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ABSTRACT

Hypoxic ischemia is a common cause of brain injury in the
human neonate. This can be mimicked in the neonatal rat, but
produces variable injury. The present study investigated the
influence of litter size on the severity and variability of damage
caused by hypoxic-ischemic injury in neonatal rats. Groups of
7-d-old pups from birth-sized litters (13—15 pups), or from litters
culled to 10 on postnatal d 2, and 8- and 9-d-old pups from
birth-sized litters, were exposed to common carotid artery occlu-
sion and then, 3 h later, hypoxia (2 h 15 min, 8% oxygen).
Damage was assessed histologically 72 h after injury, and graded
(I-1V) according to severity. In nonculled litters, similar numbers
of animals had each grade of injury. Most pups (70%) from
culled litters had grade IIl or IV damage, and severity was

Hypoxic-ischemic injury in neonates occurs as a result of
intrauterine hypoxia and birth asphyxia and is a significant
cause of death and disability (1, 2). To study the mechanisms
underlying hypoxic-ischemic injury in the laboratory setting,
the injury can be mimicked in the neonatal rat (3).

A commonly used animal model to study perinatal hypoxic-
ischemic brain damage is the 7-d-old rat subjected to unilateral
common carotid ligation followed by exposure to 8% oxygen
4, 5).

The severity of damage caused by hypoxic-ischemic injury
in the 7-d-old rat is variable, often requiring 25-30 animals per
group, and a similar number of controls, to test treatments and
interventions (6—9). Variation is reportedly limited by using
pups of similar body weight (10—12), and several studies have
culled litters, possibly to reduce variation in body weight (10,
13, 14), but no universal protocol has been followed. A previ-
ous study observed that pups assigned to litters of six on
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significantly greater than in nonculled litters (p < 0.001). Pups
from culled litters were heavier (17.6 = 0.4 g) than pups from
nonculled litters (14.7 = 0.3 g, p < 0.0001). To determine
whether this indicated that culled litters were more similar to
older pups in their response to hypoxic-ischemic injury, we
examined injury in 8- and 9-d-old pups of similar body weight to
7-d-old pups from culled litters. The severity and distribution of
damage in the older pups was different from damage in the
7-d-old pups from culled litters. These data suggest that in
7-d-old rats, litter size influences damage caused by hypoxic-
ischemic injury, and that the relationship between body weight,
brain development, and susceptibility to hypoxic-ischemic injury
is complex. (Pediatr Res 52: 692-696, 2002)

postnatal d 1 (P1), were more susceptible to injury on P7 than
those from litters of 14 (6). However, in this study, damage
was assessed by measurement of brain size.

Thus, the aim of the present study was to investigate in more
detail the effect of culling litters on the damage caused by
hypoxic-ischemic injury in the 7-d-old rat, and to determine the
relationship between body weight and injury severity in culled
and nonculled litters. Pups from culled litters were found to be
heavier than those from birth-sized litters. By comparing dam-
age in culled pups with older pups of a similar weight from
birth-sized litters, we tested the hypothesis that susceptibility to
hypoxic-ischemic injury in culled litters was influenced by
maturity and body size.

METHODS

Animals. Time-mated, pregnant female rats (Sprague Daw-
ley, Charles River, Margate, Kent, U.K.) were housed individ-
ually in a temperature-controlled (19-22°C), artificially lit
(0800-2000 h) environment, and provided with food (CRM,
Labsure, Poole, Dorset, U.K.) and water ad libitum. Pups were
delivered spontaneously, and the day of birth was defined as
PO. Pups remained with the dam until surgery. All surgical
procedures were performed in accordance with the U.K. Ani-
mals (Scientific Procedures) Act, 1986.
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Hypoxic-ischemic injury. Four groups of animals were ex-
posed to hypoxic ischemia: 7-d-old pups from birth-sized
litters (n = 33, mean litter size 14, range 13—15); 7-d-old pups
from litters that had been culled to 10 pups on P2 (n = 41); and
8- (n = 24) and 9-d-old (n = 32) pups, both from birth-sized
litters. On the day of the experiment, pups were anesthetized
with halothane (3—4% for induction and 0.75-1.5% for main-
tenance) (Fluothane, Zeneca Pharmaceuticals plc, Maccles-
field, U.K.) in a mixture of nitrous oxide and oxygen
(70%:30%). An incision was made medially on the left side of
the neck, and the left common carotid artery was exposed and
isolated from the adjacent vagus nerve and jugular vein under
a dissecting microscope. The artery was then ligated (silk
suture, 5/0: Davis and Geck, Basingstoke, U.K.) sectioned
between the ligatures and the wound sutured (Mersilk sutures,
6/0 Johnson and Johnson, Skipton, U.K.). The total duration of
anesthesia was <20 min. Animals were returned to the dam
and allowed to recover for at least 3 h in their normal envi-
ronment. In sham-operated animals, the common carotid artery
was exposed, the wound closed, and the pups were returned to
the dam until the injured littermates were killed.

The injured pups (6—12) were placed into a humidified,
temperature-controlled chamber. This consisted of a 2-L glass
Buchner flask partially immersed in a water bath maintained at
36.5 £ 0.5°C. The flask was supplied with humidified air,
pumped through water in a second Buchner flask, also im-
mersed in the water bath. A humidified mixture of precali-
brated gas 8.1% oxygen; 91.9% balance nitrogen (BOC Gases,
Guilford, U.K.) was used to perfuse the chamber for 2.25 h in
place of air. Samples of the gaseous mixture within the flask
were collected periodically and analyzed (Servomex Group,
Crowborough, East Sussex, U.K.). Oxygen levels were main-
tained at 8.1 = 0.1. Immediately after the hypoxic-ischemic
insult, the animals were returned to their respective dams.
During procedures and recovery, animals were kept at an
ambient temperature of 22-23°C.

Assessment of damage. Seventy-two hours after hypoxic-
ischemic injury, animals were anesthetized in halothane, killed
by cervical dislocation, and their brains were removed. The
brains were frozen in isopentane (—25 to —30°C) and stored
briefly at —20°C. Tissue was embedded in Tissue-Tek (Dental
Supplies, Orpington, U.K.) and 20-um coronal sections (taken
every 450 pwm) were cut on a freezing microtome (Leica,
Wetzlar, Germany) before mounting on 3-aminopropyltri-
ethoxysilane (APES)-coated slides.

Air-dried sections (nine per animal) were stained with he-
matoxylin and eosin, dehydrated in descending concentrations
of alcohol, cleared in xylene, and mounted in mounting me-
dium, DePEX (Raymond Lamb, Eastbourne, U.K.), under a
coverslip. Once dry, the slides were studied using a slide
viewer and light microscope. Damage was defined as regions
where eosinophilic staining was pale and nuclear densities
were not uniform— either shrunken and condensed, absent, or
pale and enlarged. Areas of damaged and nondamaged tissue
were recorded onto stereotaxic brain maps (taken from ref. 15)
at 900-um intervals in the coronal plane, and the severity of the
damage for each individual animal was graded (Fig. 1). The
assessor was blind to the treatment. A second blind observer
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Figure 1. Grading scale. Diagrams are of coronal sections of 10-d-old rat
brain (injured at 7-d-old) at the level of the internal capsule (/C) and hip-
pocampus (HC). The borders of the region of damaged tissue for each grade
(I-1V), according to severity, are represented by the shaded areas. Contralateral
damage was observed in animals injured at 7-d-old and some of the animals
injured at 8-d (39%) and 9-d (13%). TH, thalamus; 4, amygdala.

assessed 12 randomly selected brains and recorded levels of
damage with 95% consistency with the first observer.

Grading scale. In 7-d-old and some 8- (39%) and 9-d-old
(13%) animals, damage appeared bilaterally, normally with
larger areas of tissue damage on the ipsilateral side. Assess-
ment was based on the nature of the ipsilateral damage only.

Grade I was defined as pale eosinophilic staining (also seen
in controls) together with disruption of regular tissue architec-
ture, (including irregular distribution of nuclear hematoxylin
stain) in the body of the corpus callosum and the posterior limb
of the internal capsule, compared with surrounding tissue.

Grade Il was defined as further disruption of tissue as shown
by pale eosinophilic staining, and irregular hematoxylin stain-
ing in the arm of the corpus callosum, with enlargement of
damage in the internal capsule.

Grade I1I was defined as disruption of the corpus callosum
and hippocampal damage indicated by loss of deeply stained
(basophilic) cells in the CA1/CA3 regions; some regions of
neuronal loss were seen in the ipsilateral cortex with >5% of
the ipsilateral cortex damaged and <35% of the ipsilateral
subcortical tissue damaged.

Grade IV was defined as infarction in most (>75%) of the
ipsilateral hemisphere (including both cortical and subcortical
areas) and definite hippocampal ablation ipsilaterally.

Statistical analysis. Differences in damage between the
groups were examined using x> analysis. Body weights were
analyzed using ¢ test and Welch’s correction. The relationship
between body weight and brain damage was analyzed using a
Pearson correlation. Data are expressed as mean and SE.

RESULTS

Severity of hypoxic-ischemic injury. No damage was seen
in either naive (n = 5) or sham-operated animals (n = 6). All
pups from nonculled litters subjected to hypoxic-ischemic
injury exhibited brain damage, which varied from mild (grade
I, n = 10) to severe infarction (grade IV, n = 9) (Figs. 1 and
2). Typically, damage in the corpus callosum and internal
capsule was characterized by regions of pale staining and
disruption of structure (Figs. 2 and 3). In animals with more
severe grades of injury, damage extended laterally in the
corpus callosum, into the hippocampus, and from the internal
capsule into the surrounding tissue; as severity increased this
became continuous with the damaged lateral portion of the
corpus callosum. In more severely damaged brains, disruption
of tissue architecture extended further into the overlying cortex
and ventrally from the corpus callosum and the internal capsule



Figure 2. Grades of brain damage 72 h post hypoxic-ischemic injury in
nonculled litters. Typical hematoxylin and eosin stained coronal (20 wm)
sections. All sections were taken at the level where the internal capsule and the
hippocampus were both visible. On P7 (4), P8 (B), or P9 (C), animals from
birth-sized litters were subjected to unilateral common carotid artery ligation
and section. They were allowed to recover from surgery and then exposed to
2 h 15 min in an 8% oxygen environment kept at 36-37°C. Scale bar = 1.8
mm.

into thalamic tissue. The most severely affected animals exhib-
ited complete cortical infarction of the hemisphere, with tissue
damage in subcortical structures throughout the entire rostro-
caudal axis (Fig. 2).

Influence of litter size on brain damage. As described
above, animals from nonculled litters (containing 13—15 pups)
subjected to hypoxic ischemia presented with variable damage,
which was distributed almost evenly across all four grades of
injury (Fig. 44). In contrast, the majority (37/41) of the animals
from culled litters (10 pups/litter) presented with severe dam-
age (grade III or IV), only four animals presented with grade II
damage (Fig. 44). Statistical analysis confirmed the distribu-
tion of damage in culled litters was significantly different from
nonculled P7 litters (x*, p < 0.001). Of the 75 animals used in
the study, one died during hypoxia and four died during
surgery.

Relationship between body weight and brain damage. In
the same population, the relationship between body weight and
brain damage was examined. Seven-day-old pups from culled
litters were significantly (p < 0.0001) heavier (range 12.5-23.5
g) than pups from nonculled litters (12.3-17.7 g, p < 0.0001).
There was no relationship between body weight and the grade
of damage in pups from nonculled litters. In culled litters, there
was a correlation between body weight and injury severity,
with heavier pups having more severe damage (p < 0.05, Fig.
4B).

Hypoxic-ischemic injury in 8- and 9-d-old litters. To de-
termine whether the severe damage observed in the heavier,
culled pups reflected enhanced maturity, we examined the
effect of injury in 8-d-old pups from nonculled litters, in which
body weight was similar to those from 7-d-old culled litters,
and in 9-d-old animals from nonculled litters, in which body
weights were above the 75th percentile of 7-d-old pups. There
was no correlation between body weight and injury in either
the 8-d-old pups or the 9-d-old pups, and in both groups
damage was variable and distributed almost equally across all
four grades of injury. The pattern of white matter injury in the

OAKDEN ET AL.

E Ventrolateral nucleus
(thalamus) Reticular
nucleus
/ (thalamus)
> \ - Basal
c &) 4 Internal [ nucleus
el | capsule (Myert)
A~ o
/ 77 . o] Substantia
N S T ) #2 innominata
|
Lateral
hypothalamus

Figure 3. Grade I damage in regions of white matter. Coronal 20 wm sections
stained with hematoxylin and eosin taken from injured (4, C) and naive (B, D)
rat brains at the level of the posterior limb of the internal capsule. £ indicates
the regions represented by 4 and B (indicated by dotted-line square) and C and
D (indicated by solid-line square). On P7, animals were subjected to unilateral
common carotid artery ligation and section, allowed to recover from surgery,
and then exposed to 2 h 15 min in an 8% oxygen environment, kept at
36-37°C. Myelinogenic foci in the corpus callosum, 4 and B; internal capsule,
C and D. Orientation: top is dorsal and bottom is ventral. Pale, damaged
regions are indicated by arrows. The damage in this injured brain (4 and C) is
classified as grade I. Scale bar = 200 um.

older (8-d and 9-d) animals was also different from the 7-d
animals. All 7-d-old pups subjected to hypoxic-ischemic injury
had bilateral damage in the corpus callosum and the internal
capsule (regions containing fiber tracts of myelinated axons,
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Figure 4. Severity of damage caused by hypoxic-ischemic injury. (4) Sever-
ity of damage in pups from culled and nonculled litters injured on P7 and in
pups from nonculled litters injured on P8 and P9. The distribution of damage
in P7 culled litters was significantly different from nonculled P7 litters (p <
0.001). Animals were subjected to unilateral common carotid artery ligation
and section, allowed to recover from surgery, and then exposed to 2 h 15 min
in an 8% oxygen environment, kept at 36-37°C. (B) Grade of damage and
body weight. Level of damage is plotted against body weight (g) pups from
culled litters injured on P7. There was a correlation between body weight and
injury severity, with heavier pups having more severe damage (p < 0.05).

i.e. white matter). In 8-d-old pups, the bilateral damage was
less frequent (39%) and in 9-d-old pups was absent in the
majority (87%) of animals.

Of the 56 animals used in this study, 10 died during hypoxia.

Hypoxic-ischemic interval. In the same experiment, the time
between occlusion of the carotid artery (i.e. onset of ischemia)
and entry into the hypoxic chamber was recorded and varied
between animals (3—5.7 h). Subsequent analysis revealed that
the length of this interval had no relationship to the degree of
damage (data not shown).

DISCUSSION

Standard hematoxylin and eosin histologic staining was used to
differentiate between viable and nonviable tissue. This has advan-
tages over other commonly used methods such as measurement of
brain mass, edema, neuronal excitability in damaged regions, or
behavioral outcomes (16—19), which do not permit analysis of
cellular or regional damage, or reveal subtle changes in tissue or
cellular integrity. To illustrate the variation in the extent of
damage caused by hypoxic-ischemic injury, damage was assessed

695

by categorizing severity into four bands. This has advantages over
measurement of lesion volume inasmuch as hypoxic ischemia
causes diffuse injury in selective regions. Furthermore, direct
measurement is inaccurate where hemispheric swelling or shrink-
age is associated with the lesion, so normally an indirect approach
is used to calculate lesion volume (20). These methods assume the
contralateral hemisphere is undamaged, with no swelling or
shrinkage. We attempted to use such a method in the present
study, and for animals (7-d-old) exhibiting extensive infarction
(grade TV) calculated a lesion volume of 203 + 22 mm®. In the
present study, however, we believe that this approach is mislead-
ing. As reported previously (12), there is damage and edema in the
contralateral hemisphere, and although some animals had consid-
erable swelling of the ipsilateral hemisphere (up to 140% of the
contralateral volume), others had considerable shrinkage (reduc-
tion in volume of up to 40%). Thus, the calculations of lesion
volume are inaccurate. Therefore, in the present study, we used
the method of grading injury severity as used previously (21, 22).

The variation in damage observed between pups from non-
culled litters was consistent with data presented by Rice et al.
(3), who noted that 56% of animals had a discrete area of
infarction, as did 46% of all the 7-d-old animals in the present
study. The nature and cause of this variation is unknown. We
have demonstrated that damage is maximal 72 h after injury
(data not shown), so the variation observed within this exper-
imental group was not because damage is still progressing, but
could relate to other experimental and/or biologic variants.

In 7-d-old litters culled to 10 pups, damage was statistically
different from nonculled pups, with most (90%) animals ex-
hibiting severe injury with cortical infarction, and hippocampal
and thalamic damage. The fact that in nonculled litters animals
exhibited all grades of damage, whereas those from culled
litters exhibited mainly grade III and IV damage, indicates that
variation was reduced in the latter. Pups of this age are capable
of regulating body temperature independently of heat derived
from the dam (23, 24). However, it is possible that pups from
culled litters have a higher body temperature than those from
birth-sized litters through spending more time in close prox-
imity to the mother. Because hypothermia can protect the brain
from hypoxic-ischemic injury (25-27), such an increase in
body temperature could influence the extent of brain injury to
cause more severe damage. We did not investigate this possi-
bility in the present study as this would require repeated
measurement of body temperature, which is associated with a
stress response that would confound results. Pups from culled
litters had a greater body weight (17.6 = 0.4 g) than those from
the nonculled litters (14.7 = 0.3 g, p < 0.0001). There was a
correlation between body weight and injury severity in the
culled litters, but not the nonculled litters; thus, heavier animals
appear to be more susceptible to injury. Pups from culled litters
may be heavier due to greater milk availability, and it has been
reported that reducing maternal food intake significantly im-
pairs brain development (for review, see ref. 28). Thus, in-
creased susceptibility to hypoxic-ischemic injury may reflect
enhanced maturity (e.g. brain development) in the culled
litters.

Several protective mechanisms may operate in younger ani-
mals, including higher efficiency of the oxygen transfer (29), and
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the ability to use lactate as a substrate for glycolysis (30) and to
divert energy resources away from nonessential processes of
growth (31, 32). These mechanisms are gradually lost as the
animal matures (33). In younger animals, there is a lower density
of ion channels, which limits damaging changes in membrane
potential that can occur because of hypoxic-ischemic injury (34,
35). Furthermore, the number and distribution of excitatory amino
acid receptors changes during development (36).

The hypothesis that the increased susceptibility of culled
litters to hypoxic-ischemic brain damage was due to enhanced
maturity was not supported by our comparison of damage in
7-d-old pups from culled litters with damage from older pups
from birth-sized litters. The older animals (8-d-old) from non-
culled litters had comparable body weights (16.7 = 0.2 g) to
pups from 7-d-old culled litters, but the damage was variable;
20-30% had each grade of damage (Fig. 44). These data
suggest that the 7-d-old culled litters are not equivalent to
8-d-old nonculled litters, and that body weight is not the sole
predictor of damage severity, though it is possible that age and
body weight each has an independent effect on susceptibility to
hypoxic ischemia. Furthermore, damage in pups from 9-d-old
nonculled litters whose body weights (19.2 = 0.4 g) were
comparable to the 75th quartile of the culled group was also
variable (13-35% having each grade, Fig. 44).

There was a reduced incidence of contralateral white matter
damage in the older (8-d and 9-d) animals compared with the
7-d-old animals (as described in the “Results” section). These
findings are consistent with previous reports (37) and suggest
that, in common with the human, the increased susceptibility of
regions of white matter to injury becomes less pronounced with
age. It is possible that detailed examination of all aspects of
pup development would reveal differences between culled and
nonculled litters. However, the different pattern and severity of
damage observed in 8- and 9-d-old pups, compared with
7-d-old culled pups, suggests that the increased susceptibility
to damage in the culled litters is not explained by a general
enhancement of maturity, and is unlikely to be due to uni-
formly enhanced brain maturity.

Thus, reducing litter size by culling results in heavier pups
that are more susceptible to hypoxic-ischemic injury. The
mechanisms underlying the effect of litter size on susceptibility
to hypoxic-ischemic injury are presently unknown. Body
weight alone is not a reliable indicator of susceptibility to
hypoxic-ischemic injury in birth-sized litters, and although
culling litters may influence the development of pups, the
present data suggest the effect on brain development is com-
plex because damage severity and the pattern of white matter
damage is different from the older pups.
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