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Abstract

Ventricular enlargement is one long-term consequence of a traumatic brain injury, and a risk factor for memory disorders
and epilepsy. One underlying mechanisms of the chronic ventricular enlargement is disturbed cerebrospinal-fluid secretion
or absorption by choroid plexus. We set out to characterize the different aspects of ventricular enlargement in lateral fluid
percussion injury (FPI) rat model by magnetic resonance imaging (MRI) and discovered choroid plexus injury in rats that
later developed hydrocephalus. We followed the brain pathology progression for 6 months and studied how the ventricular
growth was associated with the choroid plexus injury, cortical lesion expansion, hemorrhagic load or blood perfusion deficits.
We correlated MRI findings with the seizure susceptibility in pentylenetetrazol challenge and memory function in Morris
water-maze. Choroid plexus injury was validated by ferric iron (Prussian blue) and cytoarchitecture (Nissl) stainings. We
discovered choroid plexus injury that accumulates iron in 90% of FPI rats by MRI. The amount of the choroid plexus iron
remained unaltered 1-, 3- and 6-month post-injury. During this time, the ventricles kept on growing bilaterally. Ventricular
growth did not depend on the cortical lesion severity or the cortical hemorrhagic load suggesting a separate pathology.
Instead, the results indicate choroidal injury as one driver of the post-traumatic hydrocephalus, since the higher the choroid
plexus iron load the larger were the ventricles at 6 months. The ventricle size or the choroid plexus iron load did not associate
with seizure susceptibility. Cortical hypoperfusion and memory deficits were worse in rats with greater ventricular growth.
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Introduction

Progressive ventricular enlargement is one of the radio-
logical hallmark features after traumatic brain injury (TBI)
both in patients and in animal models (Brezova et al. 2014;
Kowalski et al. 2018; Marmarou et al. 1996). The chronic
ventricular enlargement has been linked with worse outcome
in TBI patients (Mazzini et al. 2003; Weintraub et al. 2017,
Daou et al. 2016). Post-acute, slowly progressive ventricular
enlargement secondary to TBI can be driven by cerebro-
spinal fluid (CSF) circulation deficits (hydrocephalus) or
atrophy (ventriculomegaly), or both. We study the causes
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and consequences of the chronic post-traumatic ventricular
enlargement after experimental TBI in rat.

Causes for post-traumatic hydrocephalus are not com-
pletely understood but it can result from abnormal cerebro-
spinal fluid (CSF) production by choroid plexus. Choroid
plexus, a highly vascularized cellular plexus along the ven-
tricle walls and floating within the ventricles, is one of the
sites secreting CSF, and the blood—CSF barrier of the cho-
roid plexus epithelium handles the transfer of blood derived
compounds and cells into the CSF (Hladky and Barrand
2016; Damkier et al. 2013). Choroid plexus may respond to
the brain insult by altering its protein and peptide production
and release, by increased leukocyte or progenitor cell migra-
tion, and by altered CSF production and absorption (Xiang
et al. 2017). Choroid plexus injury has been observed after
TBI in imaging studies in humans (Hubert et al. 2019) and
tissue examinations of blast injury and controlled cortical
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impact injury rodent models (Kaur et al. 1996; Szmydynger-
Chodobska et al. 2012).

Post-traumatic hydrocephalus has been reported to be a
prognostic factor for post-traumatic epilepsy (Mazzini et al.
2003), and idiopathic hydrocephalus has been associated
with epilepsy development as well (Piatt and Carlson 1996).
Putative mechanistic links between enlarged ventricles and
tissue hyperexcitability are increased permeability of the
ventricle ependymal (Olopade et al. 2012; Szmydynger-Cho-
dobska et al. 2009; 2012; Ge et al. 2017; Ringstad, Vatnehol,
and Eide 2017) and reduced interstitial waste clearance upon
CSF circulation deficits (Sullan et al. 2018; Marchi et al.
2016). Lateral fluid percussion injury (FPI) rat model is a
well characterized model of post-traumatic epilepsy, where
by 1 year after injury 43-50% have become epileptic (I.
Kharatishvili et al. 2006). Progressive ventricular enlarge-
ment in subacute phase after FPI is a common co-morbidity
which has been largely overlooked in post-traumatic epilep-
togenesis studies. Moreover, intracranial and intracerebral
hemorrhages evoked by FPI may block the arachnoid villus
preventing CSF absorption, and they have been associated
with worse hydrocephalus (Zhao et al. 2014; Hu et al. 2014;
Xiang et al. 2017). Intracerebral hemorrhages are also a
known risk factor for early and late seizures (Zhang et al.
2014; Wang et al. 2021).

Furthermore, memory disorders have been strongly
linked with the brain waste clearance deficits (Boespflug
and Iliff 2018), ventricular enlargement have been sug-
gested as one measure of Alzheimer’s disease progres-
sion (Nestor et al. 2008; Apostolova et al. 2012) and
the idiopathic normal pressure hydrocephalus disease is
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Fig.1 Study design. A Rats were imaged 1, 3 and 6 months after
lateral fluid-percussion injury (FPI). Structural MRI was acquired at
each timepoint. Blood perfusion was assessed during the 6 months
scan by arterial spin labeling (ASL, described in Supplementary
data). Spatial memory was tested at 5 months post-injury by the Mor-
ris water-maze (MWM). The pentylenetetrazole seizure-susceptibil-
ity test was performed at the end of 4 weeks continuous video-EEG
recording. Histology included Nissl (lesion location and ependy-
mal structure) and Prussian blue (ferritic iron) stainings. B Cortical
lesion volume and cortical hemorrhagic load were quantified from
T2-weighted (T2w) coronal images within a region of interest (ROI)
matching with the shape of the intact cortex (red outline in panels

@ Springer

characterized by dementia and associated with risk of
Alzheimer’s (Malm et al. 2013; Luikku et al. 2019; Eide
et al. 2020).

We hypothesized that the severity of the choroid plexus
injury assessed by MRI would associate with the sever-
ity of the post-traumatic ventricular enlargement, and the
post-traumatic ventricular enlargement to be worse in rats
that become epileptic. We investigated whether the cortical
hemorrhagic load would associate with the ventricle growth
after FPI. Finally, we studied if the memory deficit after
FPI depended on the severity of the ventricular enlargement.
Taken together, our objective was to study how the severity
and progression of post-traumatic ventricular enlargement
is associated with (1) different drivers: choroid plexus injury
or cortical hemorrhagic load, and (2) functional outcomes:
memory deficit and the development of epilepsy after FPI.

Methods
Study design

Study design of the 6-month post-TBI MRI follow-up is
summarized in Fig. 1A. Imaging was performed at 1, 3, and
6 months after TBI. Morris water-maze test was conducted
at 5-month post-injury. After the last MRI, electrodes were
implanted for a 4-week continuous video-EEG monitoring
to detect unprovoked seizures. In the end of the video-EEG,
animals underwent the pentylenetetrazol (PTZ) seizure-
susceptibility test before perfused for histology.

b1-b2). Higher magnification images of panel bl (panels b3 and b4)
show the lesion. Both the hyperintense (asterisk in panel b3) and
hemorrhagic (arrow in panels b3 and b4) portions were measured and
the sum was considered to represent the cortical lesion. Pixels iden-
tified to present the hemorrhagic component of the cortical lesion,
based on the prior thresholding analysis, are shown in red in panel b4.
C Ipsilateral (blue outline) and contralateral (orange outline) ventri-
cle volumes were manually outlined in horizontal T2w images. The
insert shows the membrane separating the CSF cavity related to the
cortical lesion from the ipsilateral ventricle (arrowhead). Scale bars
equal 1 mm in panels bl and b3, 2 mm in panel C
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Animals

Adult (weight 350-420 g) male Sprague—Dawley rats
(n=39; Harlan Netherlands B.V., Horst, The Netherlands)
were used. Animals were housed in a controlled environment
(temperature 22 + 1 °C, humidity 50-60%, and light—dark
cycle from 07.00 to 19.00 h) with free access to food and
water. All animal procedures were approved by the Animal
Ethics Committee of the Provincial Government of Southern
Finland, and performed in accordance with the guidelines of
the European Community Council Directives 2010/63/EU.

Induction of TBI

Lateral fluid-percussion brain injury (FPI) was induced as
previously described (I. Kharatishvili et al. 2006). Briefly,
rats were anesthetized by intraperitoneal injection (6 ml/kg)
of a mixture of sodium pentobarbital (58 mg/kg), magne-
sium sulfate (127.2 mg/kg), propylene glycol (42.8%), and
absolute ethanol (11.6%). A craniectomy of 5 mm diameter
was drilled between bregma and lambda with a hand-held
trephine on the left convexity. Anterior edge of the craniec-
tomy was 2.0 mm posterior to the bregma and lateral edge
adjacent to the left lateral ridge. The bone was removed leav-
ing the dura intact. Fluid-mediated impact was induced by
transient pressure pulse of 21-23 ms with a fluid percussion
device (AmScien Instruments, Richmond, Virginia, USA)
against exposed dura. The pressure delivered ranged from
3.1 to 3.4 atm, corresponding to severe TBI. Sham-operated
experimental controls underwent identical surgical proce-
dure without impact.

Structural magnetic resonance imaging (MRI)

MRI scanning was performed using 9.4 T/31 cm magnet
(Bruker, ParaVision 5.1 system) with linear volume trans-
mitter and quadrature surface receiver coils. During the
scans animals were anesthetized with isoflurane (1.5%) with
70% N,0/30% O, as a carrier gas, and secured to an animal
holder with ear bars and bite bar. The body temperature was
maintained at 37 °C throughout scanning. Respiratory rate
was maintained between 60 and 70 per minute by adjusting
isoflurane anesthesia level.

Structural MRI in each timepoint included T2 weighted
(T2w) multi-slice fast spin echo images in coronal and hori-
zontal orientation, and T1/T2*-weighted mixed contrast 3D
gradient echo images with FID refocusing. T2w images were
acquired with TurboRARE sequence with repetition time
2500 ms, effective echo time 33 ms (echo train length 8
echoes, shortest echo time 10.7 ms, echo spacing 11 ms),
field of view 30x 30 mm?, 256 X 256 data matrix, 6 averages
and scan time 8 min. Slice set was composed of 17 consecu-
tive coronal slices or 14 horizontal slices with thickness of

0.7 mm with no gaps. Anatomical 3D FISP images with T1/
T2* mixed contrast sensitive to iron were acquired with fast
imaging with steady state precession (3D FISP) sequence
with repetition time 8 ms, echo time 4 ms, flip 15°, 50 kHz
spectral width and 3 averages. Isotropic 175 um? resolution
was obtained by FOV 40 x40 x40 mm and 228 x 228 x 228
matrix.

Quantification of choroid plexus injury, cortical
lesion volume and lateral ventricular volume

Severity of injury to the choroid plexus was quantified in 3D
FISP images as the amount of choroid plexus iron. That is,
the number of voxels below the experimentally determined
intensity threshold for iron (defined below). Analysis was
limited to the choroid plexus only, thereby excluding any
other iron deposits. Iron stood out clearly from the back-
ground and matched closely to the iron in Prussian blue-
stained histological preparations (as shown in results). The
number of false positive iron pixels in automated analysis,
identified by an expert visual analyzer (RI), was in worst
case 6 pixels (0.03 mm?), and that was determined as the
lower detection limit of the method.

Cortical lesion volume was determined as pixels within
cortical ROI that deviated >4 standard deviations (SDs)
from the contralateral gray matter signal intensity. ROI was
manually drawn, followed the shape of the intact cortex
(Fig. 1B b1-b2), included all cortical T2w abnormalities as
well as > 1 mm width of the surrounding normal appearing
cortex dorsally and ventrally. Cortical hemorrhagic load, that
is the hemorrhagic lesion volume, was the area of hypoin-
tense pixels > 5SDs below the contralateral gray matter sig-
nal intensity. Thresholds were experimentally determined
to match the manually outlining of an expert reviewer (RI).

Ipsilateral and contralateral ventricle volumes were
manually outlined in T2w horizontal images (Fig. 1C).
Narrow membrane separating the ipsilateral ventricle from
the adjacent cortical lesion volume was visible in horizontal
images, and the outline of the ipsilateral ventricle followed
that membrane (Fig. 1C). Consequently, the CSF volume
of the cortical lesion was not included into the ipsilateral
ventricle volume (and vice versa). It should be noted that
the ipsilateral ventricle enlargement was confounded by the
injury-induced atrophy in the ipsilateral subcortical struc-
tures, such as the thalamus and striatum. Contralateral ven-
tricle enlargement was considered to reflect hydrocephalus
due to the putative CSF circulation deficit.

To differentiate between the obstructive and non-obstruc-
tive conditions both the 3D FISP and T2w images were
screened (by RI) for any blockages of the CSF circulation
in foramina of Monroe, aqueduct of Sylvius, IV ventricle
and sinus sagittalis.
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Morris water maze (MWM)

Spatial learning and memory was tested as a functional out-
come measure at 5 months after injury, using a 3-day Morris
water-maze test (Morris 1984). In MWM a black circular
tank filled with water (diameter 150 cm, height 60 cm, water
temperature 19 + 1 °C) was divided into four quadrants and a
platform (10 X 10 cm) was placed 1.5 cm below water level
in middle of southwest quadrant of the tank. Automated
video-tracking of the animal swimming pattern was done by
a video camera positioned over the tank (analysis software
EthoVision® by Noldus, Wageningen, The Netherlands). A
series of 5 trials was performed on 3 consecutive days. In
each trial the animal would swim and search the submerged
platform to learn the location of the platform based on visual
cues. Starting point (North, South, East and West) was ran-
dom for each trail. Swim time allowed was 60 s. If rat was
unable to find submerged platform, it was guided to find to
platform by experimenter. On day 3, an additional probe trial
was conducted, where platform was removed and animal
was allowed to swim for 60 s. Latency to find the hidden
platform, time spent in correct quadrant in probe trial, and
swimming speed were measured.

Electrode implantation and electroencephalography
(EEG)

After the last MRI scans at 6 month post-TBI, rats under-
went electrode implantation surgery. Briefly, rats were
anesthetized with an i.p. injection (6 ml/kg) of sodium
pentobarbital (58 mg/kg), magnesium sulphate (127.2 mg/
kg), propylene glycol (42.8%) and absolute ethanol
(11.6%) and mounted in a stereotactic frame. Two corti-
cal recording screw electrodes (I mm diameter, Plastics
One Inc., Roanoke, VA, USA) were implanted as shown

in Fig. 2A: one rostral to the craniectomy, and the other
contralateral to the centre of the craniectomy. Two screw
electrodes serving as reference and ground electrodes were
inserted into the skull bilaterally over the cerebellum. All
electrode pins were inserted into the plastic pedestal,
which was then cemented to the calvarium with dental
acrylic.

To detect spontaneous epileptic seizures, a 4 weeks
continuous video-EEG recording started 6-7 days after
electrode implantation. EEG was recorded using Nervus
EEG recording system with Nervus magnus 32/8 amplifier
(Taugagreining, Iceland) with a sampling rate 2048 Hz.
Signal was high-pass filtered with 0.3 Hz cutoff and low-
pass filtered with 100 Hz cutoff. Video camera positioned
above the cages was used to record the animal behavior.
The video-EEG was recorded 24/7 for 4 weeks. The EEG
(Fig. 2B) was analyzed first utilizing an in-house devel-
oped algorithm in Spike2 (ver.9; for details see Andrade
et al 2018). After the automatic detection the results
(including false positives) were verified visually using
Spike2 (TP, PA).

Pentylenetetrazol seizure-susceptibility test

On the last day of the video-EEG rats were subjected to the
pentyleneterazol (PTZ) chemoconvulsant challenge to assess
if the animals had a lowered seizure threshold. Briefly, PTZ
(25 mg/kg, 18 mg/ml dissolved in 0.9% NaCl) was injected
intraperitoneally and the rat was returned back to its individ-
ual plexi-glass cage for monitoring. EEG activity and animal
behaviour were assessed for the following 2 h. Latency to
the first spike, number of spikes during the first 60 min and
the number of induced seizures during the first 60 min after
PTZ administration were analyzed.
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Fig. 2 Electroencephalography recordings. A Location of the craniec-
tomy (Green circle 5 mm) and electrodes [two recording electrodes
(C3 and P4), ground, and reference]. B Representative example of
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a generalized seizure that started in the transition between N3 and
REM sleep. Beginning and the end of the seizure are indicated by the
grey bars
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Tissue fixation and histochemistry

After finishing the PTZ-test (7 months post-injury or
sham-operation), rats were perfused transcardially for
histology. Intracardial perfusion, 4% paraformaldehyde
fixation and post-fixation protocols have been described
previously (Irina Kharatishvili et al. 2007). After post-fix-
ation, brains were cryoprotected in 20% glycerol in 0.02 M
potassium phosphate buffer (pH 7.4) for 48 h, frozen in dry
ice and stored at — 70 °C. Brains were sectioned (1-in-10
series, 25 um thick, coronal plane) on a sliding microtome.
First series of sections was collected in 10% formalin at
room temperature and remaining series were stored in tis-
sue collection solution (30% ethylene glycol, 25% glycerol
in 0.05 M sodium phosphate buffer) at — 20 °C until fur-
ther processing.

The first series of sections was stained for thionin
(Nissl) to assess the brain cytoarchitecture and lesion
location. An adjacent series of sections was stained for
Perls’ Prussian blue to identify ferric (Fe’") iron as
described previously (Liu et al. 2014). Briefly, sections
were incubated in freshly prepared solution of 5% potas-
sium hexacyanoferratetrihydrate and 5% hydrochloric acid
for 30 min and then rinsed with water and counterstained
with nuclear fast red. The sections were then mounted on
gelatin-coated slides and covered with DePex®. Cytoarchi-
tectonic location and distribution of iron residues were
compared to that in MRI.

Statistics

Statistical analysis was performed using IBM SPSS Statis-
tics 23.0 for Windows (SPSS Inc., IL, USA). Bivariate cor-
relations were assessed by Pearson correlation coefficient
with Bonferroni correction for multiple comparisons. Group
differences were determined by Student’s ¢ test for the vol-
umes derived from MRI data (normally distributed), and
Mann—Whitney U test for EEG and Morris water maze data
(not normally distributed). Data are shown as mean + stand-
ard deviation (std). p value < 0.05 was considered significant.

Results

Mortality, occurrence and duration of post-impact
seizure-like behaviors, and apnea time

Acute post-impact mortality (<48 h)

Acute post-impact mortality was 36% (11/31). Follow-up
mortality was 0%

Post-impact seizure-like behavior

Acute post-impact seizure-like behavior was observed in
48% (15/31) rats. Mean duration of the jerks was 30 +9 s.

Apnea

Apnea duration after the impact was 31 + 17 s with two rats
having apnea duration > 50 s.

Choroid plexus accumulates iron in 90% of rats
with severe TBI which can be monitored in vivo
with 3D high-resolution FISP MRI

All rats with TBI developed unilateral cortical lesion with
variable degree of intracortical hemorrhages. They also
showed signs of diffuse axonal injury-related microbleeds
along the white matter tracts, particularly in the corpus cal-
losum and external capsule. Unexpectedly, the visual survey
of high-resolution 3D FISP images revealed a distinct nega-
tive contrast in the choroid plexus of the TBI rats, suggesting
iron accumulation due to post-impact bleeding.

Our further analysis indicated iron deposits in parts of
the choroid plexus, floating in the lateral ventricles as well
as along the ependymal lining of the fimbria (Fig. 3). Iron
deposits were present in 90% (18/20) of the injured rats
at 1 month post-TBI and remained visible even 6 months
post-injury. The MRI-quantified volume of iron deposits
ranged from 0.04 to 0.59 mm? at 1-6-month post-injury (see
below). End-point histopathology using thionin and Prussian
blue stainings confirmed iron accumulation in the stroma
of the choroid plexus, matching with the FISP MRI finding
(Fig. 3A-G). The two (2/20) TBI animals without visible
iron deposits in FISP images had iron volumes below the
detection limit (<0.03 mm?). None of the sham animals had
choroid plexus iron in MRI or histopathology.

To investigate the temporal evolution of iron deposits in
the choroid plexus, we examined thionin-stained prepara-
tions sampled at different post-TBI timepoints, which were
available in our FP7-EPITARGET tissue bank (Lapinlampi
et al. 2017; Andrade et al. 2018). The analysis revealed acute
bleeds in the choroid plexus and fimbria already at 6 h post-
TBI, which matched with the location of iron deposits in
FISP MRI at 1-6 months post-TBI (Figs. 2H-I, 3).

Progressive chronic ventricular enlargement in rats
with TBI

Lateral ventricle volume
In sham-operated experimental controls (n =8) the ven-

tricular volume 3 months after operation was 3.8 +2.3
mm? (range 3.1-5.1 mm?) ipsilaterally and 3.3 + 0.4 mm?
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(range 2.8-4.0 mm?®) contralaterally (ipsilateral vs. con-  displaying minor but significant bilateral growth (p <0.05

tralateral p > 0.05, paired ¢ test). At 6 months, the vol-  as compared to ventricular volumes at 3 months).

umes were 4.1 +0.8 mm? ipsilaterally and 3.5 + 0.4 mm® In rats with TBI, the ventricular volumes expanded over

contralaterally (ipsilateral vs. contralateral p > 0.05)  time bilaterally, even though the progression was more pro-
nounced in the injured hemisphere (Fig. 4A). At 3 months
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«Fig.3 T1/T2* mixed-contrast FISP MRI detects post-traumatic iron
in the choroid plexus. A Five consecutive 175 um thick coronal MRI
slices (centered at — 1.00 mm from bregma) of the sham-operated
(top row) and TBI animal (bottom row) at 6 months post-operation.
Note black signal-void areas (white arrows) in the TBI rat which
are related to the presence of iron deposits in the choroid plexus. B
Thionin-stained section of the same animal sectioned at the corre-
sponding coronal level (7 months post-TBI). C Magnification of the
MRI showing the choroidal iron (white arrows). Dashed box equals to
that in B, and the corresponding area is shown in photomicrographs
taken from thionin D and Prussian blue F stained sections. Iron
deposits (arrowheads) are robustly detected along the ependymal lin-
ing at ventricular wall adjacent to fimbria in D, E thionin and F, G
adjacent Prussian blue preparations. Iron appears as both diffuse and
intracellular deposits. Note the match in location of iron deposits in
histologic sections and MRI. H Coronal thionin-stained section show-
ing acute post-impact hemorrhages in the choroid plexus and fimbria
at 6 h post-TBI (sections were available from the EPITARGET tis-
sue bank; (Lapinlampi et al. 2017). I Higher magnification photomi-
crograph of the area indicated with a dashed box in panel H. Note
detachment of the ependymal layer along the ventral aspect of the
fimbria (fi). The bleeds extend to the “floating part” of the choroid
plexus (arrowheads). Abbreviations: cp, choroid plexus; fi, fimbria of
hippocampus; V, 3rd ventricle

post-TBI, ventricular volumes were 27.2 + 8.0 mm? ipsi-
laterally (p <0.001 as compared to the sham-operated
experimental controls) and 16.4+7.5 mm?® contralater-
ally (p <0.001, n=20). At 6 months post-TBI, ventricu-
lar volumes had enlarged to 34.7 + 11.9 mm? ipsilaterally
(p <0.001 as compared to 3 months) and 17.5 + 8.4 mm’®
contralaterally (p <0.001, n=18). The ventricular volumes
continued to grow between the 3 and 6 months in 50% of
rats (9/18) contralaterally and in 15/18 (83%) ipsilaterally.
Figure 4B shows the contralateral ventricle growth over time
in individual animals.

Lateral ventricle ratio (LVR) was calculated as the ratio
of ipsilateral to contralateral lateral ventricle volume. In
sham-operated controls the ratio was 1.14 +0.19 at 3 months
and 1.15+0.20 at 6 months (p > 0.05).

In rats with TBI, the ratio was 2.17 +1.72 at 3 months
and 2.58 +2.17 at 6-month post-injury (p <0.001). Only one
of the rats with TBI had a unilaterally dominant ventricular
enlargement between the 3 and 6 months, the LVR growing
from 8.89 to 10.85. Other injured animals showed a bilateral,
even though ipsilaterally dominant ventricular enlargement.
There was a correlation between the ipsilateral and contralat-
eral ventricle enlargements (r=0.721, p <0.0001, n=20 at
3-month post-TBI).

Mechanical obstructions of the CSF circulation were
not found

Next we screened both the 3D FISP and T2w images for the
presence of any mechanical obstruction that could explain
the ventricle enlargements, including (i) foramen of Monro,
(i1) aqueduct, and (iii) 3rd or 4th ventricle. No obstructions

were found that would block the CSF flow. Our analysis did
not allow a complete exclusion of obstruction in the sagittal
sinus, because the FISP contrast was not optimized for that
and in T2w images the pulsation artefact in phase direc-
tion masks the sagittal sinus (cross section in coronal view)
partially. Even though the choroid plexus iron was detected
bilaterally along the interventricular foramina connecting the
lateral ventricles to the 3rd ventricle, no mechanical obstruc-
tion between right and left ventricles were observed. Rather,
we found an expansion of the connecting canals and of the
3rd ventricle. Hence, the CSF flow in the ventricular system
does not appear to be limited.

Choroid plexus iron load reaches maximum
by 1 month, remains stable thereafter,

and associates with the ventricle enlargement
after TBI

To study the role of the choroid plexus injury as a driver of
the ventricular enlargement, we next investigated the amount
of iron in the choroid plexus over time (Fig. 5).

Sham-operated experimental controls had no iron in the
choroid plexus (volume was < 0.01 Imm?).

At 1-month post-TBI, the quantified choroid plexus
iron load was 0.27 +0.17 mm> (range 0.03-0.59 mm?), at
3 months 0.26 +0.16 mm?> (range 0.02-0.57 mm?) and at
6 months 0.24 +0.16 mm?® (range 0.04-0.58 mm?). There
was no progression in choroid plexus iron load in rats with
TBI as the change in the amount of iron between the 1- and
6-month timepoints was only 0.009 +0.031 mm?. The largest
individual increase in iron amount was 0.032 mm?>, which
barely exceeds the detection limit of 0.03 mm®. The largest
individual decrease in iron load over 1-6 months was 0.16
mm°, but in all other cases the decrease was <0.038 mm3.
The mean standard deviation of the 3 measurements (1, 3
and 6 months) of iron load in individual animals was 0.018
mm?, which is below the 0.03 mm? detection limit. Thus,
from 1- to 6 months post-TBI there was no further choroidal
iron accumulation observed, and indication of iron clearance
was detected only in one rat.

Correlation analysis between the choroid plexus iron
load and ventricular enlargement indicated that the greater
the choroid plexus iron load, the larger the contralateral
ventricle volume (at 1 month r=0.466, p <0.05, n=24; at
3 months r=0.596, p <0.001, n=27; at 6 months r=0.576;
p<0.01, n=24, Pearson) (Fig. 5B). Examining the inter-
relation among only the injured rats yielded a similar non-
significant trend. Moreover, the greater the choroid plexus
iron load at 1 month, the greater the subsequent contralateral
ventricular growth from 1 to 6 months (TBIs and shams
combined r=0.651, p <0.001; rats with TBI only r=0.483,
p=0.05, Pearson) (Fig. 5C).
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Fig.4 Ventricular enlargement continued for 6 months after lateral
fluid-percussion injury. A T2-weighted image pair shows ventricu-
lar enlargement at rostral (— 0.9 mm from bregma) and caudal (—
3.8 mm from bregma) levels. Cerebrospinal fluid is seen as a bright
signal (arrow). Top row: a representative sham-operated experimental
control. Mid row: a rat with TBI imaged at 1-month post-injury. Note
that a unilateral impact force induced a bilateral ventricular enlarge-
ment. Bottom row: the same rat imaged at 6-month post-injury (con-
tralateral ventricle volume >25 mm?®). Contralateral ventricle volume
(red arrowhead) was used as a measure of post-traumatic hydrocepha-
lus severity. B Threefold-to-tenfold enlargement of the contralateral
ventricle occurred in 17/20 rats with TBI. Only 3/20 rats with lateral
FPI had ventricle volumes corresponding to that in sham-operated
experimental controls (3.1+0.4 mm? at 1 month, 3.3+0.4 mm? at
3 months, 3.5+0.4 mm® at 6 months). Ventricle enlargement was
observed also in the lateral horn of the lateral ventricle (white arrow)
and in the 3rd ventricle (open arrowhead)
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Progression of the cortical lesion atrophy
and cortical hemorrhagic load did not associate
with ventricular enlargement

Cortical atrophy

Sham-operated experimental controls had no cortical
lesion. All rats with TBI developed a cortical lesion. Cor-
tical lesion volume was assessed as a combined volume of
the hemorrhagic lesion and the hyperintense lesion, and
the final volume at 6 months post-injury ranged from 10.6
to 86.3 mm> At 1 month post-injury the lesion volume was
37.66 +24.06 mm”, at 3 months 43.99 +24.13 mm* and at
6 months 46.64 +23.77 mm?>. Due to the great variation in
lesion volumes there was no group difference between the
timepoints (p > 0.05). However, in individual TBI rats the
increase of the lesion volume from 1 to 6 months ranged
from 1.40 to 22.78 mm?® which corresponded to 1.7% to
141.1% increase in lesion volume. The lesion growth
greater than 1.5 mm?® (detection limit) was observed in
75% (15/20) TBI rats (for details see Yasmin et al., 2019).

Volume of cortical hemorrhagic lesion

Hemorrhagic lesion volume in T2w images (see Fig. 1B)
was used as a surrogate marker for cortical bleeding. Sham-
operated experimental controls did not show any signs of
cortical hemorrhage.

In rats with TBI, the volume of the hemorrhagic corti-
cal lesion ranged from 0.23 to 9.13 mm? at 1 month post-
injury, and from 0.30 to 8.07 mm?® at 6 months post-injury.
At 1 month post-injury the hemorrhagic lesion volume
was 3.25+2.11 mm?>, at 3 months 2.21 + 1.96 mm? and
at 6 months 1.98 + 1.86 mm?. Thus, unlike in the choroid
plexus, the cortical hemorrhagic volume decreased over time
(p<0.01, 1 vs. 3 months and 3 vs. 6 months, Wilcoxon) as
the hemorrhagic regions atrophied and merged into a corti-
cal lesion cavity.

Association with ventricular enlargement

Neither the ipsilateral nor the contralateral ventricle volume
correlated with cortical lesion volume at 3 or 6 months post-
injury (p > 0.05). Ventricle growth between 3 and 6 months
also did not correlate with corresponding growth of the cor-
tical lesion (p > 0.05). That is, massive ventricular enlarge-
ment was also seen in rats with small focal cortical lesions.
This suggests that the mechanisms driving the chronic ven-
tricle expansion are independent of those driving the chronic
atrophy in the injured cortex.

The volume of the cortical hemorrhagic lesion did not
correlate with the contralateral ventricle volume or ventricle
growth (p>0.05).
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3 months

1 month

Fig.5 In vivo follow-up of choroid plexus injury and its association
with ventricle enlargement. A MRI follow-up with T1/T2* mixed
contrast FISP reveals that iron accumulation in the choroid plexus is
bilateral (pairs of white arrows) and stable from 1- to 6-month post-
injury. Sham-operated experimental controls had no iron in the cho-
roid plexus (insert with black arrows). In the lesioned cerebral cortex,
iron (black arrow head) surrounds the lesion cavity (white asterisk).

Choroid plexus iron load have no association
with seizure susceptibility

Since iron related to cortical and intraventricular bleeds can
induce acute seizure activity and even associate with the
later development of post-traumatic epilepsy (Willmore and
Rubin 1981; Sharma et al. 2007; Dadas and Janigro 2019)
we next investigated the association of cortical and choroid
plexus iron with the seizure susceptibility using pentylene-
tetrazol (PTZ) chemoconvulsant challenge.

At 6-month post-TBI, 17 of 20 rats with TBI survived and
underwent a 4-week continuous vVEEG monitoring. Only 1
rat with TBI (case #10) showed spontaneous unprovoked
seizures in VEEG. This rat had small choroidal iron load of
0.08 mm? at 1 month post-injury.

The PTZ test performed in the end of VEEG was suc-
cessful in 16 of 17 TBI animals (PTZ injection failed in
one TBI and in one sham-operated rat). Latency to the first
spike after PTZ injection was 213 +77 s in sham operated
rats and 169+ 59 s in TBIs (p > 0.05). Four of 16 (25%)
TBIs had latency shorter than 137 s (sham mean minus one
standard deviation) indicating elevated seizure susceptibility.
No group difference was found in number of PTZ-induced
seizures, latency to the first seizure, or seizure duration.
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B Chronic choroid plexus iron load at 6 months post-TBI correlated
with the contralateral ventricle volume at 6 months (p<0.01). C
Greater the choroid plexus iron load at 1 month, the greater the subse-
quent contralateral ventricular growth from 1 to 6 months (p <0.05).
Pearson correlation is displayed with linear regression line with 95%
confidence intervals

Three of 6 shams (50%) had one seizure after PTZ. Eight
of 16 TBI rats (50%) had 1 seizure, and one 2 seizures. The
mean latency to the seizure was 1027 + 616 s in shams and
1267+ 1751s in rats with TBI (p > 0.05). The mean duration
of induced seizures was 103 +48 s in shams and 116 +98 s
in rats with TBI (p > 0.05).

At 1 month post-TBI, choroid plexus iron was found in 14
out of 16 TBI rats undergoing PTZ test 6 months later. The
iron was still present at 6 months in all of these animals. The
amount of choroid plexus iron at 6 months did not correlate
with latency to first spike in PTZ test at 7 month post-injury
(r=0.111, p=0.705, n=14, Pearson) (Fig. 6A). The vol-
ume of the choroid plexus iron in the 4 TBI animals with
increased seizure susceptibility did not differ from that in the
remaining TBI animals. This suggests that choroid plexus
iron load is not linked with tissue hyperexcitability.

Since the thinner ependymal and glial lining related to
severely expanded ventricles can result dysregulated infil-
tration of pro-epileptogenic molecules and cells into the
parenchyma (Olopade et al. 2012; Szmydynger-Chodobska
et al. 2009, 2012; Ge et al. 2017), we also investigated if
the ventricle size associated with seizure susceptibility.
Even though the rat with spontaneous seizures (case #10)
had the largest contralateral ventricle volume at 1 month
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Fig.6 Choroid plexus iron load or the contralateral ventricle enlarge-
ment did not associate with seizure-susceptibility in the PTZ test. A
Volume of choroid plexus iron at 6 months, B ventricular enlarge-
ment at 1 month or C at 6 months did not associate with seizure sus-

(26 mm?) and the second largest contralateral ventricle
at 6 months (27 mm?), we did not find any correlations
between the ipsilateral and contralateral ventricle volumes
either at 1 month or 6 months and the latency to first spike
in the PTZ-test (Fig. 6B, C).

The more severe the hydrocephalus the poorer
the spatial memory

Post-TBI ventricular enlargement is one sign of chronic
post-traumatic encephalopathy (Brezova et al. 2014; Kow-
alski et al. 2018; Marmarou et al. 1996) and a risk factor
for later cognitive memory deficits (Mazzini et al. 2003;
Apostolova et al. 2012; Weintraub et al. 2017; Daou et al.
2016; Kowalski et al. 2018). In addition, the rats with
induced hydrocephalus show impairment in Morris water
maze test (Chen et al. 2017; Qi et al. 2017). We performed
MWM test of spatial memory at 5 months post-TBI and
found impaired performance in TBI rats. Mean latency to
the hidden platform was 3 times longer in the TBI group
as compared to sham-operated controls (44.4 +13.6 vs.
15.2+4.3 s, p<0.001) (Fig. 7A). Rats with TBI also
showed a trend towards reduced time spent in the correct
quadrant during the probe trial (14.7 +4.1 vs. 19.1+6.7 s,
p=0.058). Swimming speed was comparable in the
TBI and sham groups (28.3 +1.9 vs. 27.7 +4.8 cm/sec,
p=0.786).

The greater the contralateral ventricle volume at 6 months
post-injury the longer the latency to the platform in the
last day of testing (r=0.716, p<0.001, n=23). Impor-
tantly, similar correlation was found in the TBI group only
(r=0.505, p<0.05, n=18) (Fig. 7B).
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ceptibility in the pentylenetetrazole (PTZ) test (p>0.05, Pearson).
Note that the rat that developed spontaneous seizures (case # 10,
circled in red) was the one with the largest contralateral ventricle
enlargement at 1 month

Discussion

Our objective was to investigate the evolution of hydro-
cephalus and its association with epileptogenesis and
memory impairment after TBI. Hydrocephalus was defined
as contralateral ventricular enlargement after unilateral
FPI. We had 6 major findings. First, ventricular enlarge-
ment continued bilaterally for 6 months. Second, the evo-
lution of ipsilateral or contralateral ventricular enlarge-
ment did not correlate with the cortical atrophy, turning
our focus on search of other factors which could explain
the hydrocephalus. Third, we found a consistent iron accu-
mulation in the choroid plexus hanging in the ventricles
rostral to the fimbria. Fourth, the choroid plexus hemor-
rhage was detectable already at 6 h post-impact, remaining
stable thereafter. Fifth, the greater the choroid plexus iron
accumulation, the more severe the hydrocephalus. These
data suggest that the impact-induced choroid plexus hem-
orrhage, iron accumulation, and consequent CSF circula-
tion deficit contribute to ventricle enlargement after lateral
FPI-induced TBI. Sixth, the choroid plexus iron load nor
the ventricular growth did not associate with seizure sus-
ceptibility. However, the more severe the hydrocephalus,
the more impaired the performance in spatial memory test.

Choroid plexus hemorrhage and iron accumulations
occur rapidly after lateral FPI

Hydrocephalus or ventriculomegaly are common after
human TBI (Marmarou et al. 1996; Kowalski et al. 2018)
and occur with increased or normal intracranial pressure
(Marmarou et al. 1996). Ventricular enlargement is also a
common finding in animal models of TBI (Bramlett and
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Fig.7 Spatial learning and memory performance in the Morris water-
maze test. A Latency to find the submerged platform was longer in
rats with lateral fluid-percussion injury as compared to sham-oper-
ated experimental controls on all testing days. B Latency to the plat-
form on the last trial of the 3rd training day was used as a measure
of memory performance. We found that the larger the volume of the

Dietrich 2002; Ding et al. 2013; Turtzo et al. 2013). In the
rat lateral FPI model we found a growth of ipsilateral ven-
tricles up to 1340% (14-fold) as compared to the volume in
shams, and contralateral ventricles up to 703% (eightfold)
over the 6 months follow-up, which were not related to the
extent off the cortical atrophy. Previous studies with meas-
urements of intracerebral pressure (ICP) have showed only
acute increases in ICP, up till 24 h post-FPI (recent review
by (Glushakova et al. 2020) with no evidence of chronic
increase in the ICP (to our knowledge). Brain swelling due
to transient acute and subacute edema is mostly resolved by
9-day post-FPI, and FPI-craniectomy acts as ‘decompres-
sive craniectomy’. This makes elevated ICP an unlikely
etiology for the chronic progressive ventricle enlargement.
Unlike expected, we did not find any association between
the severity of ipsilateral cortical atrophy and ventricle
enlargement. Moreover, progressive ventricle enlargement
was present also contralaterally, supporting the idea that
some ongoing active process such as a TBI-induced deficit
in CSF secretion, absorbtion or circulation is driving the
distension of ventricular system, leading to (normal pres-
sure) hydrocephalus.

CSF is produced by choroid plexus distributed along the
ventricular walls. After exposure of the epidural space to
fluid-percussion impact force (2.6-2.9 atm), the pressure in
the lateral ventricles shows an abrupt bilateral increase from
1.0 to 2.7-2.9 atm (Clausen and Hillered 2005). The pres-
sure wave travelling in the closed intraventricular space can
distort and rupture the highly vascularized choroid plexus
and detach the ependymal layer of the ventricular walls,
leading to hemorrhage and accumulation of iron. Our current
histologic analysis showed massive choroid plexus hemor-
rhage already at 6 h after the impact. The most prominent

0 10 20 30 40
Ventricle volume (mm?3)

contralateral lateral ventricle, the longer the latency to the platform
at 6 months post-injury (all animals r=0.716, p<0.001, n=23; TBI
animals only r=0.505, p<0.05, n=18). Statistical significances:
*p<0.05, *¥p<0.01 (Mann—Whitney at each timepoint corrected for
multiple comparisons). Pearson correlation is displayed with linear
regression line with 95% confidence intervals

choroid plexus injury found at the level of the foramina of
Monro, which connect the lateral ventricles to the 3™ ventri-
cle, suggesting one possible location for a TBI-induced CSF
circulation deficit. Moreover, the ependymal veins, align-
ing the fimbria-ventricle border present another structure
suspect to shearing injury related to intraventricular pres-
sure wave. In correspondence, in vivo MRI revealed choroid
plexus iron accumulation as diffuse hypointensity at 2-day
post-FPI which intensified by 9-day post-FPI and persisted
for the 6 months follow-up (Suppl. Figure 1). However, no
iron was found elsewhere in the ventricular walls, which
may also relate to the resolution of MRI. We observed iron
also along the internal cerebral veins that drain the cho-
roid plexus (Suppl. Figure 2). However, only 4/18 rats with
choroidal iron had iron also along internal cerebral vein
suggesting that to be an independent finding rather than a
downstream effect. Analysis of animals imaged in our other
ongoing studies (EPITARGET www.epitarget.eu and EpiBi-
0S4Rx www.epibios4rx.edu) revealed choroid plexus iron in
most of the animals (unpublished).

We did not observe any obstructions in the ventricular
canals. Rather, the ventricular system and foramina appeared
dilated, being open for free non-obstructed CSF flow. Another
etiology for ventricular enlargement could be clotting in the
veins associated with the CSF drainage, such as the sagittal
sinus. We found some abnormalities in consecutive coronal
MRI slices along the sagittal sinus in a subset of injured rats.
However, the finding were not conclusive as image artifacts
from pulsatile blood flow of sagittal sinus itself and of internal
cerebral vein propagate along the phase encoding direction,
project over sagittal sinus and can mimic focal thrombosis
(Stadler et al. 2007). Furthermore, recent imaging studies in
rats suggest that the CSF is drained primarily via the spinal
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canal and olfactory route rather than via sagittal sinus (Murtha
et al. 2014). One etiology for progressive ventricle enlarge-
ment could relate to the impaired function of the glymphatic
system (Jessen et al. 2015; Ren et al. 2013). Perfusion defi-
cits due to reduced blood flow, low arterial pulsation pressure
and vascular deficits can hinder the fluid transport along the
perivascular space and reduce interstitial clearance (Kress
et al. 2014). We found that low cortical perfusion indeed cor-
related with the severity of hydrocephalus (Suppl. Figure 3),
suggesting that reduced CSF flow through the cortical paren-
chyma may be an additional mechanism contributing to the
chronic post-TBI ventricular growth.

To our best knowledge, the present study is the first descrip-
tion of choroid plexus iron accumulation in lateral FPI model,
suggesting compromised brain—CSF barrier function. One
mechanism, how this could contribute to chronic brain atro-
phy and tissue hyperexcitability relates exposure of brain tissue
to chronic inflammation as the previous studies have shown
that immune cell can enter the CSF space via choroid plexus
after TBI (Szmydynger-Chodobska et al. 2012) and stroke (Ge
et al. 2017). Further support to this idea was provided by MRI
studies on phagocytic cells, containing superparamagnetic
iron oxide contrast particles and located in choroid plexus
stroma, which were found to pass through the choroid plexus
after stroke and experimental autoimmune encephalomyelitis
(Wiart et al. 2007; Henning et al. 2009) (Millward et al. 2013;
2019). Moreover, a pressure wave used to induce blast injury
caused widening of intercellular spaced between the epithelial
cells, leading to passage of monocytes/lymphocytes across the
epithelium (Kaur et al. 1996).

Ventricular enlargement or the choroidal iron did

not associate with increased seizure susceptibility
but ventricular enlargement correlated with poor

spatial memory

Previous studies have suggested that iron detected in the
MRI as a surrogate marker to TBI-related hemorrhage is a
factor contributing to epileptogenesis (Sharma et al. 2007;
Mishra et al. 2013; Dadas and Janigro 2019). In the present
cohort, only one of the injured animals expressed spontane-
ous seizures during the 4-week VEEG on the 7" post-TBI
month. However, 25% of the rats showed increased seizure
susceptibility in the PTZ test. Even though the rat with PTE
had the most enlarged contralateral ventricle at 1 month
post-injury, we could not find any association between the
severity of the ventricle enlargement and the seizure suscep-
tibility. Nor could we associate the iron load in the choroid
plexus with the seizure susceptibility. This suggest that at
the chronic stage post-injury the choroidal iron residues are
not evoking any acute stress to the CNS or promoting tissue
hyperexcitability, but have been prohibited by being phago-
cyted, encapsulated or packed in an inert form.
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Interestingly, we found that the severity of ventricle
enlargement correlated with impairment in spatial memory.
The progressive hippocampal atrophy occurring in paral-
lel with the ventricle expansion also contributes to memory
impairment. Lateral FPI model could be a useful tool for
mechanistic analyses of hydrocephalus-related memory
impairment as post-traumatic hydrocephalus associates with
worsened functional outcomes and longer duration of post-
traumatic amnesia in patients with TBI (Kowalski et al. 2018).

Conclusions

We provided evidence that structural MRI provides a useful
in vivo tool for analysis of choroid plexus injury after TBI
and its association with functional impairments. Whether
the choroid plexus iron is a surrogate marker for chronic
inflammatory response, leading to ventricle enlargement and
functional deficits such as memory impairment remains to
be further explored.
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