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a b s t r a c t

Many brain protective strategies have been tested over short survival intervals, but few have been exam-
ined for long term benefit. The inducible member of the Heat shock protein 70 (Hsp70) family, Heat
shock protein 72 (Hsp72), has been widely found to reduce ischemic injury. Here we assessed outcome
in Hsp72 transgenic overexpressing mice and wild type littermates for one month following transient
ccepted 17 November 2010

eywords:
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ong term

focal ischemia. Hsp72 reduced infarct area lost and improved behavioral outcome on rotarod and foot
fault at one month. Thus protection by Hsp72 overexpression is long lasting, and includes improved
recovery of motor function over one month.

© 2010 Elsevier Ireland Ltd. All rights reserved.
ehavior
otarod

eat shock protein 72 (Hsp72) is the stress inducible cytosolic
ember of the best studied family of chaperones, the Hsp70 fam-

ly. Molecular chaperones or heat shock proteins (HSPs) occur in
ll organisms and are critical for many aspects of cellular function.
he Hsp70 family regulates both apoptotic and necrotic cell death
7,14,18] blocking apoptosis at several different steps in the path-
ay. Its acute neuronal protective effects after ischemia are well
ocumented [4,7,17], but its long term effects have not been well
tudied. Using transient middle cerebral artery occlusion (MCAO)
n transgenic Hsp72 overexpressing mice [13], we investigated
rotection morphologically and behaviorally through 1 month sur-
ival.

Since MCAO causes focal motor deficits, we used rotarod and
ootfault. The rotarod test is useful to assess motor coordination and
alance after cerebral ischemia in rodents [3] while assessment of

ocomotion and coordination can be performed using the foot fault
est [9,12] after MCAO.

All experiments using animals were performed in accordance
ith a protocol approved by the Stanford University animal care
nd use committee, and in keeping with the National Institutes of
ealth guide. Hsp72 transgenic mice (Hsp) originally created by
illmann and co-workers [13] were used after backbreeding into
57B/6. Heterozygote transgenic mice were bred with WT mice
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ord University School of Medicine, 300 Pasteur Drive, Stanford, CA 94305, United
tates. Tel.: +1 650 725 8482; fax: +1 650 725 8052.
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(C57B/6) and heterozygote Tg mice and WT littermates were stud-
ied. The genotypes were established by polymerase chain reaction
analysis of DNA extracted from the tails. Male adult Hsp Tg and WT
mice weighing 23–32 g were used.

Mice were randomly assigned to either MCAO or Sham (no
ischemia but subjected to anesthesia, neck incision, and external
carotid artery ligation). The study included 20 wild type (WT) mice
subjected to MCAO, 17 Hsp mice subjected to MCAO, 11 WT mice
in the Sham group, and 10 Hsp mice in the Sham group. Five mice
from the WT MCAO group and three from the Hsp MCAO group
died before the end of the experiment and were excluded from
analysis. Transient focal ischemia was induced by the intraluminal
suture method as previously described [8]. Animals were anes-
thetized with isoflurane (3% induce, 1.5–2% maintenance) and 60%
nitrous oxide in oxygen with spontaneous respiration via face mask.
Respiratory rate and rectal temperature were monitored. Under
an operating microscope, the left common carotid artery, inter-
nal carotid artery, and the external carotid artery were exposed
through a midline neck incision. The proximal portions of the left
common carotid artery and portions of the external carotid artery
were ligated, and a 6-0 silicon-coated nylon suture (Doccol Cor-
poration, E. Pennsylvania Ave., Redlands, CA) was introduced into
the common carotid artery and advanced about 9 mm beyond the
carotid bifurcation to occlude the middle cerebral artery for 60 min.

Animals were allowed to awaken and return to their cages during
MCAO. Mice were reanesthetized to remove the suture, ligate the
artery, and close the incision. Rectal temperature was maintained
at 37 ± 1.0 ◦C using a Homeothermic blanket control unit (Harvard
Apparatus, Holliston, MA).

dx.doi.org/10.1016/j.neulet.2010.11.047
http://www.sciencedirect.com/science/journal/03043940
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Fig. 1. (A) Hsp72 mice show better recovery of rotarod performance after MCAO.
Both MCAO mice Hsp72 (n = 14) and WT (n = 15) learned the task and by the 9th
training day performance exceeded 270 s. Sham treated Hsp72 (n = 10) and WT
(n = 11) showed similar rotarod performance before and after surgery, through 4
weeks of post-testing. Immediately after MCAO surgery there was a similar marked
drop in performance in two MCAO groups, but recovery was significantly greater in
the Hsp72 mice since week one which achieved the same level of performance as
sham, while WT mice were still significantly worse than sham. At 4 weeks recovery
two way ANOVA showed a genotype effect (P = 0.01). (B) Hsp72 mice show better
footfault performance after MCAO. While starting levels of footfault were similar
immediately before surgery, after MCAO Hsp72 (n = 14) mice had significantly fewer
foot faults than WT MCAO (n = 15) mice after four weeks. Sham Hsp72 (n = 10) and
sham WT (n = 11) show similar performance before and after surgery and through
1 month of post-testing. After MCAO, WT MCAO mice had significantly more foot
faults on days 2, 8, and 4 weeks after surgery compared to Hsp72 and both sham
80 L. Xu et al. / Neuroscienc

Rotarod test. Motor coordination and learning were assessed
ith the accelerating rotarod (SD Instruments, San Diego, CA).
eginning on the first day of training and continuing every other
ay for a total of 9 training days each mouse was placed on the
.75 cm diameter rod with rotation speed increasing from 5 to
0 rpm over 5 min. The time in which the mouse was able to stay
n the rotating rod before falling was determined up to a maxi-
um duration of 300 s. The test was repeated three times each day

or each mouse, and the scores were averaged for each day. Any
ouse not able to achieve at least a 200 s average on the rotarod
as excluded from the study (2 mice of each genotype). Rotarod

esting was performed 2 days, and 1–4 weeks after surgery.
Foot fault test. The foot fault test (FFT) (model# 1028, Columbus

nstrument, Columbus, OH) used is similar to the one originally
escribed by Hernandez and Schallert [9,12]. The mouse is placed
n a horizontal ladder with the rungs separated by 3 cm and placed
bove a horizontal sensor plate for automatic recording of faults,
vents in which a paw falls or slips between the bars. Prior to MCAO,
ach mouse was trained on the task with three trials per day every
hird day for a total of 3 training days prior to surgery. On the second
raining day the sensor plate was electrified so the mice received a
oot shock for each foot fault on the third trial. After MCAO, mice
ere tested on days 2, 8, and 4 weeks; the results of the 3 trials

ach day were averaged.
After removing and photographing the intact brains, brain area

oss was determined using cresyl violet staining to assess remain-
ng area on four 50 �m coronal sections cut on a vibratome (Leica
T 1000S, Heidelberger, Nussloch, Germany) and located at rostral
.54 mm, 0.26 mm, and caudal −1.02, and −2.30 mm to bregma [15]
s previously described [16]. Sections were mounted on gelatin-
oated microscope slides, incubated in 1.0% cresyl violet acetate
Sigma, St. Louis, MO) for 8 min then dehydrated sequentially in
0%, 95%, 100% ethanol, and xylenes baths at room temperature.
ercent brain loss was calculated as the area of the contralateral
emisphere minus the ipsilateral hemisphere/contralateral hemi-
phere × 100, averaged for the sections.

The data represented by the graphs are mean ± SE, or all indi-
idual values are shown. Assessment of genotype, treatment, and
nteraction effects were determined by two way ANOVA for each
imepoint of the behavioral data. Effect of infarct area and genotype
t 28 days was analyzed by two way ANOVA. We used a repeated-
easure ANOVA model to assess the genotype effect on behavioral

erformance from 1 to 4 weeks after MCAO. For comparisons of
wo groups a t-test was used. Significant difference was P < 0.05.

Both genotypes of mice, WT and Hsp72, were able to learn the
otarod task and by the 9th training day performance reached a
lateau (Fig. 1A). Immediately prior to surgery there is no geno-
ype difference, rotarod times were similar for both strains. Sham

ice had similar rotarod performance immediately before and after
ham surgery and through 1 month of post-testing, demonstrating
hat the mice achieved maximum performance prior to surgery and
ham surgery did not affect their ability to perform the rotarod task
ven at 2 days after anesthesia and sham surgery. Immediately after
CAO surgery there was a similar marked drop in performance

n both Hsp72 and WT mice subjected to MCAO. With increas-
ng recovery, the Hsp72 mice had greater recovery after one week,

ith performance reaching that of sham by 28 days, while the WT
ice still had a significant deficit in performance which appeared

table by 28 days. The time on the rotarod in Hsp72 MCAO mice
our weeks after surgery was close to the original (283.5 ± 7.8 s)
efore surgery and not different from the sham Hsp72 group, while

T mice were still significantly worse than their presurgery level

289.2 ± 5.1 s) and WT sham surgery. Hsp72 mice had better recov-
ry after MCAO by repeated-measure ANOVA for rotarod from week
–4 post surgery (P = 0.0336, Fig. 1A). We then specifically took into
ccount both infarct area and genotype with a two-way ANOVA
groups. Repeated-measure ANOVA showed a significant genotype effect for weeks
1 and 4 post surgery (P = 0.0234).

model and found that after the effect of infarct area was accounted
for, the genotype effect was no longer significant (P = 0.46 for the
main effect of genotype and =0.81 for the interaction term between
genotype and infarct area). This suggests that the primary effect of
genotype may be on infarct area.

After three training days prior to surgery there was no differ-
ence between the genotypes on the foot fault task (Fig. 1B). Sham
mice showed similar performance before and after surgery and
through 1 month of post-testing. After MCAO, WT mice had sig-
nificantly increased numbers of foot faults when tested on days
2, 8, and 4 weeks after surgery compared to either Hsp72 MCAO
or sham group. On day 2 post surgery two way ANOVA showed
both a treatment (P = 0.003) and a genotype effect (P = 0.05). On
day 28 there was still a treatment effect (P = 0.037) and an interac-
tion effect (P = 0.015). Hsp72 MCAO mice had 2.3 ± 0.3 faults, about
half as many missteps as the WT MCAO mice (5.1 ± 0.9) on day 28.
The foot fault test clearly shows a persistent motor/coordination
deficit after MCAO in WT mice, while Hsp72 mice recover to base-

line. Hsp72 mice also have a significant genotype effect for foot
fault at week 1 and 4 post surgery by repeated measures ANOVA
(P = 0.0234, Fig. 1B).
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ig. 2. Hsp72 mice suffer less brain area loss at 4 weeks after MCAO. (A) Four weeks
ham. The Hsp72 mice exhibited less shrinkage than WT mice. (B and C) Brain area
100%). Brain section staining showed more distortion and shrinkage in the ipsilatera
o WT, P = 0.023).

Four weeks after MCAO, WT mice had noticeable brain shrink-
ge on the ipsilateral side. Although the Hsp72 overexpressing mice
xhibited some shrinkage, it was less than WT mice (Fig. 2A). Brain
rea loss analysis by cresyl violet staining showed 18 ± 4.6% brain
oss in WT mice, but a 6.0 ± 1.7% brain area loss in the Hsp72 over-
xpressing mice (Hsp72 compared to WT, P = 0.023; Fig. 2B and
).

Several neuroprotective strategies have been shown to have
ransient effects. Work beginning with that of Dietrich et al. demon-
trated that strong protection by mild post-ischemic hypothermia
een at 3 days was reduced at 7 days and absent at 2 months [5].
ntraischemic isoflurane treatment reduced infarct area acutely,
ut the effect was lost by 14 days [11]. Thus assessment of long
erm outcome is essential. Here we show that when animals are
llowed to survive for 1 month after focal ischemia both histolog-
cal brain loss and performance on two motor behavioral tasks are
ignificantly improved at 1 month survival in Hsp72 overexpressing
ice.
Prior work found neuroprotection with Hsp72 overexpression

gainst a variety of ischemic insults in vivo and in vitro [4,7]
hat was present over short survival intervals. One study assessed
he effect of post-treatment with Herpes viral vectors encod-
ng either Hsp70 or Hsp27 [2] through 2 months survival. They

bserved long term protection with Hsp27 but not Hsp70. How-
ver, they also saw no acute protection at 24 h with their Hsp70
ector [1], in contrast to observations from our lab and others, in
hich Hsp72 overexpression using a different Herpes viral vec-
MCAO, WT and Hsp72 mice had brain shrinkage on the ipsilateral side compared to
as quantitated by cresyl violet staining compared to the contralateral hemisphere

isphere in WT mice compared to the Hsp72 overexpressing mice (#Hsp72 compared

tor was effective in markedly increasing neuronal survival when
given either as pretreatment, or post-insult treatment [10,19]. In
all of these tests of gene therapy the use of Herpes viral vectors
restricted expression to the small region of the brain into which
it was stereotaxically injected, and induced expression primarily
in neurons. In the current study transgenic mice were used in
which Hsp72 is overexpressed in all cell types. This likely con-
tributed to both acute protection and increased recovery over
1 month.

One very interesting finding of the present study is the increased
ability of the Hsp72 overexpressing mice to recover function over
the first month following stroke. Hsp72 mice have a better middle-
to-long term recovery by repeated-measure ANOVA, even though
the acute behavioral deficit on rotarod was similar between WT
and Hsp mice. Hsp72 also reduces infarct area and this is likely a
major contribution to ability to recover since when this is taken
into account the genotype effect is no longer significant. Recovery
may also reflect greater plasticity and Hsp72 may not only ben-
efit the response to the acute injury, but also improve long term
response. One possible mechanism for this could be protection of
neural precursor cells, as the recent study by Doeppner showed
better survival of doublecortin positive young neurons when Hsp70
protein was administered to mice after MCAO [6]. The cellular and

molecular mechanisms underlying this observation deserve further
investigation. Of the two tests employed, the rotarod test was more
challenging and more sensitive allowing greater discrimination of
recovery of performance following stroke.
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In conclusion, Hsp72 overexpression not only improves acute
istological and behavioral response to stroke, but also bene-
ts motor performance through 1 month of recovery. Since the

mproved functional recovery starts from a similar deficit in the
ase of rotarod, further research should now be done on the mech-
nisms of increased functional recovery.
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