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Changes in hippocampal ultrastructure 
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ABSTRACT. Previous studies have shown that selective cerebral 
profound hypothermia combined with antegrade cerebral perfusion can 
improve resistance to cerebral hypoxia-ischemia in monkeys. The aim 
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of this study was to observe the effect of selective cerebral profound 
hypothermia on the ultrastructure and vimentin expression in monkey 
hippocampi after severe cerebral ischemia. Eight healthy adult rhesus 
monkeys were randomly divided into two groups: profound hypothermia 
(N = 5) and normothermia (N = 3). Monkeys in the profound hypothermia 
group underwent bilateral carotid artery and jugular vein occlusion for 10 
minutes at room temperature. Ringer’s solution at 4°C was then perfused 
through the right internal carotid artery and out of the right jugular vein, 
maintaining the brain temperature below 18°C. Sixty minutes later, 
cerebral blood flow was restored. The normothermia group underwent 
all procedures with the exception that the Ringer’s solution was 37°C 
during perfusion. All animals in the profound hypothermia group were 
successfully resuscitated. No significant abnormalities of hippocampal 
morphology or ultrastructure were observed. In contrast, no monkeys 
were alive after perfusion in the normothermia group and they had 
abnormal hippocampal morphology and ultrastructure to different extents. 
Vimentin expression in the hippocampus was significantly lower in the 
profound hypothermia group (47.88% ± 1.66) than the normothermia 
group (79.51% ± 1.00; P < 0.01). We conclude that selective cerebral 
profound hypothermia following 10-min occlusion of the bilateral 
common carotid arteries was able to downregulate vimentin expression 
in the hippocampus and protect it from severe cerebral ischemia.
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INTRODUCTION

Although only 2% of whole body mass, normal human cerebrum receives 15% of 
cardiac blood output and uses 20% of systemic oxygen consumption, indicating the consider-
able demand for blood and oxygen by the cerebrum. At normal temperatures, the ischemia 
endurance time of the human cerebrum is 5-8 min; consciousness is lost by 10 s after absolute 
blood occlusion. Thus, the cerebrum has low endurance and is very sensitive to ischemia and 
hypoxia (Yao, 2001). Complex intracranial space occupying lesions in neurosurgery, such as 
huge complex intracranial aneurysms of the posterior circulation or huge complex intracranial 
vascular malformations, require the induction of a cerebral blood occlusion to insure surgery 
success and reduce surgical complications. However, many researchers have studied protec-
tion of the cerebrum following cerebral occlusion as it is an important factor that influences 
prognosis (Elmistekawy and Rubens, 2011; Nakamura et al., 2011).

Hypothermia, which slows down the cerebral metabolism and reduces cerebral hypoxia, 
is deemed as one of the most efficient and promising protective measures against cerebral isch-
emia (Ginsberg, 2008; Mracek, 2010). Currently, deep hypothermic systemic circulatory arrest 
technology is available in clinical neurosurgery but has many disadvantages that mean the blood 
occlusion safe time cannot meet the clinical surgery operation time requirements; therefore, it can 
easily induce complications, such as blood viscosity, blood coagulation, arrhythmia, and respira-
tory failure (Cronberg et al., 2009). Previous study results have indicated that deep hypothermia 
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with selective antegrade cerebral perfusion can improve cerebral endurance to ischemia and hy-
poxia in the cerebrum of rhesus monkeys, extend the safe time of blood occlusion, and avoid vari-
ous systemic deep hypothermia complications (Yao, 2001; Elmistekawy and Rubens, 2011). In 
this study, the effectiveness and safety of selective cerebral deep hypothermic protection technol-
ogy is further discussed by observing the change in hippocampal ultrastructure and vimentin ex-
pression in rhesus monkeys after recovery from selective deep hypothermia and blood occlusion.

MATERIAL AND METHODS

Design

This experiment was designed as a comparative observation animal experiment and took 
place at the Experimental Animal Center of Kunming Medical College on February 7, 2011.

Materials

Experimental animals

Eight healthy adult rhesus monkey were purchased from the experimental center of 
Kunming Animal Institute, Chinese Academy of Science, with no limit on gender and with a 
body mass between 6.9-11.2 kg (mean body mass = 8.1 kg).

Agent and Instrument

TH-5 cerebrum temperature monitor was purchased from Virginia University, USA. 
The JEM-100CX transmission electron microscope was purchased from Japan Electronic 
Corporation. Vimentin primary antibody was purchased from Wuhan Boster Biological Tech-
nology (China) and the secondary antibody was purchased from DAKO (Denmark).

Methods

Cerebrum ischemia, hypoxia model establishment, and experimental grouping 

Rhesus monkeys were housed under constant temperature, humidity, and ventilation 
for one week prior to random division into the deep hypothermia group (N = 5) or normal 
temperature group (N = 3). The deep hypothermia group was anesthetized with propofol (As-
traZeneca, USA, 2.0 mg/kg). Once anesthetization had been confirmed, local extracorporeal 
circulation was established and right frontal lobes of the rhesus monkeys were inserted with 
needle shaped probe to connect to the cerebrum temperature monitor. All rhesus monkeys 
were heparinized systemically before the temperature was lowered. The bilateral common 
carotid arteries and jugular veins were occluded to induce ischemia at a normal temperature 
for 10 min. Following this, Ringer’s solution at 4°C was transfused into right internal carotid 
arteries with a transfusion speed of 10 mL·kg-1·min-1) to induce deep hypothermia. The per-
fusate was returned through right internal jugular vein and into to systemic circulating blood 
through the left femoral vein. Water retention was excluded using an ultrafilter with rewarm-
ing to 38°C before returning to the left femoral vein. Once the cerebrum temperature lowered 
to 18°C, the transfusion speed was slowed down to maintain the cerebrum temperature ≤18°C. 
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Hypothermic transfusion was stopped after 60 min and the common carotid arteries and jugu-
lar veins were opened to rewarm the cerebrum temperature slowly. Surplus water in the body 
was filtered, and blood that remained in the ultrafilter was transfused back slowly. The normal 
temperature group underwent the same procedure as the deep hypothermia, with the exception 
that the perfusate was Ringer’s solution at 37°C.

Sampling and light microscope observation

Rhesus monkeys in the deep hypothermia group were housed after the procedure for a 
further 12 weeks and then terminally anesthetized for tissue extraction. Whole cerebrum tissue 
was removed by craniotomy. A section of the right hippocampus was sub dissected and fixed 
with 3% glutaraldehyde 10 g/L osmium tetroxide for electron microscope observation and the 
left hippocampus was fixed with a 10% formaldehyde fixative. Rhesus monkeys in normal 
temperature group died during the perfusion; therefore, a section of their right hippocampus 
was removed directly and fixed with 3% glutaraldehyde 10 g/L osmium tetroxide for electron 
microscope observation. The left hippocampus was fixed with a 10% formaldehyde fixative. 
Once dehydrated with gradient ethanol, all samples were embedded in paraffin wax, sectioned, 
and stained using hematoxylin-eosin. Hippocampus tissue was observed by light microscope.

Electron microscope observation

Hippocampus tissue was fixed by 3% glutaraldehyde 10g/L osmium tetroxide, dehy-
drated from 30-100% gradient acetone, embedded in epoxy resin, sectioned using a LKV-V 
ultramicrotome (50 nm) and double-stained using uranyl acetate/lead citrate. The hippocam-
pal ultrastructure was observed by JEM-100CX transmission electron microscope.

Immunohistochemistry

Cerebrum tissue was fixed in 40 g/L paraformaldehyde. Paraffin sections were de-
waxed, hydrated, underwent antigen retrieval, and treated with 3% peroxide to eliminate 
endogenous peroxidase activity. Following this, sections were incubated in normal lowlen-
thal serum to block non-specific binding. Sections were incubated with the primary antibody 
against vimetin (1:500) overnight at 4°C. A negative control of phosphate-buffered saline 
(PBS) was used, while the positive tissue was a positive control. After PBS washes, sections 
were incubated with streptomycete antibiotin protein-peroxidase for 15 min at room tem-
perature, stained with benzidine, and finally stained by hematoxylin. The number of positive 
stained cells and the total cell number was counted in region of the section using the nerve cell 
counting method by Cai et al. (1994). The positive cell number was calculated as a positive 
cell rate, which was equal to the percentage positive cell number divided by total cell number.

Major observation indicators

Changes in ultrastructure and expression of vimentin were assessed in the hippocam-
pus of the two groups.

Statistical analysis

All data are reported as means ± standard error (SE) and compared with the Student 



655

©FUNPEC-RP www.funpecrp.com.brGenetics and Molecular Research 14 (1): 651-658 (2015)

Hippocampal vimentin in rhesus monkeys after blood occlusion

t-test using SPSS 13.0 (IBM).

RESULTS

The selective cerebral deep hypothermic ischemia recovery model in rhesus monkeys 
was successfully established. Selective deep hypothermia with antegrade cerebral perfusion 
after cerebral ischemia was established successfully in all 5 rhesus monkeys, with successful 
survival after recovery. The 3 rhesus monkeys in the normal temperature group did not survive 
after perfusion.

Histology changes in the hippocampus

Light microscopy

There was no significant abnormality of tissue structure in different hippocampal re-
gions in the deep hypothermia group, as shown in Figure 1a. There was scattered nerve cell 
nuclear pyknosis, degredation, and putrescence in the CA I and CA II regions of the hippocam-
pus in normal temperature group, as shown in Figure 1b.

Figure 1. Light microscopic observation of the hippocampus in the two groups (hematoxylin-eosin staining, 400X). 
a. Hippocompus CAI in the profound hypothermia group. b. Hippocompus CAI in the normothermia group.

Electron microscopy

In the deep hypothermia group, we observed, under transmission electron microscope, 
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that the hippocampal neuronal cell membrane and nuclear membrane were complete with a 
normal cytoplasm. The mitochondria in the cytoplasm was normal without edema or pyknosis; 
the endoplasmic reticulum showed a normal shape without extension, as shown in Figure 2a. 
In the normal temperature group, there was nerve cell edema, endoplasmic reticulum pool 

Figure 2. Electron microscopic observation of the hippocampus in the two groups. a. Hippocampus in the profound 
hypothermia group (10,000X). b. Hippocampus in the normothermia group (16,000X).

formation, nerve cell nucleus pyknosis, nerve fiber demyelination, neuropil edema, organelle 
pathology of mitochondrium puffs, cristae lysis, endoplasmic reticulum extension, and exfo-
liation grains, as shown in Figure 2b.

Figure 3. Vimentin expression in the hippocampus of the two groups (400X). a. Normothermia group. b. Profound 
hypothermia group.
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Vimentin expression

Vimentin was expressed mainly in the endochylema and was brownish yellow by im-
munohistochemistry, as shown in Figure 3. The positive rate of vimentin expression in rhesus 
monkey cerebrum tissue in the deep hypothermia group was 47.88% ± 1.66, while the rate in 
the normal temperature group was 79.51% ± 1.00. There was a statistically significant differ-
ence in vimentin expression between the two groups (P < 0.01).

DISCUSSION

Antegrade cerebral perfusion combined with selective deep hypothermia following 
severe cerebral ischemia can avoid cardiopulmonary complications that are induced by sys-
temic deep hypothermia, increase local perfusion flow of the pallium, transfer oxygen and 
electrolytes, remove metabolites, and extend occlusion safe time (Pu et al., 2005; Liang et al., 
2009). In order to improve clinical practice, the selective cerebral deep hypothermia ischemia 
recovery model in rhesus monkeys is promoted in this study. Deep hypothermia perfusion 
for 60 min was conducted following ischemia induced by bilateral common carotid artery 
occlusion at normal temperature for 10 min, and 5 rhesus monkeys recovered successfully 
after 70 min of ischemia. These results illustrated that there was no obvious abnormality in 
hippocampus shape or ultrastructure following selective deep hypothermic perfusion after bi-
lateral common carotid artery occlusion, while there were nerve cell edema, pyknosis, nerve 
fiber demyelination, mitochondrium puffs, cristae lysis, endoplasmic reticulum extension, and 
exfoliation grains after perfusion at normal temperature.

Vimentin is one of the main intermediate filaments expressed by colloid cells; there-
fore, it is used as a protein marker for colloid cells. Vimentin exists in both endothelial cells, 
pericytes originating from the mesoderm, and colloid cells originating from nerve ectoderm. 
Vimentin is marker of immature astrocyte colloid cells and appears in embryonic stages and 
two weeks after birth. Its expression is very low in later stages, although it is widely expressed 
in colloid cells. At the adult stage, vimentin is only expressed in a small number of cells under 
normal conditions, such as Bergman colloid cells in the encephalon. Vimentin is expressed 
when various simulations occur, and its expression is enhanced in reactive astrogliosis (Bra-
manti et al., 2010; Lu et al., 2011). Vimentin is the main cell skeleton in immature colloid 
cells. It is expressed in a rat cerebral ischemia model where vimentin expression is present in 
the perinuclear cytoplasm of astrocyte colloid cells and oligodendrocytes. There is increased 
expression of vimentin during the proliferative response of astrocyte colloid cells after isch-
emic injury (Shen et al., 2010; Pimentel et al., 2011; Lively et al., 2011). It has been suggested 
by researches that the distribution of vimentin positive cells are located in neurons surround-
ing colloid cells, and this distribution is consistent with regions of neuronal necrosis (Joachim 
et al., 2011; Wurm et al., 2011). After cerebral ischemia, nerve cells will undergo secondary 
death, resulting in further extension of the infarction zone if apoptosis occurs in astrocyte col-
loid cells (Perez-Pinzon, 2007). It has been discovered by researchers that vimentin expression 
induced by ischemia can influence the stability of the cell skeleton (Bargagna-Mohan et al., 
2010; Liu et al., 2010). This study has found that selective deep hypothermic perfusion can 
inhibit increased vimentin expression in the hippocampus after cerebral ischemia.

In conclusion, this study indicated that selective deep hypothermic antegrade cerebral 
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perfusion in the rhesus monkey cerebrum after bilateral common carotid artery occlusion for 
10 min can reduce damage by cerebral ischemia and protect cerebral tissue.
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