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Abstract

Forebrain activation patterns in normal and spinal-injured Sprague—Dawley (SD) rats were determined by measuring regional cerebral blood
flow as an indicator of neuronal activity. Data are compared to our previously published findings from normal and spinal-injured Long—Evans
(LE) rats and reveal a striking degree of overlap, as well as differences, between strains in the basal (unstimulated) forebrain activation in normal
animals. Specifically, 81% of the structures sampled showed similar activation in both strains, suggesting a consistent and identifiable pattern of
basal cerebral activation in the rat. LE controls showed significantly greater basal activation in the remaining structures compared to SD control
group, including the anterior dorsal thalamus, basolateral amygdala, SII cortex, and the hypothalamic paraventricular nucleus. In contrast, spinal
cord injury (SCI) resulted in strain-specific changes in forebrain activation categorized by structures that showed significant increases in: (1) only
LE SCI rats (posterior, ventrolateral, and ventroposterolateral thalamic nuclei); (2) only SD SCI rats (anterior—dorsal and medial thalamus,
basolateral amygdala, cingulate and retrosplenial cortex, habenula, interpeduncular nucleus, hypothalamic paraventricular nucleus, periaqueductal
gray); or (3) both strains (arcuate nucleus, ventroposteromedial thalamus, SI and SII somatosensory cortex). These results provide information
related to the remote, i.e. supraspinal, effects of spinal cord injury and suggest that genetic differences play an important part in the forebrain
response to such injury. Brain activation studies therefore provide a useful tool in understanding the full extent of secondary consequences
following spinal injury and for identifying potential central mechanism responsible for the development of pain.
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Introduction nerve or as a result of CNS injury in humans is highly variable

(Boivie, 1989; Tasker, 1990; Bennett, 1994). Experimental

Damage to the central nervous system (CNS) by traumatic
injury, ischemia, infection, disease, or surgery can lead to
neuropathic pain in humans (Yezierski, 2002). Symptoms of
neuropathic pain include spontaneous pain, increased respon-
siveness to noxious stimuli (hyperalgesia), and stimulus-
evoked pain to previously innocuous stimuli (allodynia). The
development of neuropathic pain after injury to a peripheral
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studies in animals indicate that genetic factors underlie at least
some of this variability (Mills et al., 2001; Gorman et al.,
2001).

A growing literature documents the importance of genetics
on the development of neuropathic pain-like behaviors (see
Mogil et al., 1999). Early studies showed that the development
of autonomy, a presumed sign of neuropathic pain, differs
markedly in different strains of rat after total nerve transection
(Inbal et al., 1980; Wiesenfeld and Hallin, 1981). Such strain-
dependent variability in autonomy has subsequently been
confirmed in both rats and mice (Panerai et al., 1987; Devor
and Raber, 1990; Cohn and Seltzer, 1991; Carr et al., 1992;
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Defrin et al., 1996; Mogil et al., 1999). The role of genetic
factors in neuropathic pain has also been confirmed in studies
looking at spontaneous and/or evoked pain-like behaviors,
allodynia, and hyperalgesia in rats or mice with peripheral
nerve injury or in different models of spinal cord injury (SCI)
(Mogil et al., 1999; Lovell et al., 2000; Mills et al., 2001; Yoon
et al., 1999; DelLeo and Rutkowski, 2000; Xu et al., 2001;
Wiesenfeld-Hallin et al., 1993; Gorman et al., 2001).

In spite of the long-standing presence of pain associated
with CNS disease and/or trauma, little is known about the
central mechanism(s) responsible for these pain syndromes.
One approach to study the impact of injury on the CNS is the
use of autoradiographic estimates of regional cerebral blood
flow (rCBF) as a measure of neuronal activity in supraspinal
regions. This technique can be used to simultaneously identify
pain-related alterations in the activation of multiple forebrain
structures following peripheral or central injury (Morrow et
al., 1998). Previously, we characterized the injury-induced
alterations in basal (unstimulated) forebrain activation in
response to SCI in Long—Evans rats (Morrow et al., 2000)
and in response to chronic constriction injury (CCI) of the
sciatic nerve in Sprague—Dawley rats (Paulson et al., 2000;
Paulson et al., 2002). Spinal injury in Long—Evans rats
resulted in significant alterations in the activation of suprasp-
inal structures associated with the processing of somatosen-
sory information (Morrow et al., 2000). In contrast, CCI of the
sciatic nerve in Sprague—Dawley rats produced alterations in
brain activation primarily in limbic forebrain structures
(Paulson et al., 2002). These differences in response to
peripheral versus CNS injury may be due to differences in
the type and/or location of the injury or to strain differences in
response to injury. In order to address this question of genetic
influences on SCl-induced changes in forebrain activation, we
imaged the brains of Sprague—Dawley rats following an
excitotoxic spinal lesions. In this report, we present the
comparison of SCI-induced changes in forebrain activation in
Sprague—Dawley rats to our previous results in Long—Evans
rats (Morrow et al., 2000). Preliminary findings from this
study were presented at the annual meeting of the Society for
Neuroscience.

Methods

Experimental procedures were approved by the Animal Care
and Use Committees of the University of Florida and the Ann
Arbor Veterans Affairs Medical Center. All experiments were
carried out in accordance with the NIH Guide for the Care and
Use of Laboratory Animals (1996).

Animal subjects

Forty-one male Sprague—Dawley rats (Charles River)
weighing 225-250 g were used in these experiments. All
animals were housed in groups of three and maintained on a
12 h on—12 h off light—dark cycle. Ambient temperature in
the animal facility was kept at 22°C. Food and water were
given ad libitum. Subjects were divided into 2 groups: an un-

operated control group (n = 20) and a spinal cord injury (SCI)
group (n = 21).

Surgical preparation for intraspinal injection

Surgical and injection procedures were similar to previous
studies (Yezierski et al., 1998; Morrow et al., 2000; Gorman et
al., 2001). Rats were anesthetized with a mixture of ketamine,
acepromazine, and rhompum (0.65 ml/kg, sc.). Supplemental
doses of anesthetic were given, if necessary, when rats
responded to a noxious pinch applied to the glabrous skin of
the hindpaws. Animals were placed in a stereotaxic instrument,
and spinal cords were immobilized with a vertebral clamp. One
window for intraspinal injection was made by laminectomy
between spinal segments T12 and L3. Once the cord was
exposed, the dura was incised longitudinally and reflected
bilaterally. A small hole for unilateral injections was made in
the pia matter. After injections, muscles were closed in layers,
and the skin closed with wound clips. Throughout surgery and
during the post-operative recovery period, animals were
maintained at normal body temperature (36.5°C) with a
feedback-controlled heating blanket.

Intraspinal injection procedure

Quisqualic acid (QUIS), 125 mM, was mixed fresh prior to
injection, corrected to physiological pH, and injected unilater-
ally at one level of the cord (T12—L2). These injections
produce pathological changes comparable to those described
following traumatic SCI, i.e. neuronal loss, cavitation, demy-
elination, glial response (Yezierski et al., 1993; Yezierski et al.,
1998). Injections were made at depths ranging from 600 to
1200 um below the surface, between the dorsal root entry zone
and the dorsal vein. These parameters placed injections in the
center of the dorsal gray matter between spinal laminae IV and
VI. The total volume of QUIS injected was 1.2 ul in 3 tracks
(0.4 pl/track; distance between tracks 0.3 mm).

Brain imaging

Three to six weeks following SCI, on the day of the brain
imaging procedure, rats were placed in a towel restraint to
which they had been habituated. A flexible 24-gauge intrave-
nous catheter was inserted through the skin into the tail vein. A
rubber-capped injection port was attached to the catheter and
flushed with 0.25 ml of saline solution. Each animal was then
permitted to rest quietly in the restraint for 30 to 40 min to
recover from the stress induced by tail vein catheterization.

For imaging regional cerebral blood flow, 10—12 mCi of
technetium (°°™/Tc) exametazime in a 0.5—1 ml total volume
was injected through the tail vein catheter as a bolus over 10 to
15 s. Two to five minutes following tracer injection, the rat was
overdosed with chloral hydrate (300 mg/kg, iv), removed from
the restraint, and decapitated. The brain was removed and
prepared for sectioning by rapid freezing with powdered dry ice.
Twenty-micron coronal frozen sections were cut at —18°C using
a Hacker-Bright™ cryostat. Three to four consecutive sections
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taken at fixed intervals (240 pm) were mounted on glass
slides and rapidly desiccated on a hotplate at 60°C. Slides
were arranged in a standard X-ray cassette, and an autora-
diogram was generated by direct apposition of the tissue to
the emulsion side of Kodak BioMax™ MR-1 Imaging film
(Kodak Inc., Rochester, NY) for a period of 1.5 to 2.0 h (for
a more detailed description of the imaging technique, see
Morrow et al., 1998).

Densitometric analysis of autoradiograms was performed
using a microcomputer-assisted video imaging densitometer
(MCID system, Imaging Research Inc., St. Catherines, Ontario,
Canada). Anatomic locations of selected regions of interest
(ROIs) were determined using an approach designed to ensure
accuracy and consistency of structures identified (Morrow et
al., 1998). Briefly, for each brain section, we overlaid a
matching transparent stereotaxic template, adapted from the
atlas of Paxinos and Watson (1986), on the digitized brain
images displayed on the video monitor and aligned the images
using prominent anatomical landmarks. The template served as
a guide to sample ROIs present at a given anterior—posterior
level of the brain.

As described previously (Morrow et al., 1998), an index of
activation (AlI) was calculated for each ROI. Briefly, the MCID
system converted sampled film optical densities to apparent
tissue radioactivity concentrations (nCi/mg) by comparison
with the optical densities of ['*C] standards also imaged on
each film. The average total brain activity was then estimated
by sampling all pixels in each brain section and averaging
activity across all sections for a given animal. Al values were
then calculated for each sampled ROI as a percent difference

Table 1

from the average total activity of the entire brain using the
following formula:

_ Sampled ROI activity — Total Brain Activity

Al - —
Total Brain Activity

x 100%

An average Al was computed for each ROI in each animal.
Finally, the within subject mean Als for each sampled region
were averaged across all subjects in an experimental group to
compute within group means for each ROI. Distinctly bilateral
structures were examined for side-to-side differences in activa-
tion using a paired ¢ test (P < 0.05). For each ROI, significant
differences in Al between groups were tested using a one-way
ANOVA. All statistical analyses were performed using the soft-
ware package SPSS for Windows (SPSS Inc., Chicago, Illinois).

For the purpose of this study, regions of interest (ROIs) were
limited to twenty-one structures. Table 1 lists all structures
sampled and provide a key for all anatomical abbreviations.
Structures known to participate in pain processing and others
that are not generally included in pain pathways were sampled
(Morrow et al., 2000). Some ROIs were previously identified
in human PET as showing increased activation during acute
pain resulting from noxious thermal stimuli (Talbot et al., 1991;
Casey et al., 1994). Due to our interest in the forebrain,
sampling was restricted primarily to cortical and thalamic
structures as well as the PAG in the mesencephalon.

Histological assessment of the spinal cord

Spinal cord segments containing QUIS injection sites were
removed, post-fixed in buffered formalin, and cut on a freezing

Anatomical abbreviations and regional differences in cerebral blood flow (rCBF) expressed as the mean percent difference from the average whole brain activity, the

activation index (AI)

Region of interest LE: Control (n = 12)

LE: SCI (n = 11) SD: Control (1 = 20) SD: SCI (n = 21)

Anterior dorsal thalamic group (AD) 30.88 + 3.49%
Arcuate nucleus (Arc) 38.53 £5.02
Basolateral amygdala (BLA) 4.46 + 2.59*
Caudate putamen—anterior (Cpu) 7.52 £2.43
Cingulate cortex (CC) 17.37 +2.57
Diagonal band of Broca (DB) 37.76 £ 2.83
Dorsal hippocampus (HIP) —6.17 £ 1.85
Habenular complex (HBc) 5420 £ 2.51
Hindlimb area of cortex (SI) 23.67 £3.21
Interpeduncular nucleus (IPN) 52.02 £ 4.84
Medial thalamic group (MT) 10.70 £ 1.91
Parietal area of cortex (SII) 29.04 + 1.49%
Periaquaductal gray (PAG) —0.38 £3.23
Paraventricular nucleus (PVN) 53.53 + 3.49%
Posterior thalamic group (PO) 041 £291
Retrosplenial cortex (RS) 30.36 £ 2.48
Subthalamic nucleus (SbTh) 23.05 +£ 2.31
Ventrolateral thalamus (VL) 3.88 +£2.06
Ventromedial thalamus (VM) 7.12 £2.30
Ventroposterolateral thalamus (VPL) 445+ 1.77
Ventroposteromedial thalamus (VPM) 12.56 £ 2.30

31.33 £2.51 19.74 + 1.96 28.40 + 1.72%
94.02 £ 6.92 23.19 + 6.63 71.03 £ 6.70*
9.63 +3.02 21.77 £ 1.12 11.75 £ 2.28*
9.70 £ 1.09 1147 £ 1.77 934 +£1.72
16.37 £2.90 17.37 £2.95 21.58 +£2.02
36.45 £ 2.74 32.32 £3.51 37.67 +£2.62
—4.94 + 2.80 —4.64 +2.05 —527+1.57
57.39 £ 3.64 45.73 + 3.46 66.21 £ 3.99*
35.81 £ 3.84 17.65 £ 2.14 31.13 £ 2.70%*
52.33 £ 4.06 38.37 + 491 59.19 £ 4.90*
13.57 £2.48 5.68 £ 1.88 10.22 + 1.25*
44.97 + 2.04 18.96 + 1.81 33.95 £ 1.78*
4.09 + 3.77 —3.31+2.37 493 +£2.71*
55.26 £ 5.89 18.99 +5.12 55.05 £ 3.21*
9.25+2.64 2.09 £ 1.59 5.44 £1.20
34.72 £ 3.13 25.60 + 1.88 32.49 £ 1.27*
25.79 £3.93 18.24 £ 2.21 22.23 £2.21
11.38 + 2.18 1.75 £ 1.49 1.01 *+ 1.49
13.78 £2.47 3.09 £ 1.31 6.35 £ 1.37
15.79 £ 2.86 1.56 £ 1.68 4.05 £ 1.32
26.65 + 3.43 12.99 + 1.96 19.53 + 1.68*

Values calculated as group means (see Methods) +SEM for all regions of interest (ROISs).

Bold italics indicates a significant difference between LE and SD SCI groups.
Underline indicates a significant difference from LE controls.
* Indicates a significant difference from SD controls.



microtome (75 um). Coronal sections were mounted on glass
slides and stained with cresyl violet. Reconstructions of the
QUIS-induced neuronal loss were performed using a technique
previously described (Yezierski et al., 1998; Gorman et al.,
2001). Briefly, sections were examined with light microscopy,
and drawings of damaged areas were made using of an
overhead projector and camera lucida. For each animal, a
schematic representation of the injury site was made on a
representative drawing of the spinal cord. To compare areas of
neuronal loss with those observed in a previous study (Morrow
et al., 2000), the gray matter was divided into 11 regions
representing the full cross-sectional dimensions of the cord.

Results

Histological analysis of the QUIS-injected spinal cords
showed characteristics similar to those described previously
(Yezierski et al., 1993, 1998; Morrow et al., 2000; Gorman et
al.,, 2001). The standardized grid drawings in Fig. 1 show
examples of typical spinal injuries induced by the unilateral
injection of QUIS in two animals. Note that, although QUIS
was injected into the dorsal horn on only one side of the cord,
there was evidence of damage on the side ipsilateral and
contralateral to the injection site. Although the behavioral
consequences of QUIS injections were not evaluated in animals
undergoing brain imaging, the pattern of neuronal loss was
similar to that found in animals with spontaneous and evoked
pain behaviors following similar excitotoxic spinal cord injury
(Yezierski and Park, 1993; Yezierski et al., 1998; Gorman et
al., 2001).

The effects of strain on the basal activation of multiple
forebrain structures in control and SCI groups are presented in
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Table 1 and Figs. 2 and 3. For comparison with Sprague—
Dawley rats (SD), previously published values from Long—
Evans (LE) control and LE SCI groups are presented (Morrow
et al., 2000).

Animals in all groups displayed a regional heterogeneity in
the pattern of forebrain activation. Neither control nor SCI
groups showed any significant side-to-side differences in
activation in any of the 21 structures sampled (data not
shown). Because lateralized differences were absent in control
and SCI groups, the index of activation (AI) from both sides for
each ROI in all animals was averaged before computing group
means. All subsequent analyses were performed on this pooled
data.

The regional differences in activation for all ROIs sampled
in the LE and SD control and SCI groups are shown in Table 1.
Compared to SD controls, LE controls had significantly greater
Al values in only 4 of the 21 regions sampled (Figs. 2A, 3). For
example, LE rats had greater basal (unstimulated) activation in
the anterior—dorsal nucleus of the thalamus (AD), basolateral
amygdala (BLA), paraventricular nucleus (PVN) of the
hypothalamus, and SII area of somatosensory cortex. No other
comparisons in basal activation between LE and SD controls
were significantly different.

Table 1 and Figs. 2 and 3 show that the pattern of SCI-
induced changes in activation was significantly different
between the two strains of rats in selected regions of the
brain. Forebrain structures were divided into three catego-
ries that showed the following changes: (1) significant
increases observed only in LE SCI rats (Fig. 2B), (2)
significant increases observed only in SD SCI rats (Fig.
3C), or (3) significant increases observed in both strains
(Fig. 2D).

Fig. 1. Schematic diagrams show the area of tissue damage for representative sections from SD and LE spinal-injured animals. The 11 regions of spinal gray matter
are the same as those used in a previous study to examine the morphological correlate of spontaneous and evoked pain behaviors following QUIS injections

(Yezierski et al., 1998).



60

PE. Paulson et al. / Experimental Neurology xx (2005) xxx—xxx 5

A. Controls

50 -
40
30 -
20 -
10 4

Activation Index

04

-10
AD

BLA

PVN

Sl

20

15 4
*

10 1

B. Category 1

Difference from Control

PO

VL

VPL

Difference From Control

40

*

C. Category 2

AD BLA CC HBC IPN MT PAG PVN RS

804
704
604
504
40 1
304
20 1
104

0

*
—

D. Category 3

* *

sl al 12

Sl Arc VPM

Region of Interest

Fig. 2. Average bilateral level of activation in basal (unstimulated) regional cerebral blood flow in Long—Evans (LE) and Sprague—Dawley (SD) rats. The filled bars
represent the LE groups, and the open bars represent the SD groups in all panels. (A) The data shown are for ROIs exhibiting a significant difference in activation
between the LE and the SD control (un-operated) groups. The relative levels of activation are expressed as Al, the mean percent difference from total brain activity.
The asterisk (*) indicates a significant difference in activation between the two control groups (P < 0.05, ANOVA). (B) The data shown are category 1 ROIs, those
exhibiting a significant increase in activation in only the LE SCI group when compared to the same-strain control group. (C) The data shown are category 2 ROIs,
those exhibiting a significant increase in activation in only the SD SCI group when compared to the same-strain control group. (D) The data shown are category 3
ROlIs, those exhibiting a significant increase in activation in both the SD and LE SCI groups when compared to the same-strain control group. The data displayed in
panels (B—D) are expressed as the difference from the control, calculated by subtracting the control mean from the same-strain SCI group for each ROI. The asterisks
(*) indicate a significant difference from the same strain control group (P < 0.05, ANOVA).

SD CTL SD SCI

Fig. 3. Sample coronal sections showing differences in resting brain activation between Long—Evans and Sprague—Dawley control (CTL) and spinal cord injury
(SCI) groups, at three A—P levels: —1.8, —2.8, —5.6. Note: each image is taken from a single brain section in individual animals and therefore may not accurately

depict group means presented in the table and graphs.
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Strain differences in forebrain activation following SCI were
identified by calculating the Als for the SD and LE SCI groups
as differences from their respective control groups. Although
decreases in activation in some ROIs were observed following
spinal injury, none of these were significant in either strain.

The forebrain structures in category 1 (ROIs showing a
significant increase only in LE SCI rats) were thalamic
structures (Fig. 2B). As compared to controls, only the LE
SCI rats showed a significant bilateral increase in activation in
the posterior (PO), ventrolateral (VL), and the ventroposter-
olateral (VPL) thalamic nuclear groups. Note that all structures
showing an increase in activation in LE SCI rats are sites
associated with some aspects of somatosensory processing or
sensory-motor integration.

In contrast to category 1, category 2 regions of interest (a
significant increase in only SD SCI rats) included primarily
limbic structures (Fig. 2C). Specifically, SD SCI rats showed a
significant bilateral increase in activation in the anterior—dorsal
thalamus (AD), basolateral amygdala (BLA), cingulate cortex
(CC), habenular complex (HBC), interpeduncular nucleus
(IPN), medial thalamus (MT), periaqueductal gray (PAG),
paraventricular nucleus (PVN) of the hypothalamus, and
retrosplenial cortex (RS).

Four structures were identified in category 3, ROIs showing
a significant increase in both strains (Fig. 3D). These included
two somatosensory cortical structures, the hindlimb area of the
somatosensory cortex (SI) and parietal area of somatosensory
cortex (SII), and two subcortical structures, the ventroposter-
omedial thalamus (VPM) and the arcuate nucleus of the
hypothalamus (Arc).

Discussion

In the present study, regional cerebral blood flow (rCBF)
was measured as an indicator of neuronal activity to identify
basal forebrain activation patterns in two strains of adult male
rat following spinal injury. This is the first study to use rCBF
imaging to identify strain differences in basal forebrain
activation patterns before and after spinal injury. Our results
reveal a striking degree of overlap between LE and SD strains
in the spatial and intensity patterns of basal cerebral activation
in awake, intact, normal control animals. Of the twenty-one
structures sampled, seventeen (81%) showed similar basal
activation in both strains. This comparison provides evidence
that, in the absence of spinal injury, the pattern of baseline
cerebral activity is largely comparable, at least between these
two strains.

Rats from the Long—Evans strain showed greater resting
neuronal activity in the somatosensory cortex (SII), basolateral
amygdala (BLA), anterior dorsal thalamus (AD), and para-
ventricular nucleus (PVN) of the hypothalamus. The amygdala
is considered an essential link between sensory and limbic
areas of the cerebral cortex and subcortical brain regions, and
amygdaloid subnuclei participate in the modulation of fear,
memory, and attention (for review, see McDonald, 1998; Rasia-
Filho et al., 2000). The PVN also contributes to learning,
memory, as well as having a role in stress, pain, and immune

responses (Bodnar et al., 1986; Senba et al., 1993; Smith and
Day, 1994; Matsumoto et al., 1997; Marquez et al., 2004; see
Doris (1984) for review). The greater baseline activity in the
SII, AD, BLA, and PVN of the LE may explain, in part,
published reports that LE rats perform better in cognitive tasks
(Lindner and Schallert, 1988; Tonkiss et al., 1992; Andrews et
al., 1995; Harker and Whishaw, 2002), have higher baseline
levels of locomotor activity (Aulakh et al., 1988; Onaivi et al.,
1992; van Lier et al., 2003), and show less reactivity to external
stimuli (Glowa and Hanson, 1994; Acri et al., 1995; Faraday,
2002). In addition, LE rats are more sensitive to painful stimuli,
indicated by lower baseline responses to painful mechanical
and thermal stimuli applied to the hindpaw (Mills et al., 2001).
It is possible that the differences in basal forebrain activation
shown in our study may be in part responsible for differences
in behavioral response reported by others. Thus, our results
suggest that a careful characterization of the differences in the
pattern of forebrain activation and in behavior between rat
strains will provide useful insights to evaluate neural mechan-
isms of behavior.

In contrast to the concordance in forebrain activation
between rat strains of uninjured, intact, control animals, the
majority (57% or 12 of 21) of forebrain structures showed
significant inter-strain differences in response to SCI. These
differences cannot be accounted for by differences in lesion
size and placement as histological analysis showed comparable
lesions in the two strains (Fig. 1).

Most of the SCI-induced strain differences fell into category
2: SCl-induced increases in activation found in only the SD
strain, of which there were nine structures (43%). These
forebrain structures were confined to limbic brain areas and
included the anterior dorsal thalamic group, basolateral
amygdala, cingulate cortex, habenular complex, interpeduncu-
lar nucleus, medial thalamus, periaqueductal gray, paraventri-
cular nucleus, and retrosplenial cortex. Interestingly, these
same limbic areas showed a significant increase in activation in
SD rats in response to unilateral chronic constriction injury of
the sciatic nerve (Paulson et al., 2000). Therefore, the increase
in activation in these areas may be characteristic of how this
strain of rat responds to nervous system trauma. Further studies
using different models of nervous system injury would be
necessary to verify this hypothesis.

Recently, we performed a study examining differences in
behavioral responses to excitotoxic spinal injury in two strains
of rat (Gorman et al., 2001). In this study, the onset of
excessive grooming behavior was slower in SD males than LE
males, but the intensity of excessive grooming was greater in
SD males. These results agree with previous reports related to
the response to injury that show that SD rats exhibit
significantly greater spontaneous pain, in addition to signifi-
cantly greater mechanical and cold allodynia compared to LE
rats (Yoon et al., 1999; Mills et al., 2001). The pattern of
increase in neuronal activity of limbic structures in the present
study may underlie the enhancement of these neuropathic
behaviors in the SD strain after spinal injury.

Category 1 forebrain structures (SCl-induced changes in
activation found only in the LE strain) were limited to the
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thalamus and included the posterior, ventrolateral, and the
ventroposterolateral nuclear groups. These thalamic nuclei all
participate in somatosensory processing. Note, however, that
these thalamic structures showed equal basal activity in both
strains. The functional significance of increased activation in
these thalamic structures following SCI cannot be determined
from this study. The few reports that compare neuropathic pain
in the LE and SD rat generally report an enhancement in
neuropathic pain behaviors in the SD strain (see previous
paragraph). A single report by Mills and colleagues (2001) did
find that a greater percentage of LE rats (73%) developed
mechanical allodynia compared to SD rats (60%) following a
contusion spinal injury. Further research is needed to determine
the relationship between thalamic activity in neuropathic pain
behavior in the LE strain.

Despite the numerous strain differences in SCl-induced
changes in basal forebrain activation patterns, 4 of 21 (20%) of
the forebrain structures sampled showed similarities in their
response to spinal cord injury. Category 3 regions (comparable
SCl-induced increases in activation found in both LE and SD
rats) included both cortical and subcortical areas. The
subcortical areas included the ventroposteromedial thalamus
and the arcuate nucleus of the hypothalamus. The increased
activity in the VPM may be a reflection of our method of
restraint during the imaging procedure. Animals are restrained
in a soft towel, which produces some tactile stimulation of the
face. Hyperresponsiveness at a site distant from the site of
injury has previously been reported. For example, Christensen
and colleagues reported that unilateral hemisection at T13
produced mechanical and thermal allodynia and hyperalgesia
in both the ipsilateral and contralateral forelimbs and hindlimbs
(Christensen et al., 1996). Since that study, there have been
several reports of hyperresponsiveness of the forelimbs
following SCI (Hulsebosch et al., 1998; Bennett et al.,
2000a,b; Hains et al., 2000, 2001). Therefore, it is possible
that our animals may also experience a hyperresponsiveness to
stimulation of the face and whisker barrels.

The other subcortical structure that showed a significant
increase in activation in both strains was the arcuate nucleus of
the hypothalamus (Arc). This finding is consistent with the
presence of an SCl-induced state of chronic pain. Recent studies
have described direct spinohypothalamic projections from
superficial laminae (I-1I) and base of the dorsal horn (Burstein
etal., 1991, 1996). Other studies also support a role for Arc in
both pain modulation (Hamba, 1988; Wang et al., 1990;
Takeshige et al., 1991; Bach, 1997) and physiological stress
response induced by prolonged pain (Palkovits et al., 1986).

In addition to the two subcortical structures, two cortical
areas also showed a significant increase in activation in both
strains. These were the hindlimb region of primary (SI) and the
secondary (SII) areas of the somatosensory cortex. Not only
were SI and SII significantly increased in both strains in
response to spinal injury, but these same two cortical areas
have previously been reported to be hyperactive in response to
other neuronal trauma, such as the chronic constriction injury
model of chronic pain (Paulson et al., 2000). Other imaging
studies also report hyperactivity in SI and SII areas of the

somatosensory cortex after CNS trauma in chronic pain
patients (Casey et al., 2001). Therefore, a hyperactive cortex
may be a common denominator of chronic pain resulting from
neuronal trauma.

The changes in activation in forebrain structures we describe
here add to the growing literature describing central reorgani-
zation following spinal cord injury. Previous reports have
shown that excitotoxic damage to the SCI with QUIS results in
anatomical, physiological, and molecular changes within the
spinal cord and brain (Yezierski et al., 1998; Morrow et al.,
2000; Abraham et al., 2001). In fact, central reorganization has
been demonstrated following a variety of spinal injury models.
For example, spinal cord injury produced by contusion results
in changes in neuronal receptive field characteristics in the
caudal brain stem (Hubscher and Johnson, 1999). In addition,
hyperactive thalamic and cortical activity has been described
following spinal injury in the rat, cat, and human (Koyama et
al., 1993; Lenz et al., 1994; Faggin et al., 1997).

Most notably, the results from this study show that genetic
factors can play an important role in the forebrain changes
following damage to central nervous system injury. Subsequent
investigations should not assume that changes in the response
to CNS injury are uniform among rat strains. Carefully
designed experiments and critical evaluations of the strain
differences in behavioral and neural response may therefore
provide insight into the functional significance of adaptive
responses to CNS injury.
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