differ significantly between groups in CA1, CA2, or
CA3 hippocampal areas.
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3.3.3 Microvasculature immunoreactivity

Immunoreactivities to MR and CD-31 were used to assess
microvasculature coverage (MVC) in the anterior cingulate cortex
and dentate gyrus. A significant effect of habitat on MR-ir cells was
observed in the dentate gyrus following Bonferroni correction
(0.05/6, adjusted o. = 0.00833), with wild females exhibiting
significantly higher MR-ir cell counts compared to laboratory
females (to = 3.403, p = 0.008, d = 2.06; Figure 6). In contrast, no
significant difference in MR-ir cells was found between groups in
the anterior cingulate cortex. Additionally, CD-31
immunoreactivity in the dentate gyrus did not differ significantly
between wild and laboratory females.

4 Discussion

The goal of this study was to explore neurobiological variables
associated with vigilance and emotional resilience in wild R.
norvegicus to provide insights into survival-related responses that
laboratory models alone cannot fully capture. To differentiate these
two concepts, we viewed vigilance as an index of sensory, cortical,
and habenular neural adaptations, while resilience was assessed via
stress hormone profiles and receptor distributions. The findings
replicate and extend earlier reports from our laboratory indicating
heightened stress reactivity in wild rats compared to laboratory-
bred rodents (Jacob et al., 2022). Specifically, our previous findings
indicated that wild rats exhibit a marked increase in the fecal
metabolites of CORT and DHEA, alongside heavier adrenal and
spleen weights. In the present study, wild rats likewise exhibited
significantly higher FCMs than laboratory rats, as well as heavier
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adrenal and spleen weights. Due to the modest sample sizes (a
challenge often associated with field studies utilizing trapped
animals), findings that did not meet adjusted significance
thresholds should be interpreted with caution, as it was our intent
to minimize both Type I and Type II errors. Accordingly, effect size
estimates and consistent patterns across multiple variables point to
potential biologically relevant trends deserving further investigation
(as described below). These current findings, combined with
previous research outcomes, suggest that wild rats exhibit
adaptive stress responses that support sustained vigilance, likely
contributing to their survival in high-risk environments.

In the current study, increased glia cell density and
microvascularization (MVC) were observed in the dentate gyrus
with no effects observed in the anterior cingulate cortex (it is
important to point out that the MVC effect was not observed in
the CD-31 data, perhaps a function of the nonperfused but
postfixed tissue). While not statistically significant, the observed
increase in GR-ir cells in CA2 suggests that the distribution and
responsivity of these receptors deserve further investigation. These
observations in the hippocampus point to potential neurobiological
adaptations related to threat, resilience, and memory processing in
this brain area—responses critical for survival in a wild habitat.
Additionally, wild rats had a higher neuron-to-glial cell ratio and
neuronal density in the LHb, increased neuron density in the
auditory cortex, and increased glia in the piriform cortex.
Altogether, these results point to altered sensory processing and
stress adaptation in wild rats; however, considering that the brain
data were collected in female rats, caution should be taken when
generalizing to males.

The neurobiological findings in the current study reflect potential
mechanisms underlying vigilance and threat responsiveness, traits
critical for survival in natural environments. For example, in the
current dataset, elevated glucocorticoid levels may lead to increased
arousal and sensitivity to environmental threats (Sapolsky et al., 20005
Sapolsky, 2021). The variability in stress hormone responses observed
in wild rats may also reflect more fine-tuned regulation of stress
hormones during specific environmental challenges (Boyle et al,
2021). However, a limitation of this study is the lack of longitudinal
hormone measurements, which makes it unclear whether stress
markers decrease in non-threatening contexts, such as relatively
safer nesting areas. Interestingly, when wild wood mice were
captured in a previous study and relocated to a laboratory habitat,
their CORT levels decreased in a dramatic fashion over the course of
four weeks, suggesting considerable flexibility in the wild mouse
HPA-axis responsivity (Carrilho et al,, 2024).

Contrary to our hypothesis, we observed lower DHEA/CORT
ratios in wild rats—a finding typically seen in less resilient
laboratory rodents, as well as less resilient humans (Morgan et al.,
2009; Bardi et al., 2012; Lambert et al, 2020). Although lower
DHEA: CORT ratios in wild rats may initially appear inconsistent
with prior resilience models derived from laboratory rodents,
several biological factors may contribute to this discrepancy. First,
differences in reproductive status among wild females—despite the
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absence of overt pregnancy signs—could affect DHEA production,
given gonadal influences on this hormone. Additionally, fecal
hormone sampling reflects integrated hormonal activity over time
and may not capture transient DHEA peaks or regulatory feedback
cycles. It is also plausible that wild rats, through evolutionary
adaptations, may have developed altered receptor sensitivity,
enhanced local synthesis, or alternative coping mechanisms—
variables that require further exploration. These findings
underscore the importance of considering ecological and
physiological context when interpreting hormonal indicators
of resilience.

Extending from neurobiological elements of the HPA system,
the LHD, a key region for processing aversive and rewarding stimuli
(Mondoloni et al., 2022), exhibited increased glial immunoreactivity
in wild rats. This region integrates multimodal sensory inputs and
contributes to decision-making processes crucial for responding to
environmental threats (Baker et al., 2022). Although not significant,
GR- and MR-ir modifications in the CA2 region of the
hippocampus may also influence spatial memory and navigation,
functions critical for identifying and avoiding potential threats in
the wild (Bhasin and Nair, 2022). This area is in need of further
investigation, but altered CA2 activity could help explain the well-
documented phenomenon of bait shyness in wild rats (Rzoska,
1953). Finally, neuronal and glial modifications were observed in
several cortical areas relevant to real-time responses to threats in
wild habitats. Specifically, altered cellular profiles in the piriform
and auditory cortical areas are noteworthy given their contributions
to olfactory and auditory detection of threatening stimuli. Together,
these sensory systems provide valuable information about the
presence of predators or other threats in an animal’s environment
(Bao et al., 2016).

Evidence of increased cerebral MVC in wild rats, particularly in
the dentate gyrus, was observed in the current study. Increased
MVC may enhance nutrient transport and blood flow essential for
real-time responsiveness to environmental challenges (Graff et al.,
2021). Additionally, sympathetic-induced peripheral
vasoconstriction and increased blood flow facilitate successful
escape from predators (Charkoudian and Rabbitts, 2009), a
response influenced by MR-mediated changes in blood pressure
and vascular remodeling (DuPont and Jaffe, 2017). Although the
microvasculature in the anterior cingulate cortex of the wild rats
was not statistically significantly different from that of their
laboratory counterparts, the values of the wild rats were also
higher than those of their laboratory counterparts. Providing
support for the role of MVC profiles in vigilant responses,
modified cerebral blood flow has been associated with resilient
responses to natural predator stimuli in laboratory rats
(Kondashevskaya et al.,, 2022). Consequently, future research
should explore the role of microvasculature in facilitating rapid
escape behaviors and threat responsiveness. Additionally, although
it wasn’t possible to perfuse the animals in the current study due to
limitations of working in a field site, the use of perfused wild-
trapped brain tissue would be informative for future investigations.
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An additional area of interest for future exploration is the
potential role of transposable elements (TEs), such as Long
Interspersed Nuclear Elements (LINE1), in genomic plasticity and
immune function in wild rats adapting to dynamic environments
(Zhang et al.,, 2020; DeRosa et al., 2022; Lapp and Hunter, 2019).
Preliminary data from our laboratories, obtained from a separate
cohort, suggest possible differences in LINE1 expression between
wild and laboratory rats, warranting further targeted investigation.

As previously mentioned, wild animals face persistent stressors
such as predation, seasonal changes, and anthropogenic habitat
destruction, making the wild rat a valuable model for investigating
adaptive responses essential for survival in unpredictable
environments (Sopinka et al., 2015). The distinct stress responses
observed between wild and laboratory animals underscore the
importance of investigating wild models in addition to traditional
laboratory models to capture the full spectrum of neurobiological
adaptations to chronic stress. Whereas laboratory animals often
exhibit altered neural structure (e.g., hippocampal atrophy) and
suppressed immune function when exposed to chronic stress (Kim
et al., 2015; Selye, 1973), wild animals appear to have evolved
unique coping mechanisms that mitigate the adverse health effects
associated with high corticosterone levels.

While the current findings are specific to urban wild R
norvegicus populations, they offer valuable insights into coping
mechanisms shaped by natural ecological conditions. Additional
investigations across diverse species and habitats are needed to
determine the generalizability of these neurobiological adaptations.
Although wild habitats differ markedly from standard laboratory
settings—where animals experience limited sensory input and
minimal cognitive demands—it is important to integrate species-
relevant and ecologically meaningful features into laboratory
environments when possible (Lambert, 2023). Ultimately,
validating laboratory-based findings with data from wild
populations across varied naturalistic contexts is essential for
ensuring the translational relevance of preclinical models.

Findings from the current study emphasize the importance of
neuroethological approaches—examining wild animals in natural
habitats—as a means to uncover adaptive stress responses with
potential relevance for human health. While the underlying
mechanisms remain to be determined, such resilience may point
to biological processes that, if better understood, could eventually
inform novel strategies for managing chronic stress in humans.
Neuroendocrine and vascular adaptations, in particular, represent
promising avenues for future investigations, including modulating
glucocorticoid receptor (GR) activity or enhancing MVC support in
stress-sensitive brain areas. Additionally, information about
corticotropin globulin protein (CBG; also known as transcortin)
that binds to circulating corticosterone and prevents its entry into
the central nervous system (CNS) will provide further clarification
about the wild rats’ management of elevated peripheral CORT levels
(Meyer et al, 2016). Thus, while translational applications are
speculative at this stage, the wild rat model underscores the
importance of investigating animals in naturalistic contexts to
reveal resilience and vigilance pathways that may not be
detectable in laboratory settings.
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