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Posthemorrhagic Ventricular Dilation in the Neonate: Development and Characterization of a
Rat Model

SHOBHA S. CHERIAN, MRCP, MRCPCH, SETH LOVE, PHD, FRCP, FRCPATH, IAN A. SILVER, FRCVS, MA,
HELEN J. PORTER, MD, FRCPATH, ANDREW G. L. WHITELAW, MD, FRCPCH, AND

MARIANNE THORESEN, MD, PHD, FRCPCH

Abstract. Intraventricular hemorrhage is a common complication of prematurity. Posthemorrhagic ventricular dilation
(PHVD) has a high rate of disability and no safe and effective treatment. Its pathogenesis is poorly understood, largely because
of the lack of a satisfactory animal model. We have developed a model of neonatal PHVD in the rat. Seven-day-old (P7)
Wistar rat pups were given 80-ml injections of citrated rat blood or artificial cerebrospinal fluid (CSF) into alternate lateral
ventricles on P7 and P8. Intracranial pressure was monitored and increased briefly by over 8-fold. Some rats received further
10-ml intraventricular injections of India ink on P21. Animals were weighed daily and simple neurologic tests performed. On
P21 (or P22 if India ink had been injected), the rats were perfusion-fixed and blocks processed for paraffin histology. Sixty-
five percent of pups injected with blood and 50% injected with artificial CSF developed dilated lateral ventricles, with patchy
loss of ependyma, marked astrocytic gliosis, and rarefaction of periventricular white matter. India ink injection revealed slow
transit of CSF from the dilated lateral ventricles but eventual passage into the subarachnoid space. Pups that had received
intraventricular injections but did not develop ventricular dilation nonetheless had lighter brains than littermate controls (p ,
0.001). Body weights were not significantly different from controls. Hydrocephalic animals had reduced motor performance
as assessed by a grip traction test (p 5 0.0002). This model is well suited to studying the pathogenesis of PHVD.

Key Words: Hydrocephalus; Neonates; Posthemorrhagic ventricular dilation; Prematurity; Ventricular hemorrhage; White
matter damage.

INTRODUCTION

Intraventricular hemorrhage (IVH) affects approximate-
ly 15% of all prematurely born infants (1). In those weigh-
ing less than 1,000 g at birth, large hemorrhages that dis-
tend the lateral ventricles, with or without accompanying
periventricular hemorrhagic infarction, are found in 10%
to 20% of cases (2–4). Over half develop posthemorrhagic
ventricular dilation (PHVD) and 60% to 80% of those
suffer from long-term neurologic disability (5–7). More-
over, advances in neonatal intensive care facilitating the
survival of increasing numbers of very low birth-weight
babies have contributed to a rise in the incidence of this
condition. No satisfactory treatment exists.

The pathogenesis of PHVD following IVH is not well
understood. The conventional explanation for the impaired
reabsorption of cerebrospinal fluid (CSF) is that channels
in the arachnoid villi that project into the cranial venous
sinuses are initially obstructed by microthrombi and sub-
sequently by obliterative arachnoiditis (8, 9). Obstruction
at the level of the aqueduct and outflow foramina of the
fourth ventricle has also been demonstrated (10, 11).
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A contributing factor may be inefficient fibrinolysis in
the CSF due to low levels of plasminogen and high levels
of plasminogen activator inhibitor (12, 13). Through
mechanisms that are still obscure, IVH also seems to upre-
gulate fibroblast activity within the subarachnoid space
and possibly even the brain parenchyma, impairing fluid
drainage along perivascular spaces within the brain as well
impeding passage of CSF through the subarachnoid space
and arachnoid villi (14–17). Transforming growth factor-
b (TGF-b), and possibly other growth factors such as fi-
broblast growth factor, may be key mediators of this pro-
cess (18–22).

A major limitation to progress in our understanding and
management of PHVD has been the absence of an animal
model to study the pathogenesis and explore potential
treatments. Although there are several animal models of
both hydrocephalus (18, 20, 22–38) and intraventricular
hemorrhage (39–46), none adequately reproduces the de-
velopment of ventricular dilation following IVH in a pre-
mature infant. The present study was therefore undertaken
to develop and characterize such a model.

MATERIALS AND METHODS

Animals

All experimental protocols were carried out under British
Home Office license in accordance with UK guidelines. Lac-
tating female Wistar rats with timed litters culled to 10 pups
were obtained from the University of Bristol Medical School
animal house. Ambient lighting was controlled to simulate a
12-hour day/12-hour night cycle, and the rats were given free
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access to food and water. Seven-day-old pups (P7) were divided
into several groups (Table 1).

Group 1 comprised 97 pups (from 11 litters) that were used
for a series of pilot studies to establish the optimal duration of
injection and maximum volume of injected blood that could be
tolerated.

Group 2 consisted of 27 pups (from 3 litters), some of which
were used for physiological observations (intracranial pressure
and rectal temperature), while others were given intraventricular
injections of India ink to monitor the passage of CSF from the
dilated lateral ventricles over a 24-h period. The pups in the 3
litters were randomly allocated to each of these parts of the study.

Group 3 was divided into 2 subgroups: 3a) 43 pups from 6
litters were given a single injection of blood simulating 1 epi-
sode of intraventricular hemorrhage on P7, and 3b) 126 animals
from 16 litters were given 2 injections that mimicked 2 episodes
of IVH on 2 consecutive days (P7 and P8). In both groups (3a
and 3b), the injection at P7 was of citrated rat blood at room
temperature into the left lateral ventricle, as described below.
In group 3b, a further injection of citrated rat blood was made
at P8 into the right lateral ventricle.

Each group of animals had 5 sets of littermate controls: 1)
juvenile controls (rat pups that had no procedure performed on
them and remained with their dams); 2) unanesthetized controls
(pups that were separated from their dams for a period matching
that of the experimental animals, were not anesthetized, and had
no procedures performed); 3) anesthetized controls (pups that
were separated from the dams, were anesthetized for a period
matching that of experimental animals, and underwent the same
initial operative procedure as the experimental animals but did
not have a needle inserted into the lateral ventricles); 4) sham-
injected controls (separated and anesthetized for a period
matching that of the experimental groups, subjected to scalp
retraction and insertion of a needle into the lateral ventricles,
but not injected with any fluid); and 5) controls given artificial
CSF injection (separated, anesthetized, subjected to scalp re-
traction and needle insertion, and given an injection of artificial
CSF at room temperature into the lateral ventricles). The arti-
ficial CSF (Manor Park Pharmaceuticals, Bristol, UK) consisted
of 5.0 mmol/l glucose, 148 mmol/l sodium, 4.02 mmol/l potas-
sium, 1.22 mmol/l magnesium, 1.36 mmol/l calcium, 133.8
mmol/l chloride, 0.58 mmol/l phosphate, 1.22 mmol/l sulphate,
and 22 mmol/l bicarbonate; pH was 7.3.

Group 4 comprised 1 litter of 9 rat pups that received a bi-
lateral injection of citrated rat blood and were allowed to sur-
vive for 48 days.

Collection and Preparation of Blood

Fresh blood for injection was collected on the day of the
experiment from the tail vein or by cardiac puncture of an adult
rat of the same inbred strain. This avoided immunologic incom-
patibility. After collection, the blood was mixed with buffered
sodium citrate (136 ml of 0.105 M buffered citrate per ml of
blood, pH 5.5) at room temperature and centrifuged at 6,000
rpm for 10 min. Most of the supernatant plasma (80%) was
discarded and the packed cells and buffy coat layer were gently
resuspended in the remaining plasma, with the aim of simulat-
ing the relatively high hematocrit (0.4–0.6) of human premature
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infants. The mean hemoglobin concentration (6SD) of the in-
jected blood in the single-injection protocol was 20.9 6 0.8 g/
100 ml (range 19.4–22.0 g/100 ml), and that in the double-
injection protocol 22.4 6 1.9 g/100 ml (range 17.5–25.1) on P7
and 22.3 6 2.1 g/100 ml (range 17.0–24.9) on P8.

Anesthesia and Injection into Ventricles

On P7 the rat pups were weighed and placed on a warming
pad. Anesthesia was induced by inhalation of a mixture of hal-
othane (3%–3.5% for induction and 1%–1.5% for maintenance)
and 2:1 nitrous oxide and oxygen. A small incision was made
in the midline over the scalp and the skin and subcutaneous
tissues were retracted. The animal was then placed on a styr-
ofoam mold in a modified Baltimore stereotactic frame, stereo-
tactic zero having been defined in relation to the midline po-
sition of the horizontal ear bars. The animal was positioned with
the tooth bar immediately behind the position of the incisor
teeth and the ear bars in the position of the external auditory
meatuses. Special care was taken to push the ear bars together
very carefully, only until the first slight resistance was felt. The
head was centered using the calibration on the ear bars. A 27-
gauge needle (OD 0.4 mm) was held in the head-holder micro-
manipulator and connected by thin medical grade polyethylene
tubing to a 1-ml syringe containing the prepared blood and
activated by a syringe driver. The needle was positioned 1.7
mm to the left and 3.8 mm rostral to stereotactic zero and then
inserted to a depth of 3.5 mm below the level of the skull in
order to penetrate the lateral ventricle (47). In pilot experiments,
various volumes of prepared blood (10 ml–120 ml [80 ml in the
majority of cases]) were injected over 10 min and the needle
then withdrawn over 4 min. After the injection, the rats were
removed from the frame, placed on the warming pad, and al-
lowed to recover for 5 min in 30% oxygen. They were then
returned to the dam. The duration of anesthesia and of sepa-
ration from the dam was recorded. The rat pups were weighed
on most days from P7 to P21. On the basis of the findings in
the preliminary experiments (see below), an injection volume
of 80 ml was used in all subsequent experiments.

Neurologic Examination

On P21, two neurologic tests were performed on a subset of
52 rats. Twenty-four were juvenile controls, 15 received a bi-
lateral injection of sham CSF, and 13 received a bilateral injec-
tion of citrated rat blood. The tests were carried out at the same
time of the day-night cycle and were performed in the same
order for all rats. To assess postural reflexes and laterality (if
any) of lesions, the rat was held by its tail above the table;
normal rats extend both forelimbs to the table (score 0) and rats
with focal cerebral lesions flex the contralateral forelimb (score
1) (48, 49). In a modified grip traction test, a plastic tube 0.6
cm in diameter was placed horizontally above the table and the
length of time (to a maximum of 60 seconds) that the rat could
hang from the tube by its forepaws was noted (48, 50).

Intracranial Pressure Monitoring

Intracranial pressure was recorded continuously in 20 rat
pups by use of a microsensor strain gauge transducer (Codman
and Shurtleff, Inc., Raynham, MA) before, during, and after the
ventricular injection. The transducer was inserted through a burr

hole to a depth of 3 mm into the cerebral hemisphere contra-
lateral to the injection. The burr hole was sealed with bone wax.
Care was taken not to introduce air into the cranial cavity.

Temperature Monitoring

Rectal temperature was monitored continuously in 12 pups
by means of a 0.5-mm-diameter Harvard Physitemp probe
(Physitemp, Clifton, NJ). Animals used for ICP and temperature
monitoring were excluded from further analysis.

Histology

At P21, 14 days after the simulated IVH, the pups were given
an overdose of phenobarbitone (20 mg/kg) and fixed by trans-
cardiac perfusion with buffered 4% formaldehyde. The brains
were weighed (before draining the ventricular fluid) and sub-
divided coronally into a standard set of blocks for paraffin em-
bedding. Five-mm-thick sections were obtained 0.4 and 2 mm
rostral to the bregma and stained with hematoxylin and eosin
(H&E). Some blocks were also stained by Perls’ method for
iron and immunostained for glial fibrillary acidic protein
(GFAP) (see below).

India Ink Injection

Seven pups that had developed hydrocephalus (as evidenced
by head enlargement) were reanesthetized on P21, placed in the
stereotactic frame, and given a 10-ml injection of India ink into
the left lateral ventricle. Subsequently, they were deeply anes-
thetized and fixed by transcardiac perfusion with 4% formal-
dehyde at 1 h, 6 h, and 24 h after the injection. The cranium
was decalcified by immersion for 4 days in 10% formic acid
and processed intact to paraffin wax. The wax-embedded cra-
nium with enclosed brain was subdivided into 3-mm coronal
blocks that were sectioned at 5 mm and stained with H&E.

Immunohistochemistry

Paraffin sections cut at 5 mm were stained for GFAP with
mouse monoclonal antibody (M0761, Dako, Ely, Cambridge,
UK) at a dilution of 1:1,200 overnight at room temperature.
The immunostaining was performed using Vectastain Elite kit
(Vector Laboratories, Burlingame, CA) according to the man-
ufacturer’s instructions except for substitution of affinity-puri-
fied, rat-adsorbed, biotinylated anti-mouse IgG (BA2001, Vec-
tor Laboratories) for the biotinylated universal antibody in the
kit in order to prevent nonspecific background staining. The
immunostained sections were counterstained with hematoxylin,
dehydrated, and mounted.

Morphometry

The coronal area of both lateral ventricles was measured in
H&E-stained sections in 2 planes, 0.4 and 2 mm anterior to the
bregma. The measurements were made with the help of His-
tometrix software (Kinetic Imaging, Wirral, UK) driving a Lei-
ca DM microscope. The areas of the left and right lateral ven-
tricles in the 2 planes were summed to obtain a composite value
termed ‘‘ventricular area.’’

Statistical Analysis

Data were analyzed using the software package Statview
v5.01 (Adept Scientific, Letchworth, UK). Student t-tests and
ANOVA were used for comparing parametric distributions and
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TABLE 2
Body Weight at P7, P14, and P21

Treatment groups
Num-

ber

Single Injection

P7 weight
(g)

P14 weight
(g)

P21 weight
(g) Number

Bilateral Injection

P7 weight
(g)

P14 weight
(g)

P21 weight
(g)

Juvenile controls
Unanesthetized controls
Anesthetized controls
Sham injection
Sham CSF injection
IVH
Total

5
6
6
5
7

13
42

*11.6 6 1.8
11.5 6 0.7
11.9 6 0.9
11.7 6 2.2
12.6 6 1.4
12.7 6 2.2
12.2 6 1.7

26.1 6 4.8
26.3 6 3.2
26.3 6 3.4
23.6 6 5.1
25.5 6 3.9
26.3 6 4.1
25.8 6 3.9

39.7 6 7.6
39.9 6 5.6
40.1 6 5.2
37.7 6 5.6
39.6 6 4.3
40.4 6 4.7
39.8 6 5.1

16
10
9

14
16
43

108

12.9 6 1.7
12.2 6 3.1
11.9 6 2.6
11.7 6 2.5
12.8 6 2.4
13.3 6 2.2
12.8 6 2.4

29.1 6 4.0
26.9 6 3.4
24.1 6 5.8
25.2 6 4.3
27.6 6 6.8
26.9 6 3.9
26.9 6 4.7

43.7 6 4.8
41.1 6 5.2
36.8 6 8.6
38.9 6 5.1
42.6 6 9.7
41.4 6 7.3
41.2 6 7.2

* All weights expressed as mean 6 SD.

Mann Whitney and Kruskal Wallis tests for comparing non-
parametric data. Descriptive statistics are presented as mean 6
SD. If the results include one or more data sets that are skewed
by outliers, median values and, where relevant, ranges are also
given. As there was no sex-related difference in any of the
parameters studied, the subdivision of data according to sex has
not been presented in the Tables or analyses.

RESULTS

Preliminary Experiments

Of the 97 rat pups (group 1) used for the preliminary
experiments, 83 were injected with gradually increasing
volumes of donor rat blood (10–120 ml) and 14 served
as controls. Ventricular area in controls and animals in-
jected with 70 ml or less (n 5 28) never exceeded 1 mm2

and the mean 6 1SD was 0.4 6 0.2 mm2. By contrast,
ventricular area was much more variable in pups that had
received injections of 80 ml: it ranged from 0.07 to 3.2
mm2 (n 5 57) and exceeded 1 mm2 in 9 pups. Higher
volumes tended to result in retrograde leakage of blood
around the needle tract and caused subdural effusions.
Therefore, 80-ml injections were used in all subsequent
experiments and a ventricular area of 1 mm2 was set as
the threshold for diagnosis of ventricular dilation.

Single 80-ml Injection

Of the 43 rat pups in group 2 that received a single
intraventricular injection, 1 died within half an hour of
the injection, giving an overall mortality of 2.33%. Table
2 shows the mean weights of the pups at P7, P14, and
P21. There was no difference in weight at any time point
among the 6 groups of animals or in the duration of an-
esthesia or of separation from the dam. The average gain
in weight from P7 to P21 was 26.5 6 3.6 g (median 24.9,
range 25.9–28.5 g).

All of the control animals except those injected with
sham CSF had a ventricular area ,1 mm2, the range being
0.3 to 0.9 mm2 (Table 3). One of 7 animals injected with
sham CSF (14.3%) and 4 of 13 animals injected with

blood (30.8%) developed ventricular dilation (i.e. ventric-
ular area .1 mm2). One of the latter showed massive en-
largement with a ventricular area of 21.7 mm2, however,
when this animal was removed from the analysis the me-
dian area was 2.4 mm2 and the range 1.5 to 4.6 mm2.

Bilateral 80-ml Injections

Of the 126 rat pups that received bilateral injections,
11 of those injected with blood, 6 with sham CSF, and 1
that underwent the sham injection died, yielding a mor-
tality of 20.4%, 27.3%, and 6.7% in these respective sub-
groups. These 11 survived for a mean 6 SD of 36.4 h
6 44.9 h (median 12.8, range 0.1–144).

There was no significant difference in the weights at
P7, P14, and P21 (Table 2), the duration of anesthesia on
P7 and P8, or the duration of separation among the dif-
ferent groups. The mean 6 SD gain in weight was 28.4
6 5.5 g (median 28.9, range 10–41.9). As in the single
injection experiments, none of the control animals except
those injected with sham CSF developed ventricular di-
lation, the ventricular area ranging from 0.1 to 0.8 mm2.
In contrast, 8 of 16 rat pups (50%) injected bilaterally
with sham CSF and 28 of 43 (65.1%) injected with blood
bilaterally had a ventricular area .1 mm2. The ventricular
area in the animals that did develop ventricular distension
ranged from 11.9 to 70.5 mm2 in those injected with sham
CSF, and 1.2 to 56.1 mm2 in those injected with blood
(Table 3; Figs. 1, 2).

Group 4 were given bilateral injections of blood and
allowed to survive until P48. Five of the 9 pups survived
for the 7 weeks, and in these pups the ventricular area was
34.9 6 21.6 mm2 (median 37.9, range 0.9 to 60.9). An
attempt was made to evaluate head size objectively by
measuring interaural distance at P7, P14, and P21 in live
as well as in dead rat pups at P21. However, this proved
a less reliable predictor of ventricular dilation than did
simple naked-eye examination (Fig. 3), which allowed
identification of ventricular dilation in 65% of animals.
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Fig. 1. Graphical illustration of ventricular area measure-
ments in the rat pups given bilateral 80-ml intraventricular in-
jections of blood and in the control groups. Each triangle rep-
resents a single animal. The values are shown as
log10(ventricular area in mm2). The threshold for diagnosis of
ventricular dilation was set at 1 mm2, corresponding to a log-
arithmic value of zero (indicated by the horizontal line). This
threshold was exceeded in 8 of 16 rat pups (50%) injected bi-
laterally with sham CSF and 28 of 43 (65.1%) injected with
blood, but in none of the noninjected controls.

Brain Weight

The mean brain weight at P21 in both single and bi-
lateral injection groups is shown in Table 3. The brain
weight of animals that were injected bilaterally with ei-
ther substance was significantly heavier in those that de-
veloped ventricular dilation than in those that did not (p
5 0.01, Mann-Whitney test). The brain weight of bilat-
erally injected pups was not, however, heavier than that
of littermate controls that had received no ventricular in-
jections, although it should be noted that CSF was not
drained before weighing. Animals that received bilateral
injections of blood or artificial CSF but did not develop
ventricular dilation had significantly lighter brains than
did littermate controls (p , 0.001, Mann-Whitney test).
There was no significant difference in brain weight
among animals with or without ventricular dilation after
a single injection of blood or CSF.

Intracranial Pressure

Mean baseline intracranial pressure, as measured with
the parenchymal probe, was 1.5 6 0.7 mmHg. The pres-
sure increased to a peak of 17.2 6 6.0 mmHg at 8.1 6
2.9 min after initiation of the injection. Once the injection
was complete and the needle removed from the brain, the
pressure dropped to a mean of 3.1 6 1.9 mmHg. There
was no significant difference in the intracranial pressure
(as indicated by the area under the pressure-time curve)
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Fig. 2. Coronal brain slices through the cerebrum in a pup
killed on P8 after the second injection of blood (A), and in a
pup killed at P21 (B). The distension of the lateral ventricles
by blood is clearly visible on P8. By P21 the ventricular blood
has disappeared but the lateral ventricles are still dilated.

Fig. 3. Enlargement of the head in association with PHVD.
The P21 rat pup on the left received bilateral ventricular injec-
tions of blood on P7 and P8 and shows obvious doming of the
head. Its littermate on the right was one of the normal juvenile
controls.

between the first and second injection of blood or artifi-
cial CSF or between injections of blood and those of CSF.

Temperature

The mean baseline temperature 6 SD was 36.8 6
1.58C (median 5 37.2). However, the rectal temperature
dropped within 4 min to 34.8 6 1.08C (median 5 34.7)
once the pup was on the stereotactic frame. The temper-
ature then stabilized and at the end of the injection it was
34.9 6 0.98C (median 5 35.3).

Neurologic Assessment

Of the 52 rats tested, 8 of 15 injected on P7 and P8
with sham CSF, and 10 of 13 injected with blood devel-
oped ventricular dilation. In the postural reflex test all 52
rats showed no asymmetry in extension of their forelimbs.

When tested for grip traction there was a significant dif-
ference between the 3 groups (p , 0.0005, Kruskal Wallis
test). There was no difference between juvenile controls
and animals that did not develop ventricular dilation (p 5
0.12, Mann-Whitney test). However, animals that did de-
velop ventricular dilation were able to hang from the tub-
ing for a significantly shorter time (22.3 6 12.9 seconds,
median 5 18) than were those that did not (36.7 6 10.5
seconds, median 5 35; p 5 0.0002, Mann-Whitney test).

Histology and Immunohistochemistry

Examination of rat pups from the noninjected control
groups revealed no histologic abnormalities apart from oc-
casional pyknotic neocortical and hippocampal neurons
and focal disruption of cortex and white matter related to
the insertion of a needle into the sham-injected controls.
Examination of pups that had developed ventricular dila-
tion showed most of the abnormalities to be related to the
lateral ventricles and adjacent cerebral tissue. There was
patchy loss of ependyma, astrocytic gliosis, and variable
rarefaction of the periventricular white matter—in some
cases associated with obvious edema (Fig. 4). Scattered
hemosiderin-laden macrophages were present along the
ventricular lining and in the adjacent white matter of rats
that had been injected with blood. The strong Prussian
blue staining of these macrophages when the sections were
treated by Perls’ method confirmed the nature of the pig-
ment (Fig. 5). In many animals, both those injected with
blood and those with CSF, it was possible to identify the
injection track(s) as discrete linear regions of disruption of
cortex and underlying white matter, with accumulation of
lipid-laden macrophages and localized gliosis.
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Fig. 5. Accumulation of hemosiderin pigment adjacent to
lateral ventricles. Both (A) and (B) are sections of brain from
rats given bilateral intraventricular injections of blood. Both
sections contain hemosiderin-laden macrophages, although only
1 rat (B) developed PHVD. Hemosiderin was not seen after
intraventricular injection of artificial CSF, even in rats that de-
veloped ventricular dilation. Scale bars 5 40 mm. Perls’ stain.

Fig. 4. Coronal sections at the same level through the lateral
ventricle in a P21 animal with PHVD (A) and a normal littermate
control (B). These figures are orientated with the hippocampus
towards the bottom. The lateral ventricle is slit-like in the normal
control but moderately enlarged in the animal with PHVD. Also
visible in (B) is periventricular edema (arrows) and focal disrup-
tion of the ventricular lining (towards the left of the figure). C:

←

At higher magnification, clusters of macrophages are visible ad-
jacent to the ependyma and the periventricular tissue appears
rarefied and gliotic. Scale bars: A, B 5 250 mm; C 5 20 mm.
All sections stained with hematoxylin and eosin.

Apart from the disruption along the injection tracks
and occasional pyknotic neocortical and hippocampal
neurons, the cerebral gray matter in animals with ven-
tricular dilation appeared largely intact. However, the
region of hippocampus adjacent to the lateral ventricle
contained increased numbers of astrocytes. Immunohis-
tochemistry for GFAP revealed astrocytosis of the cere-
bral white matter and parts of the gray matter, especially
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Fig. 6. Immunohistochemical demonstration of GFAP. A: Scattered immunolabeled astrocytes are present in a section of brain
from a noninjected control rat. B: Higher magnification reveals labeled cells within the cerebral white matter and molecular layer
of the hippocampus, but only scanty labeling immediately adjacent to the ependyma. C: In a rat with PHVD, labeled astrocytes
are more numerous and more widely distributed, and their processes are more extensive. D: Higher magnification reveals a dense
meshwork of GFAP-immunopositive processes along the lateral ventricle. Scale bars: A, C 5 40 mm; B, D 5 20 mm.

the regions of hippocampus abutting the lateral ventricle.
A dense meshwork of subependymal GFAP-immunopos-
itive processes was consistently present in the animals
with ventricular dilation (Fig. 6). No consistent histologic
differences were observed between animals with ventric-
ular dilation due to injection of blood and those with
dilation after injection of CSF.

Sections through the foramen of Munro, the third ven-
tricle, aqueduct, and fourth ventricle showed these to be
of normal caliber, with an intact ventricular lining and
well-preserved adjacent brain tissue, even in animals
with markedly dilated lateral ventricles. In a few animals
there were clusters of macrophages in the foramen of
Munro or the third ventricle but no other histologic ab-
normalities in these structures. No enlargement or other

changes were seen in the subarachnoid space in relation
to arachnoid villi or in the region of the cribriform plate.

In general, the rat pups that had received ventricular
injections of CSF but did not develop dilation showed
little in the way of histologic abnormalities other than
those along the injection track and, in some cases, mild
periventricular gliosis. In the animals that were injected
with blood but did not show ventricular dilation at the
time of histologic examination, scattered hemosiderin-
laden macrophages were present in the deep white matter
around the lateral ventricles, confirming that blood had
been injected, despite the absence of subsequent ventric-
ular dilation. The presence of the hemosiderin was
confirmed using Perls’ stain (Fig. 5). Hemosiderin was
not present in sections of brain from rats that had been
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Fig. 7. India ink injection of dilated ventricles at P21. A: Section through the massively dilated lateral ventricles (towards
top of figure) and deep gray matter in the plane of the foramen of Munro 1 h after injection of ink. Ink is present over the surface
of the lateral ventricles (arrowheads), in the foramen of Munro (arrow), and in the anterior part of the third ventricle. Note that
the foramen of Munro and anterior part of the third ventricle are of normal caliber. At 1 h, ink is also present in the body of the
third ventricle (arrow) (B). At 24 h, ink still fills the dilated lateral ventricles (arrowheads) and foramen of Munro (arrow) (C)
and a small amount of ink (arrows) is visible in the aqueduct (D). The deep cerebral white matter (E) contains accumulations of
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←

India ink (arrows) in the interstitial space. F: This section, taken 24 h after the injection of India ink, through meninges, part of
the cerebral hemisphere, and a dilated lateral ventricle, shows some ink to have passed into the subarachnoid space (arrows).
Scale bars: A 5 125 mm; B 5 50 mm; C 5 250 mm; D, E, F 5 40 mm.

injected with CSF, irrespective of whether or not these
animals had developed ventricular dilation.

India Ink Study

Injected India ink was readily detected within the di-
lated lateral ventricles at 1 h and remained present in the
lateral ventricles 6 h and 24 h after injection (Fig. 7). At
all of these time points, and particularly at 24 h, scattered
interstitial accumulations of India ink were present in the
periventricular white matter around both lateral ventri-
cles, indicating disruption of the ventricular lining and
communication of fluid in the ventricle with the intersti-
tial space in the deep white matter (Fig. 7e). At 1 h and
6 h, India ink could be seen in the third ventricle, and at
24 h ink was present in the subarachnoid space (Fig. 7f)
and extending down the perivascular space of some of
the cortical blood vessels. No ink was visible in the re-
gion of the cribriform plate or in nasal lymphatics.

DISCUSSION

We have developed an animal model of neonatal post-
hemorrhagic ventricular dilation, which to the best of our
knowledge is the first such model reported. The model is
easy to establish and mimics most of the pathologic fea-
tures of posthemorrhagic hydrocephalus in the human ne-
onate. As after ventricular hemorrhage in human neo-
nates, ventricular dilation in this model is not inevitable
but occurs in approximately 65% of rat pups injected
with blood and 50% of those injected with artificial CSF.
The development of hydrocephalus in a much higher pro-
portion of rat pups given bilateral than unilateral injec-
tions of blood or CSF may reflect the situation in many
premature infants that develop hydrocephalus after rela-
tively protracted, often bilateral, ventricular hemorrhage.
In addition, our rat pups with ventricular dilation showed
reduced motor performance as revealed by the grip trac-
tion test. Over two-thirds of infants with progressive
PHVD are known to develop motor deficits (5–7).

Early animal models of IVH relied on the development
of spontaneous subependymal hemorrhages following
premature delivery or after a variety of insults (e.g. hy-
potension or hypercarbia) in rabbit pups, preterm fetal
sheep, and beagle pups (39–42). The hemorrhages that
developed were similar to those seen in the newborn in-
fant but ventricular dilation was not investigated, as sur-
vival was only short-term. Injection of blood mixed with
thrombin into the lateral ventricles of adult pigs did not
lead to posthemorrhagic ventricular dilation at 42-day
follow-up (46). The only previous reports of PHVD in

experimental studies were those of Pang et al (43–45),
who stereotactically injected autologous clotted blood
into the lateral ventricles of adult mongrel dogs. Eight of
10 dogs developed hydrocephalus 6 weeks later.

The adult rat has a hemoglobin concentration of 13 to
17 g/dl and a blood volume of 5.8 to 7.2 ml/100g body
weight (51). The 80 ml of fluid that we injected to achieve
ventricular dilation corresponds to approximately 12% of
the circulating blood volume. Although this seems to be
a large volume, it is not unusual to observe drops in
hemoglobin of up to 50% in premature infants with large
IVH. Because, in previous studies, injection of whole
blood into the ventricles had not been reported to cause
ventricular dilation (44–46), we used centrifuged blood,
the cellular content of which was concentrated to the ex-
tent that hemoglobin content was elevated 1.5-fold. Our
finding that injection of an equivalent volume of artificial
CSF was as likely as blood to cause ventricular dilation
that persisted to P21 was not expected. The absence of
Perls’-positive material in the hydrocephalic animals that
had been injected with artificial CSF excludes the pos-
sibility that the ventricular dilation was caused by bleed-
ing due to the trauma of needle insertion. Our measure-
ments showed intracranial pressure to increase to the
same extent following the injection of either blood or
CSF. This is not surprising because the rate of injection
of 80 ml over 10 min exceeds by over 3-fold the rate of
CSF production in an adult rat (22) and, therefore, sub-
stantially increases the volume of fluid in the ventricular
system. Our findings suggest that acute ventricular dis-
tension and raised intracranial pressure are at least as im-
portant as the presence of blood and products of coagu-
lation in the pathogenesis of chronic PHVD. These
findings are consistent with the observation of Pang et al
(44, 45) that in their adult canine model of ventricular
hemorrhage, PHVD occurred only when there had been
acute distension of the ventricles. Although we did not
identify any consistent pathological abnormalities at the
level of the foramen of Munro, the prolonged retention
of India ink in the lateral ventricles suggests that there
may have been a functional obstruction at this level. One
possibility is that the roof of the interventricular foramen
may have acted like a flap-valve, narrowing the foramen
when pressure increased within the lateral ventricles.

Histologic observations and intracranial pressure mea-
surements provide support for the concept that the initial
ventricular dilation and increase in pressure can, and in
many cases do, initiate a progressive pathologic process.
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Animals with hydrocephalus had much more severe glio-
sis, especially in the immediate subependymal region, than
did those without hydrocephalus, despite having received
ventricular injections of identical volume. However, the
significantly lower brain weight in pups that did not de-
velop hydrocephalus but had intraventricular injections of
blood or artificial CSF indicates that the injections did
have some adverse effect even in these animals. The con-
sistent demonstration of hemosiderin-laden, Perls’-positive
macrophages in the periventricular white matter after in-
jection of blood is strong evidence that the pups were all
correctly injected. It seems that the effects of the injection
were related to processes within the brain only and not to
any systemic complications, as the body:brain weight ratio
was not different in any of the groups studied. Brain
weights of animals with ventricular dilation were heavier
than those without dilation because their ventricles were
filled with CSF. In order to ensure good histologic pres-
ervation, the animals were fixed by transcardiac perfusion
before the brains were removed and weighed, which may
also have affected the brain weights, particularly in the
hydrocephalic pups with white matter edema. Volumetric
brain MRI studies have shown premature infants to have
reduced cortical surface area and cortical gray matter vol-
ume at term gestation (52) and adolescence (53). Infants
with periventricular leukomalacia also have reduced vol-
umes of cortical gray and myelinated white matter (54).
The present findings suggest that IVH may, even in the
absence of PHVD, initiate pathologic processes that lead
to a decrease in the volume of white and gray matter.
Further investigations will be needed to elucidate the path-
ogenesis of the hydrocephalus and the loss of brain sub-
stance, whether or not the hydrocephalus and other ab-
normalities are progressive, and the reasons for the
divergent reactions in different animals.

There are important differences between the develop-
ment of the rat and that of the human brain. In humans,
neuronogenesis is complete by 22 weeks, neuronal migra-
tion by 26 weeks, and glial cell proliferation peaks at 3 to
4 months of age (1, 55–57). In rats, however, neurono-
genesis and migration peak just prior to birth (after ges-
tation of 21 days) and continue for the first few days of
life (58, 59). Glial cell proliferation in the rat is most in-
tense at P1 to P20 (58). Synaptogenesis in man occurs
predominantly between 2 months and 3 years of age,
whereas myelination takes place from birth to several
years postnatally (1). In the rat, synaptogenesis peaks at
P14 to P21 and myelination at P10 to P50 (60–62). The
rapid changes in development that occur in a rat brain
from P7 to P21 are therefore different from those in human
infants during the first few weeks of life. However, it
should be noted that approximately 40% of adults who
suffer a large IVH develop hydrocephalus (63), suggesting
that maturity of the CNS may not be a key factor in de-
velopment of PHVD. Our model may not be suitable for

the study of all physiological and developmental conse-
quences of PHVD. However, it is well suited to the ex-
amination of the cellular processes involved in the path-
ogenesis of this disabling condition, and to investigate
possible interventions aimed at its prevention or amelio-
ration.
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