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ABSTRACT: Fundamental questions remain about the optimal tem-
perature, duration, and mode of delivery that provide the best striatal
neuroprotection from hypothermia after perinatal hypoxia-ischemia.
This study used stereological methods to investigate whether a mild
(i.e. 2°C) or a moderate (5°C) decrease in whole body temperature,
for 6 h immediately postinsult, was neuroprotective for striatal
medium-spiny neurons after perinatal hypoxia-ischemia in the rat.
This study also investigated whether moderate hypothermia had any
effect on normal striatal development. Hypoxia-ischemia or sham
hypoxia-ischemia was induced on postnatal day (PN) 7. Pups were
kept either normothermic, mildly hypothermic, or moderately hypo-
thermic for 6 h immediately postinsult. The absolute number of
striatal medium-spiny neurons was calculated using modern stereo-
logical methods. There was no significant difference in the absolute
number of medium-spiny neurons in the right striatum after either
mild hypothermia or moderate hypothermia. There was also no
significant difference in the absolute number of medium-spiny neu-
rons between the control normothermic and the control moderately
hypothermic pups. The latter results suggest that moderate hypother-
mia for 6 h immediately postinsult may be a safe treatment for striatal
medium-spiny neurons. Yet, neither mild nor moderate hypothermia
alone for 6 h immediately posthypoxia-ischemia is neuroprotective
for striatal medium-spiny neurons. (Pediatr Res 62: 646–651, 2007)

Perinatal cerebral hypoxia-ischemia is a leading cause of
acute brain injury, which can lead ultimately to cerebral

palsy (1). Recent clinical trials in hypoxic-ischemic (H/I)
neonates indicate that posttreatment with mild to moderate
hypothermia can improve the combined outcome of death or
severe disability for some infants (2,3). The improved out-
comes were evident after treatment with mild or moderate
hypothermia for 48–72 h, with the onset of treatment com-
mencing within 6 h of birth or H/I event (2,3). While these
findings are promising, fundamental important questions re-
main about the optimal temperature, duration, and mode of
delivery that provide the best neuroprotection from hypother-
mia (4). Thus, the first aim of this study was to investigate

whether mild or moderate hypothermia for less than 48 h
immediately after hypoxia-ischemia was neuroprotective
when administered systemically (i.e. as whole-body cooling).

More specifically, this study investigated whether a mild
(i.e. 2°C) or a moderate (5°C) decrease in whole-body tem-
perature for 6 h immediately postinsult was neuroprotective
for striatal medium-spiny neurons after perinatal hypoxia-
ischemia in the rat. Mild hypothermia for 6 h was investigated
because mild hypothermia for 3 h postinsult delayed striatal
injury but was not neuroprotective (5). Moderate hypothermia
for 6 h was investigated because moderate hypothermia for
3–6 h has yielded conflicting evidence on striatal protection
(6,7). The striatum was chosen because it is one of the main
sites of injury after acute perinatal hypoxia-ischemia in both
the rat (8,9) and human (10). In humans, striatal injury is
associated with the choreoathetotic movement disorders of
cerebral palsy (10). The predominant medium-spiny neurons
of the striatum were investigated because they comprise more
than 97% of all striatal neurons (11). The absolute number of
surviving striatal medium-spiny neurons was measured in
each animal using modern stereological methods. This al-
lowed reliable comparisons to be made (9,11,12).

The second aim of this study was to investigate whether
moderate hypothermia for 6 h immediately postinsult had any
effect on normal striatal development. It is possible that
hypothermia-induced decreases in blood flow, oxygen con-
sumption and cerebral energy utilization rate (13,14) could
have affected normal programmed cell death during develop-
ment. Such effects could have resulted in changes in the
absolute number of medium-spiny neurons in the striatum. To
the best of our knowledge, there have been no previous
experiments that have examined the effect of moderate hypo-
thermia on the normal development of the striatum.

MATERIALS AND METHODS

Pregnant albino Sprague-Dawley rats from the University of Otago Animal
Breeding Station were housed individually, under controlled environmental
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conditions, with food and water freely available. All procedures were ap-
proved by the Committee on Ethics in the Care and Use of Laboratory
Animals at the University of Otago.

On postnatal day 7 (PN7), the 10 pups per litter were separated from the
dam, sexed, and the males weighed. The heaviest male pups were paired
according to body weight. A difference of �4% in body weight was deemed
acceptable for pairing. The heaviest pup in each pair was randomly assigned
to a treatment or control group. The second pup in the pair was assigned to the
alternate group. There were two matched pairs of pups per litter. The four
male pups per litter were then subjected to a variation of the Rice et al. (8)
model of acute H/I brain injury during the human third trimester equivalent.
These methods have been previously described (9,11,12). Briefly, each pup
was anesthetized with ether and the right common carotid artery was perma-
nently ligated using sterile 5/0 surgical silk. Two and a half hours after
completion of the last surgery, the pups were exposed to a hypoxic environ-
ment of humidified 8% oxygen/92% nitrogen for 1.5 h at 37°C. A hypoxic
exposure of 1.5 h was chosen since it induces brain pathology with minimal
mortality (9,11,12). This procedure and the subsequent procedures were
repeated on a total of 32 pups from eight litters.

Sixteen pups from four of these litters were subsequently exposed to either
mild hypothermia (n � 8 pups) or normothermia (n � 8). Another 16 pups
from another four litters were exposed to either moderate hypothermia (n �
8 pups) or normothermia (n � 8). A statistical power calculation showed that
eight H/I pups per treatment group would give a 70% chance of detecting, at
the 5% level for a two-tailed test, a treatment difference of 33% or more (15).
This power calculation was based on the variability of previous estimates of
the absolute number of striatal medium-spiny neurons at PN14 in rats exposed
to H/I at PN7 (12). Eight H/I pups per treatment group has yielded statistically
significant neuroprotection of striatal medium-spiny neurons (12).

To investigate the effect of moderate hypothermia on normal brain
development, another group of six male pups from two litters were
subjected to sham-ligation of the right common carotid artery followed by
1.5 h of hypoxia. Sham-ligation followed by hypoxia does not reduce the
absolute number of striatal medium-spiny neurons compared with naive
control animals (9). The pups were then exposed immediately to either
moderate hypothermia or normothermia for 6 h to yield three moderate
hypothermia-treated normal pups and three normothermia-treated normal
pups.

At the completion of 1.5 h of hypoxia for the 38 pups from 10 litters, the
rectal core temperature was measured before the start, and then during the
hypothermia or normothermia, to assess the degree of hypothermia that was
induced. A correlation between rectal core temperature and brain temperature
in the PN7 rat has previously been established (6,14). At the cessation of
hypoxia, each pup was briefly transferred on a 37°C gel pad to a rectal probe
station. As soon as the initial measurement of the rectal temperature had been
completed, each pup was transferred on a 37°C gel pad to an individual
click-clack box in a waterbath to commence the 6 h of hypothermia or
normothermia. The bath water was maintained at 31°C to achieve mild
hypothermia, 26°C to achieve moderate hypothermia, or 37°C to achieve
normothermia. Rectal temperatures were also measured at 0.5, 3, and 6 h for
each litter. After the last temperature measurement at 6 h, the pups were
returned to their littermates and dam.

From PN7 to PN14, each experimental pup was weighed daily to monitor
their general well being. On PN14, the rats were anesthetized, perfused
intracardially, and each brain was processed, as previously described (12).
Each right cerebral hemisphere was embedded, in toto, in glycolmethacrylate
(Technovit 7100, Kulzer and Co., Wehrhein, Germany) as previously de-
scribed (16). Serial, 40-�m coronal sections were cut through the entire right
striatum of each animal on a Microm HM355S rotary microtome. After a
random start, every fourth section was collected on gelatin-coated slides until
the striatum was no longer present, stained with 0.003% cresyl violet,
dehydrated, and coverslipped as previously described (16).

Stereological quantitation was carried out on every eighth section of the
brain containing the striatum. All slides were coded before stereological
analyses. The Cavalieri and optical disector methods (17,18) were used to
measure the total number of medium-spiny neurons in the striatum. The
Cavalieri method was used to measure the total reference volume (Vref).
The number of medium-spiny neurons per unit volume of the striatum (i.e.
the neuronal density or NV) was measured using the optical disector
method. The boundaries of the striatum and the identification of a medi-
um-spiny neuron were as defined by Oorschot (16). Specific details on the
stereological equipment and sampling parameters used are described in
Table 1 (see footnote). An estimate of the total (i.e. absolute) number of
medium-spiny neurons (N) was then obtained by N � Vref � NV.

With data derived from a set of systematically sampled sections from an
individual, it is possible to estimate the precision of the estimates made on that
individual. These estimates of precision, termed the coefficient of the error

(CE) of the estimates, were calculated for Vref and N using the nugget
variance (19). The CE of NV was calculated using 1/(�Q�)1/2. All quantitative
data, except rectal temperature and body weight, were compared using the
Mann-Whitney U test. A repeated measures ANOVA was used to compare
the effect of hypothermia on rectal temperature for 6 h on PN7 and on body
weight from PN7 to PN14.

RESULTS

An average temperature differential of 2.17°C � 0.84
(mean � SD) was evident between 30 min and 6 h for the H/I
pups in mild hypothermia compared with the H/I pups in
normothermia (e.g. at 6 h, H/I mild hypothermia 33.18°C �
0.39 versus H/I normothermia 35.39°C � 0.74, Fig. 1A).
Statistical analysis of these temperatures over 0–6 h revealed
a significant difference between the H/I normothermia and H/I
mild hypothermic groups (F (1,6) � 9.413, p � 0.022,
ANOVA repeated measures). An average temperature differ-
ential of 5.43°C � 0.15 was evident between 30 min and 6 h
for the H/I pups in moderate hypothermia compared with
the H/I pups in normothermia (e.g. at 6 h, H/I moderate
hypothermia 28.80°C � 0.77 versus H/I normothermia
34.15°C � 0.58, Fig. 1B). Statistical analysis of these
temperatures over 0 to 6 h revealed a significant difference
between the H/I normothermia and H/I moderate hypother-
mic groups (F (1,6) � 75.057, p � 0.001, ANOVA repeated
measures). For the sham-ligated control pups, moderate
hypothermia resulted in a temperature differential of 5.58°C �
0.41 between 30 min and 6 h compared with the sham-ligated
pups in normothermia (e.g. at 6 h, moderate hypothermia
28.65°C � 0.28 versus normothermia 34.68°C � 0.50, Fig. 1 C).
Statistical analysis of these temperatures over 0–6 h revealed a
significant difference between the sham-ligated normothermic
and moderate hypothermic groups (F (1,2) � 19.870, p � 0.047,
ANOVA repeated measures).

There was no significant difference in the average body
weight from PN7 until PN14 when the H/I-normothermia-
treated and the H/I-hypothermia-treated groups were com-
pared after either mild or moderate hypothermia for 6 h on
PN7 (e.g. H/I normothermia versus H/I moderate hypother-
mia, F (1,14) � 0.073, p � 0.791, ANOVA repeated mea-
sures). Both the H/I-normothermia- and H/I-hypothermia-
treated pups also showed a significant overall increase in body
weight from PN7 to PN14 after mild or moderate hypothermia
for 6 h on PN7 (e.g. H/I normothermia versus H/I moderate
hypothermia, F (7,98) � 486.944, p � 0.001, ANOVA re-
peated measures). For the sham-ligated hypoxia-alone normal
animals, there was no significant difference in the average
body weight from PN7 until PN14 when the normothermia-
treated and the moderate hypothermia-treated groups were
compared after moderate hypothermia for 6 h on PN7 (F
(1,14) � 0.191, p � 0.685, ANOVA repeated measures). Both
the normothermic- and moderate-hypothermia-treated normal
pups also showed a significant overall increase in body weight
from PN7 to PN14 after moderate hypothermia for 6 h on PN7
(e.g. F (7,28) � 484.351, p � 0.001, ANOVA repeated
measures). Thus, mild or moderate hypothermia for 6 h on
PN7 did not have any adverse effects on the general health of
the animals.
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Comparison of the weight of the right cerebral hemispheres
revealed that there was no significant difference between the H/I
mild hypothermic pups and the H/I normothermic pups (p �
0.798, two-tailed Mann-Whitney U test, Table 1), the H/I mod-
erate hypothermic pups and their own control group of H/I
normothermic pups (p � 0.798), and the sham-ligated moderate
hypothermic and normothermic pups (p � 0.400).

Statistical comparison of the total volume (Vref) of the right
striatum, and the neuronal density (NV) of striatal medium-spiny
neurons, was undertaken (see Table 1) to enable a comparison
with the findings from the absolute number data (see Discussion).

The absolute number data showed that there was no significant
difference between the H/I mild hypothermic rat pups and the H/I
normothermic pups (p� 1.000, two-tailed Mann-Whitney U test,
Table 1). There was also no significant difference in the absolute
number of striatal medium-spiny neurons when the H/I moderate
hypothermic rat pups were compared with their H/I normother-
mic group (p � 0.442, Table 1, Fig. 2). There was some
variability in the average absolute number of striatal medium-
spiny neurons in the two H/I normothermic groups of this study
(Table 1, Fig. 2), yet the difference in the average absolute
number was not statistically significant (p � 0.160, two-tailed

Table 1. Data on the weight of the right cerebral hemisphere, the volume (Vref) of the right striatum, and the NV and total number (N) of
medium-spiny neurons in the right striatum at PN14 for all experimental conditions

Treatment group
Number of

rats
Weight of right

cerebral hemisphere (g)
Vref (mm3) of
right striatum*

NV (104/mm3) of
medium-spiny neurons**

N (103) of
medium-spiny neurons

H/I mild hypothermia 8
Mean 0.371 7.35§ 13.56§ 1025
SD 0.061 2.47 1.84 410
CV 0.164 0.336 0.136 0.400
H/I normothermia control 8
Mean 0.373 7.49 13.24 1020
SD 0.064 2.02 2.60 395
CV 0.172 0.270 0.196 0.387

H/I moderate hypothermia 8
Mean 0.418 9.19§ 18.96§ 1751
SD 0.039 2.22 1.33 455
CV 0.093 0.240 0.070† 0.260
H/I normothermia control 8
Mean 0.393 7.92 17.40 1429
SD 0.054 2.47 3.42 601
CV 0.137 0.312 0.197 0.421

Sham-ligated control,
moderate hypothermia

3

Mean 0.453 10.56‡ 24.79‡ 2616
SD 0.010 0.16 1.04 82
CV 0.022 0.015 0.042 0.031
Sham-ligated control,

normothermia
3

Mean 0.470 11.63 22.23 2585¶
SD 0.020 0.21 0.94 102
CV 0.042 0.018 0.042 0.039

* To measure Vref, each sampled section was projected at �50 onto a whiteboard, a grid of 25 mm � 25 mm points was randomly overlayed, and the number
of points falling on the striatum counted. The mean number of points counted to estimate Vref in each experimental group ranged from 119 to 187. This fulfilled
the guideline of counting 100–200 points per striatum (17,19). The mean final section thickness in each experimental group ranged from 30 �m to 31 �m. The
mean number of sections sampled per animal in each experimental group ranged from 12 to 14. This fulfilled the guideline of sampling at least 10 sections per
striatum per animal (17,19).

** To measure the NV, each sampled section was viewed using a �100 oil-immersion objective (NA 1.4) on an Olympus BH-2 microscope. The microscope
was also equipped with an automated mechanical stage, an electronic microcator (to measure height in the z-plane), and a videocamera that projected the image
onto an adjacent TV monitor (16). Computer software was not used, as in Oorschot (16). Overlying the TV screen was a transparent acetate sheet with an unbiased
sampling frame drawn on it (18). The area of the unbiased sampling frame used was 80 mm � 80 mm. The disector height used was the middle 15 �m of each
sampled section (16). The final on-screen magnification was �3400. The mean total number of disector neurons sampled in the striatum ranged from 172 to 472,
and the average number of disector neurons sampled per disector volume ranged from 1.10 to 2.02, across the experimental groups. These measurements
generally fulfilled the guideline of counting 100–200 neurons per structure and 1–2 neurons per disector volume (11,19).

§ Comparison of the Vref of the right striatum, and the NV of striatal medium-spiny neurons, showed no significant differences between the H/I mild
hypothermic rat pups and the H/I normothermic pups (p � 0.960 and p � 0.574, respectively, two-tailed Mann-Whitney U test) and the H/I moderate hypothermic
rat pups and their H/I normothermic pups (p � 0.278 and p � 0.798, respectively). There was a significant difference in these measures for the sham-ligated
moderate hypothermia and normothermia pups (‡ p � 0.050 and p � 0.050, respectively, one-tailed Mann-Whitney U test to reflect an hypothesized deleterious
effect of moderate hypothermia). However, given that no correction for shrinkage during tissue processing has been applied, the Vref and the NV measurement
from these experiments should not strictly be compared (9,11,12). The comparison was undertaken to enable a comparison with the findings from the absolute
number data (see “Discussion”).

¶ p � 0.012 (two-tailed Mann-Whitney U test) compared to the total N for the H/I normothermia control group for mild hypothermia; p � 0.012 (two-tailed
Mann-Whitney U test) compared to the total N for the H/I normothermia control group for moderate hypothermia.

† For this NV, the CE2 � 0.0612 (Table 2) was not less than half the CV2 of 0.0702. However, a CV of 7% was unusually low for a H/I group (see table above).
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Mann-Whitney U test). To control for inter-litter variation in
striatal injury due to H/I, hypothermic-treated pups were always
matched with normothermic-treated pups from the same litter.

In the control experiment to assess the effect of moderate
hypothermia on normal striatal development, it was found that
there was no significant difference in the absolute number of
striatal medium-spiny neurons when the sham-ligated hy-
poxia-alone, moderate hypothermia rat pups were compared
with the sham-ligated hypoxia-alone, normothermia pups (p �
0.500, one-tailed Mann-Whitney U test, Table 1, Fig. 2).
There were significantly more surviving neurons in the sham-
ligated normothermia control pups compared with each H/I
normothermia control group (see Table 1 footnote, Fig. 2).
This supports previous findings that around 50% of striatal
medium-spiny neurons are injured, on average, after neonatal
H/I (9,11,12).

The stereological measurements generally fulfilled the guide-
lines in the literature (see Table 1 footnote). This yielded reliable
estimates, with mean coefficients of error for the sum of the
points counted (Vref), the number of disector neurons sampled
per disector volume (NV), and the absolute number of striatal
medium-spiny neurons, that were below 0.10 (Table 2).

The estimate of the mean total volume of the striatum, and
the mean NV and the mean total number of striatal medium-
spiny neurons, in all the H/I hypothermia-treated animals and
the H/I normothermia-treated animals was also considered
precise enough. This is because the mean variability of the
individual estimates for each specific parameter in a group
(i.e. the CE2, Table 2) was generally less than half of the
variability for the estimate of the group (i.e. the CV2, Table 1).
For example, the observed mean variance of the individual
absolute number estimates (e.g. CE2 � 0.0622 and 0.0752,
respectively, for the H/I moderate-hypothermia-treated group
and its H/I normothermia control, Table 2) were less than half
the variance of the group (CV2 � 0.2602 and 0.4212, respec-
tively; Table 1; see also Table 1 footnote). Therefore, in
general, for every H/I group, the major factor contributing to
the overall variability was the true interanimal differences in
the total volume, NV, and total neuronal number, and not the
precision of the estimates made with the stereological tech-
niques used (16,19).

For the sham-ligated, control groups exposed to either
moderate hypothermia or normothermia, the variability (i.e.
CV) for the total volume, NV, and absolute number mea-
surements was low (i.e. 1.5– 4.2%, Table 1). This may

Figure 1. Exposure of rat pups to either mild (A) or moderate (B, C) hypothermia resulted in a statistically significant decrease in body temperature. Values are
mean � SEM. See “Results” for details.

Figure 2. Scatter plots of the total striatal volume (A), number of striatal medium-spiny neurons per mm3, NV (B) and total number of striatal medium-spiny
neurons, N (C) data in Table 1. Mild, mild hypothermia; N, normothermia; Mod, moderate hypothermia; Sham, sham-ligated control.

Table 2. Final mean CE values of three useful parameters from
the right striatum of 8 H/I-mild hypothermia, 8 H/I-normothermia,

8 H/I-moderate hypothermia, 8 H/I-normothermia, 3 control
moderate hypothermia, and 3 control normothermia rats based on

the formula CE � (1/n · �i CEi
2)1/2

CE Vref NV N

H/I-mild hypothermia 0.035 0.086 0.087
H/I-normothermia 0.033 0.084 0.084
H/I-moderate hypothermia 0.028 0.061 0.062
H/I-normothermia 0.032 0.075 0.075
Control moderate hypothermia 0.024 0.048 0.048
Control normothermia 0.023 0.046 0.046

See text for abbreviations.
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reflect the lower number of animals and litters in these
groups. A low CV meant that the CE2 was not less than half
the CV2 for the stereological measurement of the total
volume, NV and absolute number for each of these groups
(Table 2). Yet, the average absolute number of striatal
medium-spiny neurons obtained for each group (i.e. mod-
erate hypothermia, 2,616,000 � 82,000, mean � SD; nor-
mothermia, 2,585,000 � 102,000; Table 1) is statistically
comparable to previous results for normal control animals
[2,791,000 � 188,000, Oorschot (16); 2,583,000 �
287,000, 2,684,000 � 167,000, Galvin and Oorschot (9)].
In these studies, there were a greater number of animals and
litters per group, a higher CV per group, and all stereologi-
cal measurements fulfilled the requirement that the CE2 was
less than half the CV2 (9,16). Thus, the average absolute
number of striatal medium-spiny neurons is likely to be
reliable for the sham-ligated control groups of the current
study.

DISCUSSION

This unique stereological study examined the effect of mild
or moderate hypothermia, administered immediately postin-
sult, on the absolute number of surviving striatal medium-
spiny neurons after acute neonatal hypoxia-ischemia. Nei-
ther mild nor moderate hypothermia for 6 h immediately
postinsult significantly increased the absolute number of
striatal medium-spiny neurons. Moderate hypothermia for
6 h immediately postinsult had no adverse effects on the
development of the striatal medium-spiny neurons in nor-
mal rat pups. These stereological data are important be-
cause it helps to establish the precise hypothermia dose-
response relationship for the striatum. This is needed so
that optimal neuroprotective treatment strategies can be
refined and designed for the striatum after neonatal hy-
poxia-ischemia.

The effect of mild hypothermia for 6 h immediately post-
insult was investigated stereologically because mild hypother-
mia for 3 h postinsult delayed rat striatal injury but was not
neuroprotective (5). The failure to observe striatal neuropro-
tection after mild hypothermia for 6 h suggests that mild
hypothermia for a longer duration warrants investigation. It is
possible that mild hypothermia for 6 h is not sufficient to cause
a significant decrease in the severity of the secondary energy
failure after a H/I insult. Although hypothermia has been
found to modulate secondary energy failure (13,14), it is
possible that a 2°C drop in body temperature for 6 h is not
enough. Thoresen et al. (20) have theorized that sedation may
be a necessary component in the reduction of neuropatholog-
ical damage by mild hypothermia. The increase in stress due
to hypoxia and hypothermia may be the cause of the failure of
mild hypothermia to induce neuroprotection (20). It is possible
that stress could play a factor in our study. The pups are
individually housed for the length of the hypothermic expo-
sure and separation stress could adversely influence the
results. The effect of sedation (e.g. xenon, 21) and mild
hypothermia for 6 h on the survival of neonatal rat striatal
medium-spiny neurons now warrants investigation.

There was no significant neuroprotection of rat striatal
medium-spiny neurons after moderate hypothermia for 6 h
immediately postinsult. Bona et al. (7) also reported no sig-
nificant neuroprotection for the rat basal ganglia after 6 h of
moderate hypothermia immediately postinsult. In contrast,
Thoresen et al. (6) reported significant protection of the rat
basal ganglia after 3 h of moderate hypothermia immediately
postinsult. Since the current study used rigorous stereological
quantitation of total number, rather than a qualitative neuro-
pathological scoring technique (6,7), it seems likely that mod-
erate hypothermia for 6 h immediately postinsult is not sig-
nificantly neuroprotective for striatal medium-spiny neurons.

We have published a positive control for the same experi-
mental paradigm that shows statistically significant neuropro-
tection of striatal medium-spiny neurons by brain derived
neurotrophic factor or neurotrophin-3 (12). Thus, neuropro-
tection is possible in this experimental paradigm.

At the time of this study, a duration of hypothermia of
longer than 6 h was not ethically possible for individually
housed PN7 rat pups at the University of Otago. Yet, a more
recent study has exposed PN7 rats to a 10-h exposure of
moderate hypothermia and reported protection for hippocam-
pal neurons after semi-quantitative analyses (22). This study
may provide an ethical precedent for future stereological
studies on the effect of 10 h of moderate hypothermia at PN7
on the total number of surviving striatal medium-spiny neu-
rons. It needs to be acknowledged that the PN7 rats in Zhu et
al. (22) were group-housed during hypothermia, rather than
individually housed as in the current study. Yet the clinical
relevance of individual housing during hypothermia seems to
justify investigation of the effect of 10 h of moderate, or mild,
hypothermia on individually housed PN7 rats.

Investigation of the effect of hypothermia for longer dura-
tions also merits investigation because moderate hypothermia
for 6 h had no adverse effects on the normal number of striatal
medium-spiny neurons. Previously there have been no exper-
iments which have examined the effect of moderate hypother-
mia on the normal development of the striatum (23). It is
possible to conclude from the total number data, in conjunc-
tion with the body weight data, of the current study that
moderate hypothermia for 6 h has no adverse effects on the
normal development of rat pups and is a safe potential therapy
for striatal medium-spiny neurons.

A lack of effect on normal striatal development was only
evident when the absolute number of medium-spiny neurons
in the right striatum was compared (Table 1, Fig. 2). When the
total volume and neuronal density was compared between the
sham-ligated groups, an effect of moderate hypothermia
seemed apparent (Table 1, Fig. 2). Yet, the total volume and
neuronal density are indirect measures of neuronal survival
that can be affected by tissue processing. Comparison of the
absolute number of surviving neurons is preferable since this
measure was shrinkage-independent. These results highlight
that neuronal density and total volume data, in the absence of
absolute neuronal number data, can be misleading (9,11,12).

During the 6 h of normothermia, the average rectal temper-
ature of approximately 34.5°C was 2.5°C cooler than the
average “normothermic” rectal temperature reported in earlier
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studies (7,24). Thus, the present study may represent mild
hypothermia in the normothermic group. However, the normal
rectal temperature of a rat pup can be as low as 33°C (25).
Previous studies using 37°C as “normothermia” may have
exposed their normothermic pups to hyperthermia, which may
exacerbate the H/I brain injury (26).

Others have investigated the effects of 24–26 h of moderate
hypothermia, either as immediate posttreatment or after a 2-h
delay, on H/I PN7 rat brain injury (27–29). These studies have
yielded promising results, including decreased brain edema,
decreased brain lesion volume and decreased spatial memory
deficits in the moderately hypothermic animals (27,28). Yet,
during the 24–26 h of hypothermia the pups were housed
either with the dam (27,28), or group-housed (29), which
limits its clinical relevance.

An alternative strategy to prolonging the duration of hypo-
thermia is the use of combinatorial treatments. A multifocal
approach using antioxidants, caspase inhibitors or growth
factors in combination with moderate hypothermia may prove
to be effective. Recent preliminary evidence supports this
contention. Combined treatment with moderate hypothermia
for 6 h and an antioxidant is significantly neuroprotective for
striatal medium-spiny neurons at PN14, after an H/I brain
injury at PN8 (30).

A reduction in the absolute number of striatal medium-
spiny neurons would be clinically insignificant unless it cor-
related with a significant impairment in long-term functioning.
In a preliminary study (30), a significant decrease in the
absolute number of medium-spiny neurons in the right stria-
tum at PN14, and at 11 wk, after neonatal H/I injury correlated
with a statistically significant reduction in left forepaw ability
on the staircase test at 9–11 wk. The investigation of potential
treatments to rescue striatal medium-spiny neurons is there-
fore likely to be of functional and clinical significance.

Two key findings from this study are that 6 h of mild
hypothermia, or moderate hypothermia, immediately postin-
sult is not neuroprotective for striatal medium-spiny neurons
after perinatal hypoxia-ischemia. A third key finding is that 6
h of moderate hypothermia after sham ligation and hypoxia
has no effect on the absolute number of medium-spiny neurons
in the normal striatum. Further stereological studies are now
needed on treatment of individual rats with hypothermia alone
for longer than 6 h, and on combinatorial treatments involving
hypothermia, to reveal the optimal striatal neuroprotective
strategy that treatment with hypothermia can achieve after
perinatal hypoxia-ischemia.
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