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Abstract
This investigation examined the effect of footshock on responses of 283 spinal dorsal horn
neurons (DHNs) to urinary bladder distension (UBD). Female rats were treated with seven daily
sessions of footshock (chronic footshock, CFS), six accommodation sessions followed by one
exposure to footshock (acute footshock, AFS), or handled similarly without receiving any
footshock (no footshock, NFS). After the final footshock or NFS session, rats were anesthetized, a
laminectomy performed and extracellular single-unit recordings of L6-S1 DHNs obtained in intact
or spinalized preparations. Neurons were classified as Type I - inhibited by heterotopic noxious
conditioning stimuli (HNCS) or as Type II - not inhibited by HNCS - and characterized for
spontaneous activity and for neuronal discharges evoked by graded UBD. A differential effect of
footshock-induced stress was noted on neuronal subgroups. In intact preparations, Type I neurons
were less responsive to UBD after either chronic or acute stress, while Type II neurons
demonstrated significantly augmented responses to UBD. This enhanced neuronal responsiveness
to UBD was present in spinalized preparations following exposure to CFS but not AFS. Type I
neurons were still less responsive to stress in spinalized preparations following CFS and AFS.
This study provides further evidence that (1) at least two populations of spinal neurons exist which
encode for visceral stimuli and are likely to have distinct roles in visceral nociception, and that (2)
the chronic stress-induced enhancement of DHN responses to UBD involves changes in at the
spinal level while the acute stress effects are dependent on a supraspinal substrate.
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1. Introduction
Stress is one of the most common human experiences and one that modifies many other
experiences, including pain. It is the rule rather than the exception that stressful life events,
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unless coupled with other major physiological events such as pregnancy, lead to an
exacerbation of underlying pain disorders. A prominent role for stress in the
pathophysiology and clinical expression of many pain states has been well-documented
[Dancy, et al., 1998; Farber et al., 1986; Garrett et al., 1991; Thomason et al., 1992; Zautra
et al., 1997]. Under normal conditions, acute stress induces transient release of stress-related
hormones, which can act as pro-inflammatory mediators to produce short-term effects in
peripheral tissue [e.g., Boucher et al., 2010; Theoharides et al., 1998]. However, chronic
stress can result in long-term and maladaptive physiological changes. For example, repeated
large increases in the release of stress hormones can subsequently sensitize central stress
system responsiveness [McCormick et al., 1998].

Stress is frequently reported as an exacerbator of pain symptoms in humans [Bennett et al.,
1995; Rothrock et al., 2001; Zautra et al., 1997], and indeed, stress has been suggested to
play a causative role in development of some functional disorders of visceral systems,
including interstitial cystitis (IC). IC is a painful bladder syndrome [Bennett et al., 1995;
Macaulay et al., 1987] that primarily affects the female population and is characterized by
pelvic and/or perineal pain, urinary urgency and frequency, and nocturia. A majority of IC
patients report symptom exacerbation during periods of clinical stress, and acute
experimental stress increases bladder pain and urgency in these individuals [Koziol et al.,
1993; Lutgendorf et al., 2000]. As severity of the disease increases, the relationship between
stress and symptom manifestation becomes even more evident [Rothrock et al., 2001].

Animal studies have demonstrated that acute [Schwetz et al., 2005; Bradesi et al., 2002] and
chronic exposure to stressors such as restraint [Costa et al., 2005; Gamaro et al., 1998;
Hirata et al., 2008; Toulouse et al., 2000], footshock [Robbins and Ness, 2008] and water
avoidance [Bradesi et al., 2005; Mayer et al., 2001; Robbins et al., 2007] alters visceral
nociceptive processing. Specifically, these manipulations produce a hypersensitive state
reflected as augmented visceromotor responses to stimulation of the gut and urinary bladder.
This hypersensitivity likely occurs via a combination of stress-induced cellular, molecular,
neuroendocrine, and physiological changes [Imaki et al., 1991; Kuipers et al., 2003; Van
Dijken et al., 1993]. The current study examined whether exposure to intermittent footshock
activates the hypothalamic-pituitary-adrenocortical (HPA) axis, thus supporting its utility as
an experimental stressor, and whether intermittent footshock produces neurophysiological
changes in the spinal dorsal horn. We have previously demonstrated that bladder
inflammation differentially affects two subpopulations of DHNs that can be distinguished by
their responses to the application of a heterosegmental noxious conditioning stimulus
(HNCS) [Ness et al., 2009]. Here, the modulatory effect of intermittent footshock was
assessed by examining responses of DHNs to urinary bladder distension (UBD) following
exposure to chronic and acute footshock in both intact and spinalized preparations.

2. Results
2.1 Plasma Corticosterone Levels

To verify that footshock exposure is a stressor, ELISA was used to quantify plasma
corticosterone levels in rats exposed to the CFS, AFS and NFS conditions. A one-way
ANOVA revealed a significant effect of group (F(2,20)=23.13; p<0.01). Post-hoc contrasts
indicated that compared to the NFS condition (3283.38 ± 758.53 pg/ml), plasma
corticosterone was significantly increased following both AFS (12399.71 ± 1359.03 pg/ml;
p<0.01) and CFS (7825.57 ± 897.45 pg/ml; p=0.01) (Figure 1). Furthermore, AFS produced
a significantly greater increase in circulating corticosterone than CFS (p=0.023).
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Intact Animals
2.2.1. Description of neurons responsive to UBD—UBD-evoked responses of 130
neurons were examined (Table 1). Using previously published criteria related to neurons
excited by UBD [Ness and Castroman, 2001], approximately one-third (n=49) were
designated as Type I neurons as a result of their observed inhibition to a HNCS. Most of
these (n=20 for NFS condition; n=16 for AFS condition; n=7 for CFS condition) were of the
class 2 (wide dynamic range; WDR) type, excited by both noxious and nonnoxious
cutaneous stimuli. Assessment of cutaneous receptive fields demonstrated that half of the
Type I neurons in the NFS condition had predominantly unilateral receptive fields,
comprising 4 or 5 dermatomes, and half of the neurons had small receptive fields made up of
only 1 or 2 dermatomes. Receptive fields of Type I neurons were similarly distributed in the
footshock-exposed rats (62% medium, unilateral and 38% small for CFS condition; 58%
medium unilateral and 42% small for AFS condition).

Most of the total neuronal sample in the intact preparations (n=81) were not inhibited by
HNCS and were designated as Type II neurons. Cutaneous classification and receptive field
characteristics of these neurons differed from Type I neurons. Approximately half of the
Type II neurons examined were of the class 2/WDR type and half were designated as class 3
(nociceptive specific; NS), responding only to noxious cutaneous stimuli. Receptive fields
were similar in the three groups of Type II neurons, with approximately half of neurons
(41% in NFS and AFS conditions; 59% in CFS condition) exhibiting large, bilateral
receptive fields. The other half of the Type II neurons examined had medium-sized,
predominantly unilateral receptive fields (59%, 52% and 41% for NFS, AFS and CFS
conditions, respectively). Seven percent of neurons in the AFS condition had small receptive
field sizes.

2.2.2. Effect of footshock—One noteworthy discovery of this study is that exposure to
footshock stress differentially affected UBD-evoked discharges of Type I versus Type II
neurons. A repeated measures ANOVA revealed a significant effect of footshock on Type II
neurons (F(2,76)=6.341; p<0.01). Post-hoc tests indicated that UBD-evoked responses of
Type II neurons were significantly augmented after either AFS or CFS at all distension
pressures tested (Figure 2A). In contrast, no alterations in UBD-evoked responses of Type I
neurons were evident after footshock (F(2,46)=0.026; p=0.975). Total activity of Type II
neurons to a 60 mmHg UBD stimulus also increased following footshock (Figure 3A), and
this was significant only after CFS exposure (t=2.382; p=0.021). Examination of
spontaneous activity revealed that Type I neurons demonstrated a significant decrease in
spontaneous activity after either AFS exposure (t=2.263; p=0.03) or CFS exposure (t=2.708;
p=0.012) compared to the NFS condition (Figure 3A). Spontaneous activity of Type II
neurons was unaffected by either footshock paradigm. These data indicate that exposure to
either acute or chronic footshock stress increases excitability of Type II spinal DHNs to
distension of the urinary bladder. In contrast, Type I neurons are actually inhibited by
footshock stress, as evidenced by the observed decrease in their spontaneous activity.

2.2 Spinalized Animals
2.3.1. Description of neurons responsive to UBD—Responses of 153 neurons to
UBD were examined in spinalized preparations following exposure to a footshock stressor
or to the NFS condition (Table 2). Of these, approximately half (n=82) demonstrated
inhibition to a HNCS and were designated as Type I neurons. Most of these (n=21 for NFS
condition; n=24 for AFS condition; n=26 for CFS condition) were of the class 2/WDR type,
excited by both noxious and nonnoxious stimuli. Assessment of cutaneous receptive fields
demonstrated that 68% of the Type I neurons in the NFS condition had predominantly
unilateral receptive fields, comprising 4 or 5 dermatomes, whereas 32% of the neurons had
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small receptive fields made up of only 1 or 2 dermatomes. Examination of Type I neurons in
the footshock-exposed rats revealed a similar distribution of receptive fields (AFS condition:
72% medium, unilateral; 28% small; CFS condition: 64% medium, unilateral; 36% small).

Approximately half of the total neuronal sample (n=71) were not inhibited by HNCS and
were designated as Type II neurons. Although cutaneous classification and receptive field
characteristics of these neurons differed from Type I neurons, they were similar between the
CFS and NFS conditions. Half of the Type II neurons in both conditions were of the class 2/
WDR type and half were designated as class 3/NS, responding only to noxious stimuli. One
neuron in the footshock condition was excited only by non-noxious stimuli. Receptive fields
were also similar in the two groups of Type II neurons, with the majority of neurons (77%
and 62% in NFS and CFS conditions, respectively) exhibiting large, bilateral receptive
fields. 14% and 23% of neurons in the NFS and footshock conditions, respectively, had
medium-sized, predominantly unilateral receptive fields, and a few neurons (9% and 15% in
NFS and CFS conditions, respectively) had small receptive field sizes. Characteristics of
Type II neurons assessed in the AFS condition differed slightly. Most of these neurons were
of the class 2 type (61%), and the rest (39%) were designated class 3. The majority of these
neurons (70%) had medium-sized receptive fields, with 30% of the neurons exhibiting large
receptive field sizes.

2.3.2. Effect of footshock—Similar to the phenomena observed in the intact preparation,
exposure to footshock stress differentially affected UBD-evoked discharges of Type I versus
Type II neurons in spinalized preparations. A repeated measures ANOVA again revealed a
significant effect of footshock on responses of Type II neurons (F(2,68)=5.788; p<0.01).
Further analyses revealed that CFS, but not AFS, augmented UBD-evoked discharges
(Figure 2B). In contrast, footshock exposure actually decreased evoked responses of Type I
neurons (F(2,79)=3.271; p=0.043). These differences achieved statistical significance only
for the AFS and not the CFS condition when compared to the NFS condition. A statistically
significant decrease in spontaneous activity (t=4.510; p<0.01) and total activity at a 60
mmHg distension pressure (t=2.724; p<0.01) was also seen in Type I neurons but only after
CFS exposure (Figure 3B). Spontaneous and total activity of Type II neurons was
unchanged by footshock stress (Figure 3B).

These data again demonstrate that neuronal excitability of Type I spinal DHNs is decreased
after exposure to a footshock stressor (either chronic or acute). Responses of Type II
neurons are enhanced by chronic stress, and these changes occur without any influences
from supraspinal sites. In contrast, acute stress-induced changes in neuronal excitability
depend on descending modulatory influences.

3. Discussion
3.1. Footshock Activates the HPA Axis

Many studies in the field of stress biology utilize plasma ACTH and cortisol/corticosterone
concentrations as indices of stressor-induced physiological activation of the HPA axis.
Evidence shows that plasma levels of these hormones and CRF mRNA in the hypothalamus
are enhanced following exposure to footshock [Imaki et al., 1991; Iwasaki-Sekino et al.,
2009; Zelena et al., 2009]. The presence of elevated plasma corticosterone concentration
following both acute and chronic footshock exposure in the present set of experiments
provides validation of these models as physiological stress paradigms.
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3.2. Chronic Footshock Stress Produces Changes in Visceral Nociceptive Processing at
the Level of the Spinal Cord

Both acute and chronic footshock stress augmented UBD-evoked responses of Type II
neurons in the intact preparation. However, following spinalization, this increase in neuronal
activity only occurred after exposure to the CFS paradigm; responses of Type II neurons to
UBD were similar after AFS and NFS exposure. This indicates that the enhanced
responsiveness in DHNs to chronic stress occurred in the absence of any immediate
descending modulatory influence arising from a supraspinal source. These findings imply
that the enhanced responsiveness is representative of either sustained neurochemical and/or
neurophysiological changes in sensory processing at the level of the spinal cord, or that
some sustained or more permanent spinal effect derived from a supraspinal source was in
place prior to transection. Previous investigations related to chronic stress effects on urinary
bladder sensation have suggested a role for urocortins acting through corticotrophin
releasing factor 2 (CRF2) receptors [Robbins and Ness, 2008]. One would predict from the
present findings that alterations in responsiveness of spinal DHNs to the application of
urocortins to the spinal cord would be present in rats which had experienced CFS stress.
Future experiments will assess this potential neurochemical alteration.

That UBD-evoked responses of Type II neurons were unchanged by AFS exposure
following spinalization suggests that acute stress-induced augmentation of DHNs does
involve a supraspinal substrate. This finding is not surprising since a key component of the
physiological stress response is activation of the HPA axis, a feedback loop by which signals
from the brain trigger release of hormones necessary to respond to stress [Smith and Vale,
2006]. More specifically, stress stimulates release of CRF from the paraventricular nucleus
of the hypothalamus. CRF then causes the pituitary gland to release adrenocorticotrophic
hormone that stimulates synthesis and release of cortisol, epinephrine, norephinephrine, and
endorphins from the adrenal cortex. The HPA axis exerts effects on the autonomic nervous
system and glandular systems and communicates with a number of different brain regions
that control body temperature, appetite, and pain perception. Two of these supraspinal areas
are the amygdala and thalamus. Basic science studies have demonstrated a role for the
amygdala in visceral nociceptive facilitation in several animal models [Greenwood Van-
Meerveld et al., 2001; Han and Neugebauer, 2004; Ikeda et al., 2007; Myers and Greenwood
Van-Meerveld, 2007; Qin et al., 2003a, 2003b; Suarez-Roca et al., 2008]. Pain-related
plasticity within the amygdala has been observed in rats following acute onset of colitis
[Han and Neugebauer, 2004] and in a cyclophosphamide-induced cystitis pain model in
mice [Nishii et al., 2007]. Studies in the gastrointestinal system have demonstrated that
chemical stimulation of the central nucleus of the amygdala (CeA) produces behavioral [Qin
et al., 2003a, 2003b] and spinal neuronal [Greenwood Van-Meerveld et al., 2001]
hypersensitivity in response to colorectal distension. To date, two similar studies have
addressed the involvement of the amygdala in nociceptive modulation related to the urinary
bladder. Neuroendocrine peptide expression is upregulated in the CeA after
cyclophosphamide-induced cystitis of the urinary bladder [Nishii et al., 2007], and chemical
stimulation of the CeA via stereotaxic application of corticosteroids results in facilitation of
spinal dorsal horn neuronal responses to UBD [Qin et al., 2003b]. The CeA also is the area
within the amygdala from which the principal neurons that project to the basal forebrain,
hypothalamus, and brainstem structures arise [Gauriau and Bernard, 2002], and it has been
shown to exert regulatory influences over the HPA axis [Feldman and Weidenfeld, 1998;
Shepard et al., 2003]. The thalamus has long been considered to be the crucial cerebral
structure for receiving, processing, and transferring nociceptive information, including
noxious visceral sensation [Willis and Westlund, 1997]. Several studies have also reported
stress activation of various thalamic nuclei [Bubser and Deutch, 1999; Paleček et al., 2003;
Van de Kar et al., 1991], suggesting that the thalamus may be involved in HPA axis

Robbins et al. Page 5

Brain Res. Author manuscript; available in PMC 2012 April 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



regulation. It is likely that at least one of these sites is involved in chronic stress-induced
excitability of Type II spinal DHNs.

3.2. Responses of Type I and Type II DHNs Are Differentially Affected by Footshock Stress
The present study revealed a differential effect of exposure to stress on responses of two
subpopulations of DHNs that are normally both excited by UBD. In contrast to the enhanced
activity observed in Type II neurons following stress, responses of Type I neurons were
actually inhibited by stress. In intact preparations, UBD-evoked responses of Type I neurons
was essentially unchanged, but a robust decrease in spontaneous activity was evident after
exposure to either acute or chronic stress. After spinalization, evoked responses were
significantly lower in AFS-exposed animals compared to those in the NFS condition, and
both spontaneous and total activity were significantly reduced by CFS exposure. Both CFS
stress and bladder inflammation produce a similar augmentation of visceromotor reflexes
[Randich et al., 2006; Robbins and Ness, 2008], and it is notable that in spinalized
preparations, bladder inflammation also has a differential effect on neuronal subgroups
[Randich et al., 2006] similar to what was observed in the present study. In both sets of
studies, Type II neurons exhibited a significantly increased vigor of response to UBD in the
experimental groups (inflamed or chronically stressed), while Type I neurons had a
decreased vigor of response. However, the changes that occurred following inflammation
versus chronic stress were not identical. Whereas bladder inflammation produces a robust
increase in the spontaneous activity of Type II neurons, CFS-induced stress did not
significantly affect spontaneous activity of these neurons. This may reflect differences in
primary afferent input which is likely increased with bladder inflammation, but unaffected
by footshock stress. Both bladder inflammation and footshock stress increased the intrinsic
responsiveness of Type II neurons to bladder afferent inputs, but in some manner engaged
an inhibitory system that suppressed activity of Type I neurons. Similar changes in
responses of Type I and Type II neurons have been observed following inflammation of the
colon/rectum [Ness et al., 2009]. In aggregate, these findings suggest that spinal
mechanisms of various nociceptive modulatory systems may have common submechanisms
involving both excitation and inhibition of spinal DHNs that serve to alter the balance or
ratio of activity within neuronal subgroups that transmit information to supraspinal sites.

3.3. Footshock Stress Does Not Alter Cutaneous Receptive Field Properties
The characteristics of the cutaneous responses and receptive fields of the Type I and Type II
neurons in the present study (Tables 1 and 2) are similar to those of a previous report [Ness
et al., 2009] that also used UBD as the stimulus. Unlike bladder inflammation, however,
stress did not cause any obvious expansion of cutaneous receptive fields or alteration in the
response characteristics of DHNs examined in the CFS, AFS, and NFS groups: the numbers
of neurons designated as class 2/WDR DHNs and class 3/NS DHNs were comparable and
the receptive field sizes were grossly similar. This suggests that while stress and bladder
inflammation both produce visceral hypersensitivity, the modulatory pathways, receptors
and neurotransmitters, and supraspinal sites activated by these distinctive sensory modifiers
are not identical. Future experiments utilizing pharmacological manipulation of neuronal
subtypes and lesions of supraspinal sites may allow for a more precise distinction between
the mechanisms of nociceptive processing underlying these two very different sensitizing
paradigms.

In summary, the present study quantitatively examined the effect of exposure to chronic and
acute stress on responses of two types of DHNs. Under normal conditions, these neurons are
both excited by UBD, but can be distinguished on basis of differential responses to the
application of a HNCS. Our study showed that Type I neurons (inhibited by HNCS) were
less responsive to UBD after either chronic or acute stress, while Type II neurons (not
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inhibited by HNCS) demonstrated significantly augmented responses to UBD. This study
provides further evidence that (1) at least two populations of spinal neurons exist which
encode for visceral stimuli and are likely to have distinct roles in visceral nociception, and
that (2) the chronic stress-induced enhancement of DHN responses to UBD involves
changes in at the spinal level while the acute stress effects are dependent on a supraspinal
substrate.

4. Experimental Procedure
4.1 Animal Subjects

Female Sprague Dawley rats 11–12 weeks of age (Harlan, Prattville, AL) were used in
experiments. Female rats were chosen since disorders of the urinary bladder that are
associated with pain primarily affect and are prevalent in the female population. Estrous
cycle was not controlled for in these experiments. There was at least one week between the
time of the animals’ arrival and the start of any experimental procedures. All protocols were
approved by the Institutional Animal Care and Use Committee at the University of Alabama
at Birmingham and adhered to the guidelines of the National Institutes of Health.

4.2 Plasma Corticosterone ELISA
Immediately following exposure to the CFS, AFS, or NFS paradigm, blood was collected
from anesthetized rats via cardiac puncture into heparinized vials and centrifuged at 14,000
× g for 15 min. Plasma was extracted and plasma samples (50 μl) were aliquotted onto a 96-
well plate in duplicate. Corticosterone acetylcholinesterase tracer (50 μl) and corticosterone
antiserum (50 μl) were added to each well. The plate was covered and incubated for two h at
room temperature on an orbital shaker, then emptied and rinsed five times with wash buffer.
Ellman’s reagent (200 μl) was added to each well and corticosterone acetylcholinesterase
tracer (5 μl) was added to the Total Activity wells. The plate was covered and developed in
the dark on an orbital shaker for 60–90 min. Optical densities (OD) at 412 nm were obtained
using a plate reader (BioRad Laboratories, Hercules, CA). A standard curve was plotted and
the concentration of corticosterone in each sample was calculated from the curve based on
its OD value.

4.3 Footshock Paradigm
Electrical footshock is an established and readily controlled stressor [Kant et al., 1983;
Rivier and Vale, 1987] that has been used to produce behavioral and neurochemical changes
in a variety of experiments. Factors such as timing, predictability, frequency, intensity and
duration of exposure to footshock determine the characteristics of the resultant stress
response. We chose to use a CFS paradigm described by Imaki et al. [1991], which produces
activation of the hypothalamic-pituitary-adrenal axis as evidenced by upregulation of CRF
mRNA in the brain. This chronic stress paradigm has also been demonstrated to produce
bladder hypersensitivity as measured by reflex visceromotor responses to UBD [Robbins
and Ness, 2008]. Rats in the CFS group were placed in operant conditioning chambers
enclosed in sound-attenuating cubicles and received daily intermittent footshock (15 min/
day, 1.0 mA, 1s duration, total of 30 shocks each day) administered via a parallel rod floor
under a variable-interval schedule for 7 days. This CFS paradigm was modified to examine
effects of acute stress exposure. Rats in the AFS group were placed in the operant
conditioning chambers for 15 min/day for 6 days followed by a single exposure to
intermittent footshock on day 7. Rats in the NFS group were treated in an identical manner
except they did not receive any footshocks while in the operant conditioning chambers.
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4.4 Electrophysiology
4.4.1 Intact preparation—Immediately after the final CFS, AFS, or NFS session, rats
were anesthetized with mask isoflurane (5% induction; 1–2% maintenance). Jugular venous
and tracheal cannulae were placed, and the rats were artificially ventilated. Paralysis was
established with pancuronium bromide (0.2 mg/h, i.v.), and a lumbar laminectomy was
performed to expose the L6-S2 spinal cord segments. The rats were suspended by vertebral
clamps, the dura mater was cut and removed, and the exposed spinal cord was covered with
a protective layer of mineral oil.

4.4.2 Spinalized preparation—As in the intact preparation, rats were anesthetized
immediately after exposure to the final CFS, AFS, or NFS session, instrumented with
venous and tracheal cannulae, and artificially ventilated. The upper cervical spinal cord was
exposed at the level of the atlanto-occipital joint, infiltrated with 50 μl of 1% lidocaine, and
subsequently transected. The brain was mechanically pithed and the isoflurane anesthesia
discontinued. Normal saline was administered as needed to prevent hypovolemia. The
animals were kept warm with heating pads and allowed to recover for four or more hours, at
which time they demonstrated brisk flexion reflex responses to tail and hindlimb pinch.
Paralysis was then established with pancuronium bromide (0.2 mg/h, i.v.), and a lumbar
laminectomy was performed as described above.

4.4.3. Spinal electrophysiology—Constant-pressure UBD (20–60 mmHg, 20 s) was the
noxious visceral test stimulus employed and was produced by inflating the urinary bladder
with air using a 22 gauge angiocatheter placed via the urethra and tightly sutured around the
distal urethral orifice. UBD was administered as a phasic stimulus (rapid onset, rapid offset)
as previously described [Ness et al., 2009]. Intravesical distending pressure was monitored
via an in-line, low-volume pressure transducer.

Tungsten microelectrodes (Micro Probe Inc. Gaithersburg, MD; 1.2–1.5 MΩ) were used for
single-unit extracellular recordings of neurons in spinal segments L6-S2 0–1.0 mm lateral to
midline, 0.1–1.0 mm ventral to the spinal cord dorsum. To quantify neuronal responses,
units were displayed on an oscilloscope for continuous monitoring, discriminated
conventionally from background, converted into uniform pulses and saved digitally by
computer. Spontaneous activity was determined as the average rate of neuronal discharges
per second in the 10 sec period prior to the onset of UBD. Total activity was determined as
the rate of neuronal discharges in the 20 sec period during the UBD stimulus. UBD-evoked
discharges were calculated as the difference between the total activity measure and the
spontaneous activity for the 20 sec period of UBD. Responses (excitatory/inhibitory) to
cutaneous inputs were determined following the presentation of multiple UBD trials (20, 40,
60 mmHg) using the following stimuli: brush with a cotton-tipped applicator (nonnoxious
mechanical) and pinch with a rat-tooth forceps (12 cm) at sufficient intensity to produce
pain in the investigator (noxious mechanical). Definitions of cutaneous receptive field (RF)
sizes were adapted from a previous study [Ness and Gebhart, 1989]. Sizes were defined as
small (long axis <4 cm), medium (long axis > 4 cm, including part of hind limb but not tail)
or large (hind quarter or > hind quarter with contralateral input). The effect on spontaneous
activity of a 5 sec duration application of the HNCS, a noxious mechanical stimulus to
cervical or upper thoracic dermatomes, was determined in all units. If a DHN was inhibited
>20%, then it was defined as a Type I neuron. If a DHN was excited, unaffected or inhibited
< 20%, then it was defined as a Type II neuron. This 20% criterion was based on previous
quantitative studies which have observed random changes in spontaneous activity up to 20%
[Ness and Castroman, 2001; Ness et al., 2009].
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4.5. Statistics
Descriptive statistics are reported as group mean ± SEM. For comparisons of plasma
corticosterone levels, a standard curve was plotted and the concentration of corticosterone in
each sample was calculated from the curve based on its OD value. Group mean comparisons
of sample concentrations among the three groups were performed using ANOVA followed
by t-tests. Quantitative comparisons of group mean abdominal EMG responses were
performed using repeated-measures ANOVA, and post-hoc effects were assessed by t-tests).
Statistical significance for all analyses was set at p≤0.05, and Holm’s correction [Holm,
1979] was used to maintain family-wise α for each set of individual group comparisons.
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Abbreviations

AFS acute footshock

CeA central nucleus of the amygdala

CFS chronic footshock

CRF2 corticotrophin releasing factor 2

DHN dorsal horn neuron

HNCS heterotopic noxious conditioning stimuli

HPA hypothalamic-pituitary-adrenocortical

NFS no footshock

NS nociceptive-specific

OD optical density

UBD urinary bladder distension

WDR wide dynamic range
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Figure 1.
Plasma corticosterone concentrations measured immediately after exposure to the chronic
footshock (CFS), acute footshock (AFS) or no footshock (NFS) conditions. * and **
indicate significantly different from the NFS condition with p<0.05 and p<0.01,
respectively. † indicates significantly different from the AFS condition with p<0.05. N=6–
12/group.

Robbins et al. Page 13

Brain Res. Author manuscript; available in PMC 2012 April 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Stimulus-response functions relating group mean evoked discharges (± SEM) of L6-S1 Type
II spinal dorsal horn neurons (DHNs) excited by urinary bladder distension (UBD) in rats
that were exposed to acute footshock (AFS; closed circles), chronic footshock (CFS; open
circles) or no footshock (NFS; closed triangles). UBD-evoked discharges were calculated as
the difference between the total activity measured for the 20 sec period of UBD and the
ongoing spontaneous activity. (A) In intact preparations, both AFS and CFS enhanced UBD-
evoked discharges of Type II spinal DHNs compared to the NFS condition. (B) After
spinalization, responses of Type II neurons were only enhanced after CFS. * and ** indicate
significantly different from the NFS condition with p<0.05 and p<0.01, respectively. N=22–
32/group.
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Figure 3.
Histograms depict group mean (± SEM) total (open bars) and spontaneous (closed bars)
activity of Type I and Type II L6-S1 spinal DHNs in Hz. Spontaneous activity was
determined as the average rate of neuronal discharges per second in the 10 sec period prior
to the onset of UBD. Total activity was determined as the rate of neuronal discharges in the
20 sec period during the UBD stimulus. The data represent the mean of the average response
of each cell in a particular group. (A) In the intact preparations, spontaneous activity of Type
I neurons was significantly decreased compared to NFS after either AFS or CFS exposure
(left), while spontaneous activity of Type II neurons was unaffected by stress (right). A
significant change in total activity was only observed in Type II neurons and only after CFS
(right). (B) In spinalized preparations, Type I neurons demonstrated an inhibition of
spontaneous activity and total activity after CFS (left). Spontaneous and total activity of
Type II neurons was unchanged by stress (right). * and † indicate significantly different
compared to the NFS condition with p<0.05. ** and †† indicate significantly different
compared to the NFS condition with p<0.01. N=8–32/group.
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