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Abstract
Our goal was to examine the relationship between early life trauma and the development of visceral
hypersensitivity in later life in irritable bowel syndrome (IBS). Rat pups underwent neonatal
conditioning: (i) paired odour-shock, where odour is a predictable shock signal, (ii) unpaired odour-
shock, where odour is an unpredictable shock signal or (iii) control odour-only with odour
presentations and handling without shock. At maturity, colorectal sensitivity was measured as a
visceromotor behavioural response. In adulthood, colorectal distension (CRD) induced a pressure-
dependent increase in the number of abdominal muscle contractions all three experimental groups.
However, compared to animals that had received control odour-only presentations in infancy, there
was an attenuated response to CRD in animals previously exposed to neonatal predictable shock pups
and an exaggerated response in the animals previously exposed to neonatal unpredictable shock.
Adult responses to CRD were altered by infant experience with shock trauma. However, depending
on the context of that early life trauma, there are major differences between the long-term effects of
that early life trauma on colonic sensitivity compared to controls. These results strengthen the link
between early life trauma and adult IBS, and suggest that unpredictable trauma is a critical factor for
later life disorders.
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INTRODUCTION
Symptoms of irritable bowel syndrome (IBS) related to gastrointestinal dysfunction include
abdominal cramping with pain, and concurrent abnormal bowel habits such as episodes of
diarrhoea, constipation or both. One important observation is that the symptoms of IBS are
due in part to alterations in visceral perception, which are characterized by heightened
awareness of visceral stimuli.1-4 Furthermore, there is sufficient evidence that suggests an
important link between the development of heightened visceral perception and psychosocial
factors. Thus, IBS is most likely a multi-factorial biopsychosocial disorder in which
physiological, psychological, behavioural and environmental factors all contribute to the
clinical expression of the disorder.5-9
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While many factors contribute to the pathophysiology of IBS and other gut disorders, emotional
stress, physical stress, anxiety and more importantly unpredictable stress have been shown to
increase the risk for developing IBS.10-16 These stress/anxiety-induced effects are associated
with colonic hypersensitivity and abnormal bowel motility in rodents17,18 as well as
hyperresponsiveness of the hypothalamic-pituitary-adrenal axis (HPA-stress axis) as
demonstrated by corticotropin releasing factor (CRF) hypersecretion and higher release of
corticosterone (CORT).19,20 Within the central nervous system (CNS), many structures are
involved in stress, anxiety and HPA regulation including the hypothalamus, hippocampus and
limbic regions and may play a role in visceral hypersensitivity in rodents.21-23 Thus, while
IBS has historically been associated with psychosomatic factors, more recent research has also
clearly documented abnormalities in neuroendocrine systems and the brain.24-26

Clinically, IBS is associated with early life trauma as adults who have experienced child abuse
exhibit significantly higher rates of depression and IBS.16,17,20,27,28 Early life adverse
experience, has been modelled by early life stressors, such as prolonged maternal separation
or electric shock, which leads to heightened adult emotionality and anxiety.29-34 Recent work
using the maternal separation model has shown that early life manipulation alters adult gut
function and worsens IBS symptoms as measured by visceral hypersensitivity.35-41 However,
the impact of infant trauma using shock, which enables the effects of early life trauma to be
placed in the context of predictable vs unpredictable infant pain, has not been assessed. It is
recognized that shock alters later emotionality; with unpredictable shock producing significant
enhancement in adult emotionality compared to predictable infant shock, which is consistent
with the adult literature on trauma predictability.42,43 In the current study, we assessed the
potential effects of predictable (paired odour-shock) and unpredictable infant trauma (unpaired
odour-shock) using a Pavlovian olfactory fear-conditioning paradigm44-46 on colonic
hypersensitivity in adulthood.

MATERIALS AND METHODS
Experimental animals

Long–Evans hooded male and female rats received infant conditioning (n = 52) and later tested
in a two-odour choice test (post-natal (PN)13; n = 18) or in an adult anxiety test (5–6 months:
n = 18) at the University of Oklahoma, Norman campus. At 3–4 months, the remaining rats
(n = 16) were transferred to the Veteran's Administration (VA) Medical Center animal facility
located at the University of Oklahoma Health Science Center for colorectal sensitivity
experiments. Animals were handled for 2 weeks before distension experiments. At both
facilities, rats were group-housed with ad libitum food and water, in standard rodent cages at
23 °C in a light-dark controlled room. Both animal facilities are AAALAC accredited and
experiments were approved by the respective institutional Animal Care and Use Committee.
No animals were eliminated from any test and animals only participated in one test.

Postnatal conditioning and behavioural testing
Rat pups were trained from PN days 8 through 12 and assigned to one of three training 1-h
training sessions: (i) paired odour-shock (predictable shock); (ii) unpaired odour-shock
(unpredictable shock); and (iii) odour-only (control). Pups received 11, 30 s odour
presentations of a 30 s peppermint odour (CS) with an inter-trial interval of 4 min. Paired odour-
shock subjects received the 0.5 mA shock during the last second of the odour presentation,
while unpaired odour-shock subjects received a 1-s shock 2 min after an odour presentation.
Peppermint odour was presented with a flow-dilution olfactometer at 2 L min−1 at a
concentration of 1 : 10 peppermint vapour. Acquisition curves were recorded during
conditioning to verify learning by recording behavioural activation.44-46
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To verify odour preference learning, some pups were given five trials in a Y-maze test
consisting of a habituation chamber (8.5 cm width, 10 cm length, 8 cm height) and two alleys
(8.5 × 24 × 8 cm) separated via two doors (familiar pine wood shavings vs 25 mL peppermint).
Each pup was placed in the starting chamber and given 5 s for habituation before the doors to
the alleys were removed. Testers were unaware of pups training conditions.44-46

Anxiety was assessed in adulthood using a light-dark emergence test, which utilizes rats
avoidance of bright areas compared to darker areas and assumes the latency to enter and total
time spent in the light box predicts the level of anxiety. The plastic apparatus (53 cm long ×
12 cm wide × 18 cm height) was divided into two compartments by a sliding door: one
compartment was painted black and shut-off from all light while the light, larger compartment
was painted white and brightly lit. At the beginning of the test, the rat was placed in the dark
box and given 1 min to habituate before the door separating the dark and light boxes was
opened. Each animal was given 10 min to explore. The latency to enter the light box and the
total time spent in the light compartment were recorded. Rats were considered to have entered
the light compartment when the rat's entire body had passed the separation between the two
compartments. The floor was cleaned between each test. During the testing, observers were
completely blinded to the training condition.

Animal preparation and instrumentation for colonic sensitivity assessment
After an overnight fast, adult rats were anesthetized by isoflurane inhalation (1.5–3.0%
isoflurane) via a small facemask. A visceromotor behavioural response (VMR) was measured
as a model for quantifying the level of visceral pain in rats.47 Attachment of a strain gauge
force transducer to the abdominal oblique muscle allows direct monitoring of muscle
contractile activity and has been used in many related studies.48-51 A colorectal balloon was
inserted via the anal canal (11.5 cm) and secured by tape to the base of tail. The rat was then
allowed to recover for 30–45 min.

Colorectal distension
After the rat regained consciousness, 30-min recovery periods were allowed before colorectal
distensions (CRD) began. A control period with the balloon inserted but not distended was
allowed for 10 min. Following the control period, three distensions were performed at 20, 40
and 60 mmHg of balloon pressure. Distension durations were 10 min each followed by a 10-
min resting period between distensions. Abdominal muscle contractions were recorded during
a basal period of 10-min and continued for all 10-min distension periods. During the testing,
observers were completely blinded to the training condition. Immediately following the last
CRD, rats were anesthetized using isoflurane inhalation (5%) and then euthanized.

Data analysis
Following odour-shock conditioning, behavioural testing was conducted at PN13 using a Y-
maze (conditioned vs the familiar odour). Five consecutive choices were determined for each
animal. At adulthood, rats were given either a dark-light emergence testing in which the latency
to enter and total time spent in the light compartment were measured or transferred to the VA
animal facility to undergo colorectal sensitivity assessment. Data are reported as the mean ±
standard error (SEM) for each treatment group and comparisons between the three treatment
groups were made using ANOVA F-statistical analysis. Differences between the groups were
considered significant at P ≤ 0.05. As adults no animal was used in more than one test.

The VMR to CRD was measured as the number of abdominal muscle contractions recorded
during each 10-min distension period. Data are reported as the mean ± standard error (SEM)
for each treatment group and comparisons between the three treatment groups were made using
ANOVA testing followed by Tukey–Kramer post-test for comparisons between controls, random
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and paired groups. Significant difference was inferred when the Tukey–Kramer test resulted
in a P-value of ≤0.05.

RESULTS
Our goal was to examine the relationship between early life trauma and colonic hypersensitivity
in later life using a rodent model.

Behavioural testing
Following shock-odour conditioning treatments and as outlined in the material and methods
section, behavioural testing was conducted on PN13 using a Y-maze. As illustrated in Fig. 1,
during testing only pups in the paired odour-shock group learned an odour preference [F (2,15)
= 12.727, P < 0.001], replicating previous results.44-46 After reaching adulthood, rats were
subjected to dark-light emergence testing in which the latency to enter and total time spent in
the light compartment were measured (n = 6/group). As illustrated in Fig. 2, adult rats that had
received unpaired odour-shock treatment as neonates took significantly longer to emerge from
the dark compartment into the light compartment (A) and spent significantly less time in the
light (B) than both the paired group and the odour-only control groups [latency F (2,15) =
3.757, P < 0.05; total time F (2,15) = 3.769, P < 0.05].

Colonic sensitivity assessment
In adult male and female rats (age = 6–7 months, weight = 489 ± 28 g), the level of colonic
sensitivity was determined in response to mechanical distension of the colon. As illustrated in
Fig. 3, in mature rats that received odour-only control treatment as neonates (n = 4), distension
of the colon induced a pressure-dependent increase in the VMR quantified as an increase in
the number of abdominal muscle contractions in response to CRD. In mature rats that received
the unpaired (unpredictable) shock treatment as neonates (n = 6), there was an exaggerated
response to CRD that was statistically different at distension pressures of 40 and 60 mmHg
from the odour-only control animals. In contrast, in mature rats that received odour-shock
treatments as neonates, which were paired (n = 6), there was a trend toward a reduction in the
VMR to CRD compared to the odour-only controls, which was statistically significant at the
lowest distension pressure of 20 mmHg. In these experiments, there was no difference in the
VMR to CRD between males (n = 9) and females (n = 7) [odour only: 20 mmHg male = 8.3 ±
1.2 vs female = 9, 40 mmHg male = 14.7 ± 0.7 vs female = 15, 60 mmHg male = 24.3 ± 0.9
vs female = 22 abdominal contractions/10 min); odour-shock unpaired: 20 mmHg male = 10.5
± 1.8 vs female = 11.5 ± 1.5, 40 mmHg male = 22.8 ± 2.9 vs female = 19.5 ± 0.5, 60 mmHg
male = 32.5 ± 3.7 vs female = 30.0 ± 3.0 abdominal contractions/10 min); odour-shock paired:
20 mmHg male = 5.5 ± 1.8 vs female = 5.3 ± 1.3, 40 mmHg male = 10.5 ± 1.0 vs female =
12.3 ± 1.1, 60 mmHg male = 18.5 ± 3.0 vs female = 21.8 ± 1.2 abdominal contractions/10 min].

DISCUSSION
Abdominal pain is the major symptom in IBS and is due in part to a heightened sensitivity to
luminal distension.1-3. There is heightened visceral sensory perception (hyperalgesia) in IBS
with gastrointestinal distension evoking pain at lower distension pressures compared to
asymptomatic control subjects. Visceral hyperalgesia in IBS patients has been postulated to
develop as a result of an earlier sensitizing event (i.e. stress/anxiety or peripheral
inflammation). As a result, a manifestation of these sensitizing events is that responses to CRD
are accentuated in animals and IBS patients with visceral hypersensitivity.4,12

While the causes of IBS remain elusive, an association exists with psychosocial factors such
as childhood abuse.6,16,17,27,28,52 In the current study, the IBS-infant trauma relationship,
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within the context of predictable vs unpredictable trauma, was assessed using a model of odour
conditioning. We confirmed that during the testing only pups in the paired odour-shock group
learned the odour preferences. This odour conditioning appears to mimic learning the maternal
odour, which controls pups orientation to the mother.53 Interestingly, attachment under
adverse experiences has also been demonstrated in a wide range of species including chick,
dogs, as well as non-human and human primates.54-56 Learning limitations have also been
documented in infant dogs, which continue to approach a human attendant who has shocked
and mishandles the puppies.57 Similar rough handling by the caregiver in non-human primates
produces approach responses in the dependent infant.54,58,59 Finally, similar to our present
results, young rat pups show attenuated inhibitory conditioning and passive avoidance learning.
60,61

In the current study, colonic sensitivity was measured in the postnatal-treated rats when they
reached adulthood. The results show a correlation between early unpredictable trauma and
adult heightened sensitivity to luminal distension, characteristic of IBS. Specifically, we
demonstrate that there is a significant difference between the long-term effects of predictable
vs unpredictable stress as a neonate. The potential mechanisms responsible for the increase in
visceral sensitivity in our unpredictable group and the decrease in visceral sensitivity in the
predictable shock group require further investigation. However, when our data are integrated
into the existing literature, two potential mechanisms emerge to explain our findings. First,
differences in emotion/anxiety mediated through the corticotropin (CORT) and CRF-mediated
mechanisms could account, at least in part, for group differences. It is likely that effects related
to fear-conditioning and pain responses are due to alterations in the brain structures such as
the hippocampus, cortex, periaqueductal grey, paraventricular nucleus (PVN) of the
hypothalamus, amygdala and brain stem, many of which are altered by pain experienced in
early development.8,62,63 In support of a possible involvement of the amygdala, we have
shown that direct CORT implantation onto the central amygdaloid nucleus (CeA), which
communicates directly with the PVN and other PVN-connected structures, produces colonic
hypersensitivity in rodents.24-26

The effects of early life stress and trauma produces profound and enduring effects on both brain
and behaviour. These effects have been documented using paradigms such as maternal
deprivation and isolation paradigms, where pups are separated from the removed from the nest
and mother for prolonged periods of time. These manipulations modify emotional expression,
including modifications of fear, learning, CORT/CRF expression and associated limbic
structures.29,32,33,64-66 Indeed in our assessment of anxiety, the unpaired group, with
visceral hypersensitivity as adults, showed delayed emergence from the dark box as compared
to the unshocked odour-only controls and predictable shock groups. The data showing that
unpaired conditioned rats display higher levels of anxiety are also consistent with the clinical
literature where emotional stressors and increased anxiety often exacerbate symptoms in IBS.
Psychosocial problems that increase anxiety, such as a history of physical, emotional and sexual
abuse are also more frequent in IBS patients than in those that have organic disease of the
gastrointestinal tract.6,16,17,27,28,52 These findings are also consistent with the maternal
deprivation/separation model of early life trauma that has already demonstrated effects on
emotionality/anxiety probably mediated through the CORT stress system/CRF and the
amygdala.35,35 Furthermore, our previous work and that of others has clearly demonstrated
that the amygdala is involved in visceral hypersensitivity perhaps mediated through CORT and
CRF targeting the amygdala.24-26 However, increased anxiety was not seen in the paired
odour-shock (predictable) treatments, which showed some reduction in the VMR compared to
the control group at the lowest distension pressure of 20 mmHg. A second potential mechanism
to explain different visceromotor responses to CRD between the infant experience groups is
that the colonic mucosal function in response to stress may itself have been altered differentially
by predictable and unpredictable shock. Indeed, a low-grade colonic inflammation may play
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a role in the pathogenesis of IBS.67 Moreover, the maternal deprivation/separation model of
infant trauma, known to induce colonic hypersensitivity, has been associated with intestinal
epithelial barrier disruption increasing permeability for macromolecules in response to stress
and mucosal immune changes such as increases in mast cell density.41,68 Furthermore, in
support of a link between stress and mast cell function, Pavlovian conditioning has been shown
to induce nasal tryptase release by mast cells in humans.70 and rat mast cell protease II.70 A
third potential explanation for the differences observe between the predictable and
unpredictable shock is that differences in noradrenaline turnover in different brain regions may
have occurred.71,72 Taken together these findings provide possible explanations concerning
differences in unpredictable and predictable shock stress effects known to contribute to adult
somatic function and the gastrointestinal tract.15 However, because early life stress and trauma
produces profound and enduring effects on both brain and behaviour, further experiments are
required to delineate causation. An interesting and possibly important observation was the
decrease in visceral sensitivity, characterized as a reduction in the VMR to CRD at the lowest
distension pressure (20 mmHg) observed in adult rats exposed to predictable shock compared
to odour-only controls. This finding suggests that at levels of luminal distension considered
non-nociceptive, predictable early life trauma may also affect colorectal sensitivity.

In summary, the current study demonstrates in a rodent model that unpredictable, but not
predictable early life trauma produces colonic hypersensitivity in adulthood. Taken together,
this study has possible implications for the long-term effects of infant trauma and suggests a
potentially important role for the context of trauma in somatic health outcome.
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Figure 1.
Neonatal experience with paired odour-shock resulted in an odour preference. In neonatal pups,
5 days of pairing odour and aversive shock (0.5 mA) resulted in a relative odour preference
during infancy. Unpaired odour-shock and odour-only learning controls did not exhibit
learning in the 2-odour choice Y-maze test (*P < 0.01 from both unpaired and odour-only
treatment groups).
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Figure 2.
Neonatal experience with unpaired odour-shock enhances anxiety in adult rats. Adult rats
previously exposed to neonatal unpredictable neonatal pain showed a significantly higher
latency to enter (A) and total time spent (B) in a light box. Adult rats that received paired odour-
shock or the odour-only treatments as neonates did not display the same delay to enter and
remain in a light box (*P < 0.05 from both paired and odour-only treatment groups).
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Figure 3.
Neonatal experience with unpaired odour-shock enhances colorectal sensitivity in adult rats.
In adult rats previously exposed to neonatal unpredictable pain, the level of colorectal
sensitivity to luminal distension was assessed. Colorectal distension at pressures of 20, 40 and
60 mmHg for 10 min in the unpaired odour-shock group exhibited a greater visceromotor
behavioural response (measured as the number of abdominal contractions per 10 min distension
period), when compared to the odour-only and paired odour-shock treatment groups (*P <
0.05; **P < 0.01 from unpaired treatment group).
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