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Abstract 

Vasogenic brain edema formation remains an important factor determining the fate of 

patients suffering from traumatic brain injury (TBI). The spatial and temporal development of 

VBE, however, remain poorly understood due to the lack of sufficiently sensitive measurement 

techniques. To close this knowledge gap, we directly visualized the full time course of vascular 

leakage following TBI by in vivo 2-photon microscopy (2-PM).  

Male C57BL/6 mice (n=6/group, 6-8 weeks old) were randomly assigned to sham-operation or 

brain trauma by Controlled Cortical Impact. A cranial window was prepared and 

tetramethylrhodamine-dextran (TMRM, MW 40,000 Da) was injected intravenously to 

visualize blood plasma 4, 24, 48, 72h, or 7d after surgery or trauma. Three regions with 

increasing distance to the primary contusion were investigated up to a depth of 300 µm by 2-

PM.  

No TMRM extravasation was detected in sham-operated mice, while already 4h after TBI 

vascular leakage was significantly increased (p<0.05 vs. sham) and reached its maximum at 

48h after injury. Vascular leakage was most pronounced in the vicinity of the contusion. The 

rate of extravasation showed a biphasic pattern, peaking 4h and 48-72h after trauma.  

Taken together, longitudinal quantification of vascular leakage after TBI in vivo demonstrates 

that vasogenic brain edema formation after TBI develops in a biphasic manner suggestive of 

acute and delayed mechanisms. Further studies using the currently developed dynamic in vivo 

imaging modalities are needed to investigate these mechanisms and potential therapeutic 

strategies in more detail.  

Key words: traumatic brain injury; vasogenic brain edema; blood brain barrier; in vivo; 2-

photon microscopy 
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Introduction 

Traumatic brain injury (TBI) remains a growing public health concern worldwide and across all 

ages with a disproportionate burden of disability and mortality occurring in children and young 

adults. 1, 2 Despite the medical, surgical, and rehabilitation interventions that have been 

developed and improved for treating TBI, numerous patients with severe head trauma still 

suffer from unfavorable outcomes including death or long-term disability. 3-5 

A key factor in the pathogenesis of secondary brain damage is brain edema formation 

contributing to brain swelling. After exceeding the intracranial compliance, brain swelling 

leads to an increase in intracranial pressure (ICP), which in turn results in global cerebral 

ischemia and further tissue damage. 5-11  

Classically, TBI-induced brain edema has been categorized as ‘vasogenic’ or ‘cytotoxic’. 12-14 

Cytotoxic edema is characterized by an intracellular water accumulation of astrocytes, 

neurons, and microglia. 8, 10, 14 In short, cells take up solutes in order to maintain extracellular 

ion homeostasis and this process results in an osmotic-driven water influx. Water moves from 

the interstitial to the intracellular space, thereby causing cell swelling. 13, 15 Vasogenic brain 

edema (VBE) occurs when the permeability of the blood-brain barrier (BBB) is increased. 11 

Driven by hydrostatic pressure, water together with plasma proteins and electrolytes leaks 

into the interstitial compartments with ensuing water accumulation. 8, 14, 16 This results in brain 

swelling and eventually life-threatening intracranial hypertension. 9, 17-19 

To date, the spatial and temporal development of vasogenic brain edema formation following 

brain trauma has been controversial. 8, 10, 14, 20  The main reasons for this situation were 

technical limitations which did not allow to measure VBE formation with a sufficiently high 

temporal and spatial resolution. For example, VBE was investigated ex vivo by Evan’s blue 
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extravasation, which allowed no dynamic characterization, or in vivo by epifluorescence 

microscopy, which was limited to an investigation of pial vessels located on the brain surface. 

8, 10 These limitations were overcome by in vivo 2-photon microscopy (2-PM), a technology 

which allows a detailed temporal characterization of VBE formation with subcellular 

resolution in 3D. 21 Hence, the aim of the current study was to use 2-photon in vivo imaging 

to characterize the full time course of the formation of VBE following TBI, i.e. from 

immediately after TBI until a week thereafter.  

Materials and Methods 

Animal and Husbandry 

All protocols and procedures on animals were approved by the Government of Upper Bavaria 

and are reported in accordance with the ARRIVE (Animal Research: Reporting of in vivo 

Experiments) guidelines. Male 6-8-week-old C57Bl/6 mice with a body weight of 22-26 g 

(Charles River Laboratories, Germany) were used for the current experiments. Animals were 

housed in groups of up to five per cage under a 12-hour light/dark cycle with free access to 

food and water. Health screens and hygiene management checks were performed daily in 

accordance with the guidelines and recommendations established by the Federation of 

European Laboratory Animal Science Associations (FELASA).  

Experimental protocol 

Seven experimental groups with six mice each were investigated. Five groups were subjected 

to TBI and allowed to wake up from anesthesia immediately thereafter. Two, 22, 46, 70 or 166 

hours later animals were re-anesthetized, a cranial window was prepared, and blood brain 

barrier permeability was investigated by in vivo 2-photon microscopy four, 24, 48, 72 hours 

and seven days after TBI (Fig. 1A). At the end of the experiment blood gases were assessed. 
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Subsequently, mice were sacrificed in deep anesthesia by cervical dislocation, brains were 

removed and photographed, and brain water content was determined by the wet-dry method. 

In two experimental groups mice were subjected to sham surgery and allowed to survive for 

2 hours or seven days. In the two groups observed for seven days (sham and TBI) body weight 

and functional outcome was assessed on days one, two, three, and seven.  

Randomization and Blinding 

For each series of experiments, mice were randomly assigned to the treatment group after 

preparation of the craniotomy by drawing lots. The 2-PM imaging and analysis was performed 

by a researcher blinded with respect to the treatment.  

Experimental TBI Model 

TBI was induced as described previously by using the Controlled Cortical Impact (CCI) 

procedure. 21-23 Briefly, animals received a subcutaneous injection of Buprenorphine (0.1 

mg/kg) for analgesia, were anesthetized with Isoflurane (1,5-1,8% in room air with 30% O2), 

and fixed in a stereotactic frame using a palate plate holder (Model 921-E, David Kopf 

Instruments, Tujunga, USA). A feedback controlled heating pad (40908D01, FHC, Bowdoin, 

USA) was used to maintain body temperature at 37°C. Following a longitudinal skin incision 

along the sagittal suture, a craniotomy of 4 x 4mm was prepared posterior-lateral to bregma 

over the right parietal cortex (Fig. 1B). The impact was applied perpendicular to the dura with 

a cylindrical impactor (diameter: 3.0 mm), a velocity of 6 m/sec, a penetration depth of 0.5 

mm, and a contact time of 150 ms with a custom made digitally controlled electro-pneumatic 

CCI device (L. Kopacz, University of Mainz, Germany). Immediately following the impact, the 

removed bone flap was repositioned and fixed with tissue glue. The skin was sutured and the 

mice were placed in a recovery chamber heated to 32°C (CA17 4BG, MediheatTM, UK) to 



7 
 

prevent postoperative hypothermia until full recovery of motor function. Sham-operated 

animals were treated as described above except for the induction of CCI.   

Cranial Window Preparation 

Mice were anesthetized by intraperitoneal injection of 0.05 mg/kg Fentanyl, 0.5 mg/kg 

Medetomidine, and 5 mg/kg Midazolam and intubated with a custom-made tube connected 

to a volume-controlled ventilator (Minivent 845, Hugo Sachs Electronic, Germany) and a 

microcapnometer (PhysioSuite, Kent Scientific, Torrington, USA) as described previously. 21 

Ventilation volume and respiratory frequency were adjusted according to body weight and 

end tidal pCO2. Body temperature was maintained with a feed-back controlled heating pad 

(40908D01, FHC, Bowdoin, USA). The head was fixated in a nose clamp mounted on a 

stereotactic frame (Model 902, David Kopf Instruments, Tujunga, USA). For measurement of 

the blood pressure a sterile plastic catheter was inserted into the femoral artery and 

connected to a pressure transducer. Animals received 0.4 ml/h 0.9% NaCl via a femoral 

catheter to account for ventilation-induced fluid loss. Body temperature, mean arterial blood 

pressure (MABP) and end-tidal pCO2 were recorded digitally throughout the experiment and 

stored for further analysis (Powerlab, ADInstruments, Sydney, Australia).  

A square cranial window (2mm x 2mm) was prepared as previously described. 21 Briefly, a 

craniotomy was drilled carefully over the right fronto-parietal cortex 1 mm lateral to the 

sagittal suture and 1 mm frontal to the coronal suture (Fig. 1B) under continuous cooling with 

saline. Special care was taken to leave the dura mater intact. After removal of the bone flap, 

the dura mater was gently removed and the surface of the brain was rinsed with saline. Then, 

a fitting square cover glass (LOT 2441285, Thermo Fisher Scientific, USA) with a thickness of 

175 µm was carefully placed within the craniotomy and fixed with dental cement. The caudal 
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rim of cranial window was 1.5 mm rostral to the primary contusion, i.e. over the traumatic 

penumbra.  

Two-photon Microscopy 

In vivo imaging was performed as previously described. 21 Briefly, after preparation of the 

cranial window anesthesia and monitoring were continued and mice were placed under a 2-

photon microscope (Zeiss LSM 7MP). For imaging, mice received an i.a. injection of 40 mg/kg 

tetramethylrhodamine-dextran (TMRM; MW 40,000, Invitrogen, Darmstadt, Germany). The 

molecular weight of 40,000 Dalton was specifically chosen because molecules of that size can 

cross the blood brain barrier exclusively under pathological conditions. 24, 25 TMRM was exited 

at 800 nm and fluorescence was recorded at 500–550 nm. In order to provide an even signal 

intensity throughout the 3D region of interest, the laser power was depth-dependent adjusted 

from 3-15%. Master and digital gain were set 650 and 2.00, respectively. These settings were 

determined empirically in order to visualize the vessels and parenchyma in a 3D region of 

interest reaching 0–300 micrometers below the surface with equal intensity and minimal 

background fluorescence. 

For imaging, three regions of interest (ROI) were defined within the cranial window (Fig. 1C). 

Area 1 (A1) was the ROI closest to the site of primary damage (1.5 mm frontal to the rim of 

the initial contusion). Area 2 (A2) and area 3 (A3) were located at a distance of 2 mm and 2.5 

mm from the rim of the contusion, respectively. The horizontal/x-y dimension of each of the 

three ROIs was 425 μm x 425 μm and 100 images were recorded every 3 µm up to depth of 

300 µm. Three-dimensional image stacks (z-stacks) were reconstructed off-line. Baseline 

images were captured from each ROI within two minutes after injection of TMRM. Thereafter, 
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z-stacks of each ROI were obtained every 30 minutes. At the end of each experiment, arterial 

blood gases and pH were measured (Rapidlab 348; Siemens, Munich, Germany). 

Neurological monitoring 

Body weight, the state of consciousness, behavior, wound condition, and the general clinical 

condition were evaluated daily for the first 3 days and on the 7th day after trauma using a 

neurological score (see table 2). 

Brain Water Content Measurement 

Brain water content was determined by the wet-dry method as previously described. 26 Briefly, 

animals were sacrificed in deep anesthesia by cervical dislocation. Brains were quickly 

removed, placed on a metal matrix cooled to 4°C, the olfactory bulb and the cerebellum were 

removed, and hemispheres separated. Wet (W) and dry (D) weight was determined before 

and after drying the tissue at 110°C for 24 hours, respectively. Brain water content was 

calculated in % using the following formula: (W-D)/Wx100  

Quantification of 2-PM Images 

Image analysis was performed off-line using the software ImageJ by an investigator blinded to 

the treatment of the animals. 21 To avoid a bias from potential surgical trauma to the brain 

surface by preparation of the cranial window, the superficial 50 µm of each z-stack were 

excluded from the analysis. The intensity threshold was adjusted to eliminate both the very 

high intravascular signal and the very low background signal present in all images. 

Adjustments were standardized and uniformly applied to all datasets. Subsequently, 

fluorescent pixels were counted in each z-stack using ImageJ. Fluorescence of each z-stack was 

then determined as the mean value of each section. Baseline fluorescence intensity was 

determined in the z-stack that was acquired immediately after TMRM injection. To measure 
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the extravasation distribution, the original data (z-stack) was transferred into the maximal 

intensity projection form by applying a specific look-up-table (jet color map) into the image. 

Then, each image was gridded into 36 segments (6 X 6). In each segment, a ROI in the 

parenchyma was chosen (excluding vessels). The fluorescence intensity was measured within 

each ROI using ImageJ.  All following measurements were expressed as % baseline.  

In order to determine extravasation rate, i.e. the amount of TMRM extravasation per minute, 

the following formula was used: (Fluorescence intensity at 90 min – baseline fluorescence 

intensity)/90 min. The results are presented as change of fluorescence intensity per minute. 

Statistical Analysis 

Group sizes were calculated with a standard deviation of 25% of the mean, a biologically 

relevant detection limit of 50%, and a power of 0.8. Statistical analysis was performed using 

GraphPad Prism 6.0. To follow the most conservative approach possible, non-parametrical 

tests were used throughout even when single data sets passed normality and equal variance 

testing. Hence, the Mann-Whitney U test was used to analyze the differences between groups 

and the Kruskal–Wallis analysis of variance on ranks was used to compare more than two 

groups. All data are presented as means ± standard deviation (SD). Differences with P values 

less than 0.05 were considered to be statistically significant.  

Results 

Brain swelling after TBI 

As a clinical parameter reflecting brain edema we assessed the midline shift (Fig. 2A). Swelling 

of the traumatized hemisphere was already visible four hours after TBI. At 48 hours after injury 

the midline shift reached its maximum and decreased thereafter. Seven days after TBI no 

midline shift was detectible any more. Additionally, hematoma was visible on the brain 
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surface. The same brains were used to determine brain water content by using the wet-dry 

method (Fig. 2B). Sham operated mice (n=6) had a normal brain water content of 78.3±0.5%. 

Four hours after TBI brain water content of the traumatized hemisphere increased by 2.1% to 

80.4±0.8% (n=6; p<0.05 vs. sham). Thereafter, the water content of the traumatized 

hemisphere further increased to about 81% 24 hours after trauma and remained on this level 

for at least 48 hours (n=6; p<0.05 vs. sham). 72 hours after TBI brain water content slightly 

decreased and reached values not significantly different from baseline values seven days after 

injury (79.5±1.1%, n=6; n.s. vs. sham and contralateral hemisphere).  

Characterization of acute vasogenic brain edema formation 4 h after TBI  

Physiological monitoring 

Surgery and 2-photon imaging lasted up to 4 hours. To ensure that all measurements were 

performed under physiological conditions, body temperature, mean arterial blood pressure 

and end-tidal CO2 were continuously monitored and controlled. All values were within their 

respective physiological range and showed no significant difference between experimental 

groups (Suppl. figures 1A-1C). At the end of the experiment, blood gases including pH, pCO2 

and pO2 were measured. pCO2 and pO2 were within their physiological range and did not differ 

between groups (Tab. 2). Animals in both experimental groups developed a slight acidosis with 

a pH of 7.2.  

Temporal and spatial profile of TMRM extravasation 4h after TBI 

A control image serving as baseline for all subsequent measurements was acquired 

immediately after TMRM injection. No extravasation was detected in sham-operated mice 

(Fig. 3A, upper panels). Four hours after TBI TMRM fluorescence started to increase in the 

brain parenchyma 30 minutes after injection of the tracer as a signs of vascular leakage (Fig. 
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3A, lower panels). Quantification of dye leakage in the three predefined regions of interest 

A1-A3 demonstrated that fluorescence intensity increased only in the two ROIs adjacent to 

the contusion (A1 and A2; Fig. 3B and C; p<0.05 – 0.01), while in the ROI most distant to the 

contusion vascular leakage was quite limited at this time point. Hence, vessel permeability or 

edema fluid spread in a centripetal manner from the rim of the contusion.  

In addition to the horizontal distribution of vascular leakage, 2-photon microscopy allowed us 

to assess vascular leakage up to 300 µm below the surface of the brain. No extravasation of 

TMRM was observed after sham operation (Fig. 4A), however, after TBI TMRM extravasation 

was not only observed in the superficial layers of the cortex (<100 µm below the surface), but 

down to a depth of 250 µm (Fig. 4B). Again, four hours after TBI vascular leakage was only 

observed in the two ROIs closest to the rostral rim of the contusion. Therefore, these data 

suggest, that after TBI vascular leakage occurs in a progressive manner temporally as well as 

spatially. 

Characterization of sub-acute brain edema formation 24h to 7 days after TBI 

General conditions after TBI 

As a parameter of general wellbeing, we measured body weight before and after surgery. No 

significant changes were observed within or between groups (Suppl. Fig. 2A). We also 

quantified the general condition of the mice using a behavioral score assessing general 

behavior, general condition, weight loss, neurologic deficits, wound conditions, vigilance, and 

epileptic seizures on days 1, 2, 3, and 7 (Table 1). On the first day following TBI traumatized 

mice had a higher behavioral score as compared to sham orated animals (p<0.05 vs. sham; 

Suppl. Fig. 2B). Afterwards, mice recovered quickly and no abnormal behavior was observed 

after day three in either group. 
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Physiological parameters during and after imaging 

As in the experiments investigating the development of VBE 4-6 hours after TBI, body 

temperature, mean arterial blood pressure, and end-tidal CO2 were also monitored in the sub-

acute cohorts. All values were within their respective physiological range and showed no 

significant difference between groups (Suppl. Figs. 3A-C). Also blood gas values were within 

their respective physiological range and did not differ significantly between groups. However, 

in this experimental series blood pH was slightly acidotic (Table 3). 

Temporal profile of TMRM extravasation 

As observed in the acute cohort, sham operated animals did not show any TMRM 

extravasation throughout the experiment (Fig. 5A, upper panels). 24, 48, and 72 hours after 

trauma, parenchymal fluorescence intensity increased within ROI A1. Seven days after TBI 

almost no parenchymal fluorescence could be detected (Fig. 5A, lower panels). Quantification 

of parenchymal fluorescence intensities in ROIs A1, A2, and A3 confirmed these observations 

(Fig. 5B and 6). No extravasation of TMRM was observed in sham operated mice and seven 

days after TBI, while 24, 48, and 72 hours after head injury dye leakage was observed in all 

three ROIs. When comparing peak extravasation values over time, TMRM extravasation was 

most prominent at 48 hours following CCI (P<0.01, vs sham, Fig. 6F). Only at this time point 

extravasation was also significantly elevated in A3, the ROI most distant to the rostral rim of 

the contusion (P<0.05 vs baseline).  

Spatial distribution of VBE formation following trauma 

To determine whether vascular leakage was also present in deeper cortical layers, TMRM 

extravasation was determined in five 50 µm thick ROIs located from the surface of the cortex 

down to a depth of 300 µm. No extravasation was observed in sham-operated animals and 
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seven days following trauma (Fig. 7A and E). One day after injury, TMRM extravasation was 

most dominant in superficial cortical layers (<200 µm; P<0.05-0.01 vs sham; Fig. 7B). Two and 

three days after TBI vascular leakage extended to deeper cortical layers (200-300 µm), mainly 

in the two ROIs next to the contusion (P<0.05-0.01 vs sham; Fig. 7C and D). 

Characterization of extravasation rate after TBI 

So far, we determined the amount of TMRM extravasated into the brain parenchyma. Since, 

however, we measured the extravasation of TMRM dynamically for 90 min at each 

investigated time point, we were also able to determine the extravasation rate of TMRM, i.e. 

a measure for the actual permeability of the blood brain barrier. Due to the spatial resolution 

of our microscopic approach, the extravasation rate could be determined for each ROI (Fig. 

8). No extravasation was observed after sham operation and seven days after TBI. 

Interestingly, the extravasation rate peaked 4 and 48 hours after head injury; only in ROIs A1 

and A2, i.e. next to the contusion, at four hours after injury and in all three ROIs 48 hours after 

trauma. This pattern suggests that the blood-brain barrier opens in a bi-phasic manner 

following TBI; once early after injury and a second time two days after trauma. 

Discussion 

In the present study, we used in vivo 2-photon microscopy to investigate the amount and the 

rate of extravasation of a fluorescent dye injected into the blood stream of mice at different 

time points after experimental traumatic brain injury. Using this technique, we were able to 

determine the amount of the plasma protein marker extravasation into the brain parenchyma 

and to quantify the permeability of the blood-brain barrier after TBI in vivo. Our data 

demonstrate opening of the blood brain barrier (BBB) to large plasma proteins (40 kDa) as 

early as four hours after TBI. BBB opening lasted at least for three days and was accompanied 
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by a significant increase in brain water content. BBB permeability followed a biphasic pattern, 

with an early peak four and a more delayed peak from 48-72 hours following injury, suggesting 

that vasogenic brain edema formation may be mediated by different mechanisms over time. 

More importantly, the current study demonstrates that vasogenic brain edema formation can 

be directly visualized and quantified in a dynamic manner in vivo, thereby paving the way for 

future therapeutic and mechanistic studies after TBI and other neurological disorders.  

Cerebral edema is defined as an increase of brain tissue water content. 10 Vasogenic brain 

edema occurs due to the extravasation of plasma proteins and water from the vascular 

compartment into the brain parenchyma. When brain swelling exceeds the intracranial 

compliance, intracranial hypertension occurs and causes perfusion deficits. This is associated 

with unfavorable outcome following TBI. 6-8, 10, 14, 20, 27, 28 Consequently, brain edema formation 

has been in the focus of neuroscience research for decades. However, our knowledge about 

time course, significance, and mechanisms of vasogenic brain edema formation remains quite 

limited, e.g. until recently not even the precise vascular source of vasogenic edema was 

known.21 The main reason for our only partial understanding of vasogenic edema are technical 

limitations, i.e. lack of technologies which allow to investigate BBB permeability with a high 

spatial and temporal resolution longitudinally in vivo. Previously used techniques to 

investigate TBI-induced BBB opening included determination of Evans blue or IgG 

extravasation ex vivo, 29, 30 and in vivo experiments using MRI, 31-33 epifluorescence microscopy 

34-36 or near-infrared (NIR) fluorescence imaging. 37 However, the quantification of Evans blue 

extravasation requires the sacrifice of the animal under investigation and provides therefore 

only information about one single time point. Further, Evans Blue has a quite variable binding 

affinity to albumin and is therefore not an ideal marker for the investigation of BBB 

permeability. 38 Diffusion weighted imaging (DWI) provides good temporal and morphological 
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resolution in vivo, however, the temporal and spatial resolution of this technology are not 

good enough to determine the exact location and dynamics of BBB opening. Therefore, 

microscopic techniques using fluorescent tracers and allowing direct visualization of cerebral 

vessels in anesthetized animals were regarded as superior techniques for the investigation of 

the BBB. 34, 35 Depending on the tracers used, not only vessel permeability but also 

inflammatory cells could be observed with this technique. 36, 39-41  Conventional fluorescence 

microscopy, however, has such a low tissue penetration that only pial vessels can be 

investigated with this technique, i.e. those cerebral vessels which are not covered by 

astrocytes and may therefore not be ideal to study BBB permeability. 42 These limitations can 

be overcome by fluorescence microscopy techniques, which have higher tissue penetration, 

i.e. 2-photon microscopy (2-PM). 2-PM uses excitation wavelengths twice as long as 

conventional fluorescence microscopy and is therefore able to penetrate much deeper into 

biological tissues, i.e. up to 600 µm, without causing tissue damage. 43 Since 2-PM has also a 

decent resolution along the vertical axis (z-axis), intraparenchymal cerebral vessels, i.e. those 

vessels which actually form the BBB, can be visualized in vivo with high spatial and temporal 

resolution. We previously used 2-PM to investigate the vascular source of vasogenic brain 

edema formation after TBI and demonstrated that extravasation occurs in venules, arterioles, 

and capillaries. 21 Hence, we already demonstrated that the currently used setup is suitable to 

measure BBB permeability in parenchymal microvessels in vivo.  

In the first part of the current study, brain swelling and edema formation were investigated 

ex vivo at different time points after experimental TBI. There was no edema formation in 

sham-operated animals, however, a rapid increase of water content was detected within the 

first four hours after CCI. Brain water content remained high in the ipsilateral hemisphere for 

at least three days and returned to normal values seven days after trauma. These results are 
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well in line with previously published data by us and others, and demonstrate that the trauma 

model used in the current study is well reproducible and yields results comparable to other 

laboratories. 26, 27  

As already discussed, the main advantage of the microscopic assessment of BBB permeability 

in vivo is the high spatial and temporal resolution of the technique while animals are kept 

under tightly controlled physiological conditions. This approach therefore allows the 

unambiguous visual assessment of microvascular permeability at various time points after TBI. 

Using other techniques, which rather employ surrogate markers for brain water content and 

vascular permeability, e.g. MRI, vasogenic brain edema formation was demonstrated to occur 

immediately after TBI and to last only up to 1 hour thereafter. 44 Consequently, vasogenic 

brain edema was discussed to be of minor relevance after TBI. 8 Using a technology which 

directly visualizes BBB permeability on the level of the cerebral microcirculation, we were now 

able to demonstrate that vasogenic brain edema formation indeed occurs in the traumatized 

brain for up to one week after trauma. Further studies using the current technology will need 

to address also later time points after TBI, since others reported a disruption of the BBB for 

weeks following experimental trauma 45-52 and some clinical studies even suggested the BBB 

permeability may be impaired for years after TBI. 53 

In addition to the question whether vasogenic edema plays a relevant role after TBI, also the 

time course of BBB opening was a matter of discussion. Using conventional techniques to 

assess vasogenic brain edema, e.g. extravasation of endogenous IgG, some groups reported 

wide spread opening of the BBB in the traumatized hemisphere within the first 24 hours after 

TBI, 21, 50 while others reported additional opening of the BBB 3-7 days following injury. 27, 54 

The exact time course of BBB disruption after TBI may be related to the different TBI models 
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and animal species used to assess vasogenic edema formation, however, the used techniques 

may also have played a major role, i.e. dynamic in vivo measurements were not available so 

far. Using 2-PM, the current study demonstrates that brain edema formation indicated by 

TMRM extravasation increases following a cortical contusion within a few hours and remains 

elevated for at least three days after TBI. However, BBB permeability (as determined by the 

rate of dye extravasation) shows a bi-phasic pattern, i.e. the BBB opens within the first few 

hours after TBI, shows a partial closure 24 hours thereafter, and re-opens 2-3 days after injury. 

This bi-phasic pattern strongly suggests that vasogenic edema following TBI is very likely 

mediated by multiple mechanisms. The first peak may be mediated by the initial mechanical 

impact to the brain and the subsequent stretching of cerebral microvessels, which, depending 

on the applied force, may result in microvascular hemorrhage or just leakage of plasma 

proteins and water. 55 This process may be worsened by acute activation of neutrophils. 56-61 

The second peak could be the result of a delayed, more chronic inflammatory processes 

involving macrophages and microglia initiated to remove damaged tissue and to repair the 

injured brain. 39 59, 62 63, 64  

In addition to the determination of the exact time course of vasogenic brain edema formation 

and BBB permeability changes, 2-PM offers also the possibility to determine the precise spatial 

distribution of vascular leakage after TBI. In the current study, we placed a cranial window 

1.0–3.0 mm rostral to rim of a contusion. This allowed us to investigate vascular permeability 

in the traumatic penumbra down to a depth of 300 µm. Early after TBI, tracer extravasation 

occurred mainly within the vicinity of the contusion, suggesting that edema fluid may have 

extravasated locally or may have diffused from the site of the contusion into the imaging 

window. Based on our previous studies, where we clearly demonstrated vascular leakage four 

hours after TBI using high resolution vascular imaging, we could, however, exclude diffusion 
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of edema fluid as the source of tracer fluorescence. 21 Hence, local opening of the BBB within 

the traumatic penumbra is the most likely mechanism responsible for the detection of the 

vascular tracer under these circumstances. The same seems also to be the case at later time 

points after TBI. The homogenous and simultaneous appearance of the tracer in the whole 

ROI suggests local opening of the BBB rather than diffusion of edema fluid from the contusion 

into the penumbra. Since the ROI most distant to the contusion is affected by vascular leakage 

only 48 hours after TBI, an active mechanism opening and closing the BBB seems to occur. 

Which mechanisms are involved remains to be investigated in the future using the currently 

developed technique. Similar temporal and spatial changes occured not only superficially, but 

also within the cerebral cortex. Edema fluid extravasated within the vicinity of the contusion 

early after trauma and increases in more distant areas 2-3 days thereafter. Hence, spatial 

opening of the BBB after TBI seems to occur in a centripetal manner from the site of injury.    

Taking together, vasogenic brain edema formation after TBI has an acute component most 

likely caused by mechanical stretch of cerebral microvessels. This early BBB disruption occurs 

in the vicinity of the injury site and results in an increase in brain water content. Following this 

early phase, the BBB seems to partially close and then reopen 2-3 days after trauma due to so 

far unknown secondary mechanisms. This second phase of BBB disruption is more widely 

spread and involves more distant brain areas than acute BBB disruption. Hence, we speculate 

that delayed inflammatory mechanisms drive secondary BBB disruption and subsequent 

edema formation. This speculation is based on the fact that it takes at least 24 hours until 

neutrophils infiltrate the injured brain and microglia gets activated and that it takes another 

12-24 hours until monocytes and lymphocytes reach the injured brain in significant numbers 

and astrocytes start to release inflammatory cytokines and chemokines, 64-66 such as TNF, IL-

6, IL-8 and IL-1β.  
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In summary, using in vivo 2-Photon microscopy in an established and highly standardized 

model of contusional TBI, we provided a detailed temporal and spatial characterization of the 

opening of the blood brain barrier after brain trauma. Increase of blood brain barrier 

permeability and subsequent vasogenic brain edema formation follow a biphasic pattern, 

suggesting an inevitable primary formation of vasogenic brain edema due to the initial injury 

of the brain and a secondary, more delayed formation of vasogenic brain edema due to so far 

unknown mechanism. Therefore, further studies using the currently developed imaging 

technology are needed to clarify which exact mechanisms are involved in post trauma BBB 

opening as a basis for the development of novel therapeutic strategies for patients suffering 

from vasogenic brain edema.  
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Figure legends 

Figure 1 Experimental setup. (A) Timeline of the experimental series investigating the short–

and long-term development of vasogenic brain edema formation. Body weight and neurologic 

score were assessed at day 1, day 2, day 3 and day 7 following CCI. (B) Location of the 

contusion (black), the penumbra (gray), and the cranial window on the brain. (C) Scheme of 

the location of the ROI for imaging (A1-A3) with A1 being the most proximal region to the 

contusion. For each area, the side length was 425 μm x 425 μm and all areas extended 

vertically from the surface to a depth of 300μm into the parenchyma. 6 layers were separated 

by depth (0 µm-300 µm). 

Figure 2 Brain swelling following CCI at different time points. (A) Gross anatomy pictures 

showing the contusion and midline shift at different time points following CCI. Hematoma 

formation is visible on the surface. (B) Water content in the injured hemisphere and control 

hemisphere at different time points after TBI. SD= standard deviation; ns P>0.05, *P<0.05 (vs 

sham ipsilateral).  

Figure 3 Short-term development of vasogenic brain edema formation after CCI or sham 

operation (4h). A) Representative images from area A1, at a depth of 150 μm; scale bar: 50μm 

Vessels were labeled with TMRM. No extravasation is visible after sham operation. In contrast, 

the extravasation of TMRM is clearly visible 4.5h following CCI. B) Color map indicating the 

fluorescence intensity in % baseline in the gridded (6x6) ROI according to the maximum 

intensity projection. C) Extravasation of TMRM in different areas (A1-A3) over time (4h). 

Fluorescent signal intensity increased over time in A1 and A2 (A-B), compared to sham 

operation. However, in the most distal region A3 TMRM extravasation was less strong. The 

dotted line represents the baseline. SD=standard deviation. *P<0.05, **P<0.01 (vs sham). 
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Figure 4 Extravasation of TMRM in the depth at 5.5h following trauma or sham operation (i.e. 

the last measuring point in the short-term groups). Fluorescence intensity was assessed in 5 

layers reaching from 50 µm to 300 µm into the brain (excluding the most superficial layer). 

The dotted line represents the baseline. SD=standard deviation. *P<0.05, **P<0.01 (vs sham).  

Figure 5 Long-term development of vasogenic brain edema formation after CCI or sham 

operation (24h-7d). A) Representative images from area A1, at a depth of 150 μm; scale bar: 

50μm. Vessels were labeled with TMRM. B) Color map indicating the fluorescence intensity in 

% baseline in the gridded (6x6) ROI according to the maximum intensity projection. 

Figure 6 Extravasation of TMRM in different areas (A1-A3) over time (24h-7d). TMRM 

extravasation is depicted as fluorescence increase in percent of the baseline fluorescence. 

Quantification of extravasation at different time points following sham-operated mice (A) or 

CCI (B-E). (F) Overall fluorescence intensity in the different groups. SD=standard deviation. 

*P<0.05, **P<0.01 (vs sham).   

Figure 7 Extravasation of TMRM in the depth at different time points following CCI or sham 

operation (24h-7d). Fluorescent intensity was assessed in 5 layers reaching from 50 µm to 300 

µm into the brain (excluding the most superficial layer reaching 0–50 µm). SD=standard 

deviation. *P<0.05, **P<0.01 (vs sham). 

Figure 8 Average rate of extravasation after CCI or sham operation at different time points 

following CCI. SD=standard deviation. Extravasation rate is presented as change of 

fluorescence intensity per minute. BBB permeability increase after TBI follows a biphasic 

pattern.  
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Supplementary 1 Physiological parameters during imaging (short-term series). Core body 

temperature (A), end-tidal CO2 (B), and mean arterial blood pressure (C) were monitored 

continuously throughout the experiment and kept within the physiological range.  

Supplementary 2 Body weight (A) and General condition/neurologic score (B) were 

determined at day 1, day 2, day 3 and day 7 following CCI or sham operation in the 7 day 

groups.  

Supplementary 3 Physiological parameters during imaging (Longer-term 24h-7d). Core body 

temperature (A), end-tidal CO2 (B), and mean arterial blood pressure (C) were monitored 

continuously throughout the experiment and kept within the physiological range.  




