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A B S T R A C T   

Early life stress paradigms have become prominent in the animal literature to model atypical development. 
Currently, two models have prevailed within the literature: (1) limited bedding or nesting and (2) maternal 
separation or deprivation. Both models have produced aberrations spanning behavior and neural circuitry. 
Surprisingly, these two models have yet to be directly compared. The current study utilized delay eyeblink 
conditioning, an associative learning task with a well-defined cerebellar circuit, to compare the behavioral effects 
of standard limited bedding (postnatal day 2–9, n ¼ 15) and maternal separation (60 min per day during 
postnatal day 2–14, n ¼ 13) early life stress paradigms. Animals in all groups exhibited robust learning curves. 
Surprisingly, facilitated conditioning was observed in the maternal separation group. Rats that underwent 
limited bedding did not differ from the control or maternal separation groups on any conditioning measures. This 
study contributes to a clearer understanding of early life stress paradigms and the claims made about their 
mechanisms, which if better clarified can be properly leveraged to increase translational value.   

1. Introduction 

Atypical development of neural and psychological systems is a topic 
of great interest. One particular risk factor known to skew develop
mental trajectories is early life stress. Accordingly, paradigms that 
model early life stress in animals to produce the associated develop
mental aberrations have become widely utilized in the psychological 
and neuroscience literatures. In particular, two models have been 
adopted. One such model is limited bedding, variations of which are also 
referred to as limited nesting or scarcity. Another prominent model is 
maternal separation or maternal deprivation. Though both models have 
become widely used and characterized independently, we are not aware 
of any studies directly comparing these two paradigms. 

1.1. Aberrant maternal care as an early life stressor 

Different levels of maternal care result in diverse outcomes for 
children that can persist into adulthood, including varied psychological 
processing spanning learning and memory, self-regulation, emotion 

perception and regulation, executive functioning, sleep, academic 
attainment, and clinically significant psychopathology (Davis et al., 
2019; Lewin et al., 2019; Short and Baram, 2019; Lapp and Hunter, 
2019; Palacios-Barrios and Hanson, 2018). Animal models are invalu
able for understanding the neural mechanisms by which these aberra
tions may occur; they allow us to interrogate specific, anatomical and 
cellular circuits at the macro and micro scales as well as perform highly 
controlled experiments that better link such circuits to functional out
comes like behaviors (Joels et al., 2018). Moreover, better character
izing our current models may enhance translatability by clarifying 
which functions each paradigm best models (Glynn and Baram, 2019; 
Murthy and Gould, 2018). 

To date, limited bedding and maternal separation models have been 
heavily investigated, with some shared outcomes (Fareri and Totten
ham, 2016). Limited bedding, as first developed (Ivy et al., 2008), in
volves restricting the amount of nesting material and access to bedding 
provided to the dam to induce fragmented maternal care behaviors 
(Molet et al., 2014). Generally, the limited bedding model has been 
associated with aberrations of hypothalamic-pituitary-adrenal axis 
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activity and regulation in the pups, suggesting it does produce stress 
(Molet et al., 2014). Moreover, impaired attachment learning and social 
behavior, heightened fear response and conditioning, increased 
depressive-like behaviors in forced swim and sucrose preference assays, 
and impairments in a variety of cognitive processes including learning 
and memory have been reported (for extensive review, cf. (Walker et al., 
2017)). Similarly to limited bedding, maternal separation has been used 
to alter maternal care and behavior consistent with neglect and abuse 
(Alves et al., 2019). Most consistently, studies have found impaired 
memory and increased depressive-like behaviors in mice (Tractenberg 
et al., 2016) and impaired spatial and recognition learning and memory 
and increased depressive-like and fear behaviors in rats (Aisa et al., 
2007; Lehmann and Feldon, 2000). 

Though impairments are traditionally noted, many studies find no 
differences or even note improvements in behaviors following early life 
stress. In fact, limited bedding and maternal separation have more 
recently garnered interest as models of resilience (Murthy and Gould, 
2018; Singh-Taylor et al., 2015; Brenhouse and Bath, 2019). The vari
able effects of these models can be diffuse and difficult to understand. 
Moreover, the inability to compare two stress paradigms across labs due 
to a host of confounding factors (e.g., time and duration of the stressor, 
time (age and time of day) of assessment, light-dark cycle, 
laboratory-specific environmental features, rodent strain, individual 
differences in maternal care, etc.) further blurs our understanding of 
what these paradigms are modeling (Murthy and Gould, 2018). 
Accordingly, it is critical and timely to compare the specific effects of 
these models. An especially useful task for doing so is delay eyeblink 
conditioning. 

1.2. Delay eyeblink conditioning 

Delay eyeblink conditioning (dEBC) is a classical conditioning 
paradigm in which a neutral stimulus, typically a tone or light, is fol
lowed by and co-terminates with eye stimulation that elicits a reflexive 
eye blink. Pairing of these two stimuli will result in the tone eliciting an 
anticipatory (learned) eyeblink response. The individual, or animal, has 
learned an association between the tone and the eye stimulation. 

Methodologically, dEBC has many built in control measures that 
make it an excellent way to assess long-term deficits in learning and 
memory induced by early life stress (Steinmetz et al., 2001). First, the 
unlearned, reflexive responses to both the tone and the eye stimulation 
are easily measured and quantified, and serve as sensorimotor control 
measures. Second, because the learned eye blink takes a number of trials 
to emerge, subtle differences in learning rate can be identified. Third, 
much is known about the associative learning mechanisms of dEBC. 
Finally, the neural circuitry that supports dEBC is well-characterized 
(Freeman, 2015). 

Unsurprisingly, dEBC deficits have been identified across the stress 
literature broadly (Shors, 2001; Shors et al., 2000). A series of studies by 
Wilbur and colleagues (Wilber and Wellman, 2009a; Wilber et al., 2007, 
2010) have investigated how an early life stressor, maternal separation 
across postnatal day (PND) 2–14, influenced dEBC performance of adult 
rats. Compared to a standard rearing control group and a 15-min 
handling control group that did not differ in performance, maternal 
separation of 60 or 15 min significantly decreased conditioning in adult 
(PND70-114) males only (Wilber et al., 2007). Moreover, these effects 
were specific to the late acquisition period, resulting in 37% (60-min 
separation) and 30% (15-min separation) fewer eyeblink conditioned 
responses compared to the control group (Wilber et al., 2007). These 
conditioning rates were comparable to findings from this group in later 
studies using the same, optimal 60-min maternal separation (Wilber 
et al., 2010). 

Understanding how early stressors impact brain-behavior relation
ships is critical for optimizing our understanding and use of these par
adigms and for streamlining the translatability of these models to human 
conditions. Thus, the current study leveraged the well-defined and 

controlled dEBC paradigm to compare the behavioral effects of two, 
prominent early life stress models: standard limited bedding and 
maternal separation. 

2. Methods 

All experimental protocols were approved by the University of Ver
mont IACUC Board and complied with ethical standards for the care and 
treatment of animals. 

2.1. Animals 

Long-Evans rats (Envigo, Indianapolis, IN) arrived timed-pregnant 
(between E10 and E15) and were individually housed in poly
propylene cages (26.67 � 48.26 � 20.32 cm) in a 12:12 h light-dark 
cycle (6:00 lights on, 18:00 lights off) and temperature-controlled 
(approximately 22.8 �C) vivarium. Food and water were provided ad 
libitum. Bedding was changed once per week. Rats were checked every 
12 h surrounding the expected date of birth. Birth was labeled P0. 

2.2. Early life stressors 

2.2.1. Limited bedding 
At P2, rats were randomly cross-fostered, cages were sex-balanced, 

and rats were randomly assigned to experience limited bedding or 
typical rearing. Limited bedding was performed as outlined previously 
by this group (cf. Moussa-Tooks et al., 2020). Limited bedding cages 
consisted of a wire mesh insert (Plastic-coated aluminum mesh, 0.4 �
0.9 cm, McNichols Co., Tampa, FL) that was fitted 2.5 cm above the cage 
floor (cf. Molet et al., 2014). The mesh allowed the passage of excrement 
to the bedding material below the mesh. Additionally, limited bedding 
cages were given half of a paper towel square (13.97 � 27.94 cm) for the 
dam to use as nesting material. Normal rearing cages were given a full 
paper towel square and standard access to bedding material. All cages 
were left undisturbed from P2-9. On P10, all cages were changed and 
limited bedding inserts were removed. All animals were reared normally 
from the end of the stressor forward. At P21 pups were weaned into 
treatment- and sex-matched cages of 3–4 animals. 

2.2.2. Maternal separation 
The maternal separation paradigm was performed in accordance 

with Wilber and colleagues (cf. 60 min separation condition in Wilber 
et al., 2007). From P2–P14, dams and pups were separated for 60 min 
each day (initiated between 7:30 and 9:00 am each day). During this 
time, dams were removed from the home cage and placed in a novel 
cage. Additionally, pups were removed from the home cage and placed 
in a small cage with clean bedding that sat within an incubator (Ther
mocare W-1 Ten/Care Warmer) set to 22.2–22.8 �C (approximately 
45–55% humidity) to maintain body temperature. After the 60 min, 
pups and dams were returned to their home cage. On P15, all cages were 
changed. All animals were reared normally from the end of the stressor 
forward. At P28 (cf. Wilber et al., 2007) pups were weaned into treat
ment- and sex-matched cages of 3–4 animals. 

2.3. Eyeblink conditioning surgery 

Only male rats were used, since previous studies suggested limited or 
no effect of maternal separation on EBC in females (cf. Wilber et al., 
2007). At PND41-48 rats underwent eyeblink conditioning surgery to 
implant stimulation and recording electrodes. Rats were anesthetized 
with isoflurane (3% for induction and then 1.5–2% for surgery). Anes
thetic depth was assessed by monitoring lack of withdrawal from tail 
and/or toe pinches to ensure the animal was fully anesthetized. Upon 
confirmation of anesthetization, the animal’s head was shaven and the 
animal was placed in a stereotaxic head-stage secured with bite and ear 
bars and kept warm by using a commercial rat heating pad with 
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temperature controller. Eye ointment was applied to prevent the ani
mal’s eyes from drying out. An injection of bupivacaine (0.1 mL) at the 
incision site was administered as a local analgesic and the surgical site 
was covered with chlorhexidine gluconate. A single intraperitoneal in
jection of a nonsteroidal anti-inflammatory drug (NSAID; 5.0 mg/kg 
carprofen) was administered in addition to Ringer solution (1 mL) for 
hydration. 

The surgical site was cleaned with an aseptic scrub and solution. 
After cutting open the scalp over the top of the skull, 4 holes were drilled 
through the skull with a micro-drill and 4 skull screws implanted. The 
ground electrode of a plastic connector (Plastics One, Roanoke, VA) was 
attached to the skull screws. The two eyelid electrodes also attached to 
this connector were threaded through the upper eyelid. A bipolar elec
trode affixed to a separate plastic connector (Plastics One, Roanoke, VA) 
was placed subcutaneously dorsocaudal to the left eye. The electrodes 
and skull screws were fixed in place with dental cement. 

After surgical procedures, rats were kept under observation on an 
electric heating pad until recovered from the anesthesia, then were 
placed back in the cage and returned to the rat colony. Twenty-four 
hours following surgery, rats were given another injection of carpro
fen (5.0 mg/kg). Post-operative monitoring and assessment (alert and 
freely moves around cage; smooth coat and not hunched; clean and not 
swollen; no more than 10% weight loss compared to pre-surgical weight; 
breathing normally) was conducted daily until five consecutive days of 
an assessment score of 0. No rats required euthanasia due to poor re
covery. Following recovery, rats underwent delay eyeblink 
conditioning. 

2.4. Apparatus 

Eyeblink conditioning took place in one of four identical testing 
chambers (30.5 x 24.1 � 29.2 cm; Med-Associates, St. Albans, VT), each 
with a grid floor. The top of the chamber was altered so that a 25-chan
nel tether/commutator could be mounted to it. Each testing chamber 
was kept within a separate electrically-shielded, sound attenuating 
chamber (45.7 x 91.4 � 50.8 cm; BRS-LVE, Laurel, MD). A fan in each 
sound-attenuating chamber provided background noise of approxi
mately 60 dB sound pressure level. A speaker was mounted in each 
corner of the rear wall and a light (off during testing) was mounted in the 
center of the rear wall of each chamber. The sound-attenuating cham
bers were housed within a walk-in sound-proof chamber. 

Stimulus delivery was controlled by a computer running Spike2 
software (CED, Cambridge, UK). A 2.8 kHz, 80 dB tone, delivered 
through the left speaker of the sound-attenuating chamber, served as the 
conditioned stimulus (CS). The CS was 295-ms in duration. A 15-ms, 4.0 
mA uniphasic periorbital stimulation, delivered from a constant current 
stimulator (model A365D; World Precision Instruments, Sarasota, FL), 
served as the unconditioned stimulus (US) during conditioning. 
Recording of the eyelid EMG activity was controlled by a computer 
interfaced with a Power 1401 high-speed data acquisition unit and 
running Spike2 software (CED, Cambridge, UK). Eyelid EMG signals 
were amplified (10k) and bandpass filtered (100–1000 Hz) prior to 
being passed to the Power 1401 and from there to the computer running 
Spike2. Sampling rate was 2 kHz for EMG activity. The Spike2 software 
was used to full-wave rectify, smooth (10 ms time constant), and time 
shift (10 ms, to compensate for smoothing) the amplified EMG signal to 
facilitate behavioral data analysis. 

2.5. Eyeblink conditioning paradigm 

Delay eyeblink conditioning (dEBC) began at PND49-55, a minimum 
of 5 days after surgery. Each session lasted approximately 50 min. On 
day 1, rats were plugged into tether/commutators and spontaneous 
eyelid activity was recorded, but no stimuli were delivered. On days 2–7, 
rats were plugged into the tether/commutator system and underwent 
dEBC: On each trial, a 365-ms, 80-dB, 2.8 kHz tone was delivered. 

During the final 15-ms of the tone, a 4-mA eyelid stimulation was also 
delivered (350-ms dEBC). Rats received 100 paired tone CS-eyelid 
stimulation US trials per day, with trials separated by 20–40 s. Only 
paired trials were used in order to ensure robust conditioning in the 
control group. Beginning 9 days after the final session of acquisition, rats 
underwent two sessions of extinction, one per day. These sessions were 
identical to acquisition sessions except that the eyelid stimulation US 
was omitted. The day after the final session of extinction, rats underwent 
one session of reacquisition that was identical to acquisition. 

2.6. Behavior analysis 

Trials were subdivided into four time periods: (1) a “baseline” 
period, 280-ms prior to CS onset; (2) a non-associative “startle” period, 
0–80 ms after CS onset; (3) a “CR” period, 81–350 ms after CS onset; and 
(4) a “UR period,” 65–165 ms after US onset (the first 65 ms is obscured 
by the stimulation artifact). In order for a response to be scored as a CR, 
eyeblinks had to exceed the mean baseline activity for that trial by 0.5 
arbitrary units (where these units had a range of 0.0–5.0) during the CR 
period. Eyeblinks that met this threshold during the startle period were 
scored as startle responses and were analyzed separately. Trials in which 
eyeblinks exceeded 1.0 arbitrary unit during the baseline period were 
discarded. Comparable scoring intervals and criteria were used to 
evaluate spontaneous blink rate during the initial adaptation day when 
no stimuli were administered. The primary dependent measure was the 
percentage of CRs across all CS-US (acquisition; reacquisition) or CS- 
alone (extinction) trials of each session. 

For the percentage of CRs, data were analyzed using repeated mea
sures ANOVAs. We computed all statistical analyses using SPSS 26.0. 
Significant interaction effects were followed-up with post-hoc, inde
pendent-samples t-tests to determine the source of the interaction. An 
alpha level of 0.05 was set as the rejection criterion for all statistical 
tests. To minimize the chance of Type II errors, we did not adjust the 
alpha level when analyzing the source of a significant interaction effect. 

3. Results 

3.1. Limited bedding 

A total of 5 rats were removed prior to data analysis: 3 rats had a 
noisy eyelid EMG, 1 rat had an attenuated response to the eyelid stim
ulation, and 1 rat lost its headcap. Final group totals were 15 rats in 
Group Limited Bedding and 14 rats in Group No Limited Bedding. There 
was no significant difference between groups in pre-surgery weights, F 
< 1. The mean weight (in grams) of rats in Group Limited Bedding was 
205.33�5.23 and the mean weight (in grams) of rats in Group No 
Limited Bedding was 212.00�5.21. 

3.1.1. Acquisition 
Limited bedding had no effect on acquisition (Fig. 1). A 2 (Group: 

Limited Bedding, No Limited Bedding) � 6 (Acquisition Session) 
repeated-measures ANOVA on percentage of CRs revealed a significant 
Session effect, F(5,135) ¼ 100.43, p < 0.01. Neither the Group main 
effect nor Group � Session interaction effect was significant, p’s > 0.69. 

Limited bedding had no effect on reflexive responding to either the 
CS (percentage of startle responses) or to the US (UR amplitude) during 
acquisition. A 2 (Group: Limited Bedding, No Limited Bedding) � 6 
(Acquisition Session) repeated-measures ANOVA on percentage of 
startle responses (Group Limited Bedding: Percentage of startle response 
range of 2.3%–5.6% � 0.9–1.6; Group No Limited Bedding: Percentage 
of startle response range of 2.4%–8.3% � 0.9–2.5) revealed a significant 
Session effect, F(5,135) ¼ 5.55, p < 0.01. Neither the Group main effect 
nor Group � Session interaction effect was significant, p’s > 0.38. The 
same analysis on UR amplitude (Group Limited Bedding: UR amplitude 
range of 1.6–1.8 units � 0.2; Group No Limited Bedding: UR amplitude 
range of 1.7–2.3 units � 0.2–0.3) revealed a Session effect that 
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approached significance, F(5,135) ¼ 2.24, p ¼ 0.054. Neither the Group 
main effect nor Group � Session interaction effect was significant, p’s >
0.22. 

3.1.2. Extinction 
Limited bedding had no effect on retention or extinction (Fig. 2). 

Each extinction session was analyzed separately. Analysis was divided 
into 10 blocks of 10 trials each. A 2 (Group: Limited Bedding, No Limited 
Bedding) � 10 (Extinction Session Block) repeated-measures ANOVA on 
percentage of CRs in extinction session 1 revealed a significant Block 
effect, F(9,243) ¼ 3.62, p < 0.01. Neither the Group main effect nor 
Group � Session interaction effect was significant, p’s > 0.45. The same 

analysis on percentage of CRs in extinction session 2 also revealed a 
significant Block effect, F(9,243) ¼ 2.55, p < 0.01. The Group � Block 
effect approached but did not attain statistical significance, F(9,243) ¼
1.80, p ¼ 0.068. There was a trend for Group Limited Bedding to show 
better extinction. The Group effect was not significant, p ¼ 0.41. 

3.1.3. Reacquisition 
Limited bedding very slightly facilitated reacquisition (Fig. 2). 

Analysis was divided into 10 blocks of 10 trials each. A 2 (Group: 
Limited Bedding, No Limited Bedding) � 10 (Reacquisition Session 
Block) repeated-measures ANOVA on percentage of CRs revealed a 
significant Block effect, F(9,243) ¼ 24.07, p < 0.001 and significant 
Block � Group effect, F(9,243) ¼ 1.94, p < 0.05. The Group effect was 
not significant, p > 0.40. 

The significant interaction effect was analyzed with a series of 10 
independent samples t-tests comparing groups within each block. This 
analysis revealed a significantly greater percentage of CRs in Group 
Limited Bedding in block 2 (p < 0.05) of reacquisition. 

3.2. Maternal separation 

A total of 1 rat was removed prior to data analysis of acquisition for a 
noisy EMG. A total of 5 additional rats were removed prior to data 
analysis of extinction and reacquisition: 4 rats had developed a noisy 
eyelid EMG, and 1 rat lost its headcap immediately after the first session 
of extinction. Final group totals for acquisition were 15 rats in Group 
Maternal Separation and 16 rats in Group No Maternal Separation. Final 
group totals for extinction and reacquisition were 13 rats in Group 
Maternal Separation and 13 rats in Group No Maternal Separation. 
There was no significant difference between groups in pre-surgery 
weights, F < 1. The mean weight (in grams) of rats in Group Maternal 
Separation was 212.93�6.83 and the mean weight (in grams) of rats in 
Group No Maternal Separation was 218.00�4.08. 

3.2.1. Acquisition 
Maternal separation enhanced acquisition (Fig. 3). A 2 (Group: 

Maternal Separation, No Maternal Separation) � 6 (Acquisition Session) 
repeated-measures ANOVA on percentage of CRs revealed a significant 
Group effect, F(1,29) ¼ 9.84, p < 0.01, and a significant Session effect, F 

Fig. 1. Limited bedding acquisition. Percentage of eyeblink conditioned re
sponses as a function of conditioning session (mean � SEM). There was no 
difference between Group Limited Bedding and Group No Limited Bedding, p 
> 0.05. 

Fig. 2. Limited bedding extinction and re-acquisition. Percentage of eyeblink 
conditioning responses as a function of 10-trial block in extinction sessions 1 
and 2, and reacquisition (mean � SEM). Extinction session 1 began 9 days after 
the last session of conditioning. There was no difference between Group Limited 
Bedding and Group No Limited Bedding in any of these sessions, p > 0.05. 

Fig. 3. Maternal separation acquisition. Percentage of eyeblink conditioned 
responses as a function of conditioning session (mean � SEM). Group Maternal 
Separation outperformed Group No Maternal Separation, p < 0.01. 
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(5,145) ¼ 117.65, p < 0.01. The Group � Session interaction effect was 
not significant, p ¼ 0.22. 

Maternal separation had no effect on reflexive responding to either 
the CS (percentage of startle responses) or to the US (UR amplitude) 
during acquisition. A 2 (Group: Maternal Separation, No Maternal 
Separation) � 6 (Acquisition Session) repeated-measures ANOVA on 
percentage of startle responses (Group Maternal Separation: Percentage 
of startle response range of 2.8%–5.4% þ/- 0.7–1.0; Group No Maternal 
Separation: Percentage of startle response range of 3.1%–5.2% þ/- 
0.8–1.1) revealed a significant Session effect, F(5,145) ¼ 3.26, p < 0.01. 
Neither the Group main effect nor Group � Session interaction effect 
was significant, p’s > 0.62. The same analysis on UR amplitude (Group 
Maternal Separation: UR amplitude range of 1.7–2.0 units � 0.2; Group 
No Maternal Separation: UR amplitude range of 1.8–2.0 units � 0.2–0.3) 
revealed a significant Session effect, F(5,145) ¼ 2.70, p < 0.03. Neither 
the Group main effect nor Group � Session interaction effect was sig
nificant, p’s > 0.65. 

3.2.2. Extinction 
Maternal separation enhanced retention but did not affect extinction 

(Fig. 4). Each extinction session was analyzed separately. Analysis was 
divided into 10 blocks of 10 trials each. A 2 (Group: Maternal Separa
tion, No Maternal Separation) � 10 (Extinction Session Block) repeated- 
measures ANOVA on percentage of CRs in extinction session 1 revealed a 
significant Block effect, F(9,216) ¼ 4.64, p < 0.01 that was qualified by a 
significant Block � Group effect, F(9,216) ¼ 3.11, p < 0.01. The Group 
main effect was not significant, p > 0.38. The significant interaction 
effect was analyzed with a series of 10 independent samples t-tests 
comparing groups within each block. This analysis revealed a signifi
cantly greater percentage of CRs in Group Maternal Separation in blocks 
1 and 2 (p’s < 0.05) of extinction session 1, suggesting greater retention 
of conditioning across the 9 day interval between the last session of EBC 
and the first session of extinction. 

The same analysis on percentage of CRs in extinction session 2 also 
revealed a significant Block effect, F(9,216) ¼ 2.69, p < 0.01. Neither 
the Group main effect nor Group � Session interaction effect was sig
nificant, p’s > 0.38. 

3.2.3. Reacquisition 
Maternal separation enhanced reacquisition (Fig. 4). Analysis was 

divided into 10 blocks of 10 trials each. A 2 (Group: Maternal Separa
tion, No Maternal Separation) � 10 (Reacquisition Session Block) 
repeated-measures ANOVA on percentage of CRs revealed a significant 
Block effect, F(9,216) ¼ 14.20, p < 0.01 and a significant Group effect, F 
(1,24) ¼ 7.19, p < 0.02. The Group � Block interaction effect was not 
significant, p > 0.45. 

3.3. Comparison of control groups 

The performance of the two control groups was also compared, since 
one control group (Group No Limited Bedding) was cross-fostered and 
the other (Group No Maternal Separation) was not. These slightly 
different procedures were used in order to match the typical limited 
bedding and maternal deprivation procedures in the literature. There 
was no significant difference between groups in pre-surgery weights, F 
< 1. 

These comparisons revealed no differences between control groups 
in acquisition (percentage of CRs, percentage of startle responses, UR 
amplitude), extinction session 1, or reacquisition, p’s > 0.10 for Group 
main effects and Session/Block � Group interaction effects. The analysis 
of extinction session 2 revealed a significant Block � Group effect, F 
(9,225) ¼ 1.94, p < 0.05. 

However, follow-up independent samples t-tests comparing groups 
within each block failed to reveal a statistically significant difference 
between control groups in any block of extinction session 2, p’s > 0.08. 
Notably, in 3 blocks, Group No Limited Bedding showed a higher per
centage of CRs while in the other 7 blocks it was Group No Maternal 
Deprivation. 

4. Discussion 

In the current study, the effects of two prominent rodent models of 
early life stress were compared using dEBC to better understand how 
such stressors at a critical developmental stage may confer behavioral 
risk. Interestingly, young adult male rats that experienced limited 
bedding (administered PND2-9) did not exhibit any differences from a 
normal rearing (cross-fostered) group in acquisition, retention, or 
reacquisition of the conditioned response. In contrast, male rats that 
underwent maternal separation (administered 60 min daily, PND2-14) 
showed facilitated conditioning, retention, and reacquisition 
compared to a normal rearing (not cross-fostered) control group. 

dEBC has never, to our knowledge, been investigated following a 
limited bedding stress manipulation. However, maternal separation at 
PND2-14 has been previously shown to impair dEBC performance in 
male rats (Wilber et al., 2007, 2010; Wilber and Wellman, 2009b). The 
impairment in acquisition using a 60-min separation paradigm was 
further associated with upregulation of glucocorticoid receptors in the 
interpositus nucleus of the cerebellum, a key node in the dEBC circuit 
(Wilber and Wellman, 2009a, 2009b; Wilber et al., 2007). Some key 
differences between Wilber and colleagues’ studies and the current 
study may help to explain the facilitation, rather than impairment, 
found here. First, the current study used a shorter CS onset-to-US onset 
interval of 350 ms, compared to the longer 580 ms interval used by 
Wilber and colleagues in two of their three studies (Wilber and Wellman, 
2009a; Wilber et al., 2007). However, Wilber and colleagues used the 
same interval employed here in their third dEBC study (Wilber et al., 
2010). Second, Wilber and colleagues used a mixture of 80% CS-US and 
20% CS-alone trials in dEBC while the current study used 100% CS-US 
trials. Third, the maternal separation dEBC impairment reported by 
Wilber and colleagues typically emerged only after 5–6 sessions of dEBC; 
the maternal separation-associated facilitation reported here was pre
sent from the first session of dEBC, persisted through 6 sessions of dEBC 
into the beginning of extinction nine days later, and was still present 
during reacquisition. Fourth, the current study evaluated rats on dEBC at 

Fig. 4. Maternal separation extinction and re-acquisition. Percentage of eye
blink conditioning responses as a function of 10-trial block in extinction ses
sions 1 and 2, and reacquisition (mean � SEM). Extinction session 1 began 9 
days after the last session of conditioning. Group Maternal Separation showed 
greater retention (greater percentage of conditioned responses in blocks 1 and 2 
of extinction session 1) and greater reacquisition than Group No Maternal 
Separation, p’s < 0.05. 
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young adulthood (PND49-55 at the start of dEBC), while Wilber and 
colleagues’ rats were older (at least PND70-176 at the start of dEBC). 
Taken together, the inconsistency between the current findings and 
those from Wilber and colleagues indicates a limitation in the general
izability of previously reported impairments and warrants further 
investigation. 

Age at assessment does appear to influence the neural alterations 
observed following stress. In a follow-up study by Wilber and colleagues, 
at PND15, immediately after the 60-min separation stressor that 
occurred from PND2-14, male rats exhibited fewer total glucocorticoid 
receptors and a lower percentage of glucocorticoid-rich neurons in the 
posterior interpositus nucleus of the cerebellum compared to non- 
stressed controls of the same age (Wilber and Wellman, 2009a). 
Although no significant difference was present at PND 21, glucocorti
coid receptor expression was higher in maternal-stressed males in 
adulthood (PND79-116) compared to same age controls (Wilber and 
Wellman, 2009a; Wilber et al., 2007). Moreover, adult acquisition 
learning deficits following separation stress were likely mediated by 
these glucocorticoid changes, as injections of mifepristone impaired the 
performance of non-stressed rodents while normalizing stress-induced 
impairments in performance (Wilber et al., 2010). 

Assessment in the current study (PND49-72) occurred between the 
developmental timepoints evaluated by Wilber and colleagues (Wilber 
and Wellman, 2009a), although this is likely too small a window during 
adulthood for large neural differences to emerge. An alternative expla
nation may be the role of maternal behavior beyond the duration of the 
stressor. Similar changes in glucocorticoid receptors have been reported 
following limited bedding, including fewer total glucocorticoid re
ceptors in male rats immediately following the stressor (assessed at 
PND9, stressor occurring PND2-9) (Avishai-Eliner et al., 2001). In 
contrast to the adulthood increase observed for separation-stressed rats, 
this decrease in glucocorticoid receptors persists into adulthood (12 
weeks) for limited bedding-stressed rats (Maniam et al., 2016). A sig
nificant discrepancy between the two early life stress paradigms that 
may have resulted in the different dEBC outcomes within the current 
study is maternal behavior. 

Limited bedding as a stressor is chronic and consistent (i.e., the re
sources are consistently limited during the manipulation), which may 
help the dam adapt to the stressor, developing coping strategies (Walker 
et al., 2017). In contrast, the lack of consistency in maternal separation 
(i.e., the separation occurs daily, but only for a short period of time) may 
result in more variable changes in maternal behavior, including neglect 
and aggression that make this manipulation more severe (Murthy and 
Gould, 2018). Theoretically, these changes to dam behavior could 
extend until the pups are weaned, causing additional effects as the pups 
continue to mature. Likewise, various extraneous factors (e.g., staff, 
lighting, cage disruptions, etc.) may have altered maternal behavior 
between the Wilber studies and the current study, resulting in the dif
ferences in maternal separation conditions alone. 

In addition to these indirect effects on the pup, some key differences 
in direct effects have previously been reported. For example, the wire 
mesh insert used in limited bedding paradigms can result in a loss of heat 
to the pups, perhaps contributing to weight loss and, accordingly, a host 
of other physiological and behavioral outcomes (Walker et al., 2017). 
Maternal separation rat pups do not have this metal platform and, in 
fact, are incubated during separation to maintain thermoregulation. It 
should be noted that in the current study there were no pre-surgery 
weight differences between treatment and control groups and, thus, 
findings are not likely better explained by developmental complications 
due to poor nutrition or insufficient weight. 

Facilitated dEBC following stress is not novel to the animal literature. 
A series of studies by Shors and colleagues investigated the effects of 
long-term and acute adult stress on dEBC. In a 4-day restraint and 
inescapable shock stress paradigm, male rats exhibited facilitated con
ditioning (increased rate of acquisition and total percentage of CRs) 
(Shors et al., 1992). Interestingly, the delay paradigm used a CS 

onset-to-US onset interval of 250 ms, which is closer to the interval 
employed in the current study. These effects were not specific to 
long-term or restraint/shock stress. Male rats exhibited facilitation of CR 
acquisition following tail shock alone or forced swim stress (Shors, 
2001) and such effects were observed immediately (30 min) following 
the administration of the stressor as well as 24-h later (Shors, 2001). A 
single administration of restraint and inescapable shock stress elicited 
facilitated conditioning in male rats compared to unstressed male rats 
(Wood and Shors, 1998). Female rats that underwent this paradigm 
exhibited impaired conditioning relative to unstressed female rats, a 
finding which was prevented by ovarectomization or the pharmaco
logical blockade of estrogen receptors (Wood and Shors, 1998). Perhaps 
unsurprising, increasing cerebellar estrogen alone has been shown to 
facilitate conditioning, likely by increasing the arborization of the pri
mary inhibitory neurons in the cerebellum and dEBC circuit, Purkinje 
cells (Hoffman et al., 2016; Leuner et al., 2004). 

4.1. Limitations and future directions 

While the current study serves as a positive step in the differentiation 
of early life stress models, particularly regarding foundational processes, 
limitations must be considered. First, since this is the only independent 
replication of Wilber and colleagues’ work, it remains unclear if the 
differences in findings are due to the variability in task parameters (e.g., 
ISI, age at evaluation, etc.), or other study factors. Going forward, it will 
be critical to match the two different paradigms, limited bedding and 
maternal separation, as closely as possible. One first step may be to 
extend the length of limited bedding to PND2-14 to match the duration 
of maternal separation. Alternatively, a scarcity model, in which 
bedding resources are limited but access to the bedding is not impeded 
may eliminate the confound of thermoregulation differences due to the 
metal insert. 

Second, the impact on the cerebellum of these early life stress models 
remains to be fully characterized, including the measurement and 
quantification of key cells, proteins, and neurotransmitters (e.g., estro
gen, glucocorticoid receptors). Maternal separation stress (4 h daily, 
PND1-21) has been shown to reduce c-Fos expression in cerebellar deep 
nuclei and decrease oxidative activity in the cerebellar medial zone in 
adult males and females (Gutierrez-Menendez et al., 2019). One po
tential explanation for these effects is stress-related changes in the 
modulatory role of the cerebellar endogenous cannabinoid (endo
cannabinoid) system. A study from our group identified long-term 
changes (at PND70) in the cerebellar endocannabinoid system in adult 
rats that had experienced limited bedding (PND2-9) (Moussa-Tooks 
et al., 2020). These findings showed that, in males, limited bedding 
decreased cerebellar 2-AG in tissue from the interpositus nucleus, but 
not tissue from cerebellar cortex. Relatedly, cannabinoid receptor type 1 
(CB1R) knockout mice exhibit poor dEBC acquisition and retention of 
the conditioned response (Kishimoto and Kano, 2006). In a series of 
studies, Steinmetz and Freeman have shown that CB1R agonists injected 
peripherally or infused into cerebellar cortex prior to dEBC impair 
conditioning (Steinmetz and Freeman, 2010, 2011, 2013, 2016, 2020). 
CB1R agonists facilitate dEBC if administered 1 h after dEBC sessions 
(Steinmetz and Freeman, 2016). In the human literature, Skosnik and 
colleagues (Skosnik et al., 2008) have shown a similar modulatory role 
in humans by showing that dEBC acquisition is impaired in cannabis 
users (exogenous cannabinoids). Given these system changes and the 
broad deficits following early life stressors, it will be useful to the future 
of the field to integrate behavioral and neurobiochemical assays 
following early life stress, with a focus on changes to large regulatory 
networks including the endogenous cannabinoid system and 
cerebellum. 

Third, sex differences were not evaluated in the current study, pri
marily because past studies of dEBC and maternal separation did not 
identify effects in females (Wilber et al., 2007). Substantial work on the 
sex-specific cerebellar effects following stress (Moussa-Tooks et al., 
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2020; Wood and Shors, 1998), as well as the role of sex hormones in 
cerebellar development (Hoffman et al., 2016; Leuner et al., 2004) 
suggest that this is an important line of inquiry. Finally, although the 
task used in this study was highly controlled and well-defined, the 
questions in this study could be extended to additional 
cerebellar-related tasks (e.g., spatial navigation, working memory, 
cognitive flexibility, decision making, and social function) to assess the 
role of stress across cerebellar and cerebellar-cortical circuits (Shipman 
and Green, 2020; Stoodley et al., 2017; Deverett et al., 2018). 

4.2. Conclusion 

Taken together, it is critical that early life stress paradigms them
selves and the claims made about their mechanisms be better specified 
to properly leverage these paradigms and increase their translational 
value. The current study provides a helpful first step in directly 
comparing two prominent models, limited bedding and maternal sepa
ration. Understanding how these behavioral stress models induce 
behavioral performance differences, specifically in a well-characterized 
behavioral task such as dEBC used here, will help investigate and 
pinpoint circuit alterations that promote resilience or risk. 
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