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Abstract 

Background and aims: Although neuropathic pain is known to negatively affect cognition, 

the neural mechanisms involved are poorly understood. Chronic pain is associated with 

changes in synaptic plasticity in the brain which may impact on cognitive functioning. The aim 

of this study was to model neuropathic pain in mid-aged rats using spinal nerve ligation (SNL). 

Following establishment of allodynia and hyperalgesia, behaviour was assessed in a battery of 

cognitive tests. Expression of the presynaptic protein, synaptophysin, and its colocalisation 

with the vesicular GABA and glutamate transporters (vGAT and vGLUT, respectively), was 

investigated in the medial prefrontal cortex (mPFC) and hippocampus.  

Methods: Nine month old male Sprague Dawley rats underwent L5/6 spinal nerve ligation or 

a sham procedure. Mechanical and cold allodynia and thermal hyperalgesia were assessed 

using von Frey, acetone and Hargreaves tests respectively. Cognition was assessed in the novel 

object recognition, air-puff passive avoidance and Morris water maze behavioural tasks. 

Immunohistochemistry was used to examine the expression of synaptophysin in the mPFC and 

CA1 region of the hippocampus and double labelling of synaptophysin and the vesicular 

transporters vGAT and vGlut was used to investigate the distribution of synaptophysin on 

GABAergic and glutamatergic neurons.  

Results: SNL rats displayed impaired performance in the novel object recognition task. 

Passive-avoidance responding, and spatial learning and memory in the Morris water maze, 

were unaffected by SNL surgery. However, in the water maze reversal task, pain-related 

impairments were evident during training and probe trials. SNL surgery was not associated 

with any differences in the expression of synaptophysin or its colocalisation with vGAT or 

vGLUT in the mPFC or the hippocampal CA1 region.  



 

Conclusions: These results suggest that the SNL model of neuropathic pain is associated with 

deficits in recognition memory and cognitive flexibility, but these deficits are not associated 

with altered synaptophysin expression or distribution in the mPFC and CA1.  

Implications: Cognitive complaints are common amongst chronic pain patients. Here we 

modelled cognitive impairment in a well-established animal model of neuropathic pain and 

investigated the neural mechanisms involved. A better understanding of this phenomenon is 

an important prerequisite for the development of improved treatment of patients affected.  

 

Keywords: Neuropathic pain; spinal nerve ligation; recognition memory; cognitive 

flexibility; synaptophysin  
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1. Introduction 

Chronic pain impacts negatively on both physical and psychological functioning. Impairments 

in cognitive domains including attention and working memory have been demonstrated in 

chronic pain patients using both subjective reports and objective neuropsychological testing 

(for review see [1, 2, 3]). However, the mechanisms by which pain affects cognition are still 

poorly understood.  Recent research has demonstrated that cognitive deficits associated with 

chronic pain can be modelled in rodents [4-14], thus allowing for the neurobiological 

mechanisms underpinning this association to be investigated.  

 

Age is thought to have an important influence on the relationship between pain and cognitive 

function. This is not surprising, given that aging is associated with alterations in both pain 

sensitivity [15-17] and cognition [18, 19]. While most studies suggest a direct negative effect 

of pain on cognition, that worsens with increasing age, a positive correlation between reported 

pain severity and executive function in healthy older adults and Alzheimer’s patients has also 

been observed [20, 21], suggesting that the relationship can be complex. Recently, the effect 

of the pain-age interaction on cognitive performance was investigated further in human 

subjects, with one study showing no additive effect of age [22] while another suggested that 

age moderates the relationship between pain and cognition [23]. Preclinical studies also 

illustrate the importance of the pain-age interaction in relation to cognition. Leite-Almeida et 

al. [8] demonstrated age-dependent effects of pain on cognition in a rat model of neuropathic 

pain; in this study, mid-aged (but not young or old) rats that had undergone spared nerve-injury 

(SNI) to model neuropathic pain, showed impaired function in the Morris water maze reversal 

task, which assesses cognitive flexibility. Cognitive flexibility in rodents is believed to be 

analogous to executive function in humans, and clinical research has shown that chronic pain 
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patients are impaired on tasks measuring executive function, including attentional interference, 

switching and process-dissociation tasks [24-29].  

 

Alterations in synaptic plasticity play a key role in both pain and cognition, and it has been 

suggested that neuroplastic changes occur in chronic pain, resulting in neural rewiring, which 

in turn affects cognition [3, 30]. Synaptic connectivity is altered in cognitive-associated brain 

regions such as the hippocampus [11, 14, 31, 32], amygdala [33-35] and anterior cingulate 

cortex [36, 37] in models of chronic pain. Synaptophysin, a presynaptic protein, is commonly 

used as a marker of presynaptic terminals due to its abundance and localization to synaptic 

vesicles [38, 39]. Changes in the expression of synaptophysin have been reported in both age-

related [38, 40] and disease-related [41, 42] cognitive impairment, and synaptophysin 

knockdown is associated with impaired learning and memory in mice [43]. Synaptophysin 

expression is also altered in the periphery and spinal cord in animal models of chronic pain [14, 

44-47] and recently pain-related cognitive impairment in the rat SNI model of neuropathic pain 

was shown to be associated with a decrease in the number of synaptophysin-positive boutons 

in the CA1 region of the hippocampus [14].  

 

The aims of the present study were (1) to investigate cognitive function in the rat spinal nerve 

ligation (SNL) model of neuropathic pain using a battery of cognitive tests, (2) to quantify the 

expression of synaptophysin in two cognition-associated brain regions, the medial prefrontal 

cortex (mPFC) and CA1 region of the hippocampus and (3) to investigate the distribution of 

synaptophysin on excitatory (glutamatergic) and inhibitory (GABAergic) terminals.  
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2. Materials and methods 

2.1 Animals 

Mid-aged male Sprague-Dawley rats (OFA sub-strain, Charles River, L’Arbresle, France) 

weighing 465-600g (41 weeks old) on arrival were used in this experiment. Rats of this age 

were used because previous work has shown impaired cognitive performance in mid-aged rats, 

but not young or old rats, in another model of neuropathic pain, the SNI model [8]. Rats were 

singly-housed in plastic-bottomed cages, 40 cm (l) x 25 cm (w) x 20 cm (h), containing wood-

shavings for bedding. Rats were maintained under standard laboratory conditions of 

temperature (20 ± 2°C), humidity (40-60%) and lighting (12:12 hour light/dark cycle, lights on 

at 08:00 h). Food and water were available ad libitum. Animals were regularly weighed and 

handled, and health status monitored. No major adverse events were observed. Rats were 

habituated to the facility for a period of one week prior to baseline testing and all procedures 

were carried out during the light phase. Experimental procedures were approved by the Animal 

Care and Research Ethics Committee of the National University of Ireland, Galway, and the 

work has carried out under licence from the Irish Department for Health and Children and in 

compliance with European Communities Council Directives 86/609/EEC and 2010/63/EU. All 

sections of the study adhered to the ARRIVE Guidelines for reporting in animal research [48], 

and to the guidelines of the Committee for Research and Ethical Issues of the International 

Association for the study of Pain (IASP).   

 

2.2 Experimental Protocol 

The experimental timeline is illustrated in Figure 1. Prior to L5-L6 spinal nerve ligation (SNL) 

surgery, rats were randomly assigned to SNL (n=11) or sham groups (n=12). von Frey testing 

for mechanical allodynia was carried out 2 or 4 days before surgery (baseline), and at day 1 
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post surgery and every second day thereafter until day 13 post surgery. Hargreaves testing for 

thermal hyperalgesia was carried out 1 or 3 days before surgery and on days 8 and 16 post 

surgery. Testing for cold allodynia was carried out 5 or 3 days prior to surgery and on days 4 

and 12 post surgery. Mechanical allodynia, thermal hyperalgesia and cold allodynia were also 

reassessed at the end of the experimental period on days 61-65 post surgery.  

 

Cognitive testing began on day 19 post surgery. Rats were habituated to the novel-object 

recognition (NOR) test arena, and recognition memory was assessed the following day. 

Aversive memory was measured using the air-puff passive-avoidance paradigm on days 21-23 

post surgery. Morris water maze testing was carried out between days 46 and 60 post surgery. 

A one-day cued test was followed by 5 days of acquisition training and a one-day forward 

probe trial. Rats then underwent 5 days of reversal training and a one-day reversal probe trial. 

One rat did not complete the full schedule of Hargreaves testing due to treatment for an 

infection of the surgical wound and so was excluded from analyses for this test. Three rats in 

the SNL group and one rat in the sham group were excluded from the novel object analyses as 

they failed to explore both objects during the familiarisation period. Three rats from the SNL 

group and two rats from the sham control group did not enter the dark compartment of the 

passive avoidance arena within 300 seconds on the acquisition day. These rats were excluded 

from subsequent testing in this paradigm and were not included in the passive avoidance 

analyses. Animals were sacrificed on day 65 or 67 post surgery, and immunohistochemistry 

was carried out thereafter. All behavioural testing, tissue staining and image processing was 

carried out by experimenters blind to the surgical treatment of the animal and each animal was 

considered an experimental unit.    
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Figure 1: Experimental timeline 
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2.3 Spinal nerve ligation surgery 

L5-L6 spinal nerve ligation (SNL) surgery was carried out as described previously [49-54]. 

Briefly, the rats were anaesthetized with isoflurane (Isoflo®, Abbott Laboratories, Berkshire, 

UK, 2.5% in 0.6 L/min oxygen), the fur lateral to the midline on the left-hand side at the lower 

lumbar and sacral regions was clipped closely, and an incision was made through the skin 

between the spinal column and the left iliac crest. Paraspinal muscles were removed using a 

toothed forceps to visualise the L6 transverse process. This bone was then removed using a 

small rongeur to expose the L4 and L5 spinal nerves. The L5 nerve was tightly ligated using 

6-0 silk suture. The L6 nerve, located underneath the sacrum, was also ligated. In the sham-

operated rats, the L5 and L6 nerves were exposed but were not ligated. The duration of 

anaesthesia was approximately 40 min. Post surgery, rats were allowed to recover from 

anaesthesia in recovery cages maintained at a constant temperature on a heating pad and then 

re-housed singly with fresh bedding in their home cages. 

 

2.4 Behavioural measurement of sensory responses 

2.4.1 von Frey test for mechanical allodynia  

von Frey testing was carried out as described previously [49-52, 54, 55]. The arena used for 

von Frey testing consisted of six adjoining chambers with dimensions 25 cm (l) x 20 cm (w) x 

14 cm (h). The sides were made of clear Perspex and the partitions between chambers from 

white melamine-coated chipboard. The arena was placed on a raised wire-mesh flooring so that 

the experimenter could access the rats’ hind-paws from below. Rats received an initial 

habituation period of 30 mins during which they were placed in individual chambers of the 

arena and no testing was performed. On subsequent test days, the rats were habituated to the 

arena for 20 mins prior to assessment. von Frey filaments (Touch-Test ®Sensory Evaluators, 
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North Coast Medical, Inc., CA, USA) of different weights (0.16g – 180g), were applied 

perpendicular to the plantar surface of the hind-paw, with sufficient force to cause slight 

buckling of the filament, up to a maximum of 6 seconds or until a positive result (flinching, 

licking or withdrawal of the paw) was observed. Filaments were applied to both left and right 

hind-paws five times (alternating between paws) in order of increasing weight until a 100% 

positive response (5 positive responses to 5 applications) was observed.  The filament weight 

eliciting 50% response was calculated by plotting the % response versus filament weight for 

each rat. A mild detergent was used to clean the arena between each group of 6 rats.  

 

2.4.2 Hargreaves test for thermal hyperalgesia 

A commercial apparatus (IITC Life Science Inc., Woodland Hills, CA, USA) was used for 

Hargreaves testing as previously described [49, 50, 52, 54]. The apparatus consisted of a three-

chambered Perspex arena (chamber dimensions 22cm x 20cm x 15cm, l x w x h) placed on top 

of a glass plate heated to 30 ± 1°C. Rats were habituated to the arena for 30 minutes on the day 

before baseline testing began, and on test days were habituated to the arena for 20 minutes prior 

to testing. A moveable radiant heat source was positioned underneath the glass and could be 

focused on the rat’s hind-paw. The heat source was set to an active intensity of 30% and focused 

from below on the plantar surface of the rat’s hind-paw. The thermal stimulus was applied until 

a positive response (criteria similar to those used for von Frey testing) was recorded or until a 

cut-off time of 20 seconds was reached. Right and left hind-paws were tested 4 times, 

alternating between paws, and the average withdrawal latency for each paw was calculated. 

The arena was cleaned with mild detergent between testing each group of animals. 

 

2.4.3 Acetone drop test for cold allodynia 
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The acetone-drop test was used to measure responding to an innocuous cold stimulus as 

previously described. [49-52, 54] The arena used for this test was identical to that used for von 

Frey testing.  A 1 mL syringe with a short length of polyethylene Portex® tubing (1mm internal 

diameter) attached was used to apply approximately 0.2 mL of acetone (Sigma, Ireland) to the 

plantar surface of the hind-paw, without mechanically stimulating the paw. Each hind-paw was 

tested 3 times, alternating between paws, the number of positive responses (flinch, lick or 

withdrawal of the hind-paw) within 60 seconds of acetone application for each trial was 

recorded, and the total across trials calculated. The arena was cleaned with mild detergent 

between testing of each group of animals. 

 

2.5 Cognitive testing 

2.5.1 Novel-object recognition test 

The novel-object recognition test procedure used herein was based on a number of protocols 

described previously [56, 57] with some modifications. Testing was carried out in a circular 

arena with a wooden base and metal sides (both painted black), with dimensions 75cm (d) x 

38cm (h). The arena was illuminated by four 60 Watt bulbs which provided constant light 

intensity of 100 lux. A video camera positioned above the arena was used to record behaviour 

during testing for subsequent analysis. The objects used were plastic Coca-Cola ® bottles 

(filled with water) with a base diameter of 4.5 cm and 23.5 cm height and a plastic structure 

constructed from green and blue toy blocks with dimensions base area 5 cm2 and height 16 cm. 

The objects had no apparent natural significance to the rats, and were secured to the base of the 

arena with white tack such that they were difficult to displace. Animals were habituated to the 

arena in the absence of objects for 20 minutes on the day before the test day. The test day 

comprised of three stages: (i) Habituation (ii) Exposure 1 (iii) Exposure 2. Rats were introduced 
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to the arena for a three minute habituation period and then returned to their home cage for seven 

minutes. During exposure 1, two identical objects (Coca-Cola ® bottles) were placed in 

opposite quadrants of the arena, 16 cm from the perimeter. The rat was allowed to freely 

explore the arena and objects for a period of 3 minutes, after which the animal was removed 

from the arena and returned to its home cage for an interval of five minutes. Prior to exposure 

2, one of the bottles was replaced with a novel object (plastic structure made from interlocking 

toy blocks). The animal was again allowed to freely explore the arena and objects for a period 

of 3 minutes and then returned to its home cage. The arena was cleaned with a mild detergent 

between rats to remove odours and olfactory cues and faecal pellets were removed between 

exposures. Exploration of an object was defined as sniffing the object, rearing against the object 

or having the head directed towards the object within a 2 cm annulus of the object. Exploratory 

and general behaviours were manually rated from the DVD recordings of each of the three test 

stages, with the aid of Ethovision ® behavioural tracking software (Noldus, The Netherlands). 

The software was also used to track the distance moved (in cm) by the animal during testing. 

The proportion of time spent exploring the object was assessed by calculating a discrimination 

ratio as follows: 

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑒𝑒𝑒𝑒 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑏𝑏𝑏𝑏𝑏𝑏ℎ 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑐𝑐𝑐𝑐𝑐𝑐

 

 

2.5.2 Air-puff-induced passive avoidance 

The procedure was similar to that described by Moriarty et al. [54]. Passive-avoidance testing 

was carried out in a specially constructed light/dark arena. The light compartment was made 

of white melamine-coated chipboard with dimensions of 30cm (l) x 30cm (w) x 40cm (h) and 

was lit from above using a standard 60Watt bulb, such that the compartment was maintained 

at a constant light intensity of 100 lux. The dark compartment was made of dark grey Perspex 
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with a black wooden lid, and its dimensions were identical to those of the light compartment. 

Light intensity in the dark compartment was negligible. The two compartments were separated 

by a manually-controlled guillotine door. For delivery of air-puff directed at the rat’s face, an 

air-duster canister (Electrolube, GDP, UK) was mounted to the outside of the dark 

compartment, such that a nozzle could protrude up to 3.5 cm into the dark compartment through 

a 5 mm diameter hole in the compartment wall opposite the guillotine door. The nozzle was 

positioned 3 cm from the floor of the arena (approximately nose-height of the rat). Rats were 

habituated to the arena for 5 minutes 24hrs prior to testing. During this period, rats were placed 

in the light compartment of the arena and allowed to freely explore both the light and dark 

compartments of the arena and then returned to their home cages. In the acquisition trial, the 

rat was placed in the light compartment of the arena, facing away from the guillotine door and 

the latency to enter the dark compartment was recorded up to a maximum of 300 seconds. Once 

the rat had entered the dark compartment, the guillotine door was lowered by the experimenter. 

Once the rat was facing the wall opposite the guillotine door, a single, brief puff of air (duration 

of ~1 second) was administered to the face. The rat was confined to the dark compartment for 

a further 90 seconds post-air-puff, after which it was removed from the arena and returned to 

its home cage. If the rat did not enter the dark chamber within the 300-second period it was 

removed from the arena, returned to its home cage and excluded from further testing. For the 

retention trial (carried out 24 hours post acquisition) the rat was again placed back into the light 

compartment of the arena, facing away from the guillotine door and the step-through latency 

to enter the dark compartment was recorded. If the animal did not enter the dark compartment 

within 300 seconds they were removed from the arena and returned to their home cage, and 

latency was recorded as 300 seconds.  No air puff was administered during the retention trial 

and the arena was cleaned with mild detergent between rats to remove olfactory cues. 

2.5.3 Morris Water Maze 
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Procedures for water maze cued test, acquisition training, forward probe trial, reversal training 

and reversal probe trials were similar to those described previously [58]. The Morris water 

maze (MWM) apparatus consisted of a circular white plastic pool, 2 m in diameter, and a 

platform made of clear Perspex (10 cm x 30 cm, d x h). The lighting of the maze was kept 

constant at 100 lux (at water level) and the water temperature was maintained at 25 ± 3 ºC 

throughout the testing. A video camera located above the apparatus was connected to a DVD 

recorder for subsequent behavioural tracking using Ethovision ® software (Noldus, The 

Netherlands). The maze was surrounded by curtains, on which visual cues were hung during 

acquisition and reversal training and during probe trials. The cues consisted of geometric 

shapes (a filled circle, an open square and a series of wavy lines) printed in black on white A3 

paper. 

The cued test was used as a control procedure to assess rats’ vision, ability to swim and ability 

to identify the platform as an escape route from the maze. The pool was filled to 2 cm below 

the height of the platform and the top of the platform was covered with black plastic so that it 

was clearly visible. Rats underwent 4 trials each and both the start position and the platform 

position were quasi-randomised. Rats were given 120 seconds to locate the visible platform. 

Once the animal located the platform successfully, they were allowed to remain there for 10 

seconds. If the animal did not locate the platform within 120 seconds, it was guided towards it 

by the experimenter and placed onto the platform for 10 seconds. The animal was then removed 

from the pool, dried off with a cotton towel and returned to a heated recovery cage for an inter-

trial period (approximately 5-15 minutes). For acquisition training, the pool was filled to 2 cm 

above the level of the platform such that the platform was hidden below the surface of the 

water. The cues were hung on the curtains surrounding the pool and were visible at water level. 

The training consisted of four trials per day over five consecutive days, throughout which the 

platform was positioned in the southwest quadrant of the pool. For each trial, the animal was 
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released from one of four release points in a quasi-random order, with its head facing towards 

the wall of the pool and away from the platform. Rats were given 120 seconds to locate the 

hidden platform. Once the animal located the platform successfully, they were allowed to 

remain there for 10 seconds. If the animal did not locate the platform within 120 seconds, it 

was guided towards it by the experimenter and placed onto the platform for 10 seconds. The 

animal was then removed from the pool, dried off with a cotton towel and returned to a heated 

recovery cage for an inter-trial period (approximately 5-15 minutes). The distance moved to 

get onto the platform (path length) was the primary outcome measure and was determined with 

the aid of Ethovision ® software. The order in which the rats were tested was randomised every 

day to avoid any confounding effects of time of day. A probe trial was carried out the day after 

acquisition training was completed. The platform was removed from the maze, and rats were 

released from the northeast quadrant. The probe trial consisted of a single 120-second for each 

rat. The proportion of time spent and distance moved in each quadrant was determined with 

the aid of Ethovision ® software. For reversal training, the protocol was the same as for 

acquisition training except that the platform was positioned in the opposite quadrant of the pool 

(northeast). Reversal training was performed over five consecutive days. The parameters tested 

were: proportion of time spent and proportion of distance moved in the “old” location or area 

where the platform had been located (southwest quadrant), and the proportion of time spent 

and proportion of distance moved in the “new” platform location (northeast quadrant). At the 

end of reversal training, a reversal probe trial was carried out. This was similar to the initial 

forward probe trial except the rats were all released from the southwest quadrant.  

 

 

2.6 Transcardial Perfusion  
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At the end of the experimental period (day 65 or 67 post-surgery), rats were terminally 

anaesthetised with pentobarbital (100mg/0.5ml i.p) and transcardially perfused with 

heparinised saline followed by 4% paraformaldehyde prepared in 0.1M phosphate buffer (pH 

7.4). Brains were removed and post-fixed overnight in 4% paraformaldehyde then stored in 

cryoprotectant solution (25% sucrose-azide in PBS) until sectioning.  

 

2.7 Immunohistochemistry  

Whole, perfused brains were removed from the cryoprotective sucrose solution, snap-frozen 

by immersion in isopentane on dry ice and cut into 10µm coronal sections on a cryostat. 

Sequential sections were taken from approximately Bregma 3.70 mm so as to include the 

prelimbic region of the PFC, and from approximately Bregma -3.14 mm so as to include the 

CA1 region of the hippocampal formation. For PFC sections, a series of six slides was collected 

per brain, with six sections per slide, and for hippocampal sections a series of nine slides per 

brain, with four sections per slide, were collected. The sections were mounted directly onto 

Superfrost® charged microscope slides which were washed (3 x 10 minutes in phosphate 

buffered saline (PBS), 0.1M, pH 7.4, or PBS-Tween 20 (PBS-T), 0.5 µl/ml) and incubated at 

room temperature for 2 hours with a blocking solution (for single label synaptophysin 

immunohistochemistry: 3% normal rabbit serum (Sigma, Ireland) and 0.2% Triton-X (Sigma, 

Ireland) in PBS; for double-label synpatophysin and vGlut/vGAT staining: 5% normal  goat 

serum (Sigma, Ireland) and 0.2% Triton-X in PBS). Sections were then incubated overnight in 

a humidity chamber with the appropriate primary antibody diluted in blocking solution. The 

primary antibodies used were: mouse monoclonal anti-synaptophysin (1:1000, Millipore, 

Ireland), guinea-pig polyclonal anti-vGLUT1 (1:1000, Synaptic Systems, Germany) and rabbit 

polyclonal anti-vGAT (1:500, Synaptic Systems, Germany). Sections were again washed three 
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times in PBS or PBS-T before being incubated for 3 hours with the appropriate secondary 

antibody. Alexa Fluor® (AF) 488-conjugated rabbit anti-mouse IgG (1:100, Invitrogen, 

supplied by Biosciences, Ireland) was used for single-label synaptophysin staining, and 

AF488-conjugated goat anti-mouse (1:200, Invitrogen, supplied by Biosciences, Ireland) and 

cyanine (CY)3-conjgated goat anti-guinea pig or CY3-conjugated goat anti-rabbit (both 1:200, 

Jackson ImmunoResearch Europe Ltd., UK) were used for double labelling. Sections were 

washed a further three times (PBS-T, PBS and phosphate buffer, 1 x 10 minutes in each) and 

then coverslipped with the fluorescent mounting medium, Fluoromount™ (Sigma Ireland). No 

staining was observed in sections where the primary antibody was omitted (negative control).  

For synaptophysin single staining, sections from four to six rats per group were collected and 

six to seven sections from each rat were imaged (randomly selected, non-sequential sections 

from multiple slides). Three to four images were obtained for each of the regions of interest 

(PFC and hippocampus) for each hemisphere. The images were adjacent, but not overlapping, 

and the average of these images was used to calculate the density of synaptophysin in the region 

of interest for that section. For double labelling, sections from 4 rats per group were collected. 

Three sections per rat were analysed for double labelling of synaptophysin and vGLUT, and 

three sections per rat for synaptophysin and vGAT. For each section, 2 images were captured 

from one hemisphere for each of the regions of interest and the hemisphere imaged was 

alternated between sections.  

Images were obtained using an Olympus Fluoview 300 laser scanning confocal microscope or 

an Andor Olympus spinning disk microscope with a 60 x objective oil-immersion lens (NA 

1.42). For each image, serial z-sectioning was performed, yielding 13-20 optical sections, each 

of thickness 0.5 μm. Single-labelled optical sections were combined through the z-axis into a 

compressed single z-stack image and compressed images were analysed with the aid of 

McMaster Biophotonics Facility (MBF) ImageJ software to determine the density of 
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synaptophysin as a percentage of the tissue area. Double-labelled serial z-stacks were imaged 

(using a red laser λ561nm excitation, followed by green laser λ488nm) and complete stacks 

were analysed using the MBF ImageJ colocalisation analysis plugin. Pearson’s coefficient was 

used as a measure of colocalisation (+1 total colocalisation, -1 total exclusion). Representative 

double-labelled images were generated by compressing the serial z-stacks through the z-axis. 

 

2.8 Statistical analysis 

The experimental outcomes assessed were behavioural and immunohistochemical measures. 

All data were tested for normality and homogeneity of variance using Shapiro-Wilk and 

Levene’s tests respectively. Parametric data were analysed using two-way repeated measures 

analysis of variance (ANOVA) or by a one-way ANOVA. Fisher’s LSD tests were used to 

make pairwise post-hoc comparisons, as appropriate. For simple sham vs. SNL group 

comparisons, Student’s unpaired two-tailed t-test was used. Where possible, non-parametric 

data were log-transformed, and analysed similarly to parametric data. If non-parametric data 

could not be transformed, they were analysed using Friedman’s two-way ANOVA by ranks, 

followed by Mann-Whitney U or Wilcoxon signed-ranks tests. p≤0.05 was considered 

statistically significant. Data were analysed using SPSS software for Windows and results were 

depicted graphically with the aid of GraphPad Prism software. For clarity of presentation, all 

data are expressed as means ± SEM. 
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3. Results 

3.1 Sensory Testing 

3.1.1 von Frey Test 

The 50% mechanical response threshold of the ipsilateral hind-paw was decreased in the SNL 

group compared with the sham control group on days 3-13 post-surgery and at the final time-

point day 62/64 post surgery, suggesting persistent expression of mechanical allodynia in SNL 

rats (Figure 2). The response threshold was also significantly decreased post-surgery in both 

sham and SNL groups compared with their respective baselines. Full details of the outcome of 

statistical analyses are described in the figure legends. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Effect of SNL surgery on the 50% mechanical withdrawal threshold of the ipsilateral 
hind-paw. An overall Friedman’s ANOVA by ranks produced a significant result (χ2=113.39, 
p<0.001). Friedman’s ANOVA by ranks on individual groups revealed significant effects of 
time in both sham (χ2=36.06, p<0.001) and SNL groups (χ2=43.15, p<0.001). SNL rats 
expressed mechanical allodynia from day 3 post surgery onwards compared with sham controls 
(Mann-Whitney U tests; *p<0.05, **p<0.01, ***p<0.001) and with pre-surgery baseline 
(Wilcoxon Signed Ranks test; ++p<0.001). There was also a decrease in threshold in the sham 
controls post-surgery compared with baseline (Wilcoxon Signed Ranks test; ##p<0.01). n = 
11-12. 
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3.1.2 Hargreaves Test 

Paw withdrawal latency was decreased in the ipsilateral hind-paw of SNL rats compared with 

sham rats on days 8, 16 and 63/65 post-surgery (Figure 3). Latency was also decreased in both 

the sham (days 8 and 16) and SNL group (days 8, 16 and 63/65) compared with their respective 

baselines. These results suggest expression of thermal hyperalgesia in the SNL group which 

was still evident 63-65 days post-surgery.  

 

 

 

 

 

 

Figure 3: Effect of SNL surgery on ipsilateral hind-paw withdrawal latency in the Hargreaves 
test. The overall Friedman’s ANOVA by ranks was significant (χ2=37.10, p<0.001). 
Friedman’s ANOVA by ranks for the SNL group indicated a significant effect of time in that 
group (χ2=16.56, p=0.001). Paw withdrawal latency was decreased in the SNL group compared 
with the sham control group at all post-surgery time points (Mann-Whitney U tests; **p<0.01, 
*p<0.05). Withdrawal latency decreased over time in the sham group (Wilcoxon signed-ranks 
tests; #p<0.05 days 8 and 16 vs. baseline) and in the SNL group (+p<0.01 days 8, 16 and 63/65 
vs. baseline) n=10-12. 
 

3.1.3 Acetone-drop test 

The number of responses was significantly greater in the SNL group than in the control group 

on days 12 and 61/63 post-surgery (Figure 4). There was a strong trend for a similar increase 

on day 4, that just failed to reach the level of statistical significance (p=0.059). The number of 

responses was also increased post-surgery compared with baseline in both sham and SNL 
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groups compared with their respective baselines. These data suggest persistent expression of 

cold allodynia in the nerve-ligated rats.  

 

 

 

 

 

 

 

Figure 4: Effect of SNL surgery on the total number of hind-paw withdrawal responses 
following acetone application to the ipsilateral paw. The overall Friedman’s ANOVA by ranks 
was significant (χ2=57.54, p<0.001) and Friedman’s ANOVA by ranks showed effects of time 
in both the sham (χ2=26.04, p<0.001) and the SNL (χ2=26.06, p<0.001) groups. The number 
of ipsilateral hind-paw withdrawal responses to acetone was significantly greater in SNL rats 
compared with sham controls on days 12 and 61/63 post-surgery (Mann-Whitney U tests 
**p<0.01) and a similar trend was observed on day 4 (p=0.056) There was an increase in the 
number of responses post-surgery compared with baseline in both the sham (Wilcoxon signed-
ranks tests; #p<0.05) and the SNL groups (++p<0.01) compared with their respective 
baselines. n = 11-12. 

 

3.2 Cognitive Testing 

3.2.1 Novel-object recognition 

Discrimination ratios for the identical objects in exposure 1, and familiar and novel objects in 

exposure 2 were calculated according to the formula given in the Methods section (2.5.1). 

There were no differences in object exploration (object 1 vs. object 2) in either group or 

between groups in exposure 1 (Figure 5). In exposure 2, only the sham group displayed a 
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significant preference for the novel object as shown by a greater discrimination ratio for the 

novel object than for the familiar object. Familiar object exploration was significantly lower 

and novel object exploration was significantly higher in the sham group than in the SNL group, 

suggesting there was a deficit in recognition memory in the nerve-injured rats (Figure 5). SNL 

surgery was not associated with alterations in locomotor activity as measured by the total 

distance moved during the 5 min novel-object habituation trial (sham 1402.9 ± 172.2 cm vs. 

SNL 1284.2 ± 132.7 cm, p = 0.62, Student’s unpaired two-tailed t-test), suggesting that the 

reduced novel-object discrimination was not due to surgery-related impairment of movement.  

 

 

 

 

 

 

 

 

Figure 5: Novel object recognition in sham and SNL rats. Each exposure was analysed by one-
way ANOVA (Exposure 1: F(3, 37)=0.049, p=0.985; Exposure 2: F(3, 37)=3.534, p=0.025) There 
were no differences in object discrimination in exposure 1. In exposure 2, sham rats only 
expressed a preference for the novel object (Fisher’s LSD post-hoc test;**p<0.01 vs. sham-
familiar). The exploration of the familiar object was higher in the in the SNL group than in the 
sham group and exploration of the novel object was lower in the SNL group than in the sham 
group (#p<0.05). n = 8-11. 

 

3.2.2 Air-puff passive avoidance  
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Exposure to air-puff produced a significant passive avoidance response in both sham and SNL 

groups, as indicated by the increase in retention step-through latency compared with acquisition 

but there was no significant difference in the response between the sham and the SNL groups 

(Figure 6). These results suggest that SNL surgery did not affect passive avoidance responding 

in this paradigm.  

 

 

 

 

 

 

Figure 6: Passive-avoidance responding following air-puff exposure in sham and SNL rats. An 
overall Friedman’s ANOVA including both groups and both time points was significant 
(χ2=18.52, p<0.001). Both the sham (##p<0.01) and SNL (#p<0.05) groups showed an increase 
in step-through latency in the retention trial compared with the acquisition trial (Wilcoxon 
signed-ranks tests) but there was no difference in the retention step-through latency between 
sham and SNL groups. n=8-10. 

 

3.2.3 Morris Water Maze 

Acquisition Training and Forward Probe Trial 

In the acquisition training phase, the path length decreased over time in both the sham and the 

SNL groups, which suggests that rats successfully learned to locate the platform (Figure 7A). 

There were no between-group differences, indicating that both groups learned equally well, 

and therefore SNL surgery did not affect the acquisition of spatial reference memory. A similar 
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pattern of results was observed for the latency to get onto the platform (data not shown). In the 

forward probe trial, the percentage distance moved in each of the quadrant zones, and the 

platform and annulus zone, by sham and SNL groups, was compared by Student’s unpaired 

two-tailed t-tests. There were no differences in the percentage distance moved (Figure 7B) or 

the percentage time spent (data not shown) in any of the zones, suggesting there was no effect 

of SNL surgery on spatial memory as assessed by the paradigm. As expected, the percentage 

distance moved in the SW quadrant, where the platform had been located, was above the level 

of chance (25%, Figure 7B).  

 

 

 

 

 

 

 

 

Figure 7: (A) Path length to locate the platform in sham and SNL rats in the acquisition phase 
of the Morris water maze. Two-way repeated measures ANOVA of log transformed data 
revealed an overall effect of time (F (4, 84) =21.97, p<0.001).  The path length decreased over 
days in both the sham (##p<0.01 days 2-5 vs. day 1) and the SNL groups (+++p<0.001 days 
3-5 vs. day 1; Fisher’s LSD post-hoc tests). There were no between-group differences at any 
time point. (B) Percentage distance moved in arena zones during the probe trial in sham and 
SNL groups. The dashed line represents the % distance animals would move in each quadrant 
by chance (25%). Distance moved by both sham and SNL groups in the SW quadrant, where 
the platform had been located, was above the level of chance. There were no between-group 
differences (Student’s unpaired t-tests) n = 11-12. 
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The percentage distance moved in the southwest quadrant decreased over time in both sham 

and SNL groups. The proportion of distance moved in the SW quadrant, i.e. the old platform 

location, was significantly greater in the SNL rats compared with the sham rats on day 2 (Figure 

8A). A similar result was observed in assessing the percentage time spent in the old quadrant 

location, with SNL rats spending a significantly greater proportion of time in the old quadrant 

location that the sham controls on day 2 of reversal training (sham 16.9 ± 1.6% s vs. SNL 24.2 

± 2.8%; p < 0.05, data not shown). These results suggest that the SNL rats adapted more slowly 

to the change in platform location compared with sham controls and tended to revert to the old 

location more frequently. The percentage distance moved in the new platform location 

increased over time in both the sham and SNL groups. There were no significant differences 

between the groups at any of the time points (data not shown). In the reversal probe trial, the 

percentage distance moved by sham and SNL rats in each of the defined zones was calculated. 

The percentage distance moved in the NE quadrant was, as expected, greater than the level of 

chance as this is where the platform had most recently been located. Student’s unpaired two-

tailed t-tests were used to compare the percentage distance moved in each of the four quadrant 

zones and the platform and annulus zone in sham and SNL groups. The sham group spent a 

significantly greater proportion of their total distance moved in the NE quadrant (new platform 

location) than the SNL group in the reversal probe trial (Figure 8B). These data indicate that 

despite reversal training over 5 days, learning and memory of the new platform location was 

impaired in the SNL group compared with the sham controls. Taken together, the results of the 

reversal training and reversal probe tasks suggest a pattern of impaired cognitive flexibility, 

with SNL rats tending to return to the old platform location more than sham controls and to 

spend less time in the new platform location. This was also evident from the tracking of the 

paths of individual rats in the reversal trials, which was done with the aid of Ethovision® 

software (see Figure 8C).  
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Figure 8: (A) Percentage distance moved in the SW quadrant (old platform location) by sham 
and SNL rats (data averaged over 4 trials per day). Two-way repeated measures ANOVA 
revealed a significant effect of time (F (4, 84) = 20.43, p<0.001) and a significant interaction of 
time and surgery (F (4, 84) = 2.76, p=0.033).The % distance moved in the old location decreased 
over time in both groups (Fisher’s LSD post-hoc tests; ##p<0.01 sham days 2-5 vs. day 1, 
++p<0.01, SNL days 3-5 vs. day 1). The % distance moved in the old quadrant was 
significantly greater in the SNL group than the sham control group on day 2 (Fisher’s LSD 
post-hoc test; *p<0.05). (B) Percentage distance moved in arena zones during the reversal 
probe trial in sham and SNL groups. The dashed line represents the % distance animals would 
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move in each quadrant by chance (25%). The % distance moved in the NE quadrant was above 
the level of chance for both sham and SNL groups. The sham rats’ distance moved in the NE 
quadrant as a % of their total distance moved during the trial was greater than that of the SNL 
rats (Student’s unpaired t-test; *p≤0.05)n = 11-12. (C) Representative images of individual 
Ethovision® tracks for an individual (i) sham or (ii) SNL rat. Images indicate that the 
proportion of time and movement in the old location was greater in the SNL rats than in the 
sham controls. 

 

3.3 Immunohistochemistry 

The synaptophysin density, or the area of positive synaptophysin staining as a percentage of 

the total tissue area, was calculated for all CA1 and mPFC (prelimbic area) images. No 

significant hemispheric differences were observed and therefore images from the right and left 

sides of the brain were pooled. The results from each rat were used to calculate an average 

density per rat and the data presented shows the average per group, taking each rat as an 

experimental unit (n = 4 - 6, see Figures 9D and 10D). There were no significant differences 

in synaptophysin density between sham and SNL groups in either region of interest. 

Representative 60x images from sham and SNL rats from both regions are presented in Figures 

9 and 10 (B and C). To investigate whether SNL surgery was associated with differences in the 

distribution of synaptophysin, double-labelling immunohistochemistry for synaptophysin and 

the vesicular GABA transporter vGAT, and synaptophysin and the vesicular glutamate 

transporter vGLUT was performed. Pearson’s coefficient was used as a measure of 

colocalisation. Similar to single-labelled images, an average Pearson’s value per rat was 

calculated and then used to calculate an average per group. Results are presented in Table 1 

and representative 60x double stained images are presented in Figure 11. There were no 

between-group differences in the colocalistaion of synaptophysin and either vGLUT or vGAT 

in the regions of interest, the mPFC and the CA1.  

 

SNL Sham 

 

(B) (A) (C) 
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Figure 9: (A) CA1 region of the hippocampus adapted from the Rat Brain Atlas [59]. The black 
squares indicate the area from which the images were obtained. (B) 60x representative image 
of synaptophysin immunostained section from the CA1 of a sham-operated and a (C) SNL-
operated rat. Scale bar = 30 µm. (D) Quantification of synaptophysin staining density in the 
CA1 of sham and SNL rats. There was no difference in the average % area of synaptophysin 
staining between groups (Student’s unpaired t-test, p>0.05). 
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Figure 10: (A) Medial prefrontal cortex (mPFC, prelimibic area) adapted from the Rat Brain 
Atlas [59]. The black squares indicate the area from which the images were obtained. (B) 60x 
representative image of synaptophysin immunostained section from the mPFC of a sham-
operated and a (C) SNL-operated rat. Scale bar = 30 µm. (D) Quantification of synaptophysin 
staining density in the mPFC of sham and SNL rats. There was no difference in the average % 
area of synaptophysin staining between groups (Student’s unpaired t-test, p>0.05). 

 

 

 

 

 

 

 CA1 mPFC 
 

Sham  SNL Sham  SNL 
Immunostain     
     
Synaptophysin + vGAT 0.328 ± 0.027 0.373 ± 0.026  0.372 ± 0.040 0.414 ± 0.033 
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Synaptophysin + vGLUT 0.365 ± 0.022 0.342 ± 0.008 0.428 ± 0.063 0.467 ± 0.060  
     

 

Table 1: Pearson’s coefficients for colocalisation of synaptophysin and vGAT/vGLUT. n = 4 
per group.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Representative images of double immunostaining for synaptophysin and vGAT (A-
D) and synaptophysin and vGLUT (E-H) in the CA1 region of the hippocampus and the mPFC 
(prelimbic area). Scale bar = 30 µm. 

 

 

4. Discussion 

SNL surgery in mid-aged rats resulted in mechanical and cold allodynia and thermal 

hyperalgesia. In addition, SNL-operated rats showed impairments in novel-object recognition 
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and MWM reversal tasks. These results represent the first report that the L5-L6 SNL model of 

neuropathic pain in rats is associated with deficits in recognition memory and cognitive 

flexibility. These behavioural effects were not accompanied by any significant changes in 

expression of the synaptic vesicle protein synaptophysin in the CA1 region of the hippocampus 

or in the prelimbic region of the mPFC. Furthermore, there were no surgery-related changes in 

colocalisation of synaptophysin with either vGLUT or vGAT, suggesting that distribution of 

synaptic connections on GABAergic and glutamatergic neurons was not altered by SNL.  

Significant mechanical and cold allodynia, and thermal hyperalgesia, were observed in the 

ipsilateral paw of SNL rats compared with sham controls. Changes were also observed in sham 

sensitivity to mechanical, heat and cold stimuli compared with baseline. Significant decreases 

in sham withdrawal thresholds relative to baseline have been reported previously in the SNL 

model [60]  and other nerve-injury models [61, 62], up to 40 days post-surgery. It is possible 

that these changes are due to sensitisation of the hind-paws over time. This is consistent with 

the observation by Chaplan at al. [63] that repetitive low-intensity stimulation with von Frey 

filaments of the hind-paw of naïve unoperated rats was associated with a gradual decrease in 

mechanical response threshold. This is presumed to be adaption of behaviour in response to 

“annoyance or nuisance in the absence of nociception”. Nevertheless, sensitivity to mechanical 

and thermal stimuli was significantly greater in SNL rats compared with the sham controls, 

confirming that nerve injury produced the expected pain-related phenotype. 

In the novel object recognition task, mid-aged SNL rats displayed no preference for the novel 

object compared with the familiar object, and their exploration of the novel object was reduced 

compared with that of the sham control group. This indicates a specific deficit in recognition 

memory, which was not explained by altered locomotor activity in the nerve-injured rats. 

Deficits in novel-object recognition associated with pain have been demonstrated previously 
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in younger rats in an inflammatory pain model [10] and in a mouse neuropathic pain model 

[64].  

SNL surgery did not affect the performance of mid-aged rats in the air-puff passive-avoidance 

paradigm. This finding corroborates our previous results [54], and indicates that air-puff-

induced passive-avoidance performance is not a reliable predictor of pain-related cognitive 

impairment in the SNL model. It is also possible that aversive memory specifically, as opposed 

to other types of cognition, is not affected in chronic pain. A recent study by Mutso et al. [11] 

found that nerve injury was associated with impaired extinction of context-conditioned fear in 

rats, an effect accompanied by abnormal hippocampal functioning. Thus, failure to detect 

effects of SNL surgery on passive avoidance in the present study could relate to a deficit in 

aversive-memory extinction in SNL rats, though this hypothesis requires further investigation.    

There were no effects of SNL surgery on spatial learning or memory in the traditional water-

maze task. A study by Hu et al. [6] found impairments in a similar task in an L5-transection 

model of neuropathic pain. It is possible, therefore, that pain-related impairment of spatial 

memory may depend on the specific neuropathic pain model used. However, our finding of 

impaired spatial reversal in the water maze in mid-aged rats supports and extends the work of 

Leite-Almeida et al., [8] who showed a similar effect in mid-aged rats in the SNI model. The 

fact that this deficit was preserved across different models strengthens the case for a link 

between neuropathic pain and cognitive impairment. Furthermore, these results suggest that 

mid-age may be the optimum point at which to detect pain-related differences in cognition, 

possibly due to an age-specific neurochemical, neuroendocrine and neuroplastic state. The 

observations also suggest that cognitive flexibility may be particularly sensitive to the effects 

of pain. Cognitive flexibility is analogous to executive functioning in humans, and impaired 

executive functioning has been observed in chronic pain patients [24-29]. Executive functions 

are thought to be heavily dependent on the PFC, and this region has consistently shown 
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structural and functional alteration in pain conditions in humans [65-72] and rodents [73, 74]. 

Interestingly, a more recent study by Leite-Almeida et al. [75] found differential effects of 

lateralised nerve injury, with left SNI resulting in increased anxiety-like behaviour and right 

SNI selectively resulting in cognitive dysfunction. Right SNI rats performed poorly compared 

with left SNI and sham control rats on PFC-dependent water maze working memory, 

attentional set-shifting and variable delay-to-signal impulse control tasks. This finding appears 

to contradict both those authors’ previous study showing impaired cognitive flexibility in mid-

aged rats following left SNI, and the present results demonstrating cognitive impairment 

following left SNL. However, it was noted that lateralisation of task-related activity in the PFC 

decreased with increasing age, i.e., tasks associated with unilateral activation in young subjects 

are associated with bilateral activation in older subjects [76, 77].  

It has been hypothesised that pain-related changes in synaptic plasticity may, in part, be 

responsible for cognitive deficits in chronic pain. The number of synapses (and the strength of 

synaptic connections) is believed to be the cellular mechanism by which memory is encoded 

in the brain [78]. We found expression of the synaptic-vesicle protein synaptophysin to be 

unaltered in mid-aged SNL rats compared with sham controls, both in the prelimbic mPFC and 

in the hippocampal CA1 region. The regions were investigated based on their relevance to the 

cognitive deficits observed. Changes in synaptophysin expression have been shown previously 

in the hippocampus [14] and spinal cord in rodent models of neuropathic pain [44-47, 79]. 

Lesions of the prelimbic mPFC sub-region are associated with deficits in both delayed-non-

matching-to-sample tasks (similar to the novel-object recognition paradigm used in the present 

study) and reversal learning [80]. Structural and functional alterations in the PFC have been 

shown previously in pain patients and in animal models of neuropathic pain, and dysfunction 

of amygdala-PFC circuitry has been proposed as a mechanism for pain-related cognitive 

impairment [7]. However, expression of synaptophysin in the mPFC in relation to pain and 
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cognition has not been investigated previously. The hippocampus is known to be involved in 

learning and memory and spatial navigation. There has been some debate as to the involvement 

of the CA1 region in novel-object recognition [81]; however, it has been shown to be important 

for working memory and spatial novelty, but not detection of novel objects [82, 83]. The novel-

object paradigm used in this study did not involve the use of intra- or extra-maze reference 

cues and, therefore, likely assessed recognition of both spatial and object novelty. Lesion of 

the CA1 has been shown to impair memory acquisition in the water maze [84]. The 

hippocampus is activated by the experience of pain [85, 86], and there is some evidence for a 

decrease in total hippocampal volume in older adults with chronic pain [87]. Furthermore, pain 

is associated with alterations in hippocampal synaptic plasticity [11, 31, 32], and recently a 

reduction in synaptophysin in the CA1 has been demonstrated in a model of pain-related 

cognitive impairment [14]. Ren et al. showed that impairments in short-term and working 

memory in the rat SNI model of neuropathic pain were associated with a reduced number of 

synaptophysin-positive terminals in the CA1 [14]. Therefore, reduced synaptophysin 

expression in the CA1 (and possibly in the mPFC) was anticipated in the present study. Thus, 

the lack of pain-related effects on synpatophysin expression is surprising, though there are a 

number of possible explanations. The supraspinal representation of peripheral models of 

neuropathic pain has not been studied extensively, and synaptophysin expression in discrete 

brain regions may differ depending on the model used (SNI vs. SNL). The age discrepancy 

between the rats in the two studies may also account for differences in the results. The CA1 

and mPFC are implicated in normal age-related cognitive decline, and as such the effects of 

pain in these regions may be expressed differently in mid-aged rats. Furthermore, the lack of 

disparity in synpatophysin expression between left and right hemispheres may relate to the age 

of the animals used. Despite the methodological differences, the behavioural outcomes here, 

and in a previous study [14] appear to imply an overall inhibition of hippocampal and prefrontal 
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activity. Therefore, the possibility that synaptophysin-positive immunoreactivity was 

differentially distributed following SNL surgery was also investigated by double-labelling with 

vGLUT and vGAT.  We hypothesised that altered distribution of synpatophysin, favouring 

expression on inhibitory terminals (without an overall change in expression), could result in 

the behavioural inhibition of cognitive performance we observed. However, colocalisation of 

synaptophysin and vGLUT appeared to be greater than that of synaptophysin and vGAT, and 

no pain-related differences between colocalisation of either transporter and synpatophysin were 

observed.  

 

In conclusion, the current study has provided the first evidence for impaired reversal learning 

and novel-object recognition in mid-aged SNL (L5-L6) rats. These results were not explained 

by differences in synaptophysin expression or distribution in the CA1 region of the 

hippocampus or mPFC. Therefore, the mechanisms underlying the pain-related cognitive 

deficits observed require further investigation. 
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