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Abstract
Purpose Increasing evidence indicates that lithium is a
neuroprotective agent against transient focal and global
ischemic injury in the adult animal. In the developing brain,
lithium has shown protective effects against neuroapoptosis
induced by drugs. This study was designed to investigate
the neuroprotective effects of lithium on hypoxic–ischemic
brain injury in the neonatal rat.
Methods Seven-day-old Sprague–Dawley rats underwent
hypoxic–ischemic injury (HII) induced by ligation of the
common carotid artery followed by exposure to ∼2.5 h of
hypoxia (∼7% oxygen). After HII, rat pups were randomly
assigned into two groups: a control group (n=21), which
received a daily subcutaneous injection of 0.9% normal saline
for 14 days following HII; and a lithium group (n=32),
treated with daily injection of lithium chloride. N-acetylas-
partate/creatinine, choline/creatinine, lipid/creatinine ratios at
1.3 ppm (Lip1.3/Cr) and 0.9 ppm (Lip0.9/Cr) lipid peaks were
evaluated by proton magnetic resonance spectroscopy on the

day of HII and on days 7 and 14 after HII. Infarct ratios based
on magnetic resonance images were also determined at the
same time points.
Results Seven days after HII, the Lip1.3/Cr and Lip0.9/Cr
ratios as well as the infarct ratio were significantly lower in
the lithium group than in the control group. The Lip1.3/Cr
and Lip0.9/Cr ratios were significantly correlated with
infarct ratio.
Conclusion This study showed that post-HII treatment with
lithium may have a neuroprotective effect in the immature
brain. Further studies are needed to elucidate the mecha-
nism of neuroprotective properties of lithium against HII-
induced neonatal brain damage.
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Introduction

Hypoxic–ischemic injury (HII) during perinatal or neonatal
stages impairs brain maturation, resulting in permanent
neurologic sequelae. These serious complications include
motor and learning disabilities, cerebral palsy, epilepsy, and
even death [26]. In this context, prompt diagnosis and
treatment is essential in rescuing the immature brain from
HII. Proton magnetic resonance spectroscopy (1H-MRS),
which has been used for studying perinatal cerebral energy
metabolism in vivo, may be useful as a real-time tool for
localizing and monitoring the extent and evolution of brain
HII [10, 15, 19, 32]. Moreover, it has been shown that the
1H-MRS technique is capable of visualizing changes in
cerebral metabolites throughout the execution of the
apoptotic process [14, 25], proposed as therapeutic targets
for neuroprotection following HII.
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Lithium, a classic drug for the treatment of bipolar disorder,
has been shown to possess neuroprotective properties,
protecting against apoptosis-induced neuronal death, includ-
ing aluminum-induced apoptosis [8], glutamate-induced
excitotoxicity [16], and transient cerebral ischemia [1, 41,
42] in mature brain models of hypoxic or ischemic injury. It
has been suggested that treatment with lithium provides
protection against drug-induced neuronal apoptosis in an
immature rodent model [36, 44]. Recently, it has also been
proposed that lithium has neuroprotective properties by
enhanced proliferation of neuronal cells and reduced
apoptosis following neonatal HII [23, 24].

In the present study, we investigated the neuroprotective
effect of lithium on HII in the neonatal rat brain using the
Rice–Vannucci model. To analyze the neuroprotective effects
of lithium, we used a morphologic approach based on
magnetic resonance imaging (MRI) and 1H-MRS that allows
noninvasive evaluation of cerebral energy metabolism.

Materials and methods

Hypoxic–ischemic model of neonatal rats

This animal study was approved by the Animal Care and Use
Committee of Ulsan University. Male, 7-day-old Sprague–
Dawley rats (12–16 g) were used in the study. The rat brain at
postnatal day 7 is known to be histologically similar to that of a
32- to 34-week gestation human fetus or newborn infant. The
characteristic features include completion of cerebral cortical
layering, involution of germinal matrix, and the presence of
little myelinated white matter [40]. HII was induced using the
previously described Rice–Vannucci model [39]. Briefly, rat
pups were anesthetized with 1–2 vol.% isoflurane in oxygen
through a nose cone. A cervical midline incision was made,
and the right common carotid artery was ligated with 5-0
surgical silk. All rat pups were exposed to isoflurane within
5 min. After a 1-hour recovery period, rat pups were placed
in an acrylic hypoxic chamber for 2.5 h. The oxygen
concentration was maintained at ∼7% and was monitored
with an OX-90 oxygen monitor (Atom Medical, Tokyo,
Japan). The temperature in the hypoxic chamber was
maintained at 37°C using a heat lamp. Exhaled carbon
dioxide was eliminated using a carbon dioxide absorbent
placed within the breathing circuit. After HII, the surviving
pups were returned to the dam.

Drug treatment

Following HII, the rat pups were randomly assigned into
two groups: the control group (n=21) and the lithium group

(n=32). The rats in the lithium group were treated daily
with a subcutaneous injection of 1 mmol/kg of lithium
chloride (Sigma-Aldrich, Seoul, Korea) dissolved in 0.9%
normal saline (6 mg/ml). Lithium treatment was initiated
immediately after HII and was maintained for 14 consec-
utive days. The rats in the control group received an
injection of the same volume of 0.9% normal saline.

MRI and 1H-MRS

The rats underwent MRI 7 and 14 days after HII. MRI scans
were obtained using a 4.7-T Bruker Biospec imager (Bruker
Biospin, Rheinstetten, Germany). The rats were anesthetized
with 1–2 vol.% isoflurane during MRI scanning, and body
temperature was maintained by warming the magnet bore. The
imaging protocol included a T2-weighted image sequence
(time to repetition=4,500 ms; time to echo=12 ms; slice
thickness=1.5 mm) and a diffusion-weighted image sequence
(time to repetition=2,000 ms; time to echo=12 ms).

Baseline 1H-MRS was performed on the day of HII.
Repeated 1H-MRS measures were made 7 and 14 days
after HII. 1H-MRS spectra were acquired through a signal
voxel (3×3×3 mm3) in the right hippocampal region of
the brain, which is an area commonly involved in HII [34, 39].
Spin acquisition mode was as follows: spectral width=
5,000 Hz; 128 acquisitions; time to repetition=3,000 ms;
time to echo=30 ms. 1H spectra were analyzed using
XWIN-NMR hardware and software (Bruker Biospin,
Rheinstetten, Germany). The relative sizes of the metab-
olite peaks were compared semi-quantitatively. The volumes
of N-acetylaspartate (NAA) and creatinine (Cr) peaks were
measured at 2.02 and 3.03 ppm, respectively, and lipid (Lip)
peaks were measured at 0.9 and 1.3 ppm. The choline-
containing compounds (Cho) peak was estimated at a
chemical shift of 3.2 ppm. Cho/Cr, NAA/Cr, Lip0.9/Cr, and
Lip1.3/Cr peak ratios were calculated. Cr concentrations are
less changeable than those of other metabolites between birth
at full term and 1–2 years; therefore, we used the Cr peak as
the internal reference for each rat to allow comparison of
metabolite levels over time and among rats [22].

MRI analysis of infarct ratio

Measurements of infarct ratio (IR) were made on days 7
and 14 after HII based on the specific signal intensity on
T2-weighted images. MRI analyses were performed using
image analysis software (ParaVision 3.02, Bruker Biospin,
Rheinstetten, Germany), and the boundaries of the infarct
area were tracked manually using the “region of interest”
tool [37]. The infarct area was calculated by an indirect
method to avoid underestimation as a result of parenchymal
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shrinkage. Briefly, the infarct area of the injured hemi-
sphere was determined by subtracting the noninfarcted area
of the injured hemisphere from the total area of the
uninjured hemisphere. This area on each slice was then
multiplied by the slice thickness, and the values were
summed to yield the total volume. The IR for each pup was
calculated as follows [38]: IR (%)=100×(total volume of
infarct area/total volume of uninjured hemisphere). The IR
is thought to be correlated with the infarct size [17]. This
analysis was performed by a researcher blinded to the
identity of the groups.

Morphologic scores and hematoxylin–eosin staining

Fourteen days after HII, all rat pups were anesthetized with
isoflurane and perfused with 2.5 ml/g of normal saline
containing 2 unit/ml heparin at 4°C, followed by the same
volume of 4% paraformaldehyde in 0.1 M phosphate buffer,
pH 7.4. After perfusion, the brain was removed and postfixed
overnight in the same paraformaldehyde–phosphate buffer.

We assessed the morphology of the rat brain by scoring
individual brains on a scale of 0 to 4 based on the gross
morphologic appearance of the right hemisphere [31]. A
score of 0 indicated no size difference between the two
hemispheres. A score of 1 indicated the right side was
smaller than the left side, but there was no visible infarct. A
score of 2 was given when there was a difference in
hemisphere size and a cystic change due to a slight infarct.
A score of 3 was given when there was a marked
discrepancy in size, with some preservation of the right
hemisphere. Finally, a score of 4 indicated an extensive
infarct with almost total destruction of the right hemisphere.
The examiner was blinded to the groups.

After morphologic scoring, 2-mm-thick coronal brain
sections were obtained 2 mm posterior to the optic chiasm
and embedded in paraffin. Four-micron-thick sections were
stained with hematoxylin and eosin (HE). An image of each
slide was collected by digital photography for representative
examples.

Statistics

The normality of the data distributions was assessed with the
Kolmogorov–Smirnov test. Normally distributed data were
expressed as means±SDs and where skewed asmedian values
with interquatile ranges. Between-group differences in Cho/
Cr, NAA/Cr, Lip0.9/Cr, and Lip1.3/Cr ratios were analyzed
using unpaired t tests or Mann–Whitney rank–sum tests. A
one-way repeated measures analysis of variance with the
Holm–Sidak method for multiple pairwise comparisons was
used to assess within-group differences in 1H-MRS data.

Differences in morphologic scores and IR between two
groups were compared using Mann–Whitney rank–sum
tests. Correlations between 1H-MRS spectra and IRs were
evaluated using nonlinear regression analysis. Correlations
between 1H-MRS spectra and morphologic scores were also
analyzed by Spearman correlation. Values of P<0.05 were
considered statistically significant. Sigmastat 3.10 software
(Systat Software Inc., Richmond, CA, USA) was used for all
statistical analyses.

Results

1H-MRS

Fourteen days after HII, the Cho/Cr ratio was significantly
decreased in all groups. The NAA/Cr ratio of the lithium
group (0.95±0.22) was significantly increased (P=0.009)
14 days after HII compared with the baseline value (0.81±
0.20). The Lip1.3/Cr and Lip0.9/Cr ratios of the control group
were significantly increased 7 days after HII compared with
baseline values (P<0.001 and P=0.013, respectively),
whereas those of the lithium group were not increased. At
7 days after HII, the Lip1.3/Cr ratio in the lithium group [1.43
(0.84–1.94)], [median (interquatile ranges)], was significant-
ly lower (P=0.004) than that in the control group [2.20
(1.77–4.06)]. At 7 days after HII, the Lip0.9/Cr ratio in the
lithium group [1.01 (0.67–1.61)] was also significantly lower
(P=0.021) than that in the control group [1.64 (1.13–2.36)].
Lip0.9/Cr ratio of the control group remained elevated 14 days
after HII. There were no significant differences in the Cho/Cr
or NAA/Cr ratios between the two groups (Figs. 1 and 2).

IR and correlations

Seven days after HII, the IR in the lithium group [53.8
(43.0–61.9)%] was significantly lower (P=0.004) than that
in the control group [64.0 (57.3–68.5)%]. The IR in the
lithium group [55.5 (40.4–63.7)%] was also significantly
lower (P=0.014) than that in the control group [67.0 (56.7–
69.2)%] 14 days after HII (Fig. 3). The Lip1.3/Cr and Lip0.9/
Cr ratios were significantly correlated with the IR 7 days
after HII (R2=0.95 and R2=0.97, respectively; P<0.0001
for both). The correlation data could be fit to an exponential
rise-to-max curve (Fig. 4).

Morphologic score and HE staining

The mean morphologic score of the lithium group [3.0
(3.1–4.0)] was significantly lower (P=0.016) than that of
the control group [4.0 (3.0–4.0)]. The Lip1.3/Cr and Lip0.9/
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Cr ratios were correlated with morphologic scores (R=0.259,
P=0.066 and R=0.286, P=0.042, respectively). The HE
staining of rat brains 14 days after HII revealed that sections
in the lithium group were morphologically more preserved
than those in the control group (Fig. 5).

Discussion

In the present study, we found that the Lip1.3/Cr and Lip0.9/
Cr ratios of rats treated with lithium following HII were
significantly lower than those in the control group 7 days
after HII. The IR in the lithium group after HII was also
significantly lower than that in the control group. These
findings suggest that treatment with lithium after HII may

have a neuroprotective effect against HII-induced neuronal
injury in the neonatal rat brain.

To assess the neuroprotective effects of lithium treat-
ment, we performed 1H-MRS, which allowed us to measure
the levels of cerebral metabolites and integrity in the brain
[12, 20, 33]. 1H-MRS is a versatile technique with
noninvasive and real-time properties; thus, it provides
useful information on brain metabolic processes in living
tissue and can distinguish biochemical events associated
with different neurologic conditions. Using this technique,
we were able to obtain the metabolite ratios, Cho/Cr, NAA/
Cr, Lip0.9/Cr, and Lip1.3/Cr.

The two peaks in spectra—Lip1.3 and Lip0.9—arising
from macromolecular compounds underwent major inten-
sity changes, which may have been caused by altered

Fig. 1 Magnetic resonance spectroscopy (MRI) and proton magnetic
resonance spectroscopy (1H-MRS) spectra. a Representative MRI
showing that infarct extent in a rat brain in the lithium group is
slightly less than that in the control group 7 and 14 days after HII. b
Representative 1H-MRS spectra showing that lipid peaks at 1.3 ppm

(Lip1.3) and 0.9 ppm (Lip0.9) relative to creatinine (Cr) are lower in the
lithium group 7 days after HII than in the control group. Dash boxes
indicate the volume of voxel including the hippocampal region. Cho,
choline-containing compounds; NAA, N-acetylaspartate

194 Childs Nerv Syst (2012) 28:191–198



packing of the lipid bilayer, membrane blebbing, and/or
decreased membrane microviscosity during cell breakdown
[14]. The consequent decrease in membrane microviscosity
and increase in cytoplasmic lipid droplets results in large
methylene (Lip1.3) and methyl (Lip0.9) resonances. It has been
shown that detection of Lip0.9 and Lip1.3 peaks by

1H-MRS
can be used to assess apoptosis and proliferation of tumor
cells [2, 13, 27]. After ischemic brain injury, lipid signals on
1H-MRS have also been reported to increase in the brain [7,
15, 35]. Our results showed significant correlations between
Lip0.9/Cr and Lip1.3/Cr ratios and IR 7 days after HII,
suggesting that lipid signals on 1H-MRS may reflect the
degree of overall neuronal injury following HII in the
neonatal rat brain.

It is known that Cho is required as a substrate for the
formation of cell membranes. In the present study, the Cho/
Cr ratios of both lithium and control groups decreased
14 days after HII, indicating neuronal maturation in the
developing brain [9]. The NAA/Cr ratio has been proposed

Fig. 2 Comparison of lithium and control groups using proton magnetic
resonance spectroscopy. Lipid/Cr ratios at lipid peaks of 1.3 ppm (Lip1.3/
Cr) and 0.9 ppm (Lip0.9/Cr) in the lithium group 7 days after hypoxic–
ischemic injury are significantly lower than those in the control group.
There are no significant differences in the Cho/Cr or NAA/Cr ratios

between the two groups 7 and 14 days after HII. Data are presented as
means±SDs (*P<0.05 between two groups; † P<0.05 compared with
baseline in the same group). Cho, choline-containing compounds; NAA,
N-acetylaspartate

Fig. 3 Effect of lithium treatment on infarct ratio (IR). IRs on days 7 and
14 after hypoxic–ischemic injury are significantly lower in the lithium
group than in the control group. The box indicates the interquatile ranges,
and the solid bar indicates the median. The error bars represent the 5th
and 95th percentiles. (*P<0.05 between two groups)
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as an indicator of intact central nervous tissue in the
neonatal brain injury; therefore, a decrease in NAA signals

early after HII can be interpreted as destruction of normal
brain tissue [18]. Consistent with the results of a previous
study [12], we also found that the absolute baseline values
of the NAA/Cr ratio decreased after HII. However, the
NAA/Cr ratio in the lithium group significantly increased
14 days after HII compared with the baseline value. We
postulate that the increase in NAA/Cr may be due to
advanced gray matter development, including active myeli-
nation during maturation in the intact brain tissue [4].
Despite this increase in the lithium group, we found no
significant differences in the NAA/Cr ratios between the
two groups in this study. It is possible that this absence of a
detectable difference in NAA/Cr ratios is a false-negative
finding, caused by the small sized, single voxel (3×3×
3 mm3) used for 1H-MRS measurement.

Lithium pretreatment has been reported to have neuro-
protective effects, including reducing the cerebral infarct area
and improving functional behavioral outcomes in an adult rat
model of cerebral ischemia [1, 41, 43]. It has been reported
that lithium has antiapoptotic properties, which can be
explained by inhibition of N-acetyl-D-aspartate receptors
[28], regulation of extracellular-regulated kinase (ERK) and
Akt pathways [42], and alteration of gene expression,
including upregulation of Bcl-2, heat shock protein 70
(HSP70) [1], and activator protein-1 (AP-1) [41] and
downregulation of p53 and Bax [8]. In the developing brain,
lithium has also been shown to protect against drug-induced
neuroapoptosis [36, 44]. However, the neuroprotective effect
of lithium treatment following HII in an immature brain
remains unclear. In particular, therapeutic strategies based on
pretreatment with neuroprotective agents are of limited value
and would be difficult to test experimentally because chronic
pretreatment in a 7-day neonatal rat model is impossible. In
this regard, the significance of this study lies in its emphasis
on the importance of post-HII lithium treatment in the
immature brain.

Fig. 4 Correlations between proton magnetic resonance spectroscopy
spectra and infarct ratios (IR). The lipid/Cr ratios at lipid peaks of 1.3 ppm
(Lip1.3/Cr) and 0.9 ppm (Lip0.9/Cr) are significantly correlated with the
IR, and could be fit to an exponential rise-to-max curve

Fig. 5 Representative hematox-
ylin–eosin stained slides from
six rat brains 14 days after
hypoxic–ischemic injury. The
upper three coronal sections
from the lithium group (a) are
morphologically more preserved
than the three lower sections
from the control group (b)
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Although not directly addressed here, it is possible to
speculate on possible mechanisms underlying the effective-
ness of post-HII lithium treatment. Recent studies have
demonstrated that the mitogen-activated protein kinase/
ERK pathway has a role in the antiapoptotic effects of
lithium against drug-induced neuroapoptosis in the devel-
oping brain [36, 44]. In the neonatal HII model, it has been
reported that lithium may reduce apoptosis-inducing factor
and inhibit postischemic autophagy [24]. They have also
demonstrated that post-HII treatment with lithium reduces
ischemia-induced brain damage in the neonatal rat by
inhibiting inflammation and promoting neuronal stem/
progenitor cell proliferation [23]. In addition to its effects
on antiapoptotic processes, lithium may influence vascular
formation. It has been shown that lithium contributes to the
promotion of neurovascular remodeling after ischemic
injury by promoting vascular endothelial growth factor
expression [11]. Another study demonstrated that post-HII
treatment with lithium enhanced cerebral blood oxygena-
tion in an animal model of stroke [21].

Numerous studies have shown that lithium must be
chronically administered to achieve its therapeutic
effects [5, 28, 29]. Omata et al. [30] confirmed this for
the neuroprotective effects, demonstrating that chronic,
but not acute, treatment with lithium protects against the
neurotoxic effects of hypoxia. On the basis of these
reports, we administered lithium for 14 days in the
present study. However, it is important to consider the
narrow therapeutic index of lithium and the serious
adverse effects that can be associated with its use,
including lethargy, muscular weakness, confusion, sei-
zure, renal insufficiency, and in some cases, death [6]. We
did not directly measure serum lithium concentrations in
rat pups, so we chose a low dose of 1 mmol/kg lithium
[41, 42], which has been reported to achieve serum levels
similar to the therapeutic lithium concentration required
for the treatment of bipolar disorder in humans [41, 43].
Further study will be needed to determine an optimal
dosing of lithium in neonatal rats.

Some limitations of this study should be noted. First, we
could not confirm the predicted effects of lithium on
apoptosis using histologic approaches, such as TdT-
mediated dUTP-biotin nick end-labeling staining, because
apoptotic cells induced by HII would not likely still be
present at the end of the chronic 14-day treatment period
used here [3]. Second, we did not evaluate functional
behavioral effects. Therefore, further studies will be
necessary to determine the mechanisms by which post-HII
treatment with lithium exerts its antiapoptotic effects in the
neonatal HII model and assess long-term outcomes. Finally,
further studies are also needed to determine the acute
neuroprotective effects of various dosages of lithium in the
neonatal rat model of HII.

Using 1H-MRS and morphological analysis, we demon-
strated that lithium treatment following HII reduced
markers of neuronal injury and the extent of gross infarct
in neonatal rats. In conclusion, the present study suggests
that treatment with lithium after HII might provide neuro-
protective effects in a neonatal rat model, although
beneficial effects on apoptosis were not clearly shown. It
will be important to perform further studies to confirm the
antiapoptotic properties of lithium and to characterize the
long-term effects of lithium treatment after the HII-induced
neonatal brain damage.
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