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ABSTRACT: Human serum albumin therapy confers neurobehav-
ioral and histopathologic neuroprotection in adult stroke models. We
investigated whether albumin might also be neuroprotective in isch-
emic brain injury using a transient filament middle cerebral artery
occlusion (tfMCAO) model in 10-d-old rat pups treated with 0.25%
albumin or saline 1 h after reperfusion. We performed serial neu-
robehavioral and magnetic resonance imaging (MRI) assessments
immediately after tfMCAO (day 0) and on 1, 3, 7, 14, and 28 d. IgG
staining to assess blood-brain barrier (BBB) integrity and standard
histology was obtained on 1, 3, and 28 d. Hemispheric infarct
volumes from MRI were similar in saline and albumin groups (0 h:
39% and 44%; d 1: 46% and 55%; and d 28:10% and 24%) as were
neurobehavioral assessments. IgG staining at 3 d post-ischemia
showed loss of BBB integrity that was significantly reduced after
albumin. Elevated T2 values suggesting vasogenic edema was seen in
albumin compared with saline-treated animals, as was increased
water mobility (i.e. increased apparent diffusion coefficient (ADC)
reflecting cytotoxic edema. The reasons why albumin was not neu-
roprotective in neonatal stroke compared with adults remain uncer-
tain. Effective strategies in adult models need to be reassessed in the
neonate. (Pediatr Res 62: 261–266, 2007)

Arterial ischemic stroke (AIS) occurs in 1 per 4000 neo-
nates annually and results in neurologic disabilities such

as hemiplegic cerebral palsy, language deficits, developmental
delay, epilepsy and behavioral disorders (1). Pharmacologic
intervention may be important in reducing brain injury and in
improving outcomes in such neonates.

In adult rodent stroke models, albumin, an endogenous
plasma protein with important physiochemical properties (2),
has been considered a potential therapy. At high doses (1% of
body weight, i.v.), albumin treatment decreased infarct vol-
ume (by up to 66%), diminished brain swelling (3,4), amelio-
rated behavioral deficits, and improved local perfusion in
affected tissue (5). Albumin was also effective at moderate
doses (0.25%–0.5% body weight) with a broad therapeutic
window that extended up to 4 h after stroke (6). The neuro-

protective effect of albumin has been attributed to hemodilu-
tion and lowering of blood viscosity that is hemodynamically
beneficial to ischemic tissue (7,8). However, albumin is a
multifunctional protein and other mechanisms of action have
been proposed (9). These include antioxidant activity (10),
binding of transition metals (2), improvement of tissue perfu-
sion (5), reduction of brain edema (3,4), providing essential
fatty acids to the injured brain (11), inhibiting endothelial
apoptosis (12), and maintenance of normal astrocytic function
(13). Phase I and II clinical trials in subjects with acute
ischemic stroke have recently reported that higher doses of
albumin correlated with better outcomes (14,15), and a phase
III trial has begun (16).

In neonates, albumin has been used in the fluid resuscitation
of hypovolemia, although recent guidelines do not recommend
its routine use (17–19). Because of albumin’s neuroprotective
role in adult rodent ischemic stroke models and its long-
standing use in newborns, we hypothesized that albumin could
be a potential neuroprotective agent after neonatal stroke. We
examined whether albumin could reduce infarct volume and
improve the biophysical properties of the infarcted tissue (T2
and ADC values) and integrity of the BBB after tfMCAO in
10-d-old rat pups.

METHODS

All protocols were approved by the Loma Linda University Medical
Center Institutional Animal Care and Use Committee. Methods have been
described in detail previously (20,21).

tfMCAO. Focal ischemia was induced by temporary insertion of a filament
into the left middle cerebral artery (MCA) in unsexed 10-d-old spontaneously
hypertensive rat (SHR) pups (14–18 g; n � 46) (21). Under anesthesia (4%
isoflurane), the left common carotid artery was clamped, the left external
carotid artery was ligated, and a silicon-coated nylon filament (#6, 0.07 mm)
was inserted 15 mm into the internal carotid artery to block the MCA. Pups
recovered from anesthesia and were checked for neurologic deficits 90 min
after occlusion. Just before MRI, pups were reanesthetized and the filament
was withdrawn. During all surgical interventions and imaging, animals were
maintained at 34 � 0.5°C via a feedback recirculating water blanket.

Treatment groups. At 1 h after tfMCAO, pups received human serum
albumin (Baxter International; 25% solution, n � 22) i.v. (femoral vein) at 1%
of the pup’s body weight (168 � 20 �L). Control pups (n � 24) received a
comparable volume of 0.9% NaCl (165 � 16 �L).Received January 16, 2007; accepted March 30, 2007.
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MRI. MRI was performed immediately after filament withdrawal (0 h) and
at 1, 3, 7, 14, and 28 d after stroke induction (21). Pups were lightly
anesthetized using isoflurane (1.0%) and were imaged on a Bruker Avance
11.7 T MRI (Bruker Biospin, Billerica, MA). Two imaging data sets were
acquired: (1) a 10-echo T2 and (2) a diffusion-weighted sequence in which
each sequence collected 20 coronal slices (1 mm thick and interleaved by a 1
mm). The T2 sequence had the following parameters: repetition time (TR)/
echo time (TE) � 4600 ms/10.2 ms, matrix � 128 � 128, field of view (FOV)
� 3 cm, number of excitation (NEX) � 2, and acquisition time � 20 min. The
spin echo diffusion sequence parameters were TR/TE � 3000 ms/25 ms, b
values � 0.72, 1855.64 s/mm2, matrix � 128 � 128, FOV � 3 cm, NEX �
2, and acquisition time � 17 min. At 28-d, pups were imaged on a larger bore
Bruker 4.7 T imager with identical imaging parameters.

Image analysis. Volumetric MRI analysis methods have been previously
published (21). Briefly, using Amira software (Mercury Computer Systems,
Inc.), T2- and diffusion-weighted images (DWIs) were analyzed from the
entire data set using regions of hypo- or hyperintensity to delineate the spatial
development of the infarct volume. Analysis included infarct brain volume
(total, cortical, and striatal infarct), noninfarct brain volume, and total brain
volume.

T2 and ADC values are quantitative measurements that respectively reflect
the evolution of vasogenic and cytotoxic edema. All MR data sets were
quantified using standard protocols published previously (22). T2 relaxation
rates were determined for each pixel, and T2 maps were generated. ADC
maps were calculated using a linear two-point fit. Two primary regions of
interest (ROIs), cortex and striatum, in both ipsi- and contralateral hemi-
spheres, were delineated on T2-weighted images (T2WI). These ROIs were
then overlaid onto corresponding T2 and ADC maps and the mean, SD,
number of pixels, and area for each ROI was extracted. MRI analysis was
performed without knowledge of the treatment group.

Neurologic testing. A neurologic battery evaluating motor and exploratory
behavior was used before tfMCAO and at 0 h and 1, 3, 7, 14, and 28 d after
injury (21). Open-field testing in a 92 � 64-cm box with 8-cm high walls
evaluated limb preference toward the paretic side, circling toward the paretic
side, the righting reflex time for supine pups to return to a prone position, and
forelimb and hindlimb placing for each limb in response to visual, vibrissae,
tactile, and proprioceptive stimulation (23,24). Data were expressed as the
percentage of pups with abnormal scores.

Histology. At 28 d, five saline-treated and three albumin-treated pups were
anesthetized (ketamine 90 mg/kg, xylazine 10 mg/kg) and perfused transcar-
dially with 10% buffered neutral formalin solution (21). Brains were removed,
postfixed, paraffin processed, and cut into 7-�m-thick sections that were
mounted onto glass slides and stained with 0.1% cresyl violet acetate (22).

Histologic infarct area measurements were based on the largest infarct
area. Sections were digitally captured (three sections per animal) and ROIs
included infarct, noninfarct, and total brain area. When tissue loss or ventric-
ular size increase was observed, the contralateral ROIs were mirrored onto the
injured tissue and the percentage of infarct area was calculated (21).

IgG staining. Sections for IgG staining were deparaffinized and immersed
into citrate buffer (pH 6.0) for 3 min in a pressure cooker for heat epitope
retrieval. Sections were incubated with biotin-conjugated affinity purified
donkey anti-rat IgG (Jackson Immunoresearch Inc.) diluted (1:200) in phos-
phate-buffered saline containing 0.1% Triton X-100 and 1% BSA for 4 h at

room temperature. After washing, sections were incubated for 1 h at room
temperature with streptavidin infrared dye 800 nm (1:400, Molecular Probes)
and then scanned with an infrared scanner (Odyssey-System, LiCor, Ger-
many) to quantify fluorescence in two ROIs (cortex and striatum) on two
adjacent slices.

Statistical analysis. Weights, survival rates, and differences in T2 and
ADC in saline- versus albumin-treated groups were compared using t tests
(SigmaStat, SPSS Inc., San Jose, CA, p � 0.05) for each time point in all
ROIs. Temporal evolution of T2 and ADC was tested using an analysis of
variance (ANOVA). When significance (p � 0.05) was found a pairwise
multiple comparison procedure (Tukey test, p � 0.05, p � 0.01) was
performed for each time point to isolate differences. Temporal evolution of
infarct volume measured from T2WI, DWI, and histologic sections was tested
using one-way ANOVA (p � 0.05).

RESULTS

No significant differences in mean weight or % survival were
observed between the two experimental groups (Table 1).

Serial DWI and T2WI. Representative serial T2WI and
DWI from a saline- and albumin-treated rat pup are shown in
Figure 1, highlighting differences in these two imaging mo-
dalities for monitoring infarct evolution. Ischemic changes
with extensive confluent hyperintense lesions in the dorsal and
lateral regions of frontal parietal cortex of the left hemisphere
were observed immediately in both groups (0 h) with DWI,
and these changes were maximal at 1–3 d. From 7 to 14 d, the
DW images became more difficult to interpret because of the
development of postnecrotic cavitation and encephalomalacia.
Evidence of ischemic injury on T2WI lagged behind that seen
with DWI and was maximal between d 3 and 7; a distinct
pattern of postnecrotic cortical and subcortical remodeling
was observed on d 28.

T2 and ADC values. Quantitative T2 relaxation times (ms)
in albumin-treated pups were greater in all brain regions
examined (cortex, striatum) compared with saline-treated con-
trols, likely reflecting vasogenic edema formation (Fig. 2). In
the ipsilateral cortex of albumin-treated pups, T2 values were
increased by 22.3% at 1 d and 21.6% at 3 d compared with
saline pups. T2 values were also increased in the ipsilateral
cortex in albumin-treated pups during the first 7 d, reaching a
maximum of 144.3 � 2.9 ms (1 d), that then declined by 28 d
to 68.7 � 8.7 ms. This increase in cortical T2 values was

Table 1. Weight, % survival, and ADC values in contra-/ipsilateral cortex or striatum

0 d 1 d 3 d 7 d 14 d 28 d

Saline
% Survival 100% 96% 75% 29% 21% 21%
Avg. weight (g) 16.5 � 1.6 15.4 � 1.3 15.4 � 3.0 18.8 � 5.0 42.4 � 2.8 96.6 � 6.6
ADC ipsilateral cortex 55.5 � 1.1 48.0 � 0.9 54.1 � 1.2 57.9 � 1.3 48.9 � 0.9 71.9 � 3.0
ADC ipsilateral striatum 35.8 � 1.0 37.3 � 0.6 43.1 � 1.5 56.9 � 2.0 49.5 � 1.8 156.0 � 6.9*
ADC contralateral cortex 68.8 � 0.0 62.1 � 0.8 51.0 � 0.8† 53.9 � 0.7† 41.7 � 0.8† 84.7 � 2.8
ADC contralateral striatum 72.6 � 1.0† 65.0 � 0.9† 51.5 � 0.8† 52.8 � 0.7† 41.5 � 0.9† 100.0 � 4.8*

Albumin
% Survival 86% 82% 82% 27% 18% 14%
Avg. weight (g) 16.8 � 2.0 15.8 � 1.9 14.6 � 2.4 18.0 � 5.7 32.6 � 13.3 80.7 � 6.0
ADC ipsilateral cortex 46.2 � 0.9 40.2 � 0.8 45.4 � 1.1 47.7 � 0.9 49.0 � 1.1 171.3 � 3.0*
ADC ipsilateral striatum 34.7 � 1.1 33.2 � 1.0 41.6 � 1.4 65.5 � 2.0 112.9 � 4.8* 225.6 � 9.3*
ADC contralateral cortex 63.8 � 1.0 59.5 � 0.8 49.4 � 0.8 46.8 � 0.7 46.6 � 0.8 74.6 � 2.4
ADC contralateral striatum 68.4 � 1.0 59.4 � 0.9 51.6 � 1.1* 49.3 � 1.1* 46.0 � 1.2* 91.1 � 3.2

Data presented as mean � SD, ADC expressed in 10�3 mm2/s.
*Different from ADC value at 0 d.
†Different from ADC value at 28 d.
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muted in saline-treated pups (Fig. 2). Within the ipsilateral
striatum of albumin and saline pups, there was also a progres-
sive increase in T2 that peaked at 14 d and declined by 28 d
(Fig. 2). The temporal decline in T2 values was similar in the
contralateral hemisphere of both groups.

No significant changes in ADC between saline or albumin
treatment groups were observed at the early time points during
the period that DWI most accurately visualizes cytotoxic
edema formation. Although early temporal ADC changes
were not detected, later time points (14 and 28 d) showed
significant increases in ADC in the ipsilateral cortex and the
striatum of albumin-treated pups (Table 1), suggestive of
ongoing vasogenic edema and/or tissue remodeling. Similar
elevations of ADC were found in saline-treated pups at 28 d in
the ipsi- and contralateral striatum but not cortex (Table 1).
Finally, there was a temporal reduction in ADC 3–14 d after
albumin treatment in the contralateral striatum.

Infarct volume measurement. Infarct lesion volumes from
DWI were maximal on d 1 in both groups and evolved over

the next 28 d. The final volumes, measuring 10.4 � 5%
(saline) and 24.3 � 2% (albumin) were not significantly
different (Fig. 3A). Infarct volumes measured from T2WI at
later time points (7–28 d) revealed that infarct volume was
similar at 7 d (saline 14.46 � 3.28%; albumin 16.37 � 6.89%)
compared with 28-d lesion volumes [12.17 � 4.46% (saline) and
11.81 � 4.27% (albumin) (data not shown)].

Neurologic assessment. Maximum neurologic impairment
in both saline and albumin treatment was seen at d 1 after
tfMCAO (Table 2). By 7 d, there were no observable neuro-
logic deficits and all pups (saline or albumin) had normal
neurologic scores despite imaging (Fig. 1) and histologic (Fig.
4) data showing large infarcts. The neurologic scores did not
significantly differ between the two groups (two-way
ANOVA; p � 0.11).

Histopathology. Histologic sections revealed significant ip-
silateral tissue loss in the cortex and striatum in both saline
and albumin groups (Fig. 4). The contralateral tissue in both
groups had normal-appearing parenchyma with no overt his-
tologic differences. The infarct area averaged 30.1 � 9.5 mm2

in saline and 36.2 � 4.2 mm2 in albumin-treated pups (Fig.
3B). This represented infarct areas of 29.3 � 11.2% (saline)

Figure 1. Serial neuroimaging in saline-
and albumin-treated animals. DWI clearly
demarcates the onset of infarcted tissue
within 1 h after stroke onset that becomes
maximal at 1–3 d in both T2WI and DWI.
The final infarct then slowly decreases in
size over the next 28 d such that both
T2WI and DWI report very similar infarct
regions. An axial image from an albumin
animal (inset box) illustrates the fronto-
caudal extent of the infarct lesion.

Figure 2. Quantitative T2 relaxation times (ms) from saline- (f) and
albumin- (�) treated animals. Animals treated with albumin have signifi-
cantly higher T2 values in the ipsilateral cortex compared with saline-treated
animals, suggesting increased cortical tissue water present in these animals at
1 and 3 d. Although there were temporal effects present in the ipsi- and
contralateral cortex, there was no significant difference in T2 values between
saline- and albumin-treated animals. *p � 0.05 comparisons to saline treated
animals; †p � 0.05; ‡p � 0.01 comparisons with time.

Figure 3. Comparison of infarct volume and area measured by T2 in
saline- (�) and albumin- (f) treated animals. (A) No differences were found
in total infarct volume from three-dimensional reconstructions of T2 data sets
from either saline- or albumin-treated animals. Although there was a trend at
14 and 28 d for smaller infarct volumes in albumin-treated animals, this did
not reach significance. (B) At 28 d, comparisons of infarct area between
T2WI, DWI, and histology revealed no significant differences between these
measurements types.
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and 30.3 � 3.9% (albumin) of the total brain area. No
significant differences were observed between the MRI and
histologic measurement groups.

IgG staining. BBB integrity was assessed using IgG im-
munohistochemistry. In saline-treated pups 1 d after stroke,
IgG staining was increased in the ipsilateral striatum
(273%; p � 0.0001) and cortex (163%; p � 0.001) compared
with contralateral regions. At 3 d, IgG staining was still
increased in the striatum (229%, p � 0.001) and cortex (217%
p � 0.001) (Fig. 5). The IgG staining measured within the
cortex at 3 d continued to increase relative to 1 d, suggesting
that there is continuing evolution of BBB disruption.

In contrast, IgG staining intensities were not significantly
elevated in the ischemic region compared with the contralat-

eral region in the albumin-treated pups at 3 d (striatum, 141%;
cortex 159%) (Fig. 5). Although there was some BBB disrup-
tion in the albumin-treated rats, in general, there appears to be
considerably less BBB breakdown after albumin treatment.

At 28 d, IgG staining within the striatum was difficult to
visualize due to extensive tissue vacuolization; however, the
cortex appeared to be less affected (Fig. 5). In saline- and
albumin-treated rat pups, IgG staining was not significantly
elevated in the ischemic compared with the contralateral
cortex, suggesting that the BBB integrity had been re-
established. In 28-d tissue, differences between saline- and
albumin-treated pups were not significant.

DISCUSSION

The current study was designed to assess the efficacy of
albumin as a neuroprotective agent for neonatal stroke. The
key findings can be summarized as follows: (1) no visual
neuroimaging changes were observed between saline- and
albumin-treated animals, (2) a transient increase in vasogenic
edema (increased T2 values) was observed in ischemic re-
gions of albumin-treated animals at 3–7 d after injury, (3)
there was increased water mobility (increased ADC) present
in the ischemic regions of the albumin animals at 14–28 d
after injury, (4) there was no difference in infarct volume
between albumin and saline animals, (5) both groups had
similar histologic patterns of neuronal cell death and tissue
loss, (6) albumin animals had significantly less BBB break-
down at 3 d compared with saline animals, and (7) neurologic
outcomes were not significantly improved in albumin animals.
Thus, while albumin appears to improve subtle measures of
ischemia in the neonatal rat, it does not dramatically reduce
infarct size to the same degree as adult stroke models of focal
(3,4,6,25) or global cerebral ischemia (26).

The neuroprotective effect of albumin treatment in adult
stroke models. Studies of cerebral ischemia in adults have
shown that albumin neuroprotection is mediated via multiple
mechanisms (3,4,6,25). When albumin remains intravascular,
it increases the plasma oncotic pressure, resulting in hemodi-

Figure 4. Cresyl violet histochemistry of saline- and albumin-treated pups at
28 d after stroke. Saline-treated pups showed healthy neurons within the
contralateral cortex (A) and striatum (C). In the infarcted tissue, there is
evidence of reduced density and pyknotic neurons in the ipsilateral cortex (B)
with significant cell loss and reduced density within the affected striatum (D).
Albumin-treated pups had similar findings in the contralateral cortex (E) and
striatum (G). The ipsilateral ischemic cortex (F) and striatum (H) showed
reduced density and the appearance of pyknotic neurons. Bar � 100 �m.

Table 2. Percentage of animals with abnormal neurobehavioral
testing (saline, n � 24 albumin, n � 22)

Before
MCAO

After
MCAO 1 d 3 d 7 d 14 d 28 d

Open field
observations

Saline 0 7 18 7 0 0 0
Albumin 0 6 12 0 0 0 0

Circling
Saline 0 50 53 7 0 0 0
Albumin 0 28 41 31 0 0 0

Righting reflex
Saline 0 0 0 0 0 0 0
Albumin 0 0 6 0 0 0 0

Forelimb and
hindlimb placing

Saline 0 0 0 14 0 0 0
Albumin 0 0 0 0 0 0 0

Figure 5. IgG staining for assessment of BBB disruption. Albumin treatment
(f) significantly decreases IgG staining at 3 d after stroke compared with
saline-treated (�) animals. However, at 28 d, there are no significant differ-
ences in staining between saline- and albumin-treated animals (*p � 0.05).
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lution, reduced blood viscosity, and reduced cerebral edema,
effects that are beneficial to ischemic tissue. If there is post-
ischemic BBB disruption, albumin may enter brain tissue,
potentially lessening these oncotic neuroprotective effects.
However, this mechanism has been questioned as poststroke
BBB disruption does occur (27), potentially lessening its
neuroprotective effect and because other colloids such as
pentastarch are neuroprotective without causing hemodilution.
Other potential roles for albumin include inhibition of apo-
ptosis of endothelial cells (28) that mediate its transcytosis and
endocytosis (29,30) and as a major antioxidant defense
(31,32) that binds to copper ions, inhibiting copper ion–
dependent lipid peroxidation and the subsequent formation of
highly reactive hydroxyl radicals (2,32). Albumin also plays a
critical role in the transport of fatty acids (33,34) and in the
binding of metabolites and drugs (35).

BBB damage in neonatal stroke. At 24 h post-stroke, BBB
disruption in our saline-treated neonatal rats (163% in cortex;
273% in striatum) was similar to that observed in an adult
rodent stroke model in which Evans Blue was used (311%)
(27). Our results showed significantly less IgG staining in the
striatum and cortex of the albumin treatment group at 3 d.
Although the influence of albumin on the formation of cere-
bral edema is still debated (36,37), transudation of albumin
into brain tissues might increase and enhance the retention of
intraparenchymal fluid within ischemic areas (38,39), which
could result in increased T2 in these tissues (Figs. 2 and 5),
similar to our observations. Long-term, the early increased
water retention could lead to altered tissue composition such
that there is greater water mobility in the injured tissue in
albumin-treated animals. Our increased ADC values at 14–28 d
would support such a possible scenario.

The exact mechanisms responsible for BBB disruption
following focal ischemia/reperfusion remain unclear, but the
release of oxygen free radicals (40), nitric oxides, and pro-
teases (41) has been implicated. Reperfusion after transient
focal ischemia exacerbates brain edema formation, presum-
ably by further BBB disruption (42), often due to increased
vascular permeability (39,43). Our findings support the notion
that albumin may decrease BBB permeability via an unknown
mechanism.

Neuroimaging of neonatal ischemia. We have previously
described the temporal evolution of transient stroke in the
neonatal rat using high-field MRI (21). In the present study,
we have extended these findings by quantitative evaluation of
T2 (ms) and ADC (mm2/s) in saline- and albumin-treated
animals. We show a temporal increase in T2 values in the
ischemic hemisphere that is significantly elevated in albumin
compared with saline-treated animals. Increased T2WI is con-
sidered a marker of vasogenic edema (44). In the albumin-
treated group, the increased T2 values at 1–7 d (Fig. 2) is
consistent with increased vasogenic edema. The almost two-
fold elevation of T2 in the ischemic striatum compared with
cortex illustrates that this model results primarily in striatal
injury, consistent with previous studies (21,45).

DWI and quantitative ADC values can provide insights into
water mobility. The decreased ADC in the ipsilateral striatum
and cortex at �3 d support the concept of cytotoxic edema

formation. A previous study using an adult rat stroke model
showed preservation of ADC values in ischemic and contralat-
eral brain regions (4) after albumin treatment; a finding not
found in the present neonatal stroke study. The findings
bespeak a lack of therapeutic effect of albumin treatment in
reducing either vasogenic or cytotoxic edema in our neonatal
tfMCAO model.

Neurobehavioral alterations. Lack of neurobehavioral im-
provement in the albumin-treated group also did not support
efficacy of albumin treatment. However, the lack of improve-
ment could be due to the fact that our rat pups were 10 d old
at the initiation of tfMCAO and had a very limited repertoire
of behaviors that could be tested (21).

In summary, although the treatment of neonatal ischemia
with albumin did not reduce infarct size, albumin-treated
animals had significantly lower permeability of the BBB.
Thus, one of the protective mechanisms for albumin may
involve altering the permeability of the BBB. Future studies
are still needed to elucidate the potential for albumin therapy
in neonates. Our findings suggest that we should not assume
that neuroprotective agents in adult stroke models would have
similar therapeutic efficacy in the neonate. More importantly,
they emphasize that postischemic mechanisms of injury and
repair in newborns are likely to be different from in adults.
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