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Different patterns of morphological changes in the
hippocampus and dentate gyrus accompany the
differential expression of disability following nerve
injury
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Abstract

Physical and psychological trauma which results in mood disorders and the disruption of complex behaviours is
associated with reductions in hippocampal volume. Clinical evaluation of neuropathic pain reveals mood and
behavioural change in a significant number of patients. A rat model of neuropathic injury results in complex
behavioural changes in a subpopulation (~30%) of injured rats; these changes are co-morbid with a range of
other ‘disabilities’. The specific objective of this study was to determine in rats the morphology of the
hippocampus and dentate gyrus in individuals with and without complex behavioural disruptions following a
constriction injury of the sciatic nerve, and to determine whether rats that develop disabilities following nerve
injury have a reduced hippocampal volume compared with injured rats with no disabilities. The social
behaviours of nerve-injured rats were evaluated before and after nerve injury. The morphology of the
hippocampus of rats with and without behavioural disruptions was compared in serial histological sections.
Single-housing and repeated social-interaction testing had no effect on the morphology of either the
hippocampus or the dentate gyrus. Rats with transient or ongoing disability identified by behavioural
disruption following sciatic nerve injury, show bilateral reductions in hippocampal volume, and lateralised
reduction in the dentate gyrus (left side). Disabled rats display a combination of behavioural and physiological
changes, which resemble many of the criteria used clinically to diagnose mood disorders. They also show
reductions in the volume of the hippocampus similar to people with clinically diagnosed mood disorders. The
sciatic nerve injury model reveals a similarity to the human neuropathic pain presentation presenting an
anatomically specific focus for the investigation of the neural mechanisms underpinning the co-morbidity of
chronic pain and mood disorder.
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Introduction

The co-morbidity of mood disorders with chronic pain is
well documented (Bair et al. 2003; Lépine & Briley, 2004;
Réthelyi et al. 2004; Argoff, 2007; Tsang et al. 2008; Miller
& Cano, 2009). The incidence of mood disorder in chronic
neuropathic pain is around 30-35%. Diagnostic indicators
of altered mood include: disturbed sleep; disrupted social
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relations; poor attention and memory; and hypothalamo-
pituitary adrenal (HPA) axis dysfunction (Affleck et al. 1997,
1999; Lentjes et al. 1997; Malick et al. 2001; Bosley et al.
2004; Lépine & Briley, 2004; Réthelyi et al. 2004; Tsuno
et al. 2005; Argoff, 2007; Tsang et al. 2008; Gormsen et al.
2010; Turk et al. 2010). In this subgroup of neuropathic pain
patients, the presence of altered mood is not predicted by
pain intensity (Chapman, 1953; Chapman & Turner, 1953;
Fordyce, 1953; Jacobson & Mariano, 1953; Turner &
Romano, 1953; Sternbach, 1974; Timmermans & Sternbach,
1974; Procacci et al. 1979; Reuler et al. 1980; Harding et al.
1994; Galer & Jensen, 1997; Bennett, 1999; Menefee et al.
2000; Jensen et al. 2001; Meyer-Rosberg et al. 2001;
Zimmerman, 2001).

In rodent models of neuropathic pain, indications of
altered mood have been sought by quantifying ‘depressive-
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like” behaviours, a search which has resulted in a number of
inconsistent observations (Kontinen et al. 1999; Suzuki
et al. 2007; Roeska et al. 2008, 2009; Hu et al. 2009; Wang
et al. 2011). Some studies suggest that nerve-injured
rodents show no evidence of ‘depressive-like’ behaviours
(Kontinen et al. 1999), whereas others report that all nerve-
injured rodents show evidence of ‘depressive-like’ behav-
iours (Suzuki et al. 2007; Roeska et al. 2008, 2009; Hu et al.
2009; Seminowicz et al. 2009). The inconsistencies between
studies have been attributed to: time of testing post injury
(Wang et al. 2011); habituation following repeated testing
(Kontinen et al. 1999); strain and species differences
(Roeska et al. 2009); and differences according to the type
of nerve injury (Roeska et al. 2008). A principle feature of
these studies has been an intrinsic assumption that all
nerve-injured animals will show behavioural change indica-
tive of altered mood, an hypothesis at odds with the clinical
picture described above. A second feature of these studies
has been a focus on using tests of ‘anxiety’ (i.e. elevated
plus maze, open field, dark-light exploration) rather than
measuring the behavioural signs of mood disorder most
frequently reported by neuropathic pain patients (i.e.
disturbed sleep, disrupted social relations, poor attention
and memory, and poor endocrine dysfunction)
(Affleck et al. 1997; Lentjes et al. 1997; Malick et al. 2001;
Bosley et al. 2004; Lépine & Briley, 2004; Réthelyi et al.
2004; Argoff, 2007; Tsang et al. 2008; Gormsen et al. 2010;
Turk et al. 2010). The third feature has been the evaluation
of animals during the light phase, the time at which labora-
tory rodents are least active and/or asleep (Roeska et al.
2008, 2009). The adequacy and usefulness of animal models
for any pathological state depends significantly on the
extent to which these models incorporate and evaluate the
major features of the human condition which they are
being used to investigate. The sciatic nerve constriction
injury model (Bennett & Xie, 1988) has been used exten-
sively as a model of chronic neuropathic pain due to its abil-
ity to reliably produce sensory changes characteristic of
human neuropathic pain states (Bennett, 1993; Kim et al.
1997). Recent work from our laboratory has, however, pro-
vided strong evidence that this model reflects, at a more
fundamental level, the human neuropathic pain state
because of its ability to trigger changes in complex behav-
iours and endocrine function in a subpopulation of injured
individuals. These include sleep disturbances, altered social
behaviours, dysregulation of the HPA and HPT axes, and
anhedonia (Monassi et al. 2003; Keay et al. 2004; Kilburn-
Watt et al. 2010; Hakim & Keay, 2011). These changes
reflect closely the commonly reported problems of chronic
neuropathic pain patients with co-morbid altered mood.
We have termed this constellation of behavioural and phys-
iological dysfunction, ‘disability’. Thus the CCl model
reflects the human experience in that some individuals cope
with injury at its onset, or after a short period of disability,
whereas a failure to cope persists in others. Critically, as in

people, the trajectory into the disabled state in rats is not
related to the intensity of the sensory consequences of the
nerve injury (cf. Monassi et al. 2003 with Chapman, 1953;
Chapman & Turner, 1953; Fordyce, 1953; Jacobson & Mari-
ano, 1953; Turner & Romano, 1953; Sternbach, 1974; Tim-
mermans & Sternbach, 1974; Procacci et al. 1979; Reuler
et al. 1980; Harding et al. 1994; Galer & Jensen, 1997; Ben-
nett, 1999; Menefee et al. 2000; Jensen et al. 2001; Meyer-
Rosberg et al. 2001; Zimmerman, 2001).

A growing body of literature places the hippocampus in a
pivotal position in the development of the range of condi-
tions broadly described as ‘mood disorders’, which includes
major depressive disorder (with or without anxiety) (MDD).
A critical involvement of the hippocampus in MDD has been
argued for, based on changes in volume in affected individ-
uals when compared with healthy controls. However, close
analysis of the literature reveals contradictory findings. For
example, claims that reduced hippocampal volume is associ-
ated with MDD (Sheline et al. 2003; Saylam et al. 2006;
Colla et al. 2007; MacMaster & Kusumakar, 2008; MacMas-
ter et al. 2008; Malykhin et al. 2010) are not supported by
others (Vakili et al. 2000; Rusch et al. 2001; Ahdidan et al.
2011). Furthermore, when detected, the locations of these
morphological differences differ, i.e. in the posterior (tail)
segment (Neumeister et al. 2005; Maller et al. 2007) vs.
anterior (body) subregion (Zhao et al. 2008; Malykhin et al.
2010). Gender differences as well as the use of prescribed
and non-prescribed medications further complicate this pic-
ture (Malykhin et al. 2010 ¢f. Woon & Hedges, 2011).
Although these differences can be controlled for, using
multilevel covariate and factor analyses, conclusions are
often drawn from quite small sample sizes (Videbech & Rav-
nkilde, 2004; McKinnon et al. 2009). Notwithstanding these
issues, meta-analyses conclude that adults with MDD have
smaller hippocampi than found in appropriate control
adults (Campbell & Macqueen, 2004; Videbech & Ravnkilde,
2004; McKinnon et al. 2009). The susceptibility of the hippo-
campus to changes in gross morphology following trau-
matic physical and psychological events (Kitayama et al.
2005; Woon & Hedges, 2008; Woon et al. 2010) and the
relationship of altered mood with reductions in hippocam-
pal size led to the hypothesis that nerve-injured rats with
altered complex behaviours following nerve injury, will
show reduced hippocampal volumes, whereas rats without
these behavioural alterations following neuropathic injury
will not. Our suggestion is further supported by evidence in
mice that spared nerve injury (SNI) alters the rate of hippo-
campal neurogenesis, which could result in gross morpho-
logical changes (Mutso et al. 2012). That the hippocampus
is affected by nerve injury has also been shown by the
following: altered neuronal function (Mutso et al. 2012);
elevations of hippocampal tumour necrosis factor-alpha
(TNF-0), which impairs both working and short-term mem-
ory (Ren et al. 2011); and altered hippocampal long-term
potentiation (Kodama et al. 2007). Both SNI and CCl proce-
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dures in rats elevate hippocampal cytokine levels (Del Rey
et al. 2011); elevate hippocampal TNF-o impairing both
working and short-term memory (Ren et al. 2011) and alter
CA1 neuronal activity (Cardoso-Cruz et al. 2013).

The aims of this study were to determine the effects of
constriction injury of the sciatic nerve on the morphology
of the hippocampus and dentate gyrus, and to determine
whether distinct patterns of morphological changes were
associated with the presence or absence of disabilities
following nerve injury.

Materials and methods

All experimental procedures were carried out following the guide-
lines of the NHMRC ‘Code for Care and Use of Animals in Research
in Australia’ and the ‘Ethical Guidelines for Investigation Association
for the Study of Pain’ (Zimmerman, 1993). All procedures were
approved by the University of Sydney Animal Care and Ethics Com-
mittee (AEC numbers K03/3920 and K03/4852).

Animal groups

All experiments were performed on male Sprague-Dawley rats,
(~180 g, ARC, Perth, WA, Australia). Three experimental groups
were compared: (i) single-housed, social-interaction tested rats
(n =11); (i) single-housed, sham-injured and social-interaction
tested rats (n =7); and; (iii) single-housed, nerve-injured, social-
interaction tested animals. The rats in group (iii) were divided post-
hoc into Pain alone (n = 6), Pain & Disability (n = 7), and Pain & Tran-
sient Disability (n = 5). The testing protocol is summarised in Fig. 1.
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In addition, the hippocampal morphologies of these experimen-
tal groups were compared with a group of standard laboratory
group housed rats (n = 12).

Rats in each of the experimental groups were behaviourally
tested. The animals were housed individually on arrival in Perspex
cages (40 x 36 x 24 cm) and allowed to habituate for 2 weeks, to
a reverse dark-light cycle (12 : 12 h); all experiments were con-
ducted during the dark phase. These rats are termed resident rats in
the social interaction test.

Social interaction testing

The resident-intruder, social interaction testing procedures were
significantly modified from those originally reported by Koolhaas
et al. (2013) and have been described in detail earlier (Monassi
et al. 2003). Following the introduction of an age-, weight- and
sex-matched intruder into the cage of a resident rat, social inter-
actions were recorded for 6 min using an infrared camera
(DCRA-C155; Sony). The same intruder did not meet a resident
rat more than two times, and never on consecutive days. Intrud-
ers were also housed under the same reverse dark-light cycle
(12 : 12 h). The resident rat’s behaviour was analysed for 6 min.
The behaviour of the animal was assigned to one of four mutu-
ally exclusive categories. Dominance behaviour: Standing on top
of the supine intruder, biting, chasing, aggressive grooming, box-
ing and sideway lateral pushing. Social behaviour: Sniffing and
exploration of the intruder specifically focused around the ano-
genital region. Non-social: Exploration of the cage and self-
grooming. Submissive: Defensive alerting, fleeing behaviour and
supine postures.

Rats were tested on five consecutive days prior to nerve or
sham injuries (days 1-5) to ensure the stability of each resident’s

Effects of Resident- Effects of surgical Effects of nerve
Intruder testing procedures mjury
Does Resident Retain Retain
Intruder testing cause & Resident Intruder Resident Intruder
a change in hippocam- testing testing
9
pal volume? Retain surgical
1 protocol
| YES
X NO
1
; Does the procedure of
Cannot use the surgery cause a Does CCI cause a

testing

Resident Intruder

change in hippocampal
volume?

change in hippocampal
volume?

Fig. 1 Flowchart summarising the
experimental protocol used in this study. The
systematic evaluation of the effects of
resident—intruder, social interaction testing
and sham surgical procedures on the volume
of the hippocampus and dentate gyrus were
established prior to evaluation of the effects
of nerve injury on these dependent measures.
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behaviour towards an intruder, as described in multiple cohorts in
previous studies (Monassi et al. 2003; Austin et al. 2010; Kilburn-
Watt et al. 2010; Mor et al. 2010). On day 6, rats received a nerve
injury, a sham injury or were not behaviourally tested. On days
7-12, rats underwent a further 6 days of social interaction testing.

The behaviour of each rat following nerve injury was analysed to
determine the animals in which dominance behaviours changed,
which we have previously shown to reflect a number of physiologi-
cal and behavioural changes that we have termed ‘disability’. As
shown by Monassi and colleagues and replicated in several studies
(Monassi et al. 2003; Austin et al. 2010; Kilburn-Watt et al. 2010;
Mor et al. 2010, 2011), rats could be categorised in the following
way: Pain alone (No disability) — no change between pre- and post-
CCl behaviours; Pain & Transient Disability — a decrease of at least
30% in dominance behaviours on the first 2 or 3 post-CCl test days
returning to pre-CCl levels for the last 3 days of testing; Pain &
Disability: decrease in the duration of dominance behaviours by at
least 30%, for at least 75% of the post-CCl period, including the last
3 days of testing.

Chronic constriction injury of the sciatic nerve

The surgical procedure was performed as described by Bennett &
Xie (1988). Under halothane anesthesia (5% in 100% oxygen, Laser
Animal Health, Australia) an incision was made in the right thigh,
the muscle was gently parted by blunt dissection, and the sciatic
nerve was identified at its trifurcation. Four chromic gut ligatures
(5-0 Ethicon; Johnson & Johnson Medical) were loosely tied around
the isolated nerve just medial to the trifurcation. The skin was
sutured and the animal allowed to recover under close observation.
Surgical anaesthesia and procedures lasted no longer than 20 min.
An identical procedure, without the nerve constriction, was per-
formed on sham-injured rats.

Tissue preparation

Twenty-four hours after the final social interaction test (day 12),
all rats were deeply anaesthetised with barbituate (Lethabarb
130 mg kg™ i.p.) and perfused transcardially with heparinised
saline (500 mL of 0.9% NaCl at 4 °C containing 10 IU heparin)
followed by 4% paraformaldehyde in acetate-borate buffer
(500 mL, pH 9.6 at 4 °C). The brains were removed immediately
and placed in cold fixative for 48 h, and then in 10% sucrose
in phosphate buffer (0.1 m pH 7.6) until the brains sank
(~3 days).

Each brain was assigned a number by investigators not
involved in these experiments, and from this point, all process-
ing and analysis was performed blind. Only when the study was
completed and the final statistical analyses were performed, was
this blinding reversed and each experimental and control group
identified.

A brain block containing the entire hippocampus was isolated,
frozen in mounting medium and sectioned coronally at 40 um on a
freezing microtome (Leica SM2000R). A one in five series of sections
was taken, with every 5th section immediately mounted onto gela-
tinised glass slides and air-dried for 72 h. The neuronal cell bodies
in the sections on each slide were then stained using a standard nis-
sl body counterstaining protocol (1% Thionin). The slides were
placed overnight in 50% ethanol, 50% chloroform. The slides were
then immersed in a descending alcohol series (100, 90, 70 and 50%)
for 1 min each. They were then placed in acetic acid/ethanol

solution (1 : 4 ratio) for 20 s followed by immersion in 1% Thionin
stain for 10 s. The sections were washed in distilled water and
placed into an ascending alcohol series of 50% and then 70% fol-
lowed by immersion into acetic acid/ethanol solution (1 : 4 ratio)
for 10's, then 90 and 100% alcohol solutions for 1 min each. All
slides were cleared overnight in Histoclear and coverslipped using
DPX mounting medium.

Morphological assessment

Photomicrographs were taken of every section of the 1 : 5 series at
40x magnification. Volumetric analyses were conducted with the
use of image analysis software (utHscsa IMAGETOOL version 3.0). The
boundaries of the hippocampus and dentate gyrus were traced
onto each photomicrograph (see Fig. 2). The original sections were
cross-referred to a higher magnification when needed. The anatom-
ical boundaries of the hippocampus and the dentate gyrus were
defined with reference to the stereotaxic atlas of the rat brain as
per Paxinos & Watson (2005).

Hippocampal boundaries

The rostral/septal pole was identified by the presence of CA3 cells
at approximately —1.72 mm bregma (Fig. 2A). The caudal pole of
the hippocampus was identified by the disappearance of the molec-
ular layer of the dentate gyrus and the CA1 regions, at approxi-
mately —6.8 mm caudal to bregma (Fig. 2F). The medial border was
defined by the disappearance of the densely labelled pyramidal
cells, defining the CA1 region, at approximately —5.16 mm from
bregma (Fig. 2D,E). In the region of CA1, the border was defined by
a perpendicular line drawn from the hippocampal fissure to the
alveolus (Fig. 2E). The lateral border was established by the change
in staining between oreins of the hippocampus and the alveolus. At
the point where the CA2 region changes into the ventral subiculum
a line was drawn between the end of the pyramidal layer and the
hippocampeal fissure.

It is staightforward to delineate the dorsal and ventral hippo-
campus in regions where they are spatially separate (Fig. 2C)
and to distinguish them on sections where the CA3 regions of
the dorsal and ventral subregions are separated by the oriens
layer of the hippocampus (Fig. 2D). This distinction becomes less
reliable and somewhat arbitrary when the oriens layer, rather
than separating the two regions, runs parallel with them
(Fig. 2E). To avoid arbitrary boundary divisions (i.e. dorsal vs.
ventral, medial vs. lateral) and to maintain a systematic and
unbiased approach to volume analyses, total hippocampal vol-
umes were calculated (Fig. 5).

Dentate gyrus boundaries

The molecular layer borders were easily distinguished on Thionin-
stained sections. The dorsal and ventral subregions were defined in
accordance with Paxinos & Watson (2005) and the posterior subre-
gion was defined from the point where the dorsal and ventral sub-
regions join, and the point at which the molecular layer is no
longer present.

To ensure that there were no differences in tissue shrinkage
between animals, sections from randomly selected rats, perfused on
different days, were used to compare cortical thickness, the width
of the diencephalon, and the distance from the dorsal surface to
superior tip of the third ventricle at the same antero-posterior level.
This procedure did not reveal any variability in the effects of fixa-
tion on these tissues.

© 2014 Anatomical Society



Fig. 2 Photomicrographs of select coronal
Thionin-stained sections through the
hippocampus. Dashed lines indicate the
boundaries used to define the hippocampus
and solid lines those used to define the
dentate gyrus. (A,B) Dorsal (septal pole)
hippocampus. (C,D) Dorsal and

ventral hippocampus. (E,F) Posterior/
intermediate hippocampus. Scale bar:

1.0 mm.

Statistical analysis

A two-way between-group anova evaluated the effects of time and
post-injury behavioural group on dominant, social, non-social and
submissive behaviours. Significant main effects were probed further
using Tukey’s post-hoc comparisons between each behavioural
group (PA, PD, TD, BS, BSC). A repeated measure anova and Fisher's
protected least significance post-hoc analyses were used to deter-
mine significant changes in dominance, social, non-social and sub-
missive behaviours pre- and post-CCl. Morphological comparisons
were made between the five groups (BC, BS, PA, PD and TD) using
a one-way anova, followed where permissable by Tukey HSD post-
hoc testing.

Results

Comparison of hippocampal and denatate gyrus
morphology between experimental groups

Significant differences were detected between the
experimental groups in the volume of the hippocampus
[anova, left: (Fs40 = 5.660, P < 0.001), right (Fs40 = 6.977,
P < 0.001)]; the volume of the whole dentate gyrus [anova,
left: (Fs42 =6.433, P <0.001), right (Fs4> =3.530, P=
0.009)]; in the dorsal dentate gyrus [anova, dorsal left:
(Fs42 = 2.557, P=0.042), dorsal right (Fss, = 3.658, P =
0.008)]; in the left but not right posterior (intermediate)
dentate gyrus [anova, posterior/intermediate left: (Fs54> =
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4.320, P = 0.003), posterior/intermediate right (Fs 4, = 1.004,
P = 0.427)], but not in the ventral dentate gyrus [anova, ven-
tral left: (Fs4> = 1.989, P = 0.1), ventral right (Fs 4, = 1.095,
P =0.377)].

Effects of resident-intruder testing

Behaviour

In behavioural control rats, social interaction testing over a
period of 12 days produced stable levels of dominant and
submissive behaviours. During the last 3 days of testing, rats
showed a modest, statistically significant reduction in social
behaviours (Friedman’s 2-way anova, P = 0.038; pairwise
comparison post-CCl days 1-3 vs. post-CCl days 4-6,
P = 0.03) (Fig. 3). During the test period (6 min), rats spent
the majority of their time (~50%) in non-social behaviours,
which included investigation of the cage and self-groom-
ing. They spent approximately 30% of the time in domi-
nance behaviours and the remaining ~20% investigating
the intruder animal (social behaviours). Submissive behav-
iours were seldom seen.

Morphology of hippocampus and dentate gyrus

Post-hoc testing (Tukey HSD) did not reveal any differences
in the size of the hippocampus between rats that had
undergone social interaction testing for 12 days (BC) and
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Fig. 3 Bargraphs showing the mean (+ SEM) durations of (i) Dominant, (ii) Non-social, (iii) Social and (iv) Submissive behaviours on pre-injury days
3-5 and post-injury days 1-3 and 4-6, in: (1) behaviorally tested control rats (n = 11); (2) sham-injured control rats (n = 7); (3) Pain alone follow-
ing CCl (n = 6); (4) Pain and Disability following CCl (n = 7); and (5) Pain and Transient Disability following CCI (n = 5). Significant difference
between pre- and post-injury days (Fisher's least significant difference) are shown: *P < 0.05.

the group of standard laboratory-housed rats (n = 12, data
not illustrated).

Effects of surgical procedures: sham injury and social
interaction testing

Behaviour

Sham injury triggered a small but non-significant increase
in dominance behaviours which was mirrored by a small
but significant reduction in non-social behaviour (Fried-
man’s 2-way Anova, P = 0.036: pairwise comparison pre-CCl
days 1-3 vs. post-CCl days 4-6; P = 0.04) (Fig. 3).

Morphology of hippocampus and dentate gyrus

When compared with behaviourally tested control rats,
sham injury and behavioural testing had no significant
effect on the overall volumes of the hippocampus, the den-
tate gyrus or any of their subregions (Fig. 4).

Effects of sciatic nerve injury: pain alone group

Behaviour

In ~50% of rats, sciatic nerve constriction injury has no
effect on social interations in the resident intruder test
(Monassi et al. 2003). In previous publications, these rats
have been termed ‘Pain alone’. Identical to our ear-
lier reports, this subgroup of rats showed no change from

pre-injury levels in any of the behavioural categories mea-
sured after sciatic nerve CCl.

Morphology of hippocampus and the dentate gyrus
There were no differences in the volume of the hippocam-
pus, dentate gyrus or its subregions between Pain alone
(CdI) rats, sham-injured and behaviourally tested rats, and
behaviourally tested rats (Fig. 4).

Effects of sciatic nerve injury: pain and disability
group

Behaviour

Persistent reductions in dominance behaviours characterises
approximately 25-30% of sciatic nerve-injured rats, defining
a subgroup we have called in earlier publications ‘Pain and
Disability’ rats (Monassi et al. 2003; Austin et al. 2010; Kil-
burn-Watt et al. 2010; Mor et al. 2010). In these rats, the
significant decrease in dominance behaviour on days 1-3
and 4-6 post-CCl (Friedman’s 2-way anova, P = 0.005: pair-
wise comparison pre-CCl vs. post-CCl days 1-3; P = 0.023;
pre-CCl vs. post-CCl days 4-6; P = 0.01) is accounted for by
an increase in non-social behaviours (primarily exploration
and cage investigation), social behaviours and occasional
submissive  behaviours. The dominance behaviours
expressed shifted to an approach-avoid style with the rat
increasing approaches toward the partner but reducing

© 2014 Anatomical Society
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Fig. 4 Bargraphs illustrate the mean (& SEM) volumes of (i) Hippocampus-total, (i) Dentate Gyrus-total, (iii) Dentate Gyrus — dorsal, (iv) Dentate
Gyrus — ventral and (v) Dentate Gyrus — posterior/intermediate for the following groups: behaviorally tested control rats (n = 11, red column);
sham-injured control rats (n = 7, blue); Pain alone following CCl (hippocampus: n = 5; dentate gyrus: n = 6, yellow); Pain and Disability following
CCl (hippocampus: n = 6; dentate gyrus: n = 7, black); and Pain and Transient Disability following CCl (n = 5, pink). Significant differences
(post-hoc Tukey LSD) between groups are indicated by **P < 0.01 when compared with behaviourally tested control rats, by **P < 0.01 when
compared with sham-injured control rats, and by AP < 0.01 when compared with Pain alone following CCl.

dominance interactions. This pattern is described in detail
in Monassi et al. (2003). Figure 3 illustrates the persistent
reduction in dominance of these Pain and Disability rats.

Morphology of hippocampus and the dentate gyrus
Tukey HSD post-hoc testing revealed that the left hippo-
campus was smaller in Pain and Disability rats than in
behaviourally tested controls (P < 0.02), sham-injured and
behaviorally tested controls (P < 0.05) and Pain alone rats
(P < 0.05). The right hippocampus was smaller in Pain and
Disability rats than in behaviourally tested controls
(P < 0.01), sham-injured and behaviorally tested controls
(P < 0.01). Rats with Pain and Disability following CCI also
have a smaller left (contralateral to the CCl) dentate gyrus
(P < 0.03). The subregions of the dentate gyrus did not
differ between the groups.

Effects of sciatic nerve injury: pain and transient
disability group

Behaviour
Post-CCl, around 20-25% of rats show initial disability
(2-3 days), followed by recovery; this subgroup of rats has

© 2014 Anatomical Society

been called the ‘Pain and Transient Disability’ group (Mon-
assi et al. 2003). Figure 3 shows the behavioural profiles of
rats classified in this group. The transient and significant
reduction in dominance behaviours of the first three post-
CCl days (Friedman’s 2-way anova, P = 0.02: pairwise com-
parison pre-CCl vs. post-CCl days 1-3; P < 0.01) recovers to
levels, which are not significantly different to the pre-CCl
baseline (pairwise comparison pre-CCl vs. post-CCl days 4-6;
P =1.0).

Morphology of hippocampus and the dentate gyrus
Tukey H post-hoc testing revealed that the left hippocam-
pus was smaller in Pain and Transient Disability rats than in
behaviourally tested controls (P < 0.02), and the right hip-
pocampus was smaller compared with behaviourally tested
controls (P < 0.01), sham-injured and behaviorally tested
controls (P < 0.01) (Fig. 4).

Morphological observations

Hippocampus
At the septal (rostral) pole of the hippocampus, which con-
stitutes primarily the dorsal subregion, the surface area of
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the hippocampus when sectioned coronally, is similar in
each of the experimental groups (Fig. 5). In Fig. 4, above
we showed that rats with either Pain and Disability or Pain
and Transient Disability each have reduced hippocampal
volumes. Morphological observations revealed that the Pain
and Transient Disability rats had a shorter hippocampus
with overall larger cross-sectional areas when contrasted
with the other experimental groups (Fig. 5). Further, the
rats with Pain and Disability had a longer hippocampus
with an overall smaller cross-sectional area when contrasted
with the other experimental groups, although the most
caudal sections contained the greatest cross-sectional areas
of hippocampus (Fig. 5).

Dentate gyrus

The reduction in volume of the dentate gyrus contralateral
to the CCl (left) shown in Fig. 4 was not accounted for by
select reductions in the volume of the dorsal, ventral or pos-
terior regions (Fig. 6A,B).

Discussion

The aims of this study were to determine the effects of con-
striction injury of the sciatic nerve on the morphology of
the hippocampus and dentate gyrus. In particular, we
wanted to determine whether specific morphological

changes were associated with the presence of complex
behavioural disabilities triggered by the injury. To summa-
rise, we identified that: single-housing and repeated social
interaction testing had no effect on the morphology of
either the hippocampus or the dentate gyrus; rats with
nerve injury-evoked transient or persistent changes in social
interactions (i.e. complex behavioural disabilities) had bilat-
erally reduced hippocampal volumes;rats with nerve injury-
evoked persistent changes in social interactions had
reduced dentate gyrus volumes, contralateral to the nerve
injury (left side).

The discussion will deal with the following issues raised
by our findings: (i) the effects of nerve injury on hippocam-
pal and dentate gyrus morphology; (ii) possible mechanisms
by which nerve injury could trigger morphological changes;
(iii) what the morphological changes might represent, and
(iv) the potential relationship of morphological change with
the expression of disability.

Control rats: morphological observations

The size of the hippocampus and dentate gyrus is affected
by many stressors, ranging from the relatively minor and
acute, to the chronic (Sousa & Almeida, 1998; Lee & Son,
2009; Golub et al. 2011). The sensitivity of hippocampal and
dentate gyrus size to context and environment compelled
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which we suggest are not anatomically separable (see text).
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us to evaluate the impact of both the resident-intruder
social interaction test and the sham surgical procedures.
The volumes of the hippocampus and the dentate gyrus
were unaffected by resident-intruder social interaction test-

ing or sham surgical procedures.
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Effects of nerve injury on the hippocampus

Our earlier observations have shown that in a subset of rats
(~30%), social interactions in the resident-intruder test are

disrupted. The rats that show this altered behavioural
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response also show decreased slow-wave sleep and
increased wakefulness (Monassi et al. 2003), and they have
elevated plasma corticosterone and decreased plasma levels
of ACTH, thyroxine and tri-iodothyronine (T3) (Kilburn-Watt
et al. 2010). A subset of injured rats are also reported to
show anhedonia (Hakim & Keay, 2011). It is this subset of
rats, identified by their changes in social behaviours, that
were shown in this study to have bilateral reductions in
hippocampal volume.

This is the first report of morphological changes in the
hippocampus following peripheral nerve injury in an animal
model of neuropathic pain. Most importantly, the reduc-
tions in size are found only in rats that show complex
behavioural and physiological changes in response to the
injury. Changes in the microanatomy of the hippocampus
have been reported following chronic but not acute hind-
paw inflammatory pain in the rat, and spared nerve injury
in the mouse. A bilateral reduction in neurogenesis in the
dentate gyrus (both the hilus and the subgranular zones)
was reported in all experimental animals (Duric &
McCarson, 2006; Mutso et al. 2012). Whether the reduction
in neurogenesis resulted in morphological change, was not
evaluated in either study. However, hippocampus-depen-
dent learning and anxiety measures were disrupted in the
mice with spared nerve injuries (Mutso et al. 2012); whether
the chronic inflammatory pain in the rats was associated
with behavioural and physiological changes was not evalu-
ated. Further, in a brief report in mice, it has been reported
that a partial sciatic nerve injury can reverse the enhanced
neurogenesis in the dentate gyrus driven by environmental
enrichment, although this nerve injury had no effect on the
level of neurogenesis under standard housing conditions
(Terada et al. 2008). Zimmerman et al. (2009) have reported
smaller hippocampal volumes in people with chronic pain
of unspecified origin. Similarly, Mutso et al. (2012) have
reported smaller hippocampal volumes in people with
chronic regional pain syndrome, osteoarthritis and chronic
backpain (Mutso et al. 2012). As yet, there are no reports of
altered hippocampal volumes in neuropathic pain patient
populations.

Mechanisms of nerve injury triggered morphological
change

A critical question is, of course, how sciatic nerve injury
could trigger changes in hippocampal morphology. The
likely answer includes a combination of: (i) reduced neuro-
genesis, (ii) increased apoptosis and (iii) atrophy and remod-
elling of neurons.

In rats, reductions in neurogenesis in the hippocampus
are triggered by glucocorticoids (Sapolsky, 1990; Cameron &
Gould, 1994; Kim et al. 2004), social stress (Mitra et al. 2006;
Lagace et al. 2010), sleep disturbances (Roman et al. 2005;
Guzman-Marin et al. 2007; Lucassen et al. 2010), chronic
inflammatory pain (Duric & McCarson, 2006; Lucassen et al.

2010), and chronic restraint (Pham et al. 2003). Injured rats
with reduced hippocampal volumes certainly have elevated
corticosterone, disturbed sleep and a localised inflamma-
tory reaction (at the site of the CCl), each of which has
proved sufficient to reduce neurogenesis in other studies.

Increased rates of apoptosis in the hippocampus may be
triggered by the same stimuli that reduce rates of neuro-
genesis; the difficulties of detecting apoptotic cell death in
histological samples has resulted in only a few anatomical
analyses of the significance of this process for structural
alterations of the hippocampus. Some investigators argue
that apoptotic cell death increases in response to glucocor-
ticoids and social stress and that following significant dura-
tions of exposure to these stimuli, the rates of cell death are
sufficiently high to cause detectable changes in size and vol-
ume, whereas others argue that apoptosis is negligible in
response to glucocorticoids and a range of stressors, and
that regulating rates of neurogenesis is the key to regula-
tion of hippocampal size (Czéh & Lucassen, 2007). There is
evidence that pro-apoptotic ratios of Bax/Bcl2 as well as the
presence of the marker of apoptosis-activated caspase-3 are
triggered in the hippocampus by inflammation in the hind-
paw. Similarly (Jalalvand et al. 2008), a single prolonged
stress triggers a pro-apoptotic Bax/Bcl2 and caspase-3, -9
profile, and there is evidence of apoptosis defined by
TUNEL-positive profiles (Li et al. 2010).

Atrophy and remodelling of hippocampal neurons has
been demonstrated following restraint stress and social
stress (Buwalda et al. 2005); this physical remodelling is
argued to be glucocorticoid-dependent, although specific
evidence for this is not available. On balance, it is likely that
the significant alterations in hippocampal size and volume
reported in this study are likely explained by each of these
processes; defining the contribution of each process is the
next important experimental step.

Morphological
disability

changes and the expression of

The dorsal (septal pole), ventral and posterior/intermediate
subregions of the hippocampus each have distinct func-
tional roles. The dorsal (septal pole) hippocampus is critical
for spatial memory formation (Moser et al. 1995; Pothui-
zen et al. 2004), and the ventral and posterior/intermedi-
ate subregions play significant roles in regulating affective
behaviours and modulating unconditioned responses to
stressful or threatening stimuli (McHugh et al. 2004; Moser
& Moser, 1998; Pentkowski et al. 2006; Fanselow & Dong,
2010) . The ventral and posterior/intermediate hippocam-
pus is also reported to regulate the activity of the hypo-
thalamo-pituitary-adrenal axis, controlling the level of
adaptation of the system in the face of ongoing stressors
(Moser & Moser, 1998). It has been usual to interpret
reductions in hippocampal size and inferred reductions in
neural density in order to approximate to some degree
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the functional effects of hippocampal lesions. Although
this stance perhaps overestimates the functional impact of
the size and volume changes reported, there is general
agreement that learning and memory, as well as affect
and HPA axis regulation, will be altered by structural
changes in the dorsal (septal pole), ventral and posterior/
intermediate subregions, respectively.

Conclusions

In a subpopulation of rats, sciatic nerve injury triggers a
combination of behavioural and physiological changes that
resemble many of the criteria used clinically to characterise
mood disorder. These rats showed a reduction in the vol-
ume of the hippocampus similar to the changes defined in
people with clinically diagnosed mood disorders, i.e. major
depressive disorder. The sciatic nerve CCl model again
reveals similarities to the human neuropathic pain presenta-
tion that hitherto have not been appreciated.
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