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Harmonization of lateral fluid-percussion injury model 
production and postinjury monitoring in a preclinical multicenter 
biomarker discovery study on post-traumatic epileptogenesis☆
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Puhakkaa, Matthew R. Hudsonb,d, Emma L. Braineb,d, Sandy R. Shultzb,d, Richard J. Stabac, 
Terence J. O’Brienb,d,e,f, Asla Pitkänena

aA.I. Virtanen Institute for Molecular Sciences, University of Eastern Finland, Finland bThe 
Department of Neuroscience, Central Clinical School, Monash University, Melbourne, Australia 
cDepartment of Neurology, David Geffen School of Medicine at UCLA, Los Angeles, CA, USA 
dDepartment of Medicine, The Royal Melbourne Hospital, The University of Melbourne, VIC, 
3052, Australia eDepartment of Neurology, The Alfred Hospital, Commercial Road, Melbourne, 
Victoria, 3004, Australia fDepartment of Neurology, The Royal Melbourne Hospital, Grattan 
Street, Parkville, Victoria, 3050, Australia gDepartment of Neurosurgery, David Geffen School of 
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Abstract

Multi-center preclinical studies can facilitate the discovery of biomarkers of antiepileptogenesis 

and thus facilitate the diagnosis and treatment development of patients at risk of developing post-

traumatic epilepsy. However, these studies are often limited by the difficulty in harmonizing 

experimental protocols between laboratories. Here, we assess whether the production of traumatic 

brain injury (TBI) using the lateral fluid-percussion injury (FPI) in adult male Sprague-Dawley 

rats (12 weeks at the time of injury) was harmonized between three laboratories - located in the 

University of Eastern Finland (UEF), Monash University in Melbourne, Australia (Melbourne) 

and The University of California, Los Angeles, USA (UCLA). These laboratories are part of the 

international multicenter-based project, the Epilepsy Bioinformatics Study for Antiepileptogenesis 

Therapy (EpiBioS4Rx). Lateral FPI was induced in adult male Sprague-Dawley rats. The success 

of methodological harmonization was assessed by performing inter-site comparison of injury 

parameters including duration of anesthesia during surgery, impact pressure, post-impact transient 

apnea, post-impact seizure-like behavior, acute mortality (< 72 h post-injury), time to self-right 

after the impact, and severity of the injury (assessed with the neuroscore). The data was collected 
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using Common Data Elements and Case Report Forms. The acute mortality was 15% (UEF), 50% 

(Melbourne) and 57% (UCLA) (p < 0.001). The sites differed in the duration of anesthesia, the 

shortest being at UEF < Melbourne < UCLA (p < 0.001). The impact pressure used also differed 

between the sites, the highest being in UEF > Melbourne > UCLA (p < 0.001). The impact 

pressure associated with the severity of the functional deficits (low neuroscore) (P < 0.05) only at 

UEF, but not at any of the other sites. Additionally, the sites differed in the duration of post-impact 

transient apnea (p < 0.001) and time to self-right (P < 0.001), the highest values in both parameters 

was registered in Melbourne. Post-impact seizure-like behavior was observed in 51% (UEF), 25% 

(Melbourne) and 2% (UCLA) of rats (p < 0.001). Despite the differences in means when all sites 

were compared there was significant overlap in injury parameters between the sites. The data 

reflects the technical difficulties in the production of lateral FPI across multiple sites. On the other 

hand, the data can be used to model the heterogeneity in human cohorts with closed-head injury. 

Our animal cohort will provide a good starting point to investigate the factors associated with 

epileptogenesis after lateral FPI.

Keywords

Biomarkers; Multicenter study; Post-traumatic epileptogenesis; Post-traumatic epilepsy; Traumatic 
brain injury

1. Introduction

Traumatic brain injury (TBI) is caused by a bump, blow, or jolt to the head that disrupts the 

normal function of the brain (Menon et al., 2010). The severity of a TBI may range from 

“mild” (i.e. a brief change in mental status or consciousness) to “severe” (i.e. an extended 

period of unconsciousness or memory loss after the injury) (Maas et al., 2017). TBI is 

common worldwide, and occurs once every 20 s in Europe and the USA, with up to 20% of 

subjects developing post-traumatic epilepsy over the course of their lifetime (https://

www.cdc.gov/traumaticbraininjury/pdf/blue_book.pdf, accessed 02 October 2018; https://

www.center-tbi.eu/; accessed 02 October 2018). Other long-term effects of TBI include: 

impaired thinking or memory, movement, sensation (e.g., vision or hearing), or emotional 

functioning (e.g., personality changes, depression) (Wilson et al., 2017; Maas et al., 2017). 

These issues not only affect individuals but can have lasting effects on families and 

communities (Galanopoulou et al., 2013; DeWitt et al., 2018).

There are currently no established antiepileptogenic therapies following TBI, and their 

development is seriously impeded by the lack of biomarkers for epileptogenesis, which 

would facilitate the identification of individuals at the highest risk (Engel et al., 2013; 

Pitkanen and Immonen, 2014; Pitkanen et al., 2014, 2016; Pitkanen et al., 2018). This 

applies both to pre-clinical and clinical studies. Animal models provide essential tools to 

expand our understanding of post-traumatic epilepsy (PTE). These models are critical to 

establish causal mechanisms for the development of PTE; facilitate hypothesis testing; 

enable systematic exploration of pathophysiology and biomarkers; and conduct rigorously 

controlled experiments to evaluate new therapeutics that will ultimately lead to better 
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informed medical decisions and improved outcomes for patients (Maas et al., 2017; Pitkänen 

et al., 2017).

Despite the benefits of pre-clinical evaluation of PTE in animal models, there is increasing 

concern that results from preclinical target validation or drug testing studies are often not 

replicable in independent studies (Prinz et al., 2011; Landis et al., 2012). There are multiple 

reasons for the failure of replication and translation of positive preclinical results; lack of 

study design rigor, publication of inadequately powered studies, and inadequate study 

blinding treatment at a stage that may not be clinically relevant. Other reasons include: 

publication bias favoring positive studies, measures of statistical significance with 

questionable clinical relevance, and failure to address issues related to translation of findings 

to the clinical setting (Prinz et al., 2011; Galanopoulou et al., 2013; Simonato et al., 2013, 

2014; Brady et al., 2018).

Another challenge to PTE research is the significant heterogeneity of preclinical and clinical 

TBI and PTE (DeWitt et al., 2018). One strategy to help overcome this problem is to 

embrace and capitalize on the inherent heterogeneity within TBI and PTE models, by 

studying and correlating the variability of the injury and development of PTE with different 

outcomes of interest. This requires large-scale multi-center pre-clinical trials in the context 

of consortiums to enable enough animals to be included in study groups to have sufficient 

power to validly identify the outcomes of interest. This approach may be particularly useful 

to trial prospective biomarkers, and novel antiepileptogenic and disease modifying therapies 

(Simonato et al., 2014). Moreover, to further reduce variability between the different PTE 

models, pre-clinical researchers must also standardize aspects of data collection and provide 

more complete and comparable data across studies (Galanopoulou et al., 2013; Simonato et 

al., 2014). This means incorporating objective indicators of injury, recovery, and endpoints 

into their studies, particularly when investigating biomarkers of antiepileptogenesis and 

disease modifying therapies.

The fluid-percussion injury (FPI) model is one of the most widely characterized and 

frequently applied methods to induce PTE (Brady et al., 2018). Specifically, a lateral FPI has 

been reported by a number of laboratories to induce PTE in 30–50% of rats, a proportion 

that is similar to the incidence of PTE reported in patients with TBI (Annegers et al., 1998; 

Herman, 2002; Englander et al., 2003; Kharatishvili et al., 2006, 2007; Christensen et al., 

2009; Shultz et al., 2013). FPI induces a mixed focal-diffuse brain injury pattern that models 

human closed-head TBI (Thompson et al., 2005; Kabadi et al., 2010; Xiong et al., 2013). 

The FPI model is a versatile technique because the force of the fluid pulse, severity of the 

injury and the impact location can be modified (Millen et al., 1985; Armstead and Kurth, 

1994; Kabadi et al., 2010; Xiong et al., 2013; Pitkänen et al., 2017; Johnstone et al., 2018). 

Accordingly, it also leads to pathophysiological outcomes, especially related to moderate-

severe FPI that induces significant neuronal death, vascular injury, axonal damage, mossy 

fiber sprouting, neuroinflammation, and proteinopathies, many of which progress and persist 

chronically and may contribute to epilepsy development (Kharatishvili and Pitkanen, 2010; 

Bao et al., 2012; Shultz et al., 2013, 2015; Wright et al., 2017).

Ndode-Ekane et al. Page 3

Epilepsy Res. Author manuscript; available in PMC 2020 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



As described in the introductory section of this Virtual Special Issue, the EpiBioS4Rx 

project is a major effort to identify novel biomarkers to predict PTE and identify clinically 

translatable antiepileptogenesis treatments for PTE (https://epibios.loni.usc.edu/). For this, 

we have utilized a rigorous standardized FPI rat model for TBI leading to PTE in our 

laboratories, and present here the harmonization and monitoring procedures critical for the 

success of such multicentre-international collaborative projects.

2. Materials and method

2.1. Study sites

Three sites from the international multicenter-based project, the Epilepsy Bioinformatics 

Study for Antiepileptogenic Therapy (EpiBioS4Rx), were involved in the standardization of 

lateral FPI model and post-injury monitoring protocols for biomarker discovery. These sites 

include: The University of Eastern Finland (UEF), Monash University in Melbourne, 

Australia (Melbourne) and The University of California, Los Angeles, USA (UCLA).

2.2. Common data elements (CDEs) and case report forms (CRFs)

Prior to the commencement of the project, all the study sites had agreed on some common 

data elements (CDE) presented in case report forms (CRF). The goal of the CDEs was to 

ensure standardized system of data is collection for every rat in all sites (See Supplementary 

material for CEDs used in this study). This will facilitate analysis of the harmonization 

process between the labs and be used to check for variability when interpreting the epilepsy 

outcome.

2.3. Animals

In the three study sites, adult male Sprague Dawley rats (300–350 g at the time of TBI) were 

used in all experiments. In UEF and Melbourne, rats were individually housed in a 

controlled environment (temperature 22 ± 1 °C; humidity 50–60%; lights on from 07:00 to 

19:00 h). At UCLA, the rats were housed in pairs during the quarantine period, and 

thereafter, in single cages until the end of the experiment, under controlled environment 

(temperature 22 ± 1 °C; humidity 40–70 %; lights on from 06:00 to 18:00 h). Pellet food and 

water were provided ad libitum for the duration of the study in all the sites (see Table 3 for 

pellet code). In UEF, all animal procedures were approved by the Animal Ethics Committee 

of the Provincial Government of The Southern Finland, and carried out in accordance with 

the guidelines of the European Community Council Directives 2010/63/EU. In Melbourne, 

animal procedures were approved by the Florey Animal Ethics Committee (ethics number 

17–014 UM) and at UCLA, by the University of California Los Angeles Institutional 

Animal Care and Use Committee (protocol 2000–153).

2.4. Pre-injury handling

In UEF and UCLA, all rats were quarantine for one week upon arrival at the animal facility 

(see Table 3 for the animal vendor). In Melbourne, the animals were bred in the Biological 

Research Facilities, The Royal Melbourne Hospital, University of Melbourne.
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Animals were housed in individual cages at the end of the one-week quarantine period until 

the end of the experiment. One week prior to injury, baseline blood sampling and 

physiological monitoring was performed. Daily monitoring involved assessing the weight, 

temperature and signs of any disease or discomfort; which included: general appearance; 

hair, coat and skin abnormalities; bowel and gastrointestinal function, body condition score 

(Hickman and Swan, 2010) and external bleeding (if any).

2.5. Induction of Lateral fluid percussion injury (FPI)

TBI was induced by lateral fluid-percussion injury (FPI) (McIntosh et al., 1989). Briefly, 

rats were placed in the induction chamber and anesthesia was induced - using 5% isoflurane 

in room air as carrier gas (UEF and Melbourne, Somnosuite # SS6069B, Kent Scientific; 

UCLA, Matrix VIP 3000 Vaporizer # 91305430, Patterson Veterinary). Once the rat was 

fully anesthetized, as evaluated by the absence of pain reflex, the animal was placed into a 

stereotaxic frame with lambda and bregma at the same horizontal level. A heating pad was 

placed in the ventral surface of the animal and the body temperature was continuously 

monitored using a rectal probe (maximum temperature was set at 38 °C). Isoflurane 

anesthesia was maintained at 1.9% throughout the surgery. In Melbourne, rats received 

buprenorphine (Indivior Pty Ltd., Australia) at the beginning of the surgery, as instructed by 

the local animal ethics committee.

The fur over the skull was shaved and using aseptic technique and a 5-mm diameter 

craniotomy centered AP −4.5 mm from the bregma; ML 2.5 mm over the left cortex was 

performed using a hand-held trephine (UEF and UCLA, #18004–50, Fine Science Tools 

GmbH, Germany), leaving the dura intact. In Melbourne, craniotomy was performed using a 

motorized drill (Dremmel 300, Australia) connected to a jewelry burr (Maillefer, 

Switzerland: size 6). A plastic female Luer-Lock connector made from an 18G needle 

ending was inserted into the craniotomy vertical to the surface of the skull, and its edges 

were carefully sealed with a tissue adhesive (UEF and UCLA: 3M Vetbond, 3M 

Deutschland GmbH, Germany; Melbourne: octyl cyanoacrylate, Bostik, Australia). Luer-

Lock was anchored to the skull with dental acrylate (UEF, Selectaplus powder #10009210; 

Selectaplus liquid CN #D10009102, DeguDent, Germany; Melbourne, AVSCV00500, 

Vertex, The Netherland; UCLA, SNAP Liquid #P16-02-65; SNAP Powder #P16-02-60, 

Pearson Dental, UCLA) which surrounded also a frontally inserted anchoring dental screw 

(Ø 1 mm, #BN82213, Bossard). (See Table 3 for additional detail on materials and vendors)

TBI was induced with a fluid-percussion device equipped with a straight tip (UEF, 

Melbourne and UCLA: AmScien Instruments, Model FP 302, Richmond, VA, USA). The 

pressure level was adjusted to produce severe TBI with an expected 20–30% post-impact 

mortality within the first 48 h (Pitkanen and McIntosh, 2006; Liu et al., 2016).

The rat was removed from the device and placed on a heating pad immediately after the 

impact. Occurrence of immediate post-impact behavioral seizures and duration of apnea 

were monitored. In Melbourne, if apnea is greater than 10 s after FPI, animals received 

medical oxygen (Mediquip Pvt Ltd. Australia) at 0.5 ml/min to aid oxygenation until the 

animal display a regular breathing pattern. Dental cement, screw, and Luer-Lock connector 

were detached from the skull. The time to self-right after TBI, defined in all experimental 
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sites as the time from impact to the time when the animal rolls over and stand on all four 

limbs, was recorded.

2.6. Post-injury monitoring

After rats righted themselves, they were re-anesthetized, placed on the stereotaxic frame and 

the scalp incision was sutured. Animals randomized to the EEG follow-up study, anesthesia 

was induced again and intracranial and skull electrode were implanted. At the end of the 

surgery, rats received 0.05 mg/Kg of buprenorphine (Orion Pharma, Finland) for post-

operative analgesia. Treatment was repeated there-after based on the animal’s well-being.

Rats received powdered pellet (ad libitum) and 10 ml of 0.9% NaCl (twice a day, s.c.) for the 

first 3 days after injury; or until the rat was able to eat solid pellets and drink on its own (see 

Table 3 for food pellet code and vendor). In addition, Melbourne rats received rodent milk 

powder, mixed with powdered pellet and water, until they recovered their pre-injury weight. 

UCLA animals received 2.5 mg/Kg of Flu-Nix (Fluxinin meglumine, AgriLabs, USA) for 

post-operative analgesia. Treatment was repeated every 12 h during the 3 days. In UCLA, 

rats received chow added with trimethoprim and sulfadiazine (TMS) pellet (ad libitum). In 

all sites rats received 10 ml of 0.9% NaCl (twice a day, s.c.) for the first 3 days after injury.

The well-being of the rats was assessed by monitoring of several physiological parameters 

over the course 30 days and monthly there-after, or on an as-needed basis as described in the 

Pre-injury handling section.

2.7. Assessment of acute post-injury functional impairment

Post-injury somatomotor deficits were assessed based on the composite neuroscore as 

previously described (Kharatishvili et al., 2009). Rats were scored on a 0 (severely impaired) 

to 4 (normal) nominal scale for (i) left and right contraflexion, (ii) left and right hindlimb 

flexion, (iii) left and right lateral pulsion, and (iv) ability to stand on an inclined board in a 

vertical and horizontal (left and right) position. The maximum possible score was 28. 

Baseline neuroscore was performed 2 days prior to injury. For the baseline inclined board 

assessment, the angle at which the rat was able to maintain a steady posture was given a 

maximal score of 4. The neuroscore was later on assessed at 2, 7, 14, 21 and 28 days after 

injury. For the post-injury incline board assessment, the injury score was determined by the 

ability of the rat to stand at an angle similar to that at the baseline (4 = no difference in the 

angle; 3 = 2.5° less than the baseline; 2 = 5° less than the baseline; 1 = 7.5° less than the 

baseline; 0 = 10° less than the baseline).

2.8. Statistical analysis

Statistical analysis was performed using GraphPad Prism (V. 5.03). First, all data was tested 

for normal distribution using D’Agostino & Pearson’s omnibus normality test. If not 

normally distributed, then a non-parametric test was used to compare the variable. The chi-

square test was used to assess differences between the sites in percentage of mortality and 

the percentage of animals with post-impact seizure-like behavioral manifestations. The 

Kruskal-Wallis test was used to assess differences between the sites in impact pressure, 

apnea and time to self-right. When differences were found, the Dunn’s multiple comparison 
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test or the Mann-Whitney U test was used as a post-hoc test. The repeated measure ANOVA 

(RMA) was used to assess differences between the sites in neuroscore, body weight and 

temperature follow-up. Differences between sites at each time point was assessed using the 

Kruskal-Wallis test followed by the Dunne’s multiple comparison test or Mann-Whitney U 
test.

3. Results

3.1. Acute mortality following lateral FPI and impact pressure

At all sites, two independent cohorts of rats were prepared: one for long-term MRI follow-

up and another for video-EEG follow-up. For MRI follow-up, the rats were sutured after 

TBI and subsequently randomized for magnetic resonance imaging (MRI) follow-up cohort 

(MRI-group). The EEG follow-up cohort received cortical and intracranial electrodes (EEG-

group). Details of electrode implantation and EEG follow-up have been described in the 

papers, “Harmonization of pipeline for automated seizure detection for phenotyping of post-

traumatic epilepsy in a preclinical multicenter study on post-traumatic epileptogenesis” 

(Casillas-Espinosa et al., 2019) and “Harmonization of pipeline for detection of HFOs in a 

rat model of post-traumatic epilepsy in preclinical multicenter study on post-traumatic 

epileptogenesis” (Santana Gomez et al., 2019).

At UEF, 98 rats were used in the MRI-group. The experiments were performed in three 

cohorts. Of these, 84 received TBI and 14 were sham-operated. The acute mortality (< 72 h 

post-TBI) for the MRI-group was 14% (12/84) (see Table 1 for details). Furthermore, 11 rats 

experienced broken dura after the impact and were excluded. In the EEG-group, the 

experiment was performed in two cohorts. Altogether 37 TBI and 8 sham-operated rats were 

operated, among which the acute mortality was 16% (6/37). Four rats experienced broken 

dura after the impact. The mean impact pressure was similar between the MRI (2.88 ± 0.15 

atm) and EEG-groups (2.79 ± 0.14 atm) (p > 0.05). Since there was no difference in the 

impact pressure between the groups, both groups were pooled together for further analysis. 

The data indicated that there is a positive correlation between the magnitude of the impact 

pressure (2.84 ± 0.14 atm; range, 2.44–3.13 at m) and the angle of the pendulum (20.35 

± 0.37° degree; range, 19.5 – 22°) (r = 0.597, p < 0.001).

At Melbourne, 62 rats were recruited into the MRI-group. The rats were divided into five 

cohorts. Together there was 48 TBI and 14 sham-operated rats. The acute mortality (all 

cohort together) was 42% (20/48). Also, 2 sham-operated rats died unexpected (see Table 1). 

One rat experienced a broken dura after the impact and was not included in the analysis. 

Thirty-nine rats were recruited (32 TBI and 7 shams) in the EEG-group. There was 59% 

(19/32) mortality after TBI as shown in Table 1. No rats experience a broken dura after the 

impact in the EEG-group. The mean impact pressure in the MRI-group (2.62 ± 0.26 atm) 

was higher than that in the EEG-group (2.41 ± 0.21 atm) (p < 0.05). Furthermore, the 

pendulum in the FPI device used for the impact was applied only at two angles, 17.5° or 

16.5°. In the MRI group, 40% rats were injured with the pendulum at 17.5° (2.72 ± 0.29 

atm; range, 2.2–3.33 at m) and 60% at 16.5° (2.54 ± 0.19 atm, range, 2.3–3.01 atm). In the 

EEG group, all the rats were injured at 16.5° (2.41 ± 0.21 atm; range, 2.01–2.8 at m). The 

high number of rats in the MRI group injured at 17.5° resulted in a higher mean impact 
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pressure when compared to the EEG group, as stated above. A correlation analysis between 

angle of the pendulum and impact pressure could not be performed since only 2 angles were 

used. Nonetheless, the mean impact pressure in both groups (MRI and EEG groups together) 

was lower than that in UEF (p < 0.001).

In UCLA, 42 rats (31 TBI and 11 shams) were used in the MRI-group. Experiments were 

performed in four cohorts. The acute mortality (all cohorts together) was 55% (17/31). In the 

EEG-group, 39 rats (32 TBI and 7 shams) were randomized and the post-impact mortality 

was 59% (19/32) as shown in Table 1. No animal from both groups experienced a broken 

dura following the impact. The mean impact pressure was similar between the MRI-group 

(2.47 ± 0.21 atm) and EEG-group (2.37 ± 0.18 atm). When both groups were pooled 

together, a correlation analysis of the impact angle of the pendulum in the FPI (20.55 ± 1.2°; 

range, 19° - 23°) and the resulting impact pressure (2.4 ± 0.21 atm; range, 3.31 – 2.1 atm) 

showed that the higher the angle the higher the pressure (r = 0.691, p < 0.0001). There was 

no difference in the mean angle of the pendulum between UCLA and UEF (20.35 ± 0.37°vs. 

20.55 ± 1.2°, p > 0.05). However, the impact pressure (both groups together) was lower than 

that at UEF (2.4 ± 0.21 atm vs. 2.84 ± 0.14 atm, p < 0.001), but similar to that in Melbourne 

(2.4 ± 0.21 atm vs. 2.53 ± 0.21 atm, p > 0.05).

When the acute post-impact mortality was compared between the sites, Chi-square analysis 

revealed that the mortality in the MRI-group and EEG-group differed between the sites (p < 

0.0001). However, the mortality was similar between the MRI-group and EEG-group at all 

the sites (p > 0.05).

3.2. Duration of anesthesia exposure during surgery

In order to determine whether the duration of exposure to anesthesia can affect the lateral 

FPI induced brain injury and functional outcome between the sites, the time when the rats 

started the induction of anesthesia until the anesthesia was discontinued (before impact) was 

analyzed. There was no difference in the mean duration of anesthesia between the MRI-

group and the EEG-group at all sites (p > 0.05), thus both groups were pooled together for 

further analysis. The mean duration of anesthesia differed between the sites, being 26.98 

± 6.68 min at UEF, 28.91 ± 2.97 min in Melbourne, and 31.78 ± 4.51 min at UCLA (p < 

0.001) (Fig. 1A). Further analysis showed that the duration was shorter at UEF than in 

Melbourne (p < 0.05) and UCLA (p < 0.001). Similarly, the duration in Melbourne was 

shorter than that at UCLA (p < 0.001) (Fig. 1A).

3.3. Incidence of post-impact seizure-like behavior

At all sites, immediate post-impact seizure-like behaviors were observed in a subpopulation 

of animals. The behaviors included hind limb jerks or movements, tail rotation, tail erection 

and strong jerks of the lower torso. At UEF, 52% (42/81) of rats in the MRI-group showed 

post-impact seizure-like behavior with a mean duration of 17.7 ± 11.6 s. In the EEG-group 

51% (19/37) showed post-impact seizures with a mean duration of 13.11 ± 7.8 s. In 

Melbourne, 26% (8/31) and 24% (7/29) in the MRI-group and EEG-group, respectively, 

developed post-impact seizure-like behavior. At UCLA, none of the rats in the MRI-group 

(0/31) and only 1 rat (1/29) in the EEG-group showed post-impact seizure-like behavior. The 
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duration of the behavior was not assessed in Melbourne and UCLA. Statistical analysis 

showed that the occurrence of post-impact seizure-like behavior was similar between MRI-

group and EEG-group at all the sites (p > 0.05). However, there was a difference in the total 

number of observed seizure-like behaviors (all behavioral types described above) between 

the sites in the MRI-group and EEG-group (p < 0.0001). When both groups (MRI and EEG-

groups) were pooled together for further analysis, the data revealed that the percentage of 

rats with acute post-impact seizure-like behavior was higher at UEF as compared to 

Melbourne (p < 0.0001) and UCLA (p < 0.0001). Similarly, the occurrence of seizure-like 

behavior was more frequent in Melbourne as compared to UCLA (p < 0.0001).

3.4. Duration of post-impact apnea

The period of apnea at all three sites was defined as “the time after impact from when the rat 

stopped breathing to the time when spontaneous breathing returned”. In Melbourne, all rats 

received intermittent medical oxygen (see “method” section) supply until regular breathing 

was restored. The mean apnea duration in the MRI-group differed between sites, being 36.1 

± 16.6 s (n = 75) in UEF, 72.9 ± 68.3 s (n = 36) in Melbourne and 32.05 ± 16.54 s (n = 21) 

at UCLA (p < 0.0001) (Fig. 1B). Similarly, the mean apnea duration for the rats in the EEG-

group differed between the sites (UEF 29.1 ± 9.2 s, n = 34; Melbourne 67.5 ± 10.2 s, n = 26; 

and UCLA 35.6 ± 5.7 s, n = 19) (p < 0.0001) (Fig. 1B). At all experimental sites, the apnea 

duration was similar between the MRI and EEG groups, and thus, both groups were pooled 

for further analysis. A post-hoc analysis revealed that the mean apnea duration was similar 

between UEF and UCLA (34.1 ± 15.1 s vs. 33.7 ± 20.7 s p > 0.05). However, for rats in 

Melbourne the apnea was 2.1 times longer than at UEF (70.6 ± 61.6 vs. 34.1 ± 15.1, p < 

0.001) and UCLA (70.6 ± 61.6 s vs. 33.7 ± 20.7 s, p < 0.001). Several rats had apnea 

duration longer than 60 s at UEF (n = 3), Melbourne (n = 14) and UCLA (n = 4) (Fig. 1B). 

To assess whether the long apnea duration in these rats was a source of variability, the apnea 

duration between the sites was compared without these outliers. There was still a significant 

difference in the apnea duration between the sites (p < 0.001), being 32.36 ± 11.79 s (n = 

106) in UEF, 40.37 ± 11.84 s (n = 41) in Melbourne and 28.33 ± 11.69 s (n = 36) in UCLA. 

Consequently, the apnea time will be used as a co-factor in future data analysis.

To further investigate whether the duration of the transient apnea was associated with the 

magnitude of the impact, a correlation analysis was performed between the apnea duration 

and the magnitude of the pressure of the impact. Data indicates that the higher the pressure 

the higher the apnea time at UEF (r = 0.345, p < 0.01, n = 88) and Melbourne (r = 0.539, p < 

0.001, n = 49) but not at UCLA (r = 0.232, p > 0.05, n = 30).

3.5. Time to self-right and pain reflex

The time for the rat to self-right after TBI, defined as the time from impact to when the rat 

rights itself, was monitored at all sites. In the MRI-group, the mean duration to self-right 

after impact differed between the sites, being 1025 ± 434 s at UEF, 1589 ± 914 s in 

Melbourne, and 1000 ± 472 s at UCLA (p < 0.0001) (Fig. 1C). Similarly, in the EEG-group 

the time to self-right differed between the sites being 991 ± 685 s at UEF, 1665 ± 1303s in 

Melbourne, and 824 ± 267 s at UCLA (p < 0.05) (Fig. 1C). Further analysis revealed that the 

time to self-right for the MRI-group and EEG-group was similar between UEF and UCLA. 
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However, in Melbourne, the time to self-right for the MRI-group was longer than that at 

UEF (p < 0.001) or UCLA (p < 0.05). In addition, in Melbourne, the time to self-right for 

the EEG-group was similar to that at UEF (p > 0.05) but higher than that at UCLA (p < 

0.05). (Fig. 1C). There was no difference between the MRI-group and the EEG-group at all 

of the sites, thus, both groups where pooled together for each site for further analysis. The 

time to self-right did not differ between UEF and UCLA (1014 ± 523.9 s vs. 917.9 ± 394 s). 

However, for the rats in Melbourne it was still 1.6 and 1.8 times higher than that at UEF 

(1621 ± 1088s vs. 1014 ± 523.9, p < 0.001) and UCLA (1621 ± 1088s vs. 917.9 ± 394 s, p < 

0.001) respectively.

To determine whether the duration to self-right is associated with the severity of the impact, 

a correlation analysis was performed between the time to self-right (MRI and EEG groups 

pooled together) and the magnitude of the impact. No correlation was found at UEF (r = 

0.167, p > 0.05) and UCLA (r = 0.164, p > 0.05) sites. At Melbourne however, there was 

weak positive correlation between the magnitude of the impact and the time to self-right (r = 

0.339, p < 0.05).

3.6. Post-injury follow-up

3.6.1. Post-injury acute functional impairment—The composite neuroscore was 

used to assess acute functional impairment (Kharatishvili et al., 2009). The neuroscore was 

performed in the MRI-group at all sites. However, for the EEG-group, the neuroscore was 

performed only in Melbourne and at UCLA. The UEF site did not perform the neuroscore to 

reduce the risk of fall-off of the electrode headset due to repeated disconnection of the 

animal from the recording system.

A repeated-measure ANOVA(RMA) of all rats included in the MRI follow-up with complete 

neuroscore evaluation (base line, 2 d, 7 d, 14 d, 21 d and 28 d), showed that the neuroscore 

differed between sites over time (p < 0.001). The baseline neuroscore for the sham operated 

animals in the MRI-group was similar between UEF and Melbourne (p > 0.05). Whereas, 

the baseline neuroscore in UCLA was lower than that at UEF (p < 0.05) and Melbourne (p < 

0.05). After sham-operation, the neuroscore for sham rats was similar between UEF and 

Melbourne at all time-points (p > 0.05) (Fig. 2A and Table 2). The neuroscore of the sham 

rats at UCLA was lower at all time-points compared to that at UEF, except at 2 d post-TBI, 

(p > 0.05) (Fig. 2A and Table 2). Similarly, the neuroscore for sham rats at UCLA was lower 

as compared to that in Melbourne at all time-points, except 21 d post-TBI (p > 0.05) (Fig. 

2A and Table 2).

For the TBI rats in the MRI-group, RMA revealed that the neuroscore of the rats in the MRI 

group over the 28-d follow-up period (only for animals with a complete data) differed 

between the sites across time (p < 0.001). Though the baseline neuroscore was the same at 

all sites (p > 0.05) (Fig. 2A and Table 2), the post-TBI neuroscore at UEF was lower when it 

was compared to Melbourne, at all time-points (Fig. 2A and Table 2). Similarly, the 

neuroscore at UEF was lower when compared to UCLA, at all time-points except at 2 d 

post-TBI (p > 0.05) (Fig. 2A and Table 2). The neuroscore in Melbourne and UCLA was 

similar at all time-points, except at 2 d (p < 0.05) (Fig. 2A and Table 2).
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For the EEG-group, the composite neuroscore (performed only in Melbourne and UCLA) of 

the sham-operated rats was similar between Melbourne and UCLA, at all time-points except 

at 7 d (p < 0.05), 21 d (p < 0.01) and 28 d (p < 0.001) (Table 2). A repeated-measure 

ANOVA could not be performed for the sham rats because in UCLA there were only 2 rats 

with a complete data set. In the TBI group, the neuroscore of the EEG-group differed 

between the sites over time (p < 0.05). Further analysis at the different time-points showed 

that the neuroscore was similar between Melbourne and UCLA, at all time-points except at 

14 d and 21 d post-TBI (p < 0.001) (Table 2).

In order to assess whether the severity of the acute functional impairment at 2 d post-TBI is 

associated with the magnitude of the impact, we performed a correlation analysis between 

the neuroscore and the impact pressure. The data revealed a weak negative correlation, i.e. 

the higher the impact pressure, the lower the neuroscore (more impaired) at the UEF site (r = 

−0.313, p < 0.05) but not in Melbourne (r = −0.237, p > 0.05) or UCLA (r = −0.189, p > 

0.05). Furthermore, to determine whether longer anesthesia duration will associated with 

severity of the acute injury, we correlated the duration of anesthesia and the neuroscore at 2 

d. There was no correlation seen at any of the sites (p > 0.05).

3.6.2. Post-injury body weight follow-up—The body weight was used as an index of 

recovery after TBI. The body weight of the rat was registered at the baseline at all the sites. 

The post-injury body weight was available in the database only at UEF and Melbourne. The 

body weight was recorded during the first 9 days post-injury and then on days 14 and 30. At 

UEF, the body weight was assessed only for the MRI-group to avoid repetitive disconnection 

of rats from the EEG-monitoring system. There was no difference in the body weight 

between the sham-operated and the TBI rats at baseline, 1 d and 2 d post-TBI. However, on 

3 d post-TBI the body weight of the TBI rats decreased to 94% of that in sham rats (328 

± 19.7 g vs. 348 ± 22.7 g) (p < 0.05) and stayed below 94% of that in shams until 9 d post-

TBI (338.5 ± 22.6 g vs. 343.3 ± 16.3 g, p > 0.05). (Fig. 2B).

At Melbourne, the TBI and sham rats in the MRI-group did not differ in weight throughout 

the follow-up period (p > 0.05) (Fig. 2C). When rats in the MRI-group at UEF and 

Melbourne were compared, the body weight of the sham-operated rats was similar at all 

time-points and the weight of the TBI rats was also similar at all time-points, except at 8 d 

(336.4 ± 22.3 g vs. 355.7 ± 2.4 g, p < 0.05) and 9 d (338.5 ± 22.6 g vs. 360 ± 28.4 g, p < 

0.05) post-injury, where the weight of the rats at UEF were lower compared to those in 

Melbourne. The body weight of the TBI and sham rats recruited in the EEG-group in 

Melbourne were different only at 6 d post-TBI (350.4 ± 27.8 g vs. 411 ± 1.4 g, p < 0.05).

3.6.3. Post-injury temperature follow-up—The core temperature was assessed only 

in UEF in rats belonging to the MRI-group. The body temperature was assessed at the same 

time-point as the weight (see above) using a rectal probe. The mean body temperature was 

similar between sham (range, 36.2–38.6 °C) and TBI (range, 32.8–38.7 °C) rats at all of the 

time points (p > 0.05) (Fig. 2D).
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4. Discussion

Harmonization of experimental procedures across different experimental sites is crucial in 

studies aimed at establishing robust clinically translatable epileptogenesis biomarkers using 

a multicenter-based approach. Our objective was to assess the success of harmonization of 

the procedures, used in the production of the lateral FPI model, across the different 

laboratories. The harmonization of the lateral FPI model of PTE involved three laboratories 

located at the University of Eastern Finland (UEF), Monash University (Melbourne, 

Australia) and The University of California Los Angeles (UCLA, USA). The main findings 

demonstrate (1) marginal differences between the sites in the core independent variables, 

such as the impact pressure and the duration of anesthesia; (2) Moderate to severe injury 

severity at all sites, as assessed with the neuroscore, even though sites differed in other 

outcome measures including acute mortality, transient apnea duration and time to self-right.

4.1. Differences in acute mortality between experimental sites is not associated with 
impact pressure

A key objective in the harmonization of the lateral FPI model between the experimental sites 

was to achieve a moderate to severe TBI with acute mortality (< 72 h post-TBI) between 20–

30%. A moderate-severe TBI was selected because it has been reported by a number of 

laboratories to induce PTE in a proportion of rats that is similar to the incidence of PTE 

reported in patients with TBI (Annegers et al., 1980; Herman, 2002; Frey, 2003; Englander 

et al., 2003). The overall mortality at UEF was about 20%, whereas at Melbourne and 

UCLA it was above 40%, even though the impact pressure at UEF was about 10% and 15% 

higher than that in Melbourne and UCLA, respectively. The average impact pressure in the 

group of rats with acute impact-related mortality was 3%, 2% and 8% higher than that in the 

group of rats that survived at UEF, Melbourne and UCLA respectively (data not shown). 

This is in agreement with previous data showing that high impact pressure is associated with 

increased mortality in the lateral FPI model (McIntosh et al., 1989; Kharatishvili et al., 

2009). This data suggests that the higher acute mortality in Melbourne and UCLA is not due 

to the magnitude of the impact pressure. Additionally, at UEF, the higher the impact pressure 

the more severe the injury. However, this was not the case with Melbourne and UCLA. The 

subjectivity in the assessment of the neuroscore (as discussed below) may have contributed 

to lack of correlation between the impact pressure and the severity of the injury in 

Melbourne and UCLA. Nonetheless, since the injures were more severe at UEF, it will be 

interesting to see whether the incidence of epilepsy will also be higher at UEF.

There are several other reasons that might explain the variability in mortality, including rat 

strain, age, the experimenter performing the injury procedures and deviations in original 

experimental protocol. First, to eliminate the issue of strain-related mortality, a common 

variability among studies, was that all sites used Sprague Dawley (SD) rats (Tan et al., 2009; 

Reid et al., 2010). However, variability within the same strain is also a common 

phenomenon. O’Bryant et al. (2011) found that breeder and batch-to-batch differences 

within rats from the same breeding facility were strong contributing factors to experimental 

variability (O’Bryant et al., 2011). The rats at UEF were acquired from Envigo Laboratories 

B.V. (Melderslo, The Netherlands) in 3 batches (3 cohorts). For example, the mortality in 
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MRI group of the first cohorts in UEF was 25% but later got stable at 9% and 10% 

respectively in the last 2 cohorts (data not shown). This data reflects more of a learning 

curve rather than a batch effect due to the fact that the UEF site was switching to an 

isoflurane anesthesia protocol. The rats used in Melbourne were in-house breed (Biological 

Research Facilities, Melbourne Medical School, The Royal Melbourne Hospital-Parkville, 

Australia), and the rats used in UCLA where purchased from Charles River, USA. Our data 

suggests that there may be genetic and environmental influences in their response to TBI, 

which may change during a long-lasting experiment. The genetic diversity can be used as 

positive aspect in this study, since it could correspond with the genetic variability in TBI 

patients. The possibility of age-related differences as a potential source of variability was 

eliminated by using rats of the same age at the beginning of the experiment at all the sites. It 

is also possible that factors such as biometric pressure and room temperature can influence 

the impact pressure and subsequently the mortality, however, this remains to be shown. 

Another factor that may contribute to the variability in mortality is the inter-experimenter 

variability in handling and performance of the surgery and TBI. The latter can be managed if 

there is common training of personnel involved in the multicenter study. Additionally, the 

administration of buprenorphine before surgery in Melbourne (as requested by the local 

ethics committee) may have significantly contributed to increased mortality. However, this 

needs to be further explored.

Taken together the data suggests that the variability in mortality between the sites is not 

associated with the impact pressure. Additional factors need to be considered to reliably 

decipher the source of the observed variation in mortality.

4.2. Duration of transient apnea was associated with severity of impact but varied 
between the sites

To establish further that the harmonization of the lateral FPI model production in the 

different sites was on track we compared the transient apnea duration between the sites. The 

duration of the transient apnea has been suggested as an indicator of injury severity (Igarashi 

et al., 2007). Previous studies using this TBI model have reported incidence of apneic 

episodes ranging from 10 to 60 s, (Dixon et al., 1987; Kharatishvili et al., 2006). The 

average transient apnea time was comparable between UEF and UCLA, but in Melbourne, it 

was twice as long as that of the other sites. Contrary to previous studies, we found a weak 

but positive correlation between the transient apnea duration and magnitude of the impact 

(impact pressure) in UEF and Melbourne, but not at UCLA (Dixon et al., 1987; 

Kharatishvili et al., 2006). The difference between our study and previous reports might be 

due to the number of animals involved. In this study, UEF had 105 rats and Melbourne 62 

rats, whereas in the study by Dixon et al., as well as Kharatishvili et al., there were 20 and 

48 rats, respectively. This gives a higher statistical power to our study. At UCLA where the 

total number of rats used was 40, no correlation was observed. It should be noted that the 

UCLA site had just started performing the lateral FPI model. It is possible that the limited 

experience in model production compromised the analysis of apnea duration. Additionally, 

rats in Melbourne received buprenorphine before the surgery, and medical oxygen after the 

impact to improve survival. It remains to be investigated whether these procedures may have 

confounded the assessment of post-impact transient apnea in Melbourne. Furthermore, it is 
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very likely that the breeding-related genetic and environmental factors may also have played 

a role in the response to injury, as discussed above.

We also wanted to establish whether disparities in the duration of the surgeries might also 

contribute to the variability observed in the transient apnea duration, even though there is 

limited evidence in the literature to suggest any relationship. Nonetheless, we did not find 

any correlation between the duration of anesthesia and the transient apnea duration. This 

suggests that the long post-impact transient apnea duration observed in Melbourne may not 

be related to the anesthesia duration.

Taken together, our data indicates that the duration of the post-impact transient apnea is 

associated with the magnitude of the impact pressure but not with the duration of pre-injury 

anesthesia exposure.

4.3. All experimental sites produced injuries with moderate to severe severity but with 
variable post-injury body weight progression profile

The production of rats with moderate to severe injury was a fundamental goal in the 

harmonization of the injury model production. The acute functional impairment, as assessed 

using the neuroscore, was used a measure of severity of the injury. The neuroscore is 

effective at detecting acute sensorimotor deficits following lateral FPI (Niskanen et al., 

2013). Moreover, reports further suggest that lateral FPI-induced deficits are pronounced in 

animals with severe injury, as compared to those with moderate or mild injury (injury 

severity based on impact pressure) when assessed at 2 or 3 d post-TBI (McIntosh et al., 

1989; Kharatishvili et al., 2009). The neuroscore at 2 d at all the sites was 13–17, indicating 

that all sites were able to produce moderate-severe injury. However, the 2 d neuroscore was 

lower at UEF when compared to Melbourne and UCLA. This data is corroborated by the 

fact that impact pressure at UEF was higher than that at the other sites. Despite the fact that 

the sites show differences in the absolute neuroscore at 2 d, the relative difference between 

TBI and shams, as well as the temporal profile of the neuroscore, was similar between the 

sites. It is worth noting that the increased injury severity observed at UEF was associated 

with acute post-impact seizure-like behaviors in a large proportion of animals, which ranged 

from tonic jerks, to tail rotation, to movement of the lower body. Since these behaviors were 

not systematically defined and monitored at the beginning of the study, it is possible that 

they may have remained unreported by the investigators, accounting for the differences in 

the number of observations reported between the sites.

Another factor that can influence the neurological outcome is the duration of anesthesia. In 

fact, Gaidhani et al. (2017) recently reported that duration of isoflurane anesthesia was a 

significant source of variability in the assessment of infarct volume and neurological deficits 

in a transient suture middle cerebral artery occlusion model of ischemic stroke in rats. They 

demonstrated an inverse relationship between the anesthesia duration and severity of brain 

injury and neurological deficits (Gaidhani et al., 2017). This data suggests that longer 

anesthesia may be protective. Though the anesthesia duration was longer in Melbourne and 

UCLA than that at UEF, there was no association with significant changes in the neuroscore 

at any of the sites. Whether the longer isoflurane anesthesia resulted in neuroprotection 

remains to be shown. Nonetheless, it should be considered that the subjective nature of the 
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neuroscore test is also a source for variability in neuroscore between the study sites. This can 

be seen in the baseline neuroscore values for naïve rats, which was different between the 

sites, and particularly low at UCLA. This clearly demonstrates experimenter-associated 

variability.

In this study, body weight follow-up was used as a measure of assessing post-injury 

recovery. Previous reports suggest that there is usually a 15–20% body weight loss following 

lateral FPI, and increased weight loss correlates with injury severity (Adelson et al., 1996; 

Moinard et al., 2005; Wang et al., 2013; Eakin et al., 2015). At UEF there was a clear drop 

in the body weight during the first week post-TBI, which subsequently regained their pre-

injury (baseline) weight as well as sham levels by 9 d post-injury. This pattern was not 

evident in Melbourne, where the TBI and sham rats showed similar body weight progression 

at all follow-up time points. The discrepancy in the post-injury weight progression between 

the sites cannot be attributed to post-injury treatment since, at all the sites, rats where treated 

with supportive food and fluid replacement with saline (0.9% NaCl) administration. It is 

unclear whether the addition of rodent milk powder to the powdered pellet in Melbourne had 

any effect on the body weight. Furthermore, in all sites, all rats received buprenorphine after 

surgery in the first few days after injury. Whether other factors, including genetic and 

environmental influences could contribute to the observed difference, remains to be shown.

Taken together our data shows that the severity of the injury was similar between the sites, 

ranging from moderate to severe injury. Furthermore, the temporal profile of the injury 

severity was similar between the sites. Nevertheless, the differences in the absolute values of 

injury severity at individual time-points may be related to subjective differences in 

performing the neuroscore test.

4.4. Conclusion

Our data demonstrates that variability in the injury harmonization parameters can, to a lesser 

extent, relate to site-specific experimental protocol differences, and to a greater extent to 

breeder-related genetic and breeder/site-specific environmental influences. Furthermore, 

there is inherent variability between experimenters. On the other hand, the variability can be 

used to model the genetic and exposomal heterogeneity in humans exposed to closed-head 

injury that is the objective of using the lateral FPI. The follow-up of the animals will 

demonstrate whether the variability in procedures will be beneficial for our multi-center 

biomarker study. That is, will the variability in observed injury generate a subpopulation of 

animals with a high risk of epileptogenesis. Furthermore, the biomarker discovered will 

tolerate a certain level of experimental variability, which will be inevitable in future studies 

with different laboratories. The results presented show the first analysis of the ongoing 

study. It will be interesting to see whether the level of variability reduces between the sites 

during the course of the study. Nonetheless, the data presented here demonstrates that all 

sites were able to produce a consistent and comparable moderate-severe TBI (see Immonen 

et al., in this volume). In our ongoing follow-up of these rats we will see if the proportion of 

rats that develop post-traumatic epilepsy will be comparable across sites.

Overall, our data demonstrates the relevance of performing standardization (harmonization) 

in preclinical multicenter studies, and indicates which injury parameters are critical in 
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establishing a harmonized injury model. Furthermore, it reiterates the need to consider local 

animal ethics committee recommendations, animal genetic background and experimenter 

training, in designing future multi-center based studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Dot plots showing anesthesia duration, apnea duration and time to righting reflex, analyzed 

at the three sites, University of Eastern Finland (UEF), University of Monash, Melbourne, 

Australia Melbourne and University of California Los Angeles (UCLA). (A) The anesthesia 

duration differed between the three sites. Note that the duration was particularly low at UEF 

as compared to Melbourne and UCLA. (B) The apnea duration in MRI-group and EEG-

group at all sites. Note the long duration in Melbourne in both groups. (C) The duration to 

self-right after the impact. Note the long duration in Melbourne. * p < 0.05, ** p < 0.01, *** 

p < 0.001 (Dunne’s test and ManWhitney U test, comparison between 2 sites) and ¤ p < 

0.05, ¤¤¤ p < 0.001 (Kruskal-Wallis test, comparison between all sites). Data is presented as 

mean ± SD.
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Fig. 2. 
Line plot demonstrating progression of neuroscore, weight and body temperature after TBI. 

(A) The neuroscore for the MRI-group at the different sites. Note the variability in the 

neuroscore between the sites across time points. Repeated measure analysis of rats with 

complete neuroscore analysis (0–28 d) shows that the neuroscore over time is different 

between the sites. In addition, the neuroscore was different between the sites at individual 

time points (see also Table 2 for details). (B) Body weight follow-up of the MRI-group at 

UEF. The weight of the TBI rats decreased by 3 d post-injury, then recovered to control 

levels by 14 d post-TBI. (C) Body weight follow-up of rats in MRI-group in Melbourne. 

There was no difference in the post-injury weight progression between TBI and sham-

operated rats at any time point, as assessed using the repeated measure ANOVA (RMA) (D) 

Temperature follow-up of MRI-group rats at UEF. RMA showed no difference in 

temperature between TBI and sham rats after TBI, at any time point. Data are presented as 

mean ± SD. *p < 0.05, **p < 0.01 (Mann-Whitney test).
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