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Abstract

Chronic exposure to excessive levels of nutrients is postulated to affect the function of several organs and tissues and to contribute to
the development of the many complications associated with obesity and the metabolic syndrome, including type 2 diabetes. To study the
mechanisms by which excessive levels of glucose and fatty acids affect the pancreatic beta-cell and the secretion of insulin, we have established
a chronic nutrient infusion model in the rat. The procedure consists of catheterizing the right jugular vein and left carotid artery under general
anesthesia; allowing a 7-day recuperation period; connecting the catheters to the pumps using a swivel and counterweight system that enables
the animal to move freely in the cage; and infusing glucose and/or Intralipid (a soybean oil emulsion which generates a mixture of approximately
80% unsaturated/20% saturated fatty acids when infused with heparin) for 72 hr. This model offers several advantages, including the possibility
to finely modulate the target levels of circulating glucose and fatty acids; the option to co-infuse pharmacological compounds; and the relatively
short time frame as opposed to dietary models. It can be used to examine the mechanisms of nutrient-induced dysfunction in a variety of organs
and to test the effectiveness of drugs in this context.

Video Link

The video component of this article can be found at http://www.jove.com/video/50267/

Introduction

Chronically elevated levels of glucose and lipids in the circulation have been proposed to contribute to the pathogenesis of type 2 diabetes
by altering the function of several organs implicated in the maintenance of glucose homeostasis including, but not limited to, the pancreatic
beta-cell (reviewed in 1). The glucotoxicity hypothesis posits that chronic hyperglycemia aggravates the beta-cell defect which gave rise to
hyperglycemia in the first place, thus creating a vicious cycle and contributing to the deterioration of glucose control in type 2 diabetes patients.
Likewise, the glucolipotoxicity hypothesis proposes that concomitant elevations of glucose and lipid levels, as often observed in type 2 diabetes,
are detrimental to the beta cell.

Deciphering the cellular and molecular mechanisms of the deleterious effects of chronically elevated nutrients on pancreatic beta-cell function
is key to the understanding of the pathogenesis of type 2 diabetes 1. To that end, a large number of studies have examined the mechanisms of
chronic nutrient excess ex vivo in isolated islets of Langerhans or in vitro in clonal, insulin-secreting cell lines. However, translation of the findings
obtained in these model systems to the whole organism is complex, in particular because the concentrations of fatty acids used in cultured cells
or islets rarely match the circulating levels in the vicinity of the beta cells in vivo 2. On the other hand, the mechanisms of beta-cell failure in
response to nutrient excess have been examined in rodent models of diabetes, as exemplified by the Zucker Diabetic Fatty rat 3,4, the gerbil
Psammomys obesus 5 and the high-fat diet-fed mouse 6. These models, however, are characterized by intrinsic metabolic abnormalities and
are not easily amenable to manipulations of blood glucose and/or lipid levels in a more controlled and less chronic setting. To be able to alter
circulating nutrient levels in a timeframe of days in otherwise normal animals, we have developed a chronic infusion model in normal rats which
enables us to examine the effects of lipids and glucose, alone or in combination, on physiological parameters and function 7,8.

Protocol

Overview: The procedure consists of catheterizing the right jugular vein and left carotid artery under general anesthesia; allowing a 7-day
recuperation period; connecting the catheters to the pumps using a swivel and counterweight system that enables the animal to move freely
in the cage; and infusing glucose and/or Intralipid (a soybean oil emulsion which generates a mixture of approximately 80% unsaturated/20%
saturated fatty acids when infused with heparin 9) for 72 hr.
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1. Canulation of the Right Jugular Vein and the Left Carotid Artery

1. Sterilize surgical instruments. Canulation tubing must also be cold-sterilized using a liquid sterilizing agent (2.6% glutaraldehyde) prior to the
procedure. Immerse the tubing in an autoclaved container for 16-24 hr. Rinse and flush thoroughly with sterile distilled water to remove all
traces of glutaraldehyde before use.

2. Weigh the rat to calculate drug dosages:
 
Carprofen 5 mg/kg: dilution 1/10 = Body weight (g) x 0.001 ml SC (analgesic)
 
Glycopyrrolate 0.01 mg/kg : dilution 1/10 = BW (g) X 0.0012 ml SC (anticholinergic)

3. Anesthetize the rat using isoflurane and oxygen.
4. Place the rat on its stomach. Shave the area behind the ears to the base of the shoulders. Lay the rat on its back. Shave the region under the

neck to the front paws.
5. Prep the surgical site with chlorhexidine, alcohol, and iodine. Administer drugs.
6. Transfer the rat to the surgical field.
7. Using aseptic technique, canulate the right jugular vein and the left carotid artery with a PE-50 canula attached to a 1 ml syringe filled with

5 U of heparinized saline. Flush the canulas with 50 U of heparinized saline to avoid clotting during the recovery period. Use blunted 23G
needles. Close each canula with a 23G pin.

8. After the surgery, trim approximately 2.5 mm off the bottom incisors and place the rat in an infusion jacket to prevent the canulas from being
eaten.

9. Provide oxygen (1 L/min for 10 min) to help evacuate isoflurane.
10. Place the rat in a heated cage until it is fully awake.
11. Operate four rats to use one per infusion condition (Table 1).

2. Post-operative Care (Post-surgical Treatment and Connection of the Catheters)

1. Weigh the rats on day 1 and day 2 post-surgery.
2. Administer glycopyrrolate (BW(g) x 0.00048 ml) SC twice on day 1 post-surgery and once on day 2 post-surgery.
3. Additional supportive treatments can be administered if necessary: fluids, heating pad, wet diet, oxygen therapy, analgesics, anticholinergics.
4. On day 7 post-surgery, weigh the rats to calculate the flow rates for infusion.
5. Connect each rat to an infusion system using a tether and swivel mounted on a cage grill top (Figure 1).
6. Flush the canulas with 5 U of heparinized saline to remove clots. Flush the canulas once more with 50 U of heparinized saline to prevent

clotting.
7. Allow the rats to acclimate to the tether and swivel for at least 24 hr before starting the infusion.

3. Infusion

1. Draw 0.15 ml of blood from the carotid of each rat and measure glycemia. Flush the jugular canulas. Use 50 U of heparinized saline to
prevent clotting in both canulas of each rat.

2. Transfer the blood sample to a 0.5 ml collection tube containing 2% EDTA. Centrifuge at 10,000 rpm for 2 min and freeze the plasma at -20
°C.

3. Fill two 60 ml syringes for each of the infusion conditions listed below. Place Syringe 1 on the front position of the pump and place Syringe 2
on the back position of the pump.

4. Join each pair of solutions together with y-connectors and CO-EX T22 tubing that has been sterilized. Place the syringes on a Harvard 33
dual syringe pump.

5. Change the cage bottom and remove all food from the cage grill top.
6. Weigh 150 g of standard chow and place on the cage grill top.
7. Connect the syringes to the swivel on the cage grill. Flush the syringes properly to remove trapped air from the lines.
8. Calculate the infusion flow rates using the body weight that was taken prior to connecting the rat to the infusion system. Rates are calculated

with a Microsoft Excel file that converts the glucose infusion rate (GIR) into ml/h.
9. Set the pump to administer flow rates for 60 ml syringes according to the manufacturer's settings. Enter the rate for Syringe 1 (front syringe)

and the rate for Syringe 2 (back syringe).
10. Start the pump.

4. Monitoring

1. After starting the pump, verify that there is no leaking from the swivel or from the canulas and that infusion tubing is not twisted. Also verify
that there are no air bubbles in the tubing.

2. After 3 hr of infusion, take a blood sample to monitor glycemia. Repeat after 6, 24, 48, and 72 hr of infusion. As a precaution, glycemia is also
monitored after 30, 34, 54, and 60 hr of the infusion. Blood glucose can be measured using one drop of whole blood using a portable glucose
monitor. This limits the amount of blood drawn during the infusion and therefore avoids significantly altering blood volume and/or hematocrit.

3. The rate for Syringe 1 is modified based on glycemia values to maintain blood glucose at 220-250 mg/dl. The rate for Syringe 2 does not
change during the 72 hr of infusion because free fatty acids are maintained at 1 mmol/L.

4. Infusion conditions are paired so that the volume received for the control animals is equivalent to the volume received for the test animals
(Table 1).

5. After 24 hr of infusion, change the cage bottom and weigh the food remaining in the cage grill. Return the uneaten portion to the cage grill.
Repeat after 48 hr.
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6. Refill syringes daily as needed during the 72 hr of infusion.
7. During the infusion, always observe the rat for any signs of inflammation or discomfort. Administer appropriate care if needed.

5. Post-infusion Euthanasia

1. After 72 hr of infusion, rats are anesthetized intravenously with 0.5 ml of a ketamine/xylazine cocktail (182 mg/kg of ketamine and 11.6 mg/kg
of xylazine diluted 1:2 with 0.9% NaCl).

2. The toe-pinch reflex is used to verify the level of anesthesia. Additional anesthetic is administered as needed.
3. When the rat is anesthetized, the abdominal cavity is opened with surgical scissors. The rat is exsanguinated by drawing 10-15 ml of blood in

a syringe from the aorta or the vena cava.

Representative Results

Out of a series of 42 rats which underwent surgery, 5 rats were lost during the post-operative period and 1 rat was lost during the infusion,
representing an overall success rate of 86%. The average body weight of the 37 rats that were eventually infused was 608±5 g before surgery
and 588±6 g at the initiation of the infusion (mean±SE; n=37; P<0.0001 by paired t-test). The following representative results were obtained in
2 infusion groups: Saline (SAL), and Glucose + Intralipid (GLU+IL). Figures 2A and 2B show blood glucose and fatty acid levels, respectively,
during the 72-hr infusion period. By design, the glucose levels are maintained around 220-250 mg/dl throughout the infusion, based on regular
measurements and adjustments of the glucose infusion rate (GIR) as shown in Figure 3. Rodents have a strong capacity to compensate for the
glucose infusion by increasing endogenous insulin secretion. Therefore, the GIR must be increased during the course of the infusion for blood
glucose levels to be maintained at a relative steady-state. Nevertheless, blood glucose levels tend to decrease towards the end of the infusion,
as seen in Figure 2A. Since the animals are infused with caloric nutrients, they spontaneously decrease their food intake (Figure 4).

Infusion Condition Syringe 1 (front position) Syringe 2 (back position)

1 Dextrose 70% Saline

2 Saline Saline

3 Dextrose 70% Intralipid 20% + Heparin 20U/ml

4 Saline Intralipid 20% % + Heparin 20U/ml

Table 1. Infusion regimens.

 
Figure 1. Photograph of the infusion system showing the rat with the catheters in place and the tether, swivel, and counterbalance arm
mounted on the cage grill.
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Figure 2. Plasma levels of glucose (A) and free fatty acids (B) during infusion of saline (SAL) or co-infusion of glucose and Intralipid
(GLU+IL) in 6-month old Wistar rats. Data are mean ± SEM of 3-4 animals in each group.

 
Figure 3. Adjustment of the glucose infusion rate during the co-infusion of glucose and Intralipid (GLU+IL) in 6-month old Wistar rats.
Data are mean ± SEM of 4 animals.

 
Figure 4. Average daily food intake of 6-month old Wistar rats infused with saline (SAL) or co-infused with glucose and Intralipid (GLU
+IL). Data are mean ± SEM of 3-4 animals in each group. **p<0.01.

Discussion

Although a number of previous studies have employed chronic infusions of glucose (e.g. 10-15) or lipids (e.g. 16,17) in rodents, to our knowledge
the combined infusion of both fuels has only been reported in mice 18. The chronic infusion model presented here offers several advantages
to study the effects on nutrient excess on a variety of biological functions in rats. First, it does not involve genetically obese rodents, and since
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common obesity in humans is polygenic 19, the findings are therefore more likely to be relevant to the effects of nutrient oversupply in the general
population. Second, this model offers the possibility to test the effects of different nutrients (particularly sugars or fats) at different circulating
levels, by changing their nature and the infusion flow rate. Third, the IV route of administration enables the co-infusion of compounds or drugs
together with the nutrients 20. Finally, the relatively short time frame of the experiment (72 hr vs. weeks for high-fat diet induced models) is cost-
and time-effective for preclinical studies.

This model also has some disadvantages and limitations. First, as any surgical model is requires highly trained and skilled personnel in aseptic
surgery. Second, as mentioned in the Representative Results section the animals tend to compensate for the glucose infusion by increasing
endogenous insulin secretion, which requires frequent monitoring of blood glucose levels and adjustments of the GIR to maintain the target
blood glucose levels throughout the infusion. Third, the procedure is not easily applicable to mice, which would be required in order to use it in
genetically modified animals. In our experience, catheterization of both jugular vein and carotid artery in mice in technically challenging and the
easiest approach in these smaller animals is to place a jugular catheter for the infusion and to sample from a peripheral vessel. This, however
considerably limits the volume and frequency of sampling during the infusion.

Given the focus of our laboratory, we have used this model to study the mechanisms of glucolipotoxicity in the pancreatic beta-cell 7,8. However,
it can be applied to study the effects of nutrient excess in any tissue and organ such as, but not limited to, the heart 21, skeletal muscle, 22, and
liver 23.
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