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Chapter IV 
Abstract 

Access to the heart in laboratory rats is usually obtained through a median sternotomy or 
a lateral thoracotomy. An alternative, less traumatic approach to the in vivo rat heart 
with improved survival is described. 

The technique uses an upper median laparotomy extending alongside the xyphoid 
bone. The xyphoid bone is retracted in a rostral direction and a T-shaped cut is made in 
the diaphragm thus opening the thoracic cavity. Using a retractor the opening in the 
diaphragm is spread and the heart is exposed. 

We performed this abdominal approach in 23 anaesthetised and mechanically 
ventilated (for 2 hours) rats and found physiologic intra-operative heamodynamics, a 
good post-operative recovery and 0% mortality. 
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Surgical exposure of the rat heart 

Introduction 

Severe coronary artery disease is an increasing problem in cardiac disease as a growing 
number of patients is refractory to conventional treatments (medication, percutaneous 
transluminal coronary angioplasty or coronary artery bypass grafting). Since 1984 an 
experimental treatment is under investigation for this group of patients. This technique, 
called transmyocardial laser revascularisation (TMLR) [167], uses laser-energy to create 
channels in ischaemic myocardium. It has been shown to reduce angina and improve 
myocardial perfusion in certain patients [151-153]. However, the underlying mechanism 
of these improvements is still controversial and unclear [168] (improved perfusion by 
laser-induced angiogenesis, decrease of pain sensation caused by the destruction of 
myocardial nerves or maybe a placebo effect from the operation). 

In the search for this working mechanism experimental research is conducted in 
several species, one of which is rats [49]. An important aspect of this research is the 
ability to assess myocardial oxygenation and perfusion in the beating heart (which are 
expected to improve after TMLR). A golden standard for the adequacy of tissue 
oxygenation is the mitochondrial energy state. This can be assessed (on a mitochondrial 
level) with an optical spectroscopy technique called NADH-fluorescence [169,170]. We 
planned to use this technique before and after laser treatment to investigate the effect of 
TMLR on oxygenation and perfusion. However, to perform measurements with this 
technique a combination of good access (enough to place a camera with a diameter of 
20 mm at a distance of 10 mm from the heart) during and adequate survival after the 
operation is essential. In our experience a lateral thoracotomy as well as a median 
sternotomy does not provide sufficient access to perform these measurements. These 
techniques are also associated with a high operative mortality [49,171]. Guided by these 
limitations we developed an alternative surgical approach that we describe here. This 
technique uses a standard median laparotomy and a T-shaped cut in the diaphragm to 
gain access to the rat heart. 

Materials and methods 

Preparation and anaesthesia 
In the protocol, which was approved by the Animal Experimental Committee of the 
University of Amsterdam, 6 months old female and 8 months old male Spontaneously 
Hypertensive Rats with a weight of approximately 250 (females) / 450 (males) g were 
used. All animals were allowed free access to water and standard rat food and were kept 
in a temperature controlled environment using a standard light-dark cycle. 

Anaesthesia was started using isoflurane (4%), 02 (1 1/min) and N20 (1 1/min) 
through a nosecap. When sufficiently sedated the animals were intubated for mechanical 
ventilation. Placement of the tube was checked using respiratoiy C02 measurements 
from a capnograph (Viridia 24, Hewlett Packard, Germany). When a respiratory 
C02-curve appeared correct placement of the tube in the trachea was assumed. 
Mechanical ventilation using a pressure regulated ventilator (Zoovent, Triumph 
Technical Services LTD, UK) was started with 10 cm H20 airway pressure at a 
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Chapter IV 
respiratory frequency of 45 /min. Anaesthesia was then maintained with a combination 
of Isoflurane (2-3%), 02 (1 1/min) and N20 (1 1/min). Airway pressure and respiratory 
frequency were regulated to keep end-tidal carbondioxide (ETCCK) values between 
24 and 28 mm Hg. Repeated measurements of arterial blood gas samples during surgery 
of the first 4 rats showed that this corresponded with an arterial C02 pressure of 
35-40 mm Hg. Continuous intravenous infusion of Hartmann solution (wanned to body 
temperature) at 3 ml/hour was given in the dorsal tail vein to correct for fluid and blood 
loss during the operation. Although sterile conditions were observed, 0.5 ml/kg 
Dcpomycine" (200.000 LE procaine-penicillin-G + 200 mg dihydrostreptomicin /ml) 
was injected subcutancously before the start of the operation to minimise the risk of 
post-operative infections. To assure adequate analgesia, 1.7 ml/kg Temgesic 
(buprenorfine 0.3 mg/ml subcutaneous) was also injected before the start of the 
operation. After shaving the thorax and upper part of the abdomen the rat was placed in 
a supine position. A gauze (0.5-1 cm thick) was placed under the thorax to push the 
heart upwards after which the animal was secured onto the operating table with adhesive 
tape. Body temperature was controlled using a heating matrass and guided by 
continuous rectal temperature measurement. 

Surgical procedure 
An upper median laparotomy was performed, 3 cm in length and alongside the typical 
round shaped xyphoid process, carefully avoiding harm to the internal mammarian 
arteries that run alongside the xyphoid. Accidental damage to these arteries causes major 
bleeding which can result in death. A suture (2-0 vicryl) was wrapped twice around the 
base of the xyphoid process and used for rostral retraction and lifting of the thorax. The 
abdomen was further opened and the liver and diaphragm were exposed using a self-
retaining retractor to keep the skin and abdominal muscles open. 

After the falciform ligament was cut to detach the liver from the diaphragm, a 
T-shaped cut was made in the diaphragm leaving the central tendinous pan intact 
(figure 1). With the thoracic cavity opened, the airway pressure was increased (to 
-11.5 cm H20) and the respiratory frequency was decreased (to ~ 35 /min). A double-
sided pneumothorax was created for better exposure of the heart. This was done by 
cutting the pleura parietalis of both lungs during temporary hypo-inflation (to avoid 
harm to the pleura visceralis). The thin pericardium was then opened and due to the 
flexible structure of the thorax the heart could be exposed by pulling the xyphoid suture 
further upward and towards the head of the rat. This resulted in an opening in the 
thoracic cavity through which the heart could be exposed (figure 2). Depending on the 
extent of the incision in the diaphragm an opening of 1.5 cm vertically by 2.5 cm 
horizontally can easily by created. Because of the abdominal route of access the apex 
and the right ventricle are accessible without any manipulation. The heart can also easily 
be rotated to the left to gain access to the left ventricular wall and the left anterior 
descending artery. When carefully executed this does not have any lasting negative 
effects on blood gas parameters. 

Following the surgical procedure described above, the heart was rotated to the left 
and gently fixated to minimise motion artefacts after which laser channels were created 
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Figure 1. Schematic drawing of the operation field just before opening the diaphragm. The dark T-shaped line 
indicates the cut made in the diaphragm to gain access to the thoracic cavity. The liver has not been drawn for a clear 
view. 
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Figure 2. Schematic drawing of the operation field after opening the diaphragm and removing the pericardium. An 
opening is created with minimal disruption of the tissue. The liver has not been drawn for a clear view. 
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Chapter IV 
in the apex and the left ventricular wall of the hearts of 15 animals. The maximal 
'fixation time' of the heart was approximately 10 seconds. Channels were considered to 
be completely transmyocardial when blood spurted from the epicardial surface. To 
assure quick closure of the channels by a blood cloth, mild pressure was applied to the 
epicardial opening of the channel until bleeding stopped. After creating the last channel, 
a minimum period of 5 min was waited after the channels had stopped bleeding to 
assure that the heart was 'dry' before the thorax was closed. In 6 rats (group 1) a C02 

laser was used {Coherent1' 5000 C ultrapulsed laser, Coherent Inc; Santa Clara, CA, 
USA; 100 W, 10 ms continuous wave, 200 urn beam diameter). Channel numbers in 
these animals ranged from 2 to 6 per heart. In the other 9 rats (group 2), 2 channels per 
heart were made with a Ho:YAG laser (CardioGenesis NLSX-6, CardioGenesis 
Corporation, Sunnyvale, CA, USA: 300 urn fibre diameter. 2 pulses, 1 J/pulse). For 
comparison within the study, a control group of 3 animals (group 3) received a sham 
operation where no laser channels were created. In this group the thoracic cavity was 
left open for ten minutes, which was the estimated time required for the laser procedure. 
In all animals the diaphragm was closed using continuous sutures (5-0 vicryl). First, the 
horizontal leg of the T-shaped cut was closed. Just before (partly) closing the vertical 
leg, the breathing pressure was increased to 20 cm H20 for a short period to assure 
proper and adequate expansion of the lungs, which was confirmed visually. The rest of 
the diaphragm was then closed leaving a small opening of 2-3 mm towards the abdomen 
in the top of the vertical leg of the T-shapcd cut. This opening acted as a one-way valve 
allowing residual air in the thorax to leak towards the abdomen but not allowing air 
from the abdomen back into the thoracic cavity. This 'valve' makes the use of post
operative thoracic drains unnecessary. Finally the xyphoid suture was released and the 
xyphoid was repositioned in its original place after which the abdominal muscles and 
the skin were closed continuously in two layers using respectively a resorbable suture 
(4-0 vicryl) and a non-resorbable suture (4-0 ethicon). 

To investigate the effects of the surgical procedure on blood gas and haemodynamic 
parameters we also performed a sham operation in 5 male Wistar rats weighing around 
400 g (group 4). For this experiment we chose this type of rat to be able to compare the 
results with a report on haemodynamic parameters measured during a thoracotomy in 
Wistar rats [172]. In this group we sedated and intubated the animals as described 
above. Before performing the sham operation (similar to group 3) the right carotid artery 
was cannulated with a polyethylene tube for arterial blood gas analysis and monitoring 
of the mean arterial blood pressure (MAP). Per animal a total of 11 arterial blood gas 
samples of 200 ul heparinised blood per sample were taken from the carotid artery at 
(t = time): t = -10 min (after cannulation of the carotid artery but before the start of the 
surgery), t = 0 min (immediately after opening of the diaphragm), t = 1 min (after 
opening of the pericardium), t = 5 min, t = 10 min (after which closing of the diaphragm 
was started), t = 15 min, t = 20 min (after closing the diaphragm), t = 35 min (after 
closing the abdomen), t = 50 min, t = 65 min and t = 80 min. Arterial blood gas (pa02, 
paC02 and saturation (s02)), pH, haemoglobin (Hb), haematocrit (Hct), potassium and 
sodium were analysed using an arterial blood gas analyser and an oxymeter (Arterial 
Blood Gas Laboratory Radiometer 505 and OSM 3, Radiometer, Copenhagen, 
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Damnark). The MAP was measured using a pressure module on the Hewlett Packard 
Viridia described above. Immediately after taking the last sample (# 11), the animals in 
this group were sacrificed. 

Post-operative care 
Post-operative care of groups 1-3 consisted of 100% oxygen through a nosecap until the 
animals were sufficiently awake, and analgesia during the first 64 hours. This was 
accomplished by administration 1.0 ml/kg Temgesic8 8 hours post-operatively and 
0.5 ml/kg Finadyne" (flunixinum 5 mg/ml intramuscular) 16 hours and 40 hours post
operatively. To prevent the rats from eating the sutures and the wound edges (they felt 
no pain due to the analgesia) a wound spray was applied to the wound once a day during 
the first 3 days post-operative. This spray has a bad taste that makes the rats stay away 
from the wound. 

The animals treated with the CO? laser and the control animals were sacrificed after 
3 days and the animals treated with the Ho:YAG laser were sacrificed after 14 days. 

Results 

All 18 Spontaneously Hypertensive Rats of groups 1, 2 and 3 survived the surgical 
procedure as well as the post-operative period (until they were sacrificed). Although 
there was some variation between the animals in recovering from the anaesthesia, all 
animals were awake and walking around at 4-5 hours after the operation. They all 
showed good recovery and quickly (within 24 hours) returned to normal behaviour 
(eating, drinking, washing). At sacrifice, macroscopic inspection of the abdomen and 
thorax of the 2-day survival group showed no pathological changes compared to the 
intra-operative observations. The cut in the diaphragm had healed well and the central 
opening ('valve') was closed in all animals. Inside the thoracic cavity no major 
bleedings were seen. The lungs were well inflated and of a normal pink colour 
(comparable with the situation before manipulation inside the thorax). The macroscopic 
findings in the 14 day survival group were almost identical to the 3 day survival group. 
However, in the former group it was observed that the median lobe of the liver showed 
some adhesion to the sutured part of the diaphragm and to the xyphoid. Attempts to 
detach the liver from the diaphragm resulted in major damage to the liver. In later 
experiments we found that this adhesion can be prevented by placing part of the greater 
omentum between the median lobe of the liver and the diaphragm. This also resulted in 
adhesions (between the omentum and the liver / diaphragm) but these could very easily 
be detached without damage to the liver. 

All animals in group 4 survived the surgical procedure until sacrifice. Sodium and 
potassium concentrations did not change throughout the procedure. Operative values 
remained in physiologic range and did not differ from baseline at any point during the 
procedure. The Hb and Hct gradually decreased during the course of the procedure. This 
decrease in Hb and Hct (respectively from 13.7 ± 0.3 g/dl and 42.2 ± 0.9 % at baseline 
to 11.6 ± 0.2 g/dl and 35.6 ± 0.5% after eleven samples) was most likely due to the 
repeated blood sampling. The mean arterial blood pressure (MAP) during the operation 
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is shown in figure 3. In all animals there was a small increase at the moment of opening 
the diaphragm. After this initial increase the MAP decreased and stabilised at a 
physiologic level after 5 min. Throughout the rest of the experiments the pressure 
remained stable around 75 mmHg. The pa02 and s02 followed a similar pattern during 
the procedure. Both remained stable and did not drop below normal physiologic levels. 
The paC>2 was higher than 170 mmHg during the entire procedure and the s02 did not 
come below 99%. Measurements of paC02 and pH are depicted in figure 4. As seen in 
this figure the paC02 curve was mirrored by the curve produced by the pH 
measurements. The initial drop in paC02 at the point of opening the diaphragm (t = 0) 
was reflected in the ETC02 values. After adjusting the breathing pressure and 
respiratory frequency to normalise the ETC02 values, the paC02 increased slowly and 
after closing the diaphragm (t = 20 min) stayed stable for the remainder of the 
procedure. The pH followed the opposite track, the initial increase was deflected quickly 
to a decrease and then stabilised after closing the diaphragm. In spite of the fluctuations, 
both the paC02 and the pH values remained in a physiologic range during the course of 
the procedure. 

Discussion 

Open-heart surgery performed on laboratory rats is usually performed using a lateral 
thoracotomy or a median sternotomy. As in human cardiac surgery, the lateral 
thoracotomy uses an incision in the left side of the thorax between the ribs. A retractor is 
placed in the opening, the ribs are spread and the left lung is pushed aside to gain access 
to the heart. With a sternotomy the thorax is opened by cutting the sternum in the middle 
and spreading the two edges to gain access to the heart. For use in acute experiments 
(where no survival at the end of the operation is planned) these techniques are very 
useful. However, in survival experiments the disruption and destruction of tissue that is 
caused by these techniques is quite dramatic and may result in poor post-operative 
recovery of the animal. In our search for a different surgical approach we looked for a 
combination of good access without major disruption of tissue and optimal survival. The 
idea to use an abdominal approach without cutting the sternum or the intercostal 
muscles came from the observation of surgical techniques used in human cardiac 
surgery where the heart is sometimes accessed without major disruption of thoracic 
tissue. For instance, a technique called Sauerbruch uses an incision just caudal of the 
xyphoid to reach the pericardial space without opening the diaphragm. Other techniques 
use combinations of thoracic and abdominal approaches to perform cardiac surgery. In 
Coronary Artery Bypass Grafting a laparotomy with a median sternotomy is performed 
if the gastro-epiploic artery is used as an arterial graft [173]. 

One of the major advantages that makes the abdominal approach useful in the rat is 
the flexibility of the ribs and sternum which makes it possible to pull them towards the 
head and upwards without braking any bony structures. In contrast to the situation with 
a thoracotomy or a sternotomy this makes it possible to keep the thoracic anatomy fairly 
intact without causing respiratory problems. The functional breathing unit is only 
disrupted by the cut in the diaphragm which heals very quickly after the operation. 
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Figure 3. Mean arterial pressure measurements at baseline and during the proeedure. Data are mean ± SEM 
(n = 5). After an initial increase at the moment of opening the diaphragm the MAP decreased and stabilised at a 
physiologic level after jive minutes. Throughout the rest of the experiments the pressure remained stable around 
75 mm Hg. do = diaphragm opened, dc = diaphragm closed, ac = abdomen closed. 
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Figure 4. pH and arterial pC02 (paC02) measurements at baseline and during the procedure. Data are mean ±SEM 
(n = 5). The p„CO: curve was mirrored by the curve produced by the pH measurements. The initial drop in pXO? at 
opening of the diaphragm increased slowly after adjustment of the breathing pressure and frequency and after closing the 
diaphragm (t = 20 min) stayed stable for the remainder of the procedure. The pH followed the opposite track, the initial 
increase was deflected quickly to a decrease and then stabilised after closing the diaphragm, do = diaphragm opened, 
dc = diaphragm closed, ac = abdomen closed. 
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Our results demonstrate a 100 % survival rate in a series of eighteen survival 

experiments and an excellent exposure of the rat heart in vivo with this surgical 
technique. The haemodynamic measurements on five Wistar rats show that during the 
entire course of the abdominal surgical approach heamodynamics are within a 
physiological range. After closing the abdomen mechanical ventilation and anaesthesia 
was extended for a period of 45 minutes which showed that a quick recovery and 
stabilisation is achieved after the surgical procedure. We assume that the decrease in Hb 
and Hct found in this group was caused by the repeated sampling of arterial blood and 
did most likely not occur in the survival experiments where no samples were taken. The 
fast recovery and absence of post-operative pulmonary and cardiac pathology (apart 
from the effect of the laser) indicates that this is a useful technique which can be applied 
without major complications. Compared to the thoracotomy (limited access, good 
survival) and the sternotomy (good access, limited survival), the abdominal approach 
described here combines the advantages of both conventional techniques (good access, 
good survival), without having to deal with the disadvantages such as major disruption 
of tissue and high mortality. Although the total operating time for the procedure itself is 
substantially longer (approximately 25 min) than for a lateral thoracotomy, the results of 
group 4 show that this has no negative effects on heamodynamics when compared to 
heamodynamics during a thoracotomy [172]. 

In conclusion, this technique provided us with an excellent access to the in vivo rat 
heart. We could easily create multiple laser channels in the rat heart in vivo. Therefore, 
we conclude that the laparotomic approach is a safe and simple alternative technique to 
expose the in vivo rat heart with a high survival that can be used for cardiac research in 
general and TMLR research in particular. 
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