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ABSTRACT

Background: Tissue-protective solutions increase
resistance of cells to ischemic conditions. Especially in
carotid and aortic arch surgeries where the brain perfu-
sion is at risk, these solutions may be beneficial to pre-
vent ischemic brain damage. This study was designed to
demonstrate the effectiveness of histidine-tryptophan-
ketoglutarate (HTK) solution in increasing resistance of
brain tissue to ischemic conditions.

Methods: Three separate randomized groups were cre-
ated, each consisting of eight rabbits. The groups were called
the ischemia, HTK and sham groups, respectively. In the
ischemia group, temporary brain ischemia was created for
15 minutes by placing clamps on the bilateral subclavian and
common carotid arteries. Then the clamps were removed,
and the brain was reperfused for 30 minutes. In the HTK
group, HTK solution was sent to the brain through the inter-
nal carotid artery before the same ischemia-reperfusion pro-
tocol was applied. Histopathological analyses using a visual
scoring system to assess the degree of ischemic changes and
the apoptotic cell index by TUNEL test were performed in
all brain tissue samples.

Results: Apoptotic cell indices of the HTK (20.6%) and
sham (17.8%) groups were lower than the ischemia group
(56.8%) (P < .05). Statistically significant differences were
detected between all groups in categorical scores (P < .05).

Conclusions: It was shown that less ischemic damage
occurs in the brain tissue with the use of HTK solution, and it
may be a candidate approach to prevent the brain from isch-
emic insults during cerebrovascular surgery. Further studies
are required to demonstrate its exact effectiveness, in terms
of dose, duration, and temperature.

INTRODUCTION

Although lack of suitable perfusion causes cell death and
tissue damage as seen in stroke or heart attack, tissue may
become more resistant to ischemia in some situations or with
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some treatments. An example of this protective strategy is the
use of organ-protective solutions in transplantation surger-
ies. This effect is provided by amino acids, which are known
to increase cell resistance against ischemia and reperfusion
injury [Kalogeris 2012; Saitoh 2000]. Efficacy of these amino
acids, especially the so-called HTK solutions containing
Histidine, Tryptophan, and Ketoglutarate, has been proven
[Arslan 2005; Lee 2011; Lee 2010; Saitoh 2000; Michel
2002]. In addition, their routine use has been reported in
heart, kidney, liver and pancreas transplantation, due to its
beneficial effects against ischemic tissue damage [Agarwal
2006; Edelman 2013; Englesbe 2006; Prathanee 2015; Ringe
2005; Voigt 2013].

The development of neurologic sequelae as a conse-
quence of cerebral ischemia still continues to be a serious
health problem. There is not enough information in the
literature regarding the use of HTK solutions to increase
the resistance of brain tissue to ischemia. Cerebral circula-
tion is reduced and even ceased in some type of surgeries,
including carotid artery surgery, deep hypothermic circula-
tory arrest, and arcus aorta surgery. Although various brain
protection strategies have been suggested for these surger-
ies, neurologic damage secondary to intervention contin-
ues to be a major problem [Gokalp 2019; Goodney 2012;
Iscan 2018; Okita 2015]. In these cases, brain protection
with infusion of these solutions through the carotid artery
may become an option. These surgeries are suitable to
send HTK solution directly to the brain tissue through the
carotid artery for an improved resistance to cerebral isch-
emia. However, there are not enough studies on this subject
in the literature. For this purpose, this animal experiment
was designed. In this study, the effects of HTK solution,
which was sent directly into the carotid artery of rabbits to
protect the brain tissue against ischemia was evaluated by
histopathological examination.
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Figure 1. The monitorization of rabbits.
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Figure 2. A, left subclavian artery, B, right subclavian artery, C, bilateral
common carotid arteries, D, bilateral external carotid arteries.

METHODS

Experimental animals: Twenty-four New Zealand male
rabbits aged between 11 months and 13 months and weigh-
ing between 2.3 and 3.4 kg were used in the study. Standard
rabbit feed and water were provided throughout the study.
The rabbits were individually housed in a special steel cage in
a room at 22 +2°C and 55-60% humidity with a 12-h dark/
light cycle.

Study groups: The rabbits were randomized into the fol-
lowing three groups: ischemia, HTK, and sham. With the
ischemia group (N = 8), temporary artificial brain ischemia
was created for 15 minutes by placing clamps on the bilateral
subclavian and common carotid arteries. Then the clamps
were removed and brain reperfused for 30 minutes. With the
HTK group (N = 8), the external carotid arteries, bilateral
subclavian and common carotid arteries were clamped after
bilateral main carotid artery cannulation. HTK solution was
sent to the brain tissue through the internal carotid artery via
cannulas. After the end of HTK infusion, clamping was con-
tinued and experimental brain ischemia obtained for another
15 minutes. The clamps were removed and a 30-minute
reperfusion period was completed. The sham group (N = 8)
had the same surgical preparation as the HTK group. The
preparation was performed in the rabbits without vascular
occlusion and intraarterial infusion. After the procedures
were completed in all groups, the whole brain was rapidly
removed from each rabbit and sent to histopathological study.

Anesthesia protocol and monitoring: After the premedica-
tion of xylazine (10 mg/kg), anesthesia induction was achieved
by intramuscularly applying ketamine hydrochloride (40 mg/
kg). Maintainance of anesthesia was obtained by isoflurane
inhalation with a mixture of FiO2 60%. Vital signs of the rab-
bits, including oxygen with a pulse oximeter (Im8, Edan, San
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Figure 3. The endotracheal tube and vascular occlusion by the clamps.

Diego, California, USA) placed in the ear and invasive arterial
blood pressure (Mp36r, Biopac, Goleta, California, USA) via
a catheter placed in femoral artery, were followed. Vascular
access was provided with a catheter placed in the opposite
femoral vein (Figure 1).

HTK solution properties, preparation, and application:
There are solutions containing histidine, tryptophan, keto-
glutarate, which have known tissue protection properties.
PlegiStore® brand HTK solution was used in the experiment.
It contains 180 mm/L histidine, 2.0 mmol/L tryptophan, 1.0
mmol/L potassium hydrogen 2-ketoglutarate, 30.0 mmol/L
mannitol, 15.0 mmol/L sodium chloride, 9.0 mmol/L potas-
sium chloride, and 4.0 mmol/L magnesium chloride per 1000
mL bag. The product was kept at 4-10°C during transporta-
tion, storage, and application. It was administered at a perfu-
sion rate of 1 mL/gr/min from a 50-70 cm height to obtain a
perfusion pressure equivalent to 40-50 mmHg within a 8- to
10-minute infusion period through the catheters placed into
both common carotid arteries. The solution was applied by
leaving it at free flow from a fixed height to avoid intracranial
pressure elevation and hemorrhage. Brain tissue weight was
detected in the range of 8-10 grams in the sham and ischemia
groups. The amount of solution was adjusted in the HTK
group, according to this brain weight.

Surgical procedures: After anesthesia was provided, the
neck, ear and legs of the rabbits were shaved. The arms and
legs were fixed with the help of adhesive tape patches to pro-
vide a flat supine position. A median skin incision was per-
formed from the upper part of the sternum to the anterior
cervical region up to the epiglottic level. Bilateral common
carotid arteries and bilateral subclavian arteries were found
and prepared for clamping (Figure 2). In addition, the exter-
nal carotid arteries were prepared for clamping in the HTK
group. Local prilocaine 0.5 mL was applied to the carotid
bulbous region to provide baroreceptor blockade. To prevent
thrombus formation in all subjects, unfractionated heparin
intravenously was administered 5 minutes before arterial
clamping (100 unit/kg).

Ischemia group: The brain circulation was interrupted by
clamping the bilateral subclavian and bilateral main carotid
arteries with a mini vascular clamp for 15 minutes (Figure 3).

After 15 minutes of brain ischemia, clamps were removed
and reperfusion was achieved for 30 minutes. Hemodynam-
ics closely were monitored to prevent hypotension. After the
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Figure 4. The complete removal of the brain.

30-minute reperfusion period, total brain tissue was removed
and prepared for histological examination (Figure 4).

HTK group: Following the arterial preperation in the
ischemia group, thin catheters (26G) were placed into the
bilateral common carotid artery (Figure 5A), and the external
carotid arteries were prepared for clamping at the bifurcation
level (Figure 2D). Mini clamps were placed on the bilateral
subclavian arteries, bilateral common carotid arteries, and
bilateral external carotid arteries (Figure 5B). Subsequently,
prepared HTK solution was infused within 8-10 minutes
through the catheters placed into the common carotid arter-
ies. (Figure 5C) Mean arterial pressure was observed to main-
tain above 50 mmHg by invasive artery monitoring. After
cerebral infusion of HTK solution was over, the 15-minute
brain ischemia period was continued without removing the
clamps. (Figure 5D) Afterward, clamps were removed, and
the 30-minute reperfusion period was completed. At the end
of the procedure, each rabbit’s brain was quickly removed and
prepared for histological examination. An endotracheal tube
(Cuffless ET-3.0 cutters, Bicakcilar, Turkey) was inserted
below the larynx before respiratory depression occurred,
due to brain ischemia in the ischemia and HTK groups, and
manual ventilation was provided.

Sham group: The surgical preparation described above was
done. However, the arteries were not clamped, and the brains
were removed in the same manner without additional process.

Histopathological examination: After the surgical proce-
dure was complete, the brains were fixed in 10% neutral buff-
ered formaldehyde. Samples were prepared in each subject
from the same anatomical regions, including the hippocam-
pus and parietal lobe cortex. Samples were embedded into
paraffin blocks after fixing. Five-micron-thick sections were
taken from paraffin blocks and stained with hematoxylin-
eosin. Sections of each group were evaluated using a cam-
era-attached microscope (Cx43, Olympus, Japan) and images
were recorded for further analysis. Samples were evaluated in
terms of cellular shrinkage, interstitial edema, vacuolization,
and categorical scoring was performed between 0 and 3 (0:
None; 1: Mild; 2: Moderate; 3: Severe).

Apoptosis evaluation with TUNEL method: In order
to show apoptotic cells in groups, stains were taken after
4-micron-thick sections from paraffin blocks. “ApopTag® Per-
oxidase In Situ Apoptosis Detection Kit” (Millipore, Merck,
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Figure 5. A, the catheters (26G) placed bilaterally into the common
carotid arteries, B, clamps placed over the arteries, C, HTK infusion,
D, ongoing ischemia.

German) was used. Then, a total of 500 cells were counted
under a microscope in five randomly-selected areas of sections
taken from each sample. Cells, whose nuclei were stained blue,
were considered normal. Those stained brown were considered
apoptotic. Apoptotic index was calculated as a percentage (Al).

Statistical analysis: The data of the study were analyzed
with the statistical package program SPSS, IBM, Chicago,
Illinois, USA 20.0 version. Cell counts, the apoptotic cell
index, and histopathological scores were represented as per-
centages, mean and standard deviation, and median, mini-
mum and maximum values, respectively. ANOVA test with
Tukey Post-Hoc analysis was used in normally distributed
data. Chi-square test was used in categorical data. Statistical
significance was accepted when P < .05.

RESULTS

The apoptotic cell index obtained by the TUNEL method
is shown in Table 1. The number of cells developing apopto-
sis was high in the ischemia group (P <.001). Post-Hoc analy-
sis showed that the sham and HTK groups were significantly
different from the ischemia group, while the HTK and sham
groups were similar (Table 1).
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Table 1. Statistical results of TUNEL test

Groups Apoptotic cell index Mean+SD Sham P-value Ischemia P-value HTK P-value
Sham 17.8 + 6.1 - .000 .697
Ischemia 55.8+76 .000 - .000
HTK 20.6 + 6.2 .697 .000 -

P: ANOVA test (Post-Hoc: Tukey)

Histopathological images obtained by the camera attached to
the microscope show apoptotic cells with a blue arrow (Figure
6). Similar to the sham group, there are significantly fewer apop-
totic cells in the HTK group than in the ischemia group.

Median scores of qualitative ischemia assessment were 0.5,
2.0 and 1.0 for cortical vacuolization (P < .001); 0.0, 3.0 and
1.0 for cortical interstitial edema (P < .001); 0.0, 1.5 and 2.0
for cortical cellular shrinkage (P = .003); 0.5, 2.5 and 1.5 for
hippocampal vacuolization (P = .001); 0.0, 2.5 and 1.0 for hip-
pocampal interstitial edema (P < .001); and 0.0, 2.0 and 1.0
for hippocampal cellular shrinkage (P = .001) in the sham,
ischemia and HTK groups, respectively.

The degree of histopathologic changes was detected as
none to mild in all subjects in the sham group, while it was
mostly severe in the ischemia group and mild to moderate in
the HTK group. Distribution of the scores are represented
in Table 2. There was a statistically significant difference
between all groups (P < .05).

Interstitial edema, cellular shrinkage, and vacuolization
were more intense in the ischemia group (Figure 7).

Ischemic brain damage is a major health condition that
can be life-threatening or severely disabling. Protection of
the brain against ischemic tissue damage by various meth-
ods in the surgeries compromising cerebral circulation for a
period is a vital issue. There are different methods suggested
for this purpose, especially in carotid interventions. These
include hypothermic circulatory arrest [Gokalp 2019], ante-
grade [Iscan 2018] and retrograde selective cerebral perfu-
sion [Okita 2015] methods, and use of shunts, which still is a
topic discussed in carotid surgery [Goodney 2012]. However,
despite all these methods, brain damage still may develop.
There are current multicenter studies reporting stroke rates
around 3.4% following carotid endarterectomy (CEA) per-
formed, according to current recommendations in patients
with high anatomical risk, and stating that these stroke rates
are above the 3%-threshold level and are unacceptable [Rao
2020]. In another study about arcus surgery, which is another
condition where cerebral circulation is at risk, it is reported
that asymptomatic brain lesions are detected on diffusion MR
investigation in 45% to 100% of the patients who had surgery
with a brain-protection technique [Leshnower 2019]. These
findings indicate that although many techniques are available
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for the protection of the brain, there is still a risk. At this
point, in addition to the protection technique methods, selec-
tively increasing the resistance of the brain to ischemia may
provide a beneficial option for the cases with both global and
local ischemia.

Apoptosis is an important pathological event in cerebral
ischemia/reperfusion injury [Bai 2016]. Excessive mitochon-
drial fission increases mitochondrial external membrane
permeability and cytochrome c release, therefore activating
the apoptotic cascade and aggravating neurological damage
[MacDougall 2018]. HTK solutions establish the resistance
of cells to ischemia via buffering of acidosis during anaerobic
metabolism by histidine, enhancing ATP production during
reperfusion by ketoglutarate, stabilizing the cell membrane
by tryptophan, and reducing cellular edema and scavenging
free radicals by mannitol [Bretschneider 1980]. In previ-
ous studies, it was shown that resistance to ischemia in the
heart, kidney, liver and pancreatic cells increased by means of
these effects [Agarwal 2006; Edelman 2013; Englesbe 2006;
Prathanee 2015; Ringe 2005; Voigt 2013]. Through the same
effects, a protective effect can be established against the isch-
emia-reperfusion damage in the brain cells.

Development of apoptosis and neuron damage may be
reduced. By the same physiologic pathway, in the cases with
high risk, infusion of tissue-preserving solutions through-
out the cerebral circulation may be beneficial to increase the
resistance of brain tissue to ischemia.

If the brain-preserving solution is efficient enough, it
may be beneficial in high-risk surgeries (CAE, arcus surgery,
DHSA, etc.). In addition, it may have some beneficial effects
in non-surgical patients with acute stroke similar to cerebral
hypothermia obtained by cold saline infusion during angiog-
raphy, which is proposed by Chen et al [Chen 2016]. In cases
of acute brain damage, the application of selective hypother-
mia was shown to be effective [Kurisu 2016; Yenari 2012].
But, the possible risks of the method should be considered
[Wei 2016]. Another known effect of tissue-preserving solu-
tions is that they are protective against hypothermic damage
as well [Lautenschliger 2018]. For this reason, tissue-pre-
serving solutions may be a good combination in hypothermic
brain protection. It may serve as an important option for the
treatment of stroke [Karikari 2018], which is the second most
common cause of death following ischemic heart disease.

The aim of this study was to assess whether HTK solu-
tion infused throughout the cerebral circulation reduces the
degree of brain damage induced by experimental ischemia
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Table 2. Histopathologic scores representing ischemic changes in each group according to the sampling site

Categoric Variables Group P-value
Sham Ischemia HTK
Median (min/max) Median (min/max) Median (min/max)

Cortical

Vacuolization 0.5 (0-1) 2.0 (2-3) 1.0 (1-3) 0.000
Interstitial edema 0.0 (0-0) 3.0 (2-3) 1.0 (1-3) 0.000
Cellular shrinkage 0.0 (0-1) 1.5(1-3) 2.0 (0-2) 0.003
Hippocampus

Vacuolization 0.5 (0-1) 2.5(2-3) 1.5 (0-3) 0.001
Interstitial edema 0.0 (0-1) 2.5(2-3) 1.0 (1-3) 0.000
Cellular shrinkage 0.0 (0-1) 2.0 (1-3) 1.0 (1-2) 0.001

in an animal model. Both the carotid and subclavian arteries
were occluded bilaterally for 15 minutes to produce global
brain ischemia followed by a 30-minute reperfusion period
[Shintani 2017]. Results of histopathological analysis of the
ischemia group revealed that 15-minute occlusion of the
bilateral carotid and subclavian arteries is enough to create
comparable brain damage in the rabbits.

HTK solution is used as a tissue-protective agent against
ischemic damage in heart, kidney and pancreas transplanta-
tions, and as a cardioplegic solution in open heart surgery. Its
dosage, temperature, application duration, and pressure vary
between procedures. The median weight of rabbit brains in
the ischemia and sham groups was 8 grams (range 6-10 gr).
HTK solution was infused at a rate of 1 mL/g/min for 8-10
minutes from a height of 50-70 cm to produce 40-50 mmHg
infusion pressure [Minami 2003]. The most difficult part of
the experiment was to send HTK solution appropriately into
the cerebral circulation. Cannulas were placed within the
common carotid artery, and the external carotid arteries were
clamped. In this way, the HTK solution was provided to run
through only the internal carotid arteries.

Different areas of the brain are variously affected from isch-
emia. For that reason, histopathological studies were performed
on samples taken from both the hippocampus, which is one of
the most affected places [Lazarewicz 1989], and the cortex.
The severity of ischemia was evaluated using a total of seven
histopathological criteria, including cortical cellular shrinkage,
cortical interstitial edema, cortical vacuolization, hippocampal
cellular shrinkage, hippocampal interstitial edema, hippocam-
pal vacuolization, and apoptotic cell index by TUNEL method.

The significant difference seen in the apoptotic cell indices
between the sham and ischemia groups confirmed the occur-
rence of expected ischemia and the validity of the experimen-
tal protocol. According to the apoptotic cell index results, the
HTK group was similar to the sham group (P = .697), but not
the ischemia group (P < .001). The protective effect of HTK
solutions against experimental cerebral ischemia may be con-
cluded, due to similar histopathologic images in the rabbits
with and without ischemic insult.
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The median values of histopathological scores showing
the degree of ischemic brain damage were significantly differ-
ent between groups and were highest in the ischemia group.
They were lower in the HTK group than the ischemia group,
representing lower ischemic damage with HTK solution,
despite similar vascular occlusion protocol.

Samples taken from both the cortical and hippocampal
regions were examined using four separate histopathological
ischemic findings (Al, interstitial edema, cellular shrinkage,
and vacuolization). This approach provided a wider examina-
tion area to detect the presence and degree of ischemia. When
both TUNEL assay and the scoring results were examined,
it was observed that ischemic findings occurred in all groups
(Tables 1 and 2). Also the sham group, which did not experi-
ence the vascular occlusion, had ischemic findings (AI:17.8,
‘Table 2). This finding was attributed to the sensitivity of nerve
cells to ischemia and the process during the brain extraction
phase. As expected, the most severe ischemic findings occurred
in the ischemia group (AI:55.8, Table 2). In the study conducted
by Iwama et al, it was shown that ischemic findings did not
occur in the brains of rabbits although the bilateral carotid
arteries of their rabbits were clamped, and that 50% necrosis
occurred after the left subclavian artery was clamped [Iwama
2000]. This may be attributed to the strong collateral circu-
lation of the rabbit brain. The degree of ischemia was severe
in the rabbits with occlusion of the bilateral carotid and sub-
clavian arteries (AL:55.8, Table 2). The data obtained from the
HTK group revealed that Al was 20.6, and scores were mild
to moderate degree. These results were close to that of the
sham group, where ischemia was not induced, and there was
not statistical difference (P = .697). There was a high level of
statistical difference compared with the ischemia group (P <
.0001). These results indicate that the direct addition of HTK
solution to cerebral circulation decreases the degree of isch-
emic damage. In the present study, the solution applied was
hypothermic (4-10°C). One of the most important issues to be
clarified is the contribution of hypothermia on cerebral pro-
tection in this setting. Among the limited number of studies
in the literature, Kang et al revealed that the cold (4°C) HTK
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SHAM ISCHEMIA HTK

SHAM ISCHEMIA HTK

Figure 6. The TUNEL staining of the samples from all experimental
groups. Blue arrows are marking the apoptotic cells (x400 magnifica-
tion). Samples were stained with hematoxylin-eosin.

CORTEX

HIPPOCAMPUS

solution had a superior neuroprotective effect compared with
cold (4°C) saline in rats with spinal cord ischemia [Kang 2016].
In the study conducted by Hsu et al, neuroprotection with the
normothermic HTK solution against ischemia-reperfusion
damage in rats with asphyxia was revealed [Hsu 2018]. Hoyer et
al revealed that less brain damage occurred with the use of the
HTK-N cardioplegia in an arrest model of pigs [Hoyer 2019].
Because it has protective effect against cold damage [Lauten-
schliger 2018], the HTK solution may serve as a suitable agent
for hypothermic applications. It has been suggested by previous
studies that hypothermia may enhance the protective effect of
the HTK solutions [Choi 2018; Englum 2013]. Additionally,
all tissue-preserving solutions are expected to be more efficient
with the suitable combination of hypothermia. Similarly, the
effects of tissue-preserving solutions may be utilized to create
safe temperature ranges in hypothermia applications. Future
studies investigating the effects of various temperatures, dos-
ages and durations are needed to clarify their exact effects.

It was determined that the brain was less affected by isch-
emia in the HTK group. Translation of these positive results
into clinical setting is far away for the moment and requires
further investigations. But it is a new idea, and the current
experimental study revealed promising results.

Study limitations: Brain temperature was not measured
in this study, which can be changed during administration
of HTK solution and may have an important role in cere-
bral protection and brain damage. Another limitation is that
the brain damage was assessed by only visual histopathologic
evaluations, providing mostly rough categorical data. More
sophisticated methods should be used to determine the degree
of brain damage as well as brain functions.

In conclusion, it is observed that application of HTK solu-
tion directly into cerebral circulation during carotid occlusion
significantly reduces brain damage caused by experimental
ischemia. Further studies are needed to show the effect of HTK
solution on brain temperature and protection capability and
to assess brain functions and damage with more sophisticated
methods other than visual histopathologic evaluation alone.
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Figure 7. The figure reveals histopathologic changes in the groups. Inter-
stitial edema (red arrows), cellular shrinkage (blue arrows), and vacuol-
ization (white arrows) areas are marked in each cortical section (x200
magnification). Samples were stained with hematoxylin-eosin.
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