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ABBREVIATIONS:

2-AG – 2-arachidonylglycerol

CBR – cannabinoid receptor

CB1R – cannabinoid receptor 1

CB2R – cannabinoid receptor 2

CBF – cerebral blood flow

CMS – coloured microsphere

eCB – endocannabinoids

FP – fluid percussion

TBI – traumatic brain injury

TSPO – translocator protein 18 kDA

INTRODUCTION

Traumatic brain injury (TBI) is a disease of world-

wide impact, with different pathological mechanisms 

sharing aspects with other neurological diseases. In 

paediatrics, TBI is still the main reason of death and 

long lasting disabilities (Keenan and Bratton 2006). 

Because paediatric and adult TBI differ in biomechan-

ics and molecular pathways (Bauer and Fritz 2004, 

Giza et al. 2007), the identification of pathophysiolog-

ic processes in paediatric TBI requires additional 

research effort (Jankowitz and Adelson 2006, Kochanek 

2006). Early publications suggested that the higher 

plasticity of the immature brain would allow a better 

recovery after traumatic insults to the brain (Kennard 

1942). However, most recent studies show that infants 
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are much more affected by the developmental out-

comes after TBI than adults (Anderson et al. 2005, 

Barlow et al. 2005). Systematic reviews revealed that 

up to 50% of children with TBI later suffer from TBI-

associated neurological impairments (Li and Liu 2013), 

resulting in serious socioeconomic consequences 

(Taylor et al. 2008, Anderson et al. 2009).

TBI is now seen as a complex, multifactorial disease 

process with interconnected pathogenetic pathways, 

e.g. excitotoxicity and cerebral ischemia (Masel and 

DeWitt 2010), following the initial biomechanical 

impact. Molecular changes after TBI include, for 

example, the excessive release of glutamate (Luo et al. 

2011), influx of calcium (Weber 2004), followed by 

free radical generation, oxidative stress and neuroin-

flammation, causing necrosis and apoptosis (Bayir et 

al. 2006, Cederberg and Siesjo 2010). 

Major neurotransmitter systems (e.g. glutamatergic, 

cholinergic, monaminergic) were investigated in TBI 

to understand the secondary injury effects with the 

intention to develop receptor-specific treatment 

options. However, while some trials are still ongoing, 

many failed (Tolias and Bullock 2004, McConeghy et 

al. 2012). Compared to stroke, the successful transla-

tion of these novel treatment attempts is rather limited 

(Li et al. 2014). Recently, modulation of neurotrans-

mission was suggested to be more promising for 

directed interventions (Miller and Devi 2011). The 

endocannabinoid system, consisting of the endogenous 

cannabinoid ligands (eCBs) anandamide and 2-arachi-

donylglycerol (2-AG), cannabinoid receptors 1 and 2 

(CBR, CB1R/CB2R) and associated enzymes, trans-

porters and agonists, is exerting many neuromodula-

tory effects and may provide treatment options (Sarne 

et al. 2011, Shohami et al. 2011). Unlike ‘classical’ neu-

rotransmitters, the eCBs are not stored in presynaptic 

vesicles, but are synthesized ‘on demand’ e.g. due to 

increased intracellular calcium concentration. The 

eCB system has been shown to be activated in response 

to pathogenic events, such as excitotoxicity, neuroin-

flammation and brain injury, suggesting that the eCB 

are part of the brain’s compensatory or repair mecha-

nisms (Bahr et al. 2006). The eCB levels are increased 

after TBI and administration of eCBs or CBR agonists 

in experimental injury reduced oedema and the neu-

roinflammatory response, while recovery was 

increased (Panikashvili et al. 2001, Shohami et al. 

2011). However, it is still not clear whether these 

improvements are related to CBR, because the effects 

of TBI on regional CBR expression in the (immature) 

brain have not yet been determined. Therefore, we 

investigated CBR densities and the expression of the 

translocator protein 18 kDA (TSPO) with in vitro auto-

radiography after fluid percussion (FP) injury in new-

born piglets. We postulate that the acute biomechani-

cal and/or secondary effects of severe TBI on the brain 

may alter regional CBR expression in a large, gyren-

cephalic model of diffuse juvenile TBI.

METHODS

The experimental protocols were approved by the 

local ethics committee and are in compliance with 

national and EC (EC Directive 86/609/EEC) regula-

tions for animal research. The chemicals were pur-

chased from Sigma-Aldrich, Germany if not otherwise 

stated.

Surgical preparations, monitoring procedures 
and fluid-percussion (FP) administration

Thirteen crossbred female piglets were used 

(Deutsches Edelschwein, 7.7±1.2 days old, 3.1±0.3 kg 

body weight). Animals were initially anaesthetized 

with 2.5% isoflurane in nitrous oxide and oxygen and 

maintained throughout the surgical procedure with 

1.3% isoflurane. Body temperature was maintained at 

38.3±0.2°C with infrared lamps, controlled by a rectal 

thermal probe. Animals were paralysed with pancuro-

nium bromide (0.2 mg/kg/h) and mechanically venti-

lated (Servo Ventilator 900C, Siemens-Elema, Solna, 

Sweden). The ventilator was set with a positive inspira-

tory pressure of 15–20 mbar and a positive end-expira-

tory pressure of 2–4 mbar. Respiratory rate and 

inspired oxygen fraction were titrated to maintain a 

PaCO2 of 35–40 mm Hg and PaO2 of 100–130 mm Hg. 

Polyurethane catheters (1.2 mm outer diamenter) were 

inserted in both saphenous arteries and advanced to 

the abdominal aorta for blood pressure/blood gas 

monitoring and withdrawal of arterial blood samples, 

including the reference samples for the colored micro-

sphere (CMS) technique. A left thoracotomy was then 

performed through the third intercostal space and a 

catheter was inserted into the left atrium for injection 

of CMS to determine cerebral blood flow (CBF). A 

further catheter (inner diameter 0.3 mm) was inserted 

into the superior sagittal sinus through a midline burr 

hole (diameter 3 mm, 4 mm caudal to bregma) and 
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advanced to the confluence of the sinuses in order to 

obtain brain venous blood samples. All animals 

received a craniotomy, centered between lambda and 

bregma over the right parietal cortex, with intact dura, 

in order to fix the fluid percussion adapter (with a 

12-mm bore of tube). A further hole was drilled into 

the left parietal bone and a fiberoptic catheter was 

implanted into the subcortical white matter for intrac-

ranial pressure (ICP) measurements (Camino 

Laboratories, San Diego, USA). The burr holes were 

sealed with bone wax and covered with dental acrylic 

resin in order to fix probes and the fluid percussion 

adapter in place thoughout the experiment. 

The regional CBF was measured by means of the 

reference sample colour-labelled microsphere (Dye-

Trak®, Triton Technology, San Diego, USA) technique, 

which represents a valid alternative to the radioac-

tively labelled microsphere method for organ blood 

flow measurement in newborn piglets (Walter et al. 

1997). Application in piglets and methodical consider-

ations have been presented and discussed in detail 

elsewhere (Walter et al. 1997). Briefly, in random 

sequence between 900 thousand and 1.2 million color-

ed polystyrene microspheres were injected into the left 

atrium. The injection line was then flushed with 2 mL 

of saline. A blood sample was withdrawn from the 

abdominal aorta as the reference sample (Makowski et 

al. 1968), beginning 15 s before the microsphere injec-

tion and continuing for 2 min at a rate of 1.50 mL/min 

(syringe pump SP210iw, World Precision Instruments 

Inc., Sarasota, USA). At the end of each experiment, 

the brains were quickly removed; dissected midline in 

the sagittal plane and the right part (opposite to fluid 

percussion trauma administration) was sectioned in 

the desired brain regions. For digestion, reference 

blood samples and tissue samples of 0.5–2.5 g were 

covered with an appropriate volume (approximately 3 

mL/g) of digestive solution (4 N KOH with 4% Tween 

80 in deionized water). All tissue and blood samples 

were digested for a minimum of 4 h at 60°C. In order 

to isolate the microspheres, each tissue sample was 

digested and then filtered under vacuum suction 

through an 8 µm pore polyester-membrane filter. 

Colored microspheres were quantified by their dye 

content. The dye was recovered from the microspheres 

by adding dimethyl-formamide. The photometric 

absorption of each dye solution was measured by a 

diode-array UV/visible spectrophotometer (model 

7500, Beckman Instruments, Fullerton, USA). 

Calculations were performed using the MISS® soft-

ware (Triton Technology). The number of microspheres 

was calculated using the specific absorbance value of 

the different dyes. All reference and tissue samples 

contained >400 microspheres. 

The heart rate, the arterial blood pressure, the arte-

rial and brain venous pH, PCO2, and PO2, and O2 con-

tent, were measured immediately before the micro-

sphere injection. The blood pH, PCO2, and PO2 were 

determined with a blood gas analyzer (model ABL50, 

Radiometer, Copenhagen, Denmark). The O2 content 

was measured using a hemoximeter (model OSM3, 

Radiometer, Copenhagen, Denmark), and corrected to 

the body temperature of the animal at the time of sam-

pling. The absolute flows to the tissues measured by 

the colored microspheres were calculated by the for-

mula: 

flowtissue = number of microspherestissue × (flowreference/ 

number of microspheresreference). 

The flows are expressed in milliliters per min per 

100g tissue by normalizing for tissue weight. The 

CMRO2 was obtained by multiplying the blood flow to 

the forebrain by the cerebral arteriovenous O2 content 

difference, where the blood flow to the forebrain 

includes all regions drained by the sagittal sinus [cere-

bral cortex, cerebral white matter, some deep gray 

structures: basal ganglia, thalamus, and hippocampus 

(Coyle et al. 1993)]. 

Fluid percussion (FP) administration and 
experimental protocol

Eleven randomly chosen piglets were subjected to 

FP injury. A self-made device designed according to 

Sullivan and coworkers (1976) was used. The fluid 

percussion adapter was attached to a transduced hous-

ing and connected to the fluid percussion device. The 

device consisted of a Plexiglas cylindrical reservoir (40 

cm length, 20 mm diameter) with one end of the device 

connected to the transducer, and the other end with a 

metal piston. The piston movement during FP was 

measured with a precision of 6.3 µL. The entire system 

was filled with physiologic saline. Trauma was induced 

by the strike of a 1.85-kg pendulum on a Plexiglas cork 

and the following hydraulic pressure transiently travel-

ing through the device. This wave was impacting upon 

the dura (the surface area amounted to 113.1 mm2). The 

severity of the injury was recorded on a storage oscil-

loscope (3.8±0.3 atmospheres).
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To achieve baseline physiological values, the anaes-

thesia was reduced to 0.5% isoflurane, and the pigs 

were allowed to stabilize for 1 h following surgical 

procedures. In order to monitor the cardiovascular, 

respiratory and neurophysiological status of each ani-

mal, a dataset of required parameters was assessed 

throughout the experimental performance.

Six hours post injury, animals were sacrificed by 

intracardial injection of a 30% KCl solution. The brain 

was quickly removed, the hemispheres were separated 

sagitally, and the left side (ipsilateral to fluid percus-

sion trauma administration) was immersed in −50°C 
2-methylbutane (Carl Roth, Karlsruhe, Germany) for 

at least 2 minutes. The remaining six animals received 

all experimental procedures except trauma adminis-

tration and served as control animals.

In vitro autoradiography 

Sagittal whole-brain sections (20 µm) of the ipsilat-

eral hemisphere were cut with a cryostat microtome 

(MICROM, Walldorf, Germany). Brain slices were 

mounted onto untreated glass slides [45×75 mm (1 slice); 

Neolab, Heidelberg, Germany], dried at room tempera-

ture, and stored at −28°C for at least 3 days. Slice coor-
dinates were located between 2.0 and 2.6 mm lateral to 

the midline. In all experiments, two adjacent slices per 

animal were used for autoradiography.

In vitro autoradiography of [3H]CP-55,940 (Perkin 

Elmer, Waltham, USA, Lot Number: 626978, spe-

cific activity: 144 Ci/mmol) and [3H]SR141716A 

(Perkin Elmer, Waltham, USA, Lot Number: 

3632841, specific activity: 56 Ci/mmol) was per-

formed according to published methods (Herkenham 

1991, Herkenham et al. 1991, Glass et al. 1997) with 

slight modifications. Sections were dried for 15 

minutes at room temperature and pre-incubated in 

buffer (50 mM TRIS-HCl, pH 7.4/21°C), for 15 min-

utes at room temperature. Slices were then incubat-

ed for 60 minutes at room temperature in assay 

buffer (50 mM TRIS-HCl, 20mM MgCl2, 5 mM 

EDTA, pH 7.4, 5% bovine serum albumin, Carl 

Roth, Karlsruhe, Germany) containing the radioli-

gand. The measured ligand concentrations (liquid 

scintillation counting) were 5 nM for both ([3H]

CP-55,940) and ([3H]SR141716A). Non-specific 

binding was determined on adjacent but lower qual-

ity sections in the presence of non-radioactive 

CP-55,940 (Tocris, Bristol, UK) or SR141716A 

(Cayman Chemicals, Ann Arbor, USA). After incu-

bation, the slides were washed two times in assay 

buffer, two times for 30 minutes in washing buffer 

(50 mM TRIS-HCl, 20 mM MgCl2, 5 mM EDTA, 

pH 7.4, 1% bovine serum albumin) followed by two 

times 50 mM TRIS-HCl (pH 7.4/21°C) and dipped 

in ice-cold ultra-pure water for 10 seconds. 

The distribution of TSPO was investigated using a 

slightly modified method, as published by other authors 

before (Cumming et al. 2006). Brain slices were dried 

for 15 minutes, pre-incubated in assay buffer (50 mM 

TRIS-HCl, pH 7.4/21°C) for 15 minutes and incubated 

with 0.74 nM [3H]PK11195 (Perkin Elmer, Waltham, 

USA, Lot Number: 1650101, specific activity: 85.7 Ci/

mmol) for 30 min. Slides were washed 2×6 minutes in 

50 mM TRIS-HCl, pH 7.4/4°C and dipped twice in ice-

cold distilled water.

After washing, all slides were air-dried for 20 min-

utes, dehydrated over phosphorus pentoxide for at 

least one day and exposed to BAS-TR2325 imaging 

plates (Fuji Film, Tokyo, Japan) together with 3H- 

standards (Micro scales, Amersham, UK) for 4 

weeks. Plates were analysed using a Duerr CR-35HD 

system (Duerr NDT, Bietigheim-Bissinger, Germany). 

Quantitative analysis of the scan data was performed 

by computer-assisted microdensitometry (Aida 4.27, 

Raytest, Straubenhardt, Germany). Irregular regions 

of interest were drawn over selected areas of the 

brain. The brain regions of interest were confirmed 

by Nissl and Gallays staining (Gallyas 1979) on adja-

cent sections with the help of a pig brain atlas (Felix 

et al. 1999). 

Statistical processing

Data are reported as means ± SD. Two-way analysis 

of variance (ANOVA), with repeated measures, was 

used to determine the effects of FP-induced TBI over 

time and control vs. treatment interaction within each 

variable of cardiovascular and metabolic response. 

Subsequently, one-way ANOVA with repeated mea-

sures was performed within each group. If normality 

test failed, one-way ANOVA on ranks, with repeated 

measures, was used. Post hoc comparisons were made 

with the Holm-Sidak method. Comparisons between 

groups were made with unpaired t-tests using 

Bonferroni correction for multiple uses, if appropriat-

ed. Differences were considered significant when 

P<0.05.
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Table I

Effect of fluid percussion induced traumatic brain injury on physiological data including intracranial pressure, brain 

hemodynamics and oxidative metabolism in newborn piglets. (Sham: n=6; Trauma: n=7)

Baseline Trauma 30 min Trauma 2 h Trauma 6 h

Arterial blood pressure (mm Hg) 

Control 68±10 72±8 71±6 64±12

TBI  74±12 76±9 70±12 71±17

Heart rate per min

Control 244±25 252±23 254±15 253±37

TBI 271±27 282±32 279±28 275±27

Arterial pCO2 (mm Hg)

Control 37±3 36±2 40±2 38±3

TBI 35±3 36±1 36±3 35±3

Arterial pH

Control 7.45±0.05 7.46±0.06 7.42±0.07 7.42±0.12

TBI 7.46±0.02 7.45±0.06 7.45±0.09 7.47±0.03

Arterial pO2 (mm Hg)

Control 117±24 121±20 118±18 132±20

TBI 120±24 112±20 118±21 122±29

Intracranial pressure (mm Hg)

Control 7±3 9±3 9±5 7±5

TBI 8±3    21±9 *$      18±10 *$ 11±9

Cerebral perfusion pressure (mm Hg)

Control 61±10 63±10 61±4 56±9

TBI 66±14    55±12 $      53±17 $ 60±16

Cerebral blood flow (mL/100 g/min)

Control 58±20 52±23 61±23 57±30

TBI 57±19 47±22 48±23 66±28

CMRO2 (mL/100 g/min)

Control 3.8±1.6 3.3±1.1 3.4±1.3 3.1±1.3

TBI 3.7±1.4 3.4±1.6 3.6±1.4 4.7±2.6

Data are mean ± SD. (TBI) traumatic brain injury. *$  P<0.05, *comparison between groups, $ comparison within every 

group vs. baseline.
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RESULTS

Physiological parameters, brain hemodynamics 
and brain oxidative metabolism 

Basic cardiovascular and blood gas, as well as acid-

base balance parameters, remained unaltered in con-

trol piglets and those receiving FP-TBI. Physiological 

conditions were consistent with other data obtained 

from anaesthetized and artificially ventilated newborn 

piglets (Eisenhauer et al. 1994). During the early peri-

od after traumatic injury, FP-TBI elicited a consider-

able ICP (approx. 50%) increase at a temporary 

reduced cerebral perfusion pressure (approx. −12%, 
Table I, P<0.05). However, CBF and CMRO2 remained 

within physiological ranges. 

CBR autoradiography with [3H]CP-55,940 

Figure 1A shows autoradiographs of the binding 

of nonselective CBR1/CBR2 receptor ligand [3H]-

CP55,940 to adjacent slices of the piglet brain after 

fluid-percussion induced traumatic brain injury. The 

receptor densities were quantified in 24 brain regions 
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Fig. 1. Autoradiographs of adjacent slices of the piglet brain after fluid-percussion induced traumatic brain injury (A/B, left 

side) and sham operation (A/B, right side). Images include autoradiographs of [3H]-CP55,940 (A) and [3H]-SR141716A (B) 

total and nonspecific binding. The receptor densities were quantified in identical brain regions of [3H]CP-55,940 (A) and [3H]

SR141716A (B) brain autoradiographs. Additional images show anatomical atlas reference (C) (Felix et al. 1999), with inves-

tigated brain regions and a merged image of Cresyl violet/Gallyas stained brain slices after TBI (D) for regional identification 

(Donat et al. 2010, with permission). Regions of interest are labeled with the following numbers: (1) area hypothalamica 

anterior; (2) caudate/putamen; (3) central tegmental field; (4) cerebellum; (5) cerebellum, grey matter; (6) cerebellum, white 

matter; (7) colliculus superior; (8) colliculus superior stratum superficiale; (9) corpus callosum; (10) cortex; (11) cortex, grey 

matter; (12) cortex, white matter; (13) decussatio pedunculorum cerebellarium superiorum; (14) hippocampus; (15) hip-

pocampus CA1; (16) hypothalamus; (17) medulla; (18) nucleus accumbens; (20) nucleus pontis; (21) nucleus reticularis 

tegmenti pontis; (22) thalamus; (23) thalamus, dorsalis medialis; (24) thalamus, ventralis posterior; (25) whole brain.
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and shown in Table II. High CBR densities (>200 

fmol/mg protein) were found in the whole cerebel-

lum and the cerebellar grey matter. Moderate bind-

ing (100– 200 fmol/mg) was observed in hippocam-

pus, thalamus, midbrain and medulla. Low receptor 

densities (<100 fmol/mg) are present in the neocor-

tex, cerebellar white matter, corpus callosum and 

pons. 

A marked increase in CBR density was found in 15 

brain regions of traumatized animals. This is exempli-

fied by the overall increase of 38% (P<0.05) in whole 

brains of the injured group compared to control. The 

strongest increase was found in the corpus callosum 

(142%, P<0.0001). The neocortex exhibited an increase 

of 47% (P<0.05), primarily attributed to grey matter 

(30%, P<0.05). Alterations were also found in other tel-

Table II

Cannabinoid receptor density [fmol/mg protein] measured with [3H]CP-55,940; 6 h after fluid-percussion injury in the 

newborn pig (Sham: n=6; Trauma: n=7)

Region of Interest Trauma Sham % Control Significance P-value

Area hypothalamica anterior 137±37.5 72±16.1 190 * 0.002

Caudate/putamen 126±31.0 94±27.7 134 0.079

Central tegmental field 111±30.2 71±19.7 157 * 0.018

Cerebellum 220±40.7 220±63.0 100 0.996

Cerebellum, grey matter 882±263.8 701±205.0 126 0.201

Cerebellum, white matter 92±18.5 81±18.1 114 0.292

Colliculus superior 153±27.8 88±25.4 175 *** 0.001

Colliculus superior stratum superficiale 142±33.9 85±19.2 166 ** 0.004

Corpus callosum 54±12.3 22±6.1 242 ** 0.0001

Cortex 90±10.0 61±15.8 147 ** 0.002

Cortex, grey matter 95±12.7 73±13.7 130 * 0.012

Cortex, white matter 53±15.8 44±15.2 119 0.339

Decussatio pedunculorum cerebellarium superiorum 105±29.6 74±10.0 142 * 0.033

Hippocampus 166±35.9 105±28.7 158 ** 0.007

Hippocampus CA1 186±37.2 129±37.5 144 * 0.019

Hypothalamus 169±46.8 92±23.6 183 ** 0.004

Medulla 107±29.1 81±20.1 132 0.096

Nucleus accumbens 122±30.6 79±21.6 155 * 0.014

Nucleus pontis 73±18.2 60±15.3 121 0.198

Nucleus reticularis tegmenti pontis 109±20.5 75±16.9 145 ** 0.008

Thalamus 104±25.7 79±21.5 133 0.077

Thalamus, dorsalis medialis 102±22.0 85±23.3 121 0.190

Thalamus, ventralis posterior 99±19.7 67±19.7 147 * 0.015

Whole brain 122±22.1 89±29.8 138 * 0.040

Data are mean ± SD. Significance tested with the Student’s t-test. 
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encephalic parts of the brain, namely the hippocampus 

(58%, P<0.01), and cornu ammonis 1 (44%, P<0.05). 

Within the basal ganglia, the nucleus accumbens exhib-

ited a significant increase (55%, P<0.05), while slightly 

smaller changes in nucleus caudatus and putamen did 

not reach the level of significance (34%, P=0.07). Within 

the diencephalon, the hypothalamus (83%, P<0.01) and 

the anterior hypothalamic area (90%, P<0.01) showed a 

strong increase in receptor density. By contrast, within 

the whole thalamus, rather small alterations were 

observed (33%, P=0.07). Some parts exhibited signifi-

cant (ventroposterior part, 46%, P<0.05) others virtually 

no changes (dorsomedial part). Within the midbrain, the 

colliculus superior (75%, P<0.01) and especially the 

stratum superficiale (66%, P≤0.001), decussatio pedun-

culorum cerebellarium superiorum (41%, P<0.05) and 

Table III

Cannabinoid receptor 1 density [fmol/mg protein] measured with [3H]SR141716A; 6 h after fluid-percussion injury in 

the newborn pig (Sham: n=6; Trauma: n=7)

Region of Interest Trauma Sham % Control Significance P-value

Area hypothalamica anterior 283±87.5 251±97.1 113 0.548

Caudate/putamen 357±119.0 316±72.9 113 0.480

Central tegmental field 296±142.9 303±126.5 98 0.935

Cerebellum 747±243.3 886±375.4 84 0.440

Cerebellum, grey matter 2851±1196 2608±891.0 109 0.690

Cerebellum, white matter 213±32.3 236±59.1 90 0.393

Colliculus superior 445±91.1 384±155.0 116 0.394

Colliculus superior stratum superficiale 401±76.0 353±99.1 113 0.351

Corpus callosum 96±12.5 97±27.6 99 0.958

Cortex 202±48.5 179±15.3 113 0.297

Cortex, grey matter 229±87.2 213±82.2 108 0.738

Cortex, white matter 171±64.9 161±67.2 106 0.793

Decussatio pedunculorum cerebellarium superiorum 341±167.1 299±164.6 114 0.653

Hippocampus 545±151.0 476±171.7 114 0.456

Hippocampus CA1 596±173.9 564±269.7 106 0.804

Hypothalamus 416±195.0 371±92.7 112 0.617

Medulla 302±111.6 329±73.6 92 0.621

Nucleus accumbens 252±85.1 239±47.3 106 0.736

Nucleus pontis 259±118.9 251±102.9 103 0.895

Nucleus reticularis tegmenti pontis 310±123.4 291±75.3 107 0.740

Thalamus 293±68.3 255±43.4 115 0.271

Thalamus, dorsalis medialis 292±57.8 252±36.3 116 0.174

Thalamus, ventralis posterior 261±69.8 238±49.4 110 0.520

Whole brain 353±124.9 335±127.4 105 0.805

Data are mean ± SD. Significance tested with the Student’s t-test. 
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the central tegmental field (57%, P<0.05) showed sig-

nificantly increased receptor densities. Within the pons, 

the nucleus reticularis tegmenti pontis (45%, P<0.01) 

was found to exhibit increased binding after injury, 

while the nuclei pontis remained largely unchanged. No 

changes were observed in the brainstem, which also 

applies for the whole cerebellum, cerebellar grey and 

white matter.

CB1R autoradiography with [3H]SR141716A

For autoradiography with CBR1-selective radioli-

gand [3H]SR141716A, the receptor densities in discrete 

brain regions of control animals correlated well with 

those found in [3H]CP-55,940 autoradiography (r=0.99, 

Table II, III), however the absolute values were about 

twofold higher, probably caused by differences bind-

Table IV

Peripheral-type benzodiazepine receptor density [fmol/mg protein] measured with [3H]PK11195; 6 h after fluid-

percussion injury in the newborn pig (Sham: n=6; Trauma: n=7)

Region of Interest Trauma Sham % Control Significance P-value

Area hypothalamica anterior 2056±597.2 1517±431.8 136 0.094

Caudateputamen 2162±638.7 2087±642.9 104 0.838

Central tegmental field 1178±330.4 915±237.6 129 0.134

Cerebellum 609±146.2 536±153.5 113 0.403

Cerebellum, grey matter 1194±264.6 1066±320.2 112 0.446

Cerebellum, white matter 475±138.0 525±160.4 90 0.552

Colliculus superior 1583±566.2 1652±398.4 96 0.809

Colliculus superior stratum superficiale 2082±655.5 2238±462.0 93 0.637

Corpus callosum 1143±327.5 905±208.2 126 0.154

Cortex 1231±259.6 1173±341.4 105 0.737

Cortex, grey matter 1839±408.9 2062±344.7 89 0.316

Cortex, white matter 941±255.4 948±246.2 99 0.963

Decussatio pedunculorum cerebellarium superiorum 1178±297.5 1030±287.9 114 0.383

Hippocampus 1138±344.6 1066±259.9 107 0.684

Hippocampus CA1 1174±345.3 1038±254.7 113 0.445

Hypothalamus 1618±463.9 1205±230.1 134 0.074

Medulla 654±150.4 730±182.8 90 0.426

Nucleus accumbens 1764±287.8 1602±346.0 110 0.377

Nucleus pontis 1210±264.8 1093±317.2 111 0.483

Nucleus reticularis tegmenti pontis 1081±243.7 989±264.4 109 0.528

Thalamus 1859±489.0 1896±522.9 98 0.896

Thalamus, dorsalis medialis 2062±561.1 2050±551.9 101 0.971

Thalamus, ventralis posterior 1884±519.7 1755±432.0 107 0.639

Whole brain 1314±307.1 1321±322.4 99 0.970

Data are mean ± SD. Significance tested with the Student’s t-test. 
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ing mechanism (agonist vs. antagonist binding)  of the 

two different radioligands applied. 

Comparison of CB1R densities by [3H]SR141716A 

autoradiography of traumatized and control animals 

showed no statistically significant differences between 

both groups.

Autoradiography of TSPO with [3H]PK11195

Autoradiography of TSPO, a biomarker for gliosis/

brain injury (Chen and Guilarte 2008, Karlstetter et al. 

2014) with 0.7 nM [3H]PK11195 revealed densities in 

sham-operated animals between 525 fmol/mg (cerebel-

lar white matter) and 2238 fmol/mg in stratum super-

ficiale of the superior colliculi (Table IV). These val-

ues are slightly higher as previously found in adult pigs 

(Cumming et al. 2006), although their regional distri-

bution was similar. FP-TBI did not significantly alter 

TSPO density, although increases of up to ~35% in 

binding were found in various brain regions.

DISCUSSION

This is the first study demonstrating significant 

increases in cannabinoid receptor density after trau-

matic brain injury. It shows that binding of the non-

selective agonist [3H]CP-55,940, a ligand with nearly 

equal affinity to CB1R and CB2R (Felder et al. 1992), 

is significantly increased in most of the investigated 

brain regions of newborn piglets at 6 hours after fluid-

percussion induced TBI. Comparative autoradiography 

with the antagonist [3H]SR141716A, a selective CB1R 

ligand, in the employed low nanomolar range (Rinaldi-

Carmona et al. 1994, White and Hiley 1998, Pertwee 

2000), did not revealed significant changes after TBI. 

Therefore, we conclude that the increase in  

[3H]CP-55,940 binding mainly reflects an TBI-related 

increase of CB2R density in the brain. [3H]CP-55,940 

is regarded to be selective towards CBR, although it 

also binds to the GPR55 receptor with 25-fold lower 

binding potency compared to CB1R (Ryberg et al. 

2007). The radioligand shows comparable binding pat-

terns and receptor densities among different species 

(Herkenham et al. 1990, Westlake et al. 1994), although 

interspecies regional differences exist (Glass et al. 

1997, Harkany et al. 2005, McPartland et al. 2007). For 

both [3H]CP-55,940 and [3H]SR141716A, a high bind-

ing is observed in the basal ganglia, hippocampus 

(dentate gyrus) and in the molecular layer of the cere-

bellum. Low binding is present in the thalamus and 

brainstem. This distribution pattern was also found in 

this study, therefore being in line with previously 

reported data, although the authors are not aware of 

any papers on CBR autoradiography in the pig brain. 

In our study, the newborn piglets were subjected to 

a diffuse FP-TBI with considerable cardiovascular, 

metabolic, and neurophysiological monitoring through-

out the experiment, as reported before (Donat et al. 

2010a). For this animal model of paediatric TBI, we 

have shown that the systemic cardiovascular and ven-

tilator parameters remained within physiological rang-

es and cerebral perfusion pressure and brain oxygen 

delivery/consumption did not show critical disturbanc-

es (Donat et al. 2010a). Thus we assume that confound-

ing neuropathological processes connected to the eCB 

system, such as ischemia (Capettini et al. 2012) and 

hypoxia (Pazos et al. 2013), are of little impact. 

The observed regional differences in CBR binding 

after TBI may be attributed to (bio)mechanical stress 

and distance from injury. Different regions of the 

brain are exposed to varying levels of mechanical 

stress during TBI, which is an inherent part of this 

model and has been analysed in silico (Cloots et al. 

2008, Bayly et al. 2012). Furthermore, the biome-

chanical properties of the immature brain differ from 

those of the adult brain (LaPlaca et al. 2007, Finnie 

2012), especially the viscoelastic response of brain 

tissue is a dynamic phenomenon (Feng et al. 2013). 

Furthermore, no significant changes in CBR density 

were observed in cerebellum and brainstem, which 

are located at the greatest distance from the impact 

site. Therefore, the question remain, whether the sug-

gested CB2R upregulation is attributed to a direct 

biomechanical impact and/or secondary injury effects 

related to differences in bio(mechanical) stress. Such 

an effect has been already discussed in recent stud-

ies, reporting on region-specific alterations in the 

densities of cholinergic receptors and transporters, 

with patterns comparable to the changes in CBR den-

sities observed in this study (Donat et al. 2010a,b, 

Hoffmeister et al. 2011). Interestingly, the strongest 

increases of CBR density in our study was detected 

in corpus callosum (+142%), known as highly vulner-

able to diffuse/traumatic axonal injury both in exper-

imental models (Hicks et al. 1997, Saatman et al. 

1998, Graham et al. 2000) and patients (Leclercq et 

al. 2001, Gorrie et al. 2002, Babikian et al. 2010). 

These increases could be caused by an impaired 
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axonal transport, which was found for amyloid pre-

cursor protein after TBI (Stone et al. 2004) and CBR 

after ligation of the sciatic nerve (Hohmann and 

Herkenham 1999). 

Besides biomechanical and axonal injury, an 

inflammation-related increase in CBR2 expression 

needs to be considered. Inflammatory changes are 

described in many neurodegenerative diseases (Ashton 

and Glass 2007), including TBI (Finnie 2013), and 

CBR antagonist application prevents the neuroprotec-

tion by minocycline in a mouse model of head injury 

(Lopez-Rodriguez et al. 2013). In contrast, several 

other studies using eCB or CB1R/CB2R agonists 

showed the neuroprotective efficacy of those com-

pounds in both experimental and human TBI 

(Panikashvili et al. 2001, Mauler et al. 2003, Cohen-

Yeshurun et  al. 2011, Firsching et al. 2012, Horvath et 

al. 2012). In a mouse model, the strongest neurodegen-

erative and behavioral effects were found at 24 h post-

TBI and application of the CB2R selective agonist 

O-1966 ameliorated these effects (Elliott et al. 2011, 

Amenta et al. 2012). The latter corresponds with the 

time frames of microglial activation in other models 

of acute brain injuries, with microglial activation and 

proliferation starting immediately after injury but 

reaching its maximum not until 1 day post injury (Jin 

et al. 2010). Such delay in microglial activation and 

proliferation could be the reason for non-significant 

TBI-related changes in TSPO densities, an important 

target in head trauma (Papadopoulos and Lecanu 

2009), in our model at 6 h post injury, although the 

slightly increased binding of [3H]PK11195 in 16 out of 

24 investigated brain regions may indicate early pro-

liferation of microglial cells. Noteworthy is a region-

specific correlation between the TBI-related increase 

of [3H]PK11195 and [3H]CP-55,940, with maximum 

effects observed in hypothalamic areas, central teg-

mental field, and corpus callosum. It may be specu-

lated that these similarities point to a common cellular 

origin and are caused by the secondary pathophysio-

logical changes after TBI. Activated microglia could 

be this common cellular origin, because they are 

known to exert both degenerative and reparative 

actions in the injured/recovering brain after TBI 

(Helmy et al. 2011). Activated microglial cells show 

both an upregulation of CB2R (Maresz et al. 2005) 

and express TSPO (Cosenza-Nashat et al. 2009, 

Karlstetter et al. 2014), which is supporting this 

assumption.

CONCLUSION

In this study, we could show an increase in the den-

sity of CBR already at 6 hours after experimental TBI 

in newborn piglets, a model with high relevance for 

paediatric TBI. Irrespectively of the sources and 

causes of the observed effect, the (endo)cannabinoid 

system is regarded as highly relevant in TBI (Shohami 

et al. 2011), both in terms of pathological mechanisms 

and for the development of neuroprotective therapies. 

In preclinical research of TBI, the CB2R therefore may 

be an interesting target for molecular in vivo imaging, 

either as early marker of brain injury or for validation 

of CB2R-targeting drugs. Altogether, the role of CBR 

and especially CB2R along with the exact time course 

of changes after TBI remains to be elucidated.
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