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Abstract OBJECTIVES: Changes in the hippocampus induced by water intoxication were 
studied using fluorescence microscopy (FM) and magnetic resonance imaging 
(MRI). 
METHODS: In three animals (rats), intracellular/extracellular distribution of Evans 
blue (EB) in cerebral cortex and hippocampus of both hemispheres was revealed 
by injection of EB into the internal carotid artery (ICA) in hyperhydrated rats 
(water intoxication, WI). A total of 8 experimental rats were used for the MRI 
study. The animals were scanned before WI, then the experimental brain edema 
was induced by WI and MR scanning was performed at day 1 and day 8 after WI. 
Besides standard T2-weighted imaging an apparent diffusion coefficient (ADC) 
and transverse relaxation time (T2) were evaluated. 
RESULTS: Hyperhydration brought about the largest intracellular deposits of EB in 
CA3 hippocampal region, followed by the cerebral cortex and CA1 hippocampal 
region with the lowest amount of intracellular EB in the dentate gyrus. A higher 
apparent diffusion coefficient (corresponding to a vasogenic edema) was found 
the first day after hyperhydration in the cortex and in the CA1 and CA3 regions 
with no changes in dentate gyrus. 
CONCLUSION: Both FM and MRI confirmed a selectively higher vulnerability 
to  hyperhydration and hyponatremia (achieved by water intoxication) of the 
hippocampal cells compared to dentate gyrus cells. 

Abbreviations &Units:
CA1 - cornu ammonis 1
CA3  - cornu ammonis 3 
DG  - dentate gyrus
CCA  - common carotid artery
ECA  - external carotid artery
ICA  - internal carotid artery
MW  - molecular weight

MRI  - magnetic resonance imaging 
MR  - magnetic resonance 
WI  - water intoxication 
BBB  - blood-brain barrier 
EB  - Evans Blue
ADC  - apparent diffusion coefficient 
T2  - transverse relaxation time of water protons 
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T2W MR image  - T2-weighted magnetic resonance image
CG  - control group 
WI Day 1  - one day after edema induction
WI Day 8  - eight days after edema induction
CT  - computed tomography
TBI  - traumatic brain injury
FM  - fluorescence microscopy 
ICP  - intracranial pressure 
mmHg  - millimeter of Mercury
mmol/l  - millimoles per liter
g  - gram
TEeff  - effective echo time 
TR  - repetition time 
TF  - turbo factor 
NA  - number of acquisitions 
FOV  - field of view 

INTRODUCTION
For over 130 years, it has been known that pathologic 
insults, such as ischemia, hypoglycemia, oxidative stress, 
and anoxia, can cause structural damage to the hippo-
campus. The hippocampus respond to these pathologic 
conditions is heterogeneous with the cellular damage 
most clearly displayed in the CA1 region, whereas the 
dentate gyrus, CA3, and most cortical neurons appear 
to be more resistant. (Bartsch et al. 2015). 

The selective vulnerability of the hippocampus has 
been extensively studied in experimental rat models, 
mainly in models of ischemia (Westerberg et al. 1987; 
Ouyang et al. 2007; Fan et al. 2008; Arvola et al. 2019). 
Selective changes in the hippocampus were described 
also after seizures (Sloviter, 1989) and TBI (Qian et al. 
1996; Shepherd et al. 2003). Much less attention has 
been paid so far to hippocampal selective changes 
during brain edema (Kawamata et al. 2003). Due 
to its structural integrity and specific vulnerability, the 
neuronal population of the hippocampus is one of the 
most studied areas of the brain in experimental models 
of various pathological conditions.

In previous papers in this journal we demonstrated 
results of our study of the experimental brain edema 
induced by water intoxication (WI). Those experi-
ments were based on various methods: light micros-
copy (Kozler et al. 2010; Kozler et al. 2011; Kozler & 
Pokorný, 2012), CT imaging (Kozler & Pokorný, 2014), 
electroencepalography (Marešová et al. 2014; Marešová 
et al. 2016), biochemical findings (Kozler et al. 2016), 
behavioural studies (Kozler et al. 2017a; Kozler et al. 
2017b; Marešová et al. 2018), and intracranial pressure 
monitoring (Kozler et al. 2019; Kozler et al. 2020). We 
use the experimental model of water intoxication for its 
general and long-term recognized applicability in the 
induction of brain edema.

The present paper is aimed to compare the distribu-
tion of water in the intracellular/extracellular domain in 
the hippocampus in the model of an experimental brain 
edema (water intoxication), using fluorescence micros-
copy (FM) and magnetic resonance imaging (MRI). 
The choice of these two methods was intentional. 
Fluorescence microscopy belongs among basic research 

methods in the spectrum of experimental models 
while magnetic resonance imaging is a very sophisti-
cated method of preclinical research. So comparing the 
results of these two different methods can bring a new 
aspect into the problem. We also used some methods 
of the FM experiment described in our previous study 
(Kozler & Pokorný, 2003).

MATERIAL AND METHODS
All experiments were approved by the Ethical 
Committee of the First Faculty of Medicine (Charles 
University in Prague) and were in agreement with the 
Guidelines of the Animal Protection Law of the Czech 
Republic and Guidelines for the treatment of laboratory 
animals EU Guidelines 86/609 / EEC. For experiments, 
male rats of the Wistar strain weighing 400-410  g 
(Velaz, Prague, Czech Republic).

Water intoxication
The distilled water (DW) in a total amount corre-
sponding to 20 % of body weight was injected intra-
peritoneally (i.p.) in three consecutive doses over 24 h 
with simultaneous administration of desmopressin. 
Each sub-dose represented one third of the total dose 
0.032 mg/kg (desmopressin (1-desamino-8-D-arginine 
vasopressin) (OCTOSTIM®, Ferring). Desmopressin 
is an antidiuretic hormone which potentiates the 
effect of  hyperhydration by inducing hyponatremia 
(Yamaguchi et al. 1997 Silver et al. 1999, Manley et al. 
2000, Vajda et al. 2000).

The fluorescence microscopy group
Transfer of Evans blue (EB) from the blood into micro-
environment of cortex and hippocampus (Fig. 1) was 
studied in both hemispheres after EB injection into the 
internal carotid artery (ICA) of hyperhydrated rats by 
water intoxication.

Evans blue (EB, MW 961 Da) is an intravital tracer 
often used to test BBB permeability. The molecular 
weight (MW) of EB is so high that it does not allow the 
tracer to pass through the intact BBB (Wolman et al. 
1981). We chose an intracarotic way of EB application 
so that the penetration of the tracer into the brain blood 
circulation was as fast as possible. The presence of EB 
in the brain thus proves a disruption of BBB. We used 
three animals in this group. For general anesthesia, 
each rat received 4 mg/100 g of thiopental applied 
intraperitoneally. Using the microsurgical technique, 
the right-sided common carotid artery (CCA), internal 
carotid artery (ICA) and external carotid artery (ECA) 
were exposed from a linear incision between the 
sternal manubrium and mandible. A  polyethylene 
catheter fixed by ligation was introduced into the 
bifurcation through a small arteriotomy of the CCA. 
The rats had the ECA ligated close behind the bifur-
cation. All rats underwent standard water intoxication 
within 24  hours prior to EB administration (Olson 
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et al. 1994). 2 % EB at a dose of 2 ml/kg was applied 
into CCA catheter at a rate of 0.45 ml/min (Saris et al. 
1988). After the application, the catheter was removed 
and the CCA ligated below and above the arteriotomy. 
The operation wound was closed in a single layer, and 
the spontaneously ventilating rat was placed in a heated 
box (37 °C). Within 30 min after the end of the surgery, 
the brain was fixed by transcardial perfusion with a 4% 
paraformaldehyde solution in pH 7.4 phosphate buffer 
for a period of 15 min, and then fixed in the same solu-
tion for another 24 h. Each brain was then sliced on 
a vibratome into coronary sections 30 μm thick and 
then, without further staining, placed on slides for 
microscopic examination. The sections were studied 
under a fluorescence microscope for intracellular and 
extracellular distribution of the EB in the cortex, in the 
CA1, CA3 areas and dentate gyrus (DG) of the hippo-
campus in both hemispheres. The ratio of intracellular/
extracellular distribution of the EB in each area was 
expressed in per cent (e.g. the ratio 62.5%:37.5% repre-
sents the intracellular/extracellular distribution in the 
given area). The results represent the average of all the 
data obtained in three rats. As plasma natremia reflects 
the degree of hyperhydration, hyponatremia confirms 
osmotic cellular edema (Liang et al. 2007; Kozler & 
Pokorný, 2003). The respective blood samples were 
obtained from a catheter in the CCA before any of the 
applications. 

The magnetic resonance imaging group
The aim of this experiment was to determine changes in 
the cortex and hippocampus after water intoxication by 
magnetic resonance imaging.

A total of 8 experimental animals were used. Whole 
group was subjected to MR scanning before water appli-
cation (intact animals), one day after edema induction 
(24 hours after the last water dosage application – Day 
1), and 8 days after (Day 8). 

We selected the first day after WI to determine the 
distribution of water in the acute phase of brain edema. 
We chose the eighth day after WI according to the results 
of another study, in which myelin disorder persisted 
in the same time interval after WI (Kozler & Pokorny, 
2012). The experimental question was whether there is 
a time correlate between structural and MRI changes. 

Animals were anesthetized by spontaneous inha-
lation of isoflurane (Forane®, AbbVie Ltd.) in air (3% 
for induction, 1.5–2% for maintenance) during water 
intoxication and MR examinations. 

MR scanning
MR imaging was performed using a 1 T MR scanner 
ICON (Bruker, Ettlingen, Germany). The imaging 
protocol included basic T2-weighted turbo-spin echo 
sequence in sagittal and/or coronal directions (effec-
tive echo time TEeff = 60 ms, repetition time TR = 2500 
ms, turbo factor TF = 16, number of acquisitions NA 
= 16, 14 slices, slice thickness 1 mm, field of view FOV 
= 30 × 30 mm2, matrix 128 × 128), axial T2- weighted 
turbo-spin echo sequence with higher resolution (TEeff 
= 60 ms, TR = 2500 ms, TF = 16, NA = 16, 14 slices, 
slice thickness 1 mm, FOV = 30 × 30 mm2, matrix 256 
× 256), CPMG sequence for T2-mapping (echo spacing 
TE = 7.79 ms, TR = 3600 ms, 7 slices, slice thickness 2 
mm, FOV = 30 × 30 mm2, matrix 128 × 128, NA = 2) 
and diffusion-weighted sequences (echo planar imaging 

Fig. 1. Fluorescence microscopy group - evaluated areas
Legend: cortical and hippocampal cornu ammonis subfields CA1, CA3 and DG are 
depicted.
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sequence, TE= 28 ms, TR = 3000 ms, NA = 8, diffusion 
gradient in read (left-right) direction, five b-values: 35, 
225, 425, 82, 1625 s/mm2, 9 slices, slice thickness 2 mm, 
FOV = 30 × 30 mm2, matrix 64 × 64) for evaluation 
of ADC maps.

T2 and ADC maps were calculated using an in-house 
VIDI program (Herynek et al. 2012) written in Matlab 
(MathWorks, Natick, MA, USA). Relaxation times and 
diffusion coefficients were evaluated in the cortex and 
hippocampus in both hemispheres (Fig 2).

Differences were analyzed using an unpaired two-
tailed t-test. p < 0.05 was considered as statistically 
significant.

RESULTS
The fluorescence microscopy group
The ratio of intra/extracellular EB distribution in the 
evaluated areas represented the average of all data 
obtained from both hemispheres in three rats (Fig. 3).

The EB distribution 30 minutes after tracer applica-
tion to ICA in hyperhydrated rats is presented in Fig. 3. 
All rats underwent standard water intoxication within 
24 hours prior to EB administration. The sodium blood 
value was 20 mmol/l lower than normal. 

We considered the intracellular distribution of EB 
to be a real sign of the vulnerability of hippocampal 
cells. The presence of this high molecular weight tracer 
inside the cells indicates damage to the cytoplamatic 

membrane. Differences in the intracellular amount 
of  EB (black columns in Fig. 3) were analyzed using 
an unpaired two-tailed t-test. p < 0.05 was consid-
ered as statistically significant. Results in Fig. 3 show 
a significantly larger intracellular amount of EB in CA3 
compared to the intracellular amount of EB in DG. 
There were no significant differences in the intracel-
lular amount of EB between Cortex, CA1 and DG.

The magnetic resonance imaging group
Typical T2W MR image and calculated T2 and ADC 
maps are shown in Figure 4.

Changes in ADC and T2 values in the cortex and 
hippocampus before and after WI are summarized in 
Figure 5 and Figure 6.

The ADC was higher after induction of edema 
(day 1) in the cortex and in the CA1 and CA3 regions. 
This corresponded to a vasogenic edema. After eight 
days the ADC values normalized. No changes of ADC 
were found in the DG. T2 values did not significantly 
change in any of the observed areas. This indicates the 
absence of cytotoxic edema.

DISCUSSION
The hippocampus is a bilaminar gray matter structure 
located medially in the temporal lobe that protrudes 
over the temporal horn of the lateral ventricle and occu-
pies the medial region of its floor. The hippocampus 

Fig. 2. Magnetic resonance imaging group - the rat brain with outlined evaluated areas.
Legend: Red – cortex; green – hippocampus CA1 area; blue – hippocampus CA3 area; 
yellow – dentate gyrus (DG).
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consists of two interlocking gray matter folds, the cornu 
ammonis (or hippocampus proper) and the dentate 
gyrus. Based on its cellular composition, the cornu 
ammonis is divided into four parts, the so-called 
Sommer’s sectors CA1 to CA4 (Amaral & Lavenex, 
2006). The hippocampus plays an important role in 
spatial and episodic memory, and can be affected by 
a wide range of congenital variants and degenerative, 
inflammatory, vascular, tumoral and toxic-metabolic 

pathologies (Dekeyzer et  al. 2017). The hippocampus 
responds to these pathologic conditions with a heteroge-
neous susceptibility: the cellular damage is most clearly 
displayed in the hippocampal CA1 region whereas the 
dentate gyrus, CA3, and most cortical neurons appear to 
be more resistant (Bartsch et al. 2015). The exact mech-
anisms of this region-specific selective vulnerability are 
not well understood but may include genomic-depen-
dent glutamate and calcium-mediated mechanisms 

Fig. 3. Intracellular/extracellular ratio of Evans Blue distribution.
Legend: cortex, hippocampus CA1 area (CA1), hippocampus CA3 area (CA3), and dentate 
gyrus (DG). Black arrows indicate the fluorescence of intracellularly deposited EB.White 
columns: extracellular distribution of EB, black columns: intracellular distribution of EB.
Intracellular/extracellular distribution ratio: Cortex – 47%/53%, CA1 – 31,5%/68,5%, CA3 
– 59,5%/40,5%, DG – 25%/75%. Asterix marks a significantly larger intracellular amount 
of EB in CA3 compared to the intracellular amount of EB in DG. There were no significant 
differences in the intracellular amount of EB between Cortex, CA1 and DG.

Fig. 4. A typical T2-weighted image, T2 map and ADC map.
Legend: A typical T2-weighted image (A) of the rat brain showing the evaluated slice. B – T2 map (interpolated), C – ADC map 
(interpolated). Note geometrical distortions of the ADC map caused by magnetic field inhomogeneities in combination with EPI k-space 
acquisition.
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of  neuronal excitotoxicity and oxidative stress as well 
as inflammatory changes (Wang & Michaelis, 2010). 
In experimental rat models, the selective vulnerability 
of CA1 to ischemia is quite well outlined. Probable 
causes may be the difference in arachidonic acid accu-
mulation (Westerberg et  al. 1987), loss of glutamate 
transport activity (Ouyang et al. 2007), reduction of 
the hyperpolarization-activated non-selective cationic 
current (Fan et al. 2008), and differences in microRNAs 
profiles (Arvola et al. 2019). Selective vulnerability of 
hippocampal neurons to seizure activity may be related 
to differences in the concentration of  cytoplasmic 
proteins capable of  sequestering free intracellular 
calcium (Sloviter, 1989). In experimental rat models of 
acute brain injury (fluid percussion injury), diffusion-
weighted MRI demonstrated pathological swelling in 
CA1-CA3 cells, but not in DG cells (Qian et al. 1996, 
Shepherd et al. 2003). Kawamata et al. (2003) used a rat 
model of kaolin-induced hydrocephalus that led to an 
interstitial brain edema. The edema impaired oxidative 
metabolism and shifted the metabolism to  anaerobic 
glycolysis with the impairment of glucose metabolism 
first observed in the CA3 region.

Brain edema is mainly classified into vasogenic edema 
and cytotoxic edema. Vasogenic edema is characterized 
by extravasation and extracellular accumulation of fluid 
into the cerebral parenchyma caused by disruption 
of the blood-brain barrier (BBB). In contrast, cytotoxic 
edema is characterized by intracellular accumulation 
of fluid and Na+ resulting in cell swelling (Klatzo, 1967; 
Kimlberg, 1995; Liang et al. 2007; Michinaga & Koyama, 
2015).

In this current study, we induced brain edema by 
water intoxication and detected cortical and hippo-
campal changes by fluorescence microscopy and MRI.

In the FM group, the presence of high molecular 
weight EB was evident in all evaluated cell populations. 
All rats in this experiment underwent standard water 
intoxication within 24 hours prior to EB administration. 
The presence of EB in the brain was made possible by 
water intoxication with hyperhydration and hypona-
tremia. These phenomena bring an osmotic imbalance 
at the cell membrane followed by intracellular flow 
of  sodium and simultaneous accumulation of water. 
This primary effect initiates a cascade of processes 
leading to the subsequent increase of BBB permeability. 
The cascade includes: the loss of calcium and potassium 
homeostasis (Siesjo, 1993; Kimelberg, 1995; Barzó et al. 
1997), release of excitotoxic amino acids (Bullock et al. 
1994; Kimelberg, 1995; Barzó et al. 1997), release of free 
oxygen radicals (Kontos, 1989, Kimelberg, 1995, Barzó 
et al. 1997), and induction of intracerebral tissue acidosis 
(Siesjo et al. 1993, Kimelberg, 1995, Barzó et al. 1997). 

Other observations showed that while the cytotoxic 
edema is characterized by intracellular accumulation 
of  fluid, it makes the BBB more permeable (Lythgoe 
et al. 2000, Sorby-Adams et al. 2017).

We found (Fig. 3) significant larger intracellular 
amount of EB in CA3 compared to the intracellular 
amount of EB in DG. We considered the intracellular 
distribution of EB to be a real sign of the vulnerability 
of hippocampal cells. The presence of this high molec-
ular weight tracer inside the cells indicates impairment 
to the cytoplasmic membrane. The selective vulner-
ability of the hippocampus due to brain edema is in 
accordance with the results published by Kawamata 
et al. (2003). We confirmed that the CA3 region is the 
most sensitive to hyperhydration and hyponatremia.

MRI represents a method of choice in clinical practice 
for diagnosis of suspected brain edema (Ho et al. 2012). 

Fig. 5. ADC values in the selected regions.
Legend: cortex, hippocampus CA1 area (CA1), hippocampus CA3 area (CA3), and 
dentate gyrus (DG). Values were obtained before edema induction (white columns), 
on day 1 (grey) and day 8 (black) after edema induction. Asterix marks a significant 
increase of ADC compared to values before edema induction.
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Quantitation of apparent diffusion coefficient (ADC) or 
T2 relaxation time has been proposed as a supplemental 
measurement for more specific differential diagnos-
tics in various diseases (Wagnerová et al. 2012), and is 
also suitable for investigation of an experimental brain 
edema (Michinaga & Koyama, 2015). Cytotoxic and 
vasogenic edema after brain injury can be differentiated 
by a combination of ADC and T2 imaging. Diffusion-
weighted imaging provides information about the 
cellular architecture such as cellular size, membranes and 
volume fraction. ADC is an indicator of the magnitude 
of diffusion of water molecules within the tissue. ADC 
increases with higher extracellular volume and amount 
of fluids, and it is reduced when cell swelling is observed 
due to narrowing of the extracellular space within the 
cerebral parenchyma. T2 is related to water content 
and vascular permeability. In general, reduced ADC 
values correlate with a cytotoxic edema (and vice versa 
increased ADC values correlate with an experimental 
vasogenic edema). A cytotoxic edema represents mainly 
redistribution of water from extracellular to  intracel-
lular compartments; therefore, shrinkage of  extracel-
lular space leads to decrease of  ADC. Increased T2 
values reflect higher water content and may be observed 
during development of  both vasogenic and cytotoxic 
edema, however changes in T2 relaxation times during 
transition from a vasogenic edema to a  cytotoxic one 
may be ambiguous (Ito et al. 1996; Badaut et al. 2007). 
Moreover, ADC imaging has proved to be more sensi-
tive than T2 imaging (Loubinoux et al. 1997). 

We observed significantly increased ADC values on 
day 1 in the cortex and in the cornu amonis (subfields 
CA1 and CA3) corresponding to the vasogenic edema. 
The values were normalized after eight days, which 
corresponded rather to diminishing of the vasogenic 

edema, rather then to transition into a cytotoxic one. 
We did not find any changes to the ADC in dentate 
gyrus. T2 values did not change in any of the observed 
structures. This finding indicates that the cytotoxic 
edema was not developed. According to Sorby-Adams 
et al. (2017) a vasogenic edema occurs in the setting 
of BBB disruption due to cytotoxic edema and in time 
course follows this primary condition. In the absence 
of cytotoxic edema indicated by constant T2 values, this 
phenomenon explains the presence of vasogenic edema 
in the cortex and cornu ammonis.

The absence of vasogenic edema in DG confirms the 
selective vulnerability of hippocampal neuronal popula-
tions to hyperhydration and hyponatremia.

In our structural study, we demonstrated the pres-
ence of the disintegration of the myelin after WI (Kozler 
& Pokorny, 2012). Results of the study showed that 
cellular edema can bring myelin disintegration and that 
these changes are time dependent – the most serious 
degree of disintegration was found one week after the 
edema induction. Onaya (2002) on the basis of neuro-
pathological studies proved that axonal disintegrity 
accompanying diffuse brain injuries is always preceded 
by cellular edema and he concluded that the occurrence 
of damaged axons is not possible without cellular edema. 
Axonal disintegrity was documented in the post-TBI 
period, when no signs of brain edema were present. His 
findings are consistent with our experience that struc-
tural lesions of myelin after WI last for a longer period 
than signs of an edema in MR images.

To conclude, we used fluorescence microscopy and 
magnetic resonance imaging to show changes in cortical 
and hippocampal neuronal populations after induction 
of a brain edema by water intoxication. Fluorescence 
microscopy confirmed that the largest intracellular 

Fig. 6. T2 values in the selected regions.
Legend: cortex, hippocampus CA1 area (CA1), hippocampus CA3 area (CA3), 
and dentate gyrus (DG). Values were obtained before edema induction (white 
columns), on day 1 (grey) and day 8 (black) after edema induction. 
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amount of EB distribution was in CA3, followed by 
cortex and CA1. The lowest amount of intracellular EB 
distribution was in dentate gyrus. Magnetic resonance 
showed increased ADC values on day 1 in the cortex and 
in the cornu amonis (subfields CA1 and CA3) corre-
sponding to the vasogenic edema. We did not find any 
changes in the ADC in the dentate gyrus. Both the pres-
ence of high molecular weight EB in the brain and vaso-
genic edema indicate increased BBB permeability due 
to induced cytotoxic edema by water intoxication. Both 
fluorescence microscopy (method of basic research) and 
magnetic resonance imaging (method of preclinical or 
clinical research) confirm a  selectively higher vulner-
ability to hyperhydration and hyponatremia (achieved 
by water intoxication) of cornu amonis cells compared 
to dentate gyrus cells.

In general, the results of the study brought new find-
ings that may help reveal the dynamics of the conver-
sion of different types of brain edema over time and 
thus provide a promising opportunity for targeted and 
adequate treatment.
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