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1. Abstract 
 

In birds like the Zebra finch (Taeniopygia guttata) the female, but not the male develop a 

brood patch upon incubation of eggs. The brood patch functions to increase heat exchange 

between the bird and the eggs. Development of the brood patch includes de-feathering, 

increased vascularization and edema formation. The increased vascularization is due to the 

development of arteriovenous anastomoses, AVA. The AVA are thermoregulatory vessels 

involved in cold induced vasodilation, CIVD, demonstrated to occur in the brood patch. Nitric 

oxide, NO, which is a well known vasodilator is a candidate substance for involvement in 

CIVD. In this study a NO-generating gel was applied to the brood patch of male and female 

zebra finches. Vasodilation was found to be markedly larger in females than in males. The 

larger vasodilation in the female brood patch is probably because NO vasodilate AVA 

selectively more than any other vessels. The study also investigated whether vasodilation 

would cause an increase in brood patch temperature. No definite changes in brood patch 

temperature could be observed and no conclusions could be drawn in the matter. 

 

Keywords: Arteriovenous anastomoses, brood patch, cold induced vasodilation, nitric oxide, 

temperature, vasodilation, Zebra finch (Taeniopygia guttata)   

 

 

2. Introduction 
 

Many species of birds develop a brood patch upon breeding and incubation of eggs. The 

brood patch is an interesting structure because it has been demonstrated to have the opposite 

thermoregulatory responses as those normally expected in the skin. The brood patch vessels 

have been shown to vasodilate when cooled (Midtgård et. al., 1985). The development of the 

brood patch has been speculated to be an adaptive response to incubation of eggs (Zann & 

Rossetto, 1991, Bailey, 1952, Kern & Coruzzi, 1979, Lea & Klandorf, 2002). For example, 

when a bird returns to the nest to incubate eggs after some time away and the eggs have 

cooled, the cooling effect exerted on the brood patch by these eggs will cause cold induced 

vasodilation, CIVD, in the brood patch. This vasodilation will lead to an increased heat 

exchange between the incubating female and the eggs and results in a faster reheating of the 

eggs (Zann & Rossetto, 1991, Bailey, 1952, Kern & Coruzzi, 1979). The brood patch thus 

functions to increase the heat exchange between the bird and the eggs and to help keep the 

temperature of the eggs within a range that is beneficial for the developing embryo (Lea & 

Klandorf, 2002). 

   In this study Zebra finches (Taeniopygia guttata) which are small passerine birds (Zann & 

Rossetto, 1991, URL1) were used. In the Zebra finch the female, but not the male, develops a 

brood patch during incubation. The brood patch is located on the ventral apterium on the 

abdomen and thorax of the bird (Zann & Rossetto, 1991, Lea & Klandorf, 2002). 

   Development of the brood patch involves several morphological changes of the ventral 

apterium of the bird, de-feathering, increased vascularization and edema development (Bailey, 

1952, Kern & Coruzzi, 1979, Zann & Rossetto). The ventral apterium of the zebra finch is 

quite devoid of feathers throughout the year (Zann & Rossetto, 1991), but with the start of 

broodiness the bird starts to shed the feathers that are present on the ventral apterium. De-

feathering proceeds until all the feathers of the brood patch have been shed (Zann & Rossetto, 

1991, Bailey, 1952, Kern & Coruzzi, 1979, Lea & Klandorf, 2002). 

   During brood patch development the vascularization of the ventral apterium increases 

(Bailey, 1952, Kern & Coruzzi, 1979, Zann & Rossetto, 1991, Lea & Klandorf, 2002). This is 
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seen as both an increase in the number and size of small vessels and an increase in the size of 

larger vessels supplying the capillaries (Lea & Klandorf, 2002, Bailey, 1952, Kern & Coruzzi, 

1979). The vessels that emerge in the skin during brood patch development are believed to be 

vessels called arteriovenous anastomoses, AVA (Midtgård, 1984, Midtgård, 1985). The AVA 

are not fixed structures but can arise from existing vessels when needed and disappear again 

when they are no longer necessary. The estimated time required for development of new AVA 

is about 2-3 days (Daanen, 2003, Midtgård, 1985, Rosatti, 1956). The AVA are medium sized 

vessels that are not involved in nutrient supply but believed to be involved in 

thermoregulation. In the AVA blood is able to pass directly from the arterioles to the venules 

bypassing the capillaries (Lea & Klandorf, 2002, Boron & Boulpaep, 2009, Midtgård, 1985). 

The AVA are densely innervated structures regulated both by adrenergic (vasoconstricting) 

and cholinergic (vasodilating) nerves (Midtgård, 1988, Midtgård et. al., 1985, Hillman et. al., 

1982). This point to their importance as thermoregulatory vessels, where the size of the 

vessels can be varied from completely closed to open passing large amounts of blood 

(Daanen, 2003, Midtgård, 1988). AVA has also been found in other areas important for 

thermoregulation, such as the ear of the rabbit and the tongue of the dog (Funk & Mayer, 

1994).  

   Following vascularization edema formation begins. Due to edema formation the skin of the 

brood patch becomes loose, wrinkled and puffy. This is because of accumulation of interstitial 

fluid, possibly because of the increased vascularization and blood flow to the brood patch 

(Bailey, 1952, Kern & Coruzzi, 1979, Zann & Rossetto, 1991, Lea & Klandorf, 2002, Hinde, 

1961).  

   The AVA are believed to be important vessels involved in CIVD, which occurs in the brood 

patch (Midtgård et. al., 1985, Daanen, 2003). The mechanisms behind CIVD have long been 

discussed and some theories have arisen. One theory states that CIVD depends on the release 

of a vasodilating substance. One of the substance candidates discussed is Nitric oxide, NO 

(Daanen, 2003). NO which is a known vasodilator is a small molecule with a half life of 

couple of seconds. This makes NO a local acting vasodilator. NO is produced upon demand 

by NO synthase, NOS. When produced NO diffuses into the vascular smooth muscle cells 

surrounding the blood vessels and cause vasodilation by preventing contraction of the smooth 

muscle cells (Boron & Boulpaep, 2009, Rang et.al., 2007). 

   It is not clear whether CIVD is a local or a neurogenic response. It seems CIVD can still 

take place after denervation of the brood patch has occurred. Still the AVA are densely 

innervated which seems to point to a neurogenic response (Midtgård, 1988, Daanen, 2003). 

The AVA are innervated by nitrergic nerves, which release NO, and surrounded by NO 

producing epithelioid cells (Funk & Mayer, 1994, Gölfert et.al., 1997). This means that the 

NO acting on the smooth muscle cells could be of dual origin. When cholinergic nerves 

release neurotransmitter upon vessels they can release both acetylcholine and NO. The NO 

diffuses into the smooth muscle cells and causes relaxation. The acetylcholine acts on the 

endothelium and stimulates NOS in the endothelial cell. This triggers a production of NO 

which then diffuses out and acts on the smooth muscle cells causing vasodilation (Boron & 

Boulpaep, 2009, Rang et.al., 2007). In humans vasodilation has been found to occur in two 

phases, one initial response dependent on sensory nerves and a second response which is NO 

dependent (Charkoudian, 2003) 

   The aim of the study was to investigate if NO would cause vasodilation of the brood patch 

in the zebra finch. For the study we hypothesized that exogenously applied NO would cause 

vasodilation in the brood patch. That vasodilation would cause an increase in the surface 

temperature of the brood patch and that these responses would be larger in females with a 

developed brood patch than in males known not to develop a brood patch.  

 

http://www.ncbi.nlm.nih.gov.lt.ltag.bibl.liu.se/pubmed?term=%22ROSSATTI%20B%22%5BAuthor%5D
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3. Materials and methods 
 

3.1 Animal handling 
3.1.1 Living conditions 

31 zebra finches, 10 males, 14 females and 7 fledglings were kept in a cage inside a green 

house. During the study one female died and 9 hatchlings fledged the nest. This made the total 

number of birds at the end of the study 39. The birds were kept in a cage with a 2,16 x 2,17 m 

wide and 2,0 m high wooden frame. The frame was covered with chicken net were the mesh 

size was 12 x 12 mm. The cage contained 10 nests which had the inner measurements 9 x 9 x 

9 cm. The nests had a circular opening into the cage with a diameter of 4 cm. The floor in the 

cage was covered with soil. Towards the middle of the study rhubarbs (Rheum rhabarbarum) 

were planted in the cage to better simulate the natural living conditions of the birds. The cage 

contained two perches for the birds to sit on. Coconut fibers and string fibers were supplied as 

nest building material when this seemed in short supply. The birds were exposed to natural 

daylight conditions or a minimum of 12 hours light period (from 7 am – 7 pm) assured by 

roof lighting. The temperature fluctuated between a nightly temperature of ~20˚C and ~30˚C 

during the day. The birds had free access to food in the form of mixed seeds (Fink blandning, 

Imazo AB, Vara, Sweden). Twice a week they were also given eggfood, consisting of boiled 

chicken eggs mixed with crushed eggshells and sprouted seed from alfalfa, Medicágo sativa 

and mung beans, Vigna radiata. Water was replenished automatically 4 times every day 

making sure that the birds did not run out of water.  

 

3.1.2 Bird monitoring 

Monitoring of the birds was done daily by checking the building status and the number of 

eggs and hatchlings in every nest. The zebra finches had a microchip (electronic transponder, 

TX148511B, Destron Fearing, Boise USA) implanted subcutaneously on the back between 

the wings. Nest attendance was monitored by placing a microchip reader (portable transceiver 

system, FS2001 F-ISO, Destron Fearing, Boise USA) on a certain nest. The microchip reader 

was set on continuous mode and set to store data from the same microchip only at a 15 

seconds interval. Every new microchip registered was stored even if 15 seconds had not 

passed.  

 

3.1.3 Brood patch scoring 

In the beginning of the study birds were caught on a daily basis and the brood patch was 

examined. The birds were held in one hand and kept on their backs. Firstly de-featherization 

was examined. The temperature of the brood patch was measured with an Infrared-

thermometer, 68 (Fluke corporation, Everett, USA). The brood patch was then made visible 

by application of a water based lubricating gel, Klick (51228, rfsu, Kisa, Sweden), bought at 

the local pharmacy. The Klick was diluted in water 1:1 and applied with a q-tip. The 

wrinkling and tightness of the brood patch skin was examined. Pictures were taken with a 

USB microscope, DinoLite digital microscope Pro AM-413ZT (ANMO electronics 

corporation, Hsinchu, Taiwan). These were used to examine the vascularity of the brood 

patch. The information obtained was used to develop a brood patch scoring system in which 

de-featherization, edema and vascularity was scored, as shown in Table 1. Examples of 

different levels of vascularity are shown in Figures 1 A-E. This scoring system was used to 

score the brood patch of the birds used for the experimental protocols in the study.  
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Table 1. The scoring protocol developed. This scoring protocol was used for the remainder of 

the study. 

Score De-featherization Edema Vascluarity 
1 ~20 down feathers Normal tight skin A big vessel in the middle of thorax 

visible 

2 Feathers on both abdomen 

and thorax but less than 20 

---------------------- A big vessel in the middle of thorax 

more visible and branching seen 

3 Less down feathers abdomen Loose skin One other vessel visible (total 2) 

4 Less down feathers thorax ---------------------- At least two other vessels visible  

(total 3) 

5 ~No feathers on abdomen and 

thorax 

Loose fluid filled 

skin 

Vessels on abdomen shaped like a tree 

 

    
A.  B.  C.  

  
D. E. 

Figure 1. Examples of the different levels of vascularity in the scoring system. A score 1, A 

big vessel in the middle of thorax visible. B score 2, A big vessel in the middle of thorax more 

visible and branching seen. C score 3, One other vessel visible (total 2). D score 4, At least 

two other vessels visible (total 3) . E score 5, vessels on abdomen shaped like a tree. 

 

3.2 Experiments 
3.2.1 Anesthesia 

To anesthetize the birds they were first placed in a plastic bag filled with air and 7,7 % 

isoflurane, Isoba
®

vet. (Schering-Plough Animal Health, Ballerup, Denmark) bought at the 

local pharmacy. The isoflurane concentration was controlled with a gas vaporizer 

(DRÄGERWERK AB, Lübeck, Germany). Once the bird was anesthetized the bird was taken 

out of the plastic bag and a mask supplying 2,3 % of isoflurane was placed over the head of 

the bird. The mask used for anesthesia was manufactured from a 60 ml syringe (Becton 

Dickinson, Drogheda, Ireland) cut at 15 ml. The isoflurane was delivered to the mask through 

a plastic tube. To monitor the state of the bird during anesthesia cloacal temperature and 

breathing frequency were recorded using a 4ST amplifier system (Powerlab, ADInstruments). 

To minimize thermoregulatory responses due to changes in the core temperature of the bird an 

effort was made to keep the core temperature stable during anesthesia. To control and keep 
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the core temperature of the anesthetized bird as constant as possible the bird was placed on a 

40 x 30 cm heat pad, S8-S (OBH Nordica, Spånga, Sweden) were the heat could be regulated 

between 0-2. To prevent heat loss from the bird disposable surgery drapes, klinidrape 

(Mölnlycke Health Care AB, Gothenburg, Sweden) were used to minimize convective air 

flow around the bird. The drapes were 20 x 20 cm and 14 x 19 cm in size with a hole in the 

middle of 5 x 5 cm or 3 x 3 cm sized respectively. The hole was placed over the brood patch 

of the bird. Breathing frequency was monitored discontinuously with an event switch 

connected to the Powerlab system that returned breathing frequency. If birds were breathing 

in a very irregular pace or a very slow pace anesthesia was lowered down to 1,5 % isoflurane. 

When the bird had a stable core temperature and a breathing frequency of at least ~50 breaths 

per minute the bird was considered as stabilized and the experiments were started. Several 

experimental protocols were run for every bird.  

 

3.2.2 Test subjects 

Three groups of birds were used in the study. One test group which contained 7 NO treated 

females. One control group of 5 Klick treated females which were also part of the NO treated 

females group. For female number 5 the NO treatment and the Klick treatment were not 

performed in the same day. The Klick treatment was performed 12 days later. A second 

control group containing 7 NO treated males was also used. The birds brood patches were 

scored according to the scoring protocol, presented earlier (table 1). The scoring is seen in 

Table 2. The birds used in the NO treated males group were randomly caught males. The 

birds used in the other two groups were selected based on breeding status information 

obtained from the bird monitoring routines, and on the results from the brood patch scoring. 

The group of NO treated females contained 1 female with a fully developed brood patch, 3 

females determined as pre-broody and 3 females determined as post-broody. The group of 

Klick treated females contained 1 female with a fully developed brood patch, 2 females 

determined as pre-broody and 2 females determined as post-broody. 

 

Table 2. Shows the results of the brood patch scoring for each individual used in the study. 

Individual 1 2 3 4 5 6 7 

Males NO        

De-featherization 1 1 1 1 1 2 1 

Edema 1 1 1 1 1 1 1 

Vascularity 1 1 1 1 3 2 1 

Females NO        

De-featherization 5 4 4 4 5 5 4 

Edema 5 1 3 1 3 1 1 

Vascularity 5 5 5 5 5 4 3 

Females Klick        

De-featherization 5 4 4 4 4   

Edema 5 1 3 1 3   

Vascularity 5 5 5 5 4   

 

3.2.3 Experimental protocol 

During the experiment collection of data was achieved by measuring the temperature of brood 

patch with the Infrared-thermometer and a thermal camera, InfraCam (FLIR SYSTEMS AB, 

Danderyd, Sweden). The thermal camera measured temperature form a spot approximately 

0,5-1,0 mm in diameter. The vasodilation status was documented by pictures taken with the 

USB microscope set to a magnification of 50. Collection of data occurred at four different 

times, 0, 1, 3 and 5 minutes. The starting point of the bird was documented right before any 
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manipulation took place (0 minutes). After this an NO-generating system previously 

described by Tucker and later by Peltonen & Pyörnilä was applied (Tucker et. al., 1999, 

Peltonen & Pyörnilä, 2004). The system consisted of 10 μl of ascorbic acid (Merck, 

Sollentuna, Sweden) mixed in Klick to a concentration of 5 % w/v and 10 μl of sodium nitrite, 

NaNO2 (Scharlau Chemie S.A., Sentmenat, Spain) mixed in Klick to a concentration of 5 % 

w/v was applied to the brood patch. Prior to application the gels had been heated to 35˚C in a 

water bath. The two gels were mixed together on the brood patch with a sterile q-tip. A 

reaction between the ascorbic acid and sodium nitrite in the two gels will lead to a release of 

NO. This reaction was allowed to proceed for 1 minute. The gel was then gently wiped off 

with a soft paper tissue. Temperature was measured with the infrared thermometer and 

thermal camera. Pictures were taken with the USB microscope. This was then repeated at 3 

and 5 minutes from mixing of the two gels.   

The NO protocol was used on broody females and on males. The NO-generating gels used in 

the protocol were never more than four days old.  

 

Control 

As a control for the NO treatment five of the NO treated females were also used in a control 

protocol. In this procedure the NO-generating system was replaced with 20 μl of preheated 

Klick. Otherwise the same protocol was followed. 

 

3.2.4 Recovery 

When the experimental protocols were completed the cloacal probe was removed. The 

isoflurane was then turned to 0 % and the mask over the head was removed. The bird was 

allowed to wake up in the hand of one of the study conductors and was then placed in a small 

cage to recover for at least 30 minutes. The bird was then returned to the regular aviary. 

 

3.2.5 Human control 

To check that the NO-generating system worked in a satisfactory manner the different gels 

were also tested on the forearm of humans. The test group contained 18 persons, 10 males and 

8 females. The gels tested were 20 μl Klick, 20 μl Klick with 5 % w/v ascorbic acid, 20 μl 

Klick with 5 % w/v sodium nitrite and 10 μl Klick with 5 % w/v ascorbic acid + 10 μl Klick 

with 5 % w/v sodium nitrite, as shown in Table 3. Four square areas where the gels were to 

be applied were marked with a waterproof permanent marker. Pictures were taken with a 

camera, Panasonic, DMC-FZ18 (Matsushita electronic industrial co. Ltd., Osaka, Japan) with 

an annular flash before any gel was applied. The gels were then applied and mixed with a 

sterile q-tip. After 1 minute the gel was removed with a soft paper tissue and new pictures 

were taken with the camera.    

 

Table 3. Shows the test set up used to for testing the effect of the different gels in the NO-

generating system.    

Square Klick Klick with 

5% w/v ascorbic acid 

Klick with 

5% w/v sodium nitrite 

Total 

volume 

1 20 μl   20 μl 

2  20 μl  20 μl 

3   20 μl 20 μl 

4  10 μl 10 μl 20 μl 
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3.3 Analysis of data 
In the human control changes in vasodilation was scored from pictures taken at 0 and 1 

minutes. The change in vasodilation was scored from 0-2, as followed, 0 meant no change in 

vasodilation, 1 meant a small increase in vasodilation and 2 meant a clear increase in 

vasodilation. 

   Changes in vasodilation in the brood patch were scored from the pictures taken with the 

USB microscope at 0 and 1 minute and 0 and 3 minutes. The changes in vasodilation were 

rated from -2 – 2, were 0 is no change, 1 is a small increase in vasodilation, 2 is a clear 

increase in vasodilation, -1 is a small decrease in vasodilation and -2 is a clear decrease in 

vasodilation.   Since the comparisons were made from the results of the scoring of change in 

vasodilation the fact that the females were more vascular should not affect the results. 

 

3.3.1 Statistics 

The data obtained was statistically analyzed. For analysis of differences within each of the test 

groups over time a general linear model of analysis of variance in SPSS Statistics 17.0 (SPSS 

inc. Chicago, USA) was used. Time was the repeated (within subjects) factor in these tests. 

For analysis of differences between the test groups over time a general linear model of 

analysis of variance in SPSS was used. Time was the repeated factor and treatment was the 

between subjects factor. To analyze differences between groups at a specific time t-tests with 

unequal variance was performed in excel, Excel 2007 (Microsoft Corporation, Kisa, Sweden). 

To analyze differences between different times within the same test group paired t-tests were 

performed in excel. Comparisons between the NO treated females and Klick treated females 

were performed with paired t-tests. For these tests only the individuals included in both 

groups were used. To analyze differences over time between the NO treated females and the 

Klick treated females a general linear model of analysis of variance in SPSS was used. Here 

both time and treatment (NO or Klick) was used as a repeated factor. All the results are 

presented as mean (standard deviation) unless otherwise stated. The fiduciary level for the 

statistical tests was set at p<0.05. 

  

 

4. Results 
 

4.1 Human control 
In the human controls the vasodilatory effect of the different gels used in the experimental 

protocol were examined. Here the change in vasodilation between 0 and 1 minute was scored 

from 0-2. 18 test subjects were used in the study, 10 males and 8 females. The result from the 

ascorbic acid gel from one male was discarded. When comparing the results between the 

female and male test subjects no significant differences were found for any of the gels. When 

comparisons between 0 and 1 minute was made for the different gels significant differences 

were found for the sodium nitrite (NaNO2) gel and the  NO-generating gels, square 3 and 4 in 

Table 3, (p<0,05). More vasodilation was seen at 1 minute than at 0 minutes. Comparisons 

between the different gels at 1 minute revealed a significant difference between the NO-

generating gel and all the other gels (p<0,05). The NO generating gels resulted in more 

vasodilation than the other gels. A significant difference was also found when comparisons 

were made between the sodium nitrite gel and Klick (p<0,05). The sodium nitrite gel resulted 

in more vasodilation than Klick did. Results are shown in Figure 2. 
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Figure 2.  Graph over changes in vasodilation between 0 and 1 minutes for different gels 

used in the experimental protocols. Scoring: 0 = No change, 1 = Small increase in 

vasodilation, 2 = Clear change in vasodilation. * indicates that there is a difference between 

0 minutes and 1 minute (p<0,05). # indicates that there is a difference between the NO-

generating gel all other gels (p<0,05). 

 

4.2 Core temperature 
Core temperature which was measured continuously with a rectal probe during the experiment 

is displayed in Figure 3. The core temperature was stable in NO treated females and Klick 

treated females. In NO treated males the temperature shows some variations over time 

(p<0,05). In the NO treated males the temperature drops slightly in the beginning and then 

increases towards 5 minutes.  

 
Figure 3. Graph over core temperature at 0, 1, 3 and 5 minutes from NO-gel application. 

Bars indicate standard deviation. For NO treated males there is a significant difference in 

core temperature over time (p<0,05). 

 

4.3 Brood patch temperature 
Brood patch temperature was measured with both an infrared thermometer and with a thermal 

camera. Results are shown in Figure 4. The infrared thermometer and thermal camera results 

were not consistent with each other, as to be discussed later in the paper. 
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4.3.1 Infrared thermometer  

Comparison of the infrared thermometer temperatures at different times shows that there is a 

significant difference over time for the NO treated females (p<0,05). In the NO treated 

females the temperature decreases in the beginning of the experiment and increases again 

towards 5 minutes. For the Klick treated females and the NO treated males there are no 

significant differences in brood patch temperature over time.  

   Comparison of the NO treated females and the NO treated males show that there is a 

significant difference in brood patch temperature between the two test groups (p<0,05). The 

temperature is higher in the NO treated females at all times measured. Comparison of the NO 

treated females and the Klick treated females show that there are no significant differences 

between the test groups. Data is shown in Figure 4A. 

 

 

  

A.  B   

Figure 4. Graph over brood patch temperature at 0, 1, 3 and 5 minutes from NO-gel 

application. Bars indicate standard deviation. A show the temperatures measured with 

Infrared-thermometer. In the NO treated females there is a difference in brood patch 

temperature over time. # indicate a difference between NO treated males and NO treated 

females (p<0,05). B show the temperatures measured with the thermal camera. For the NO 

treated females and for the NO treated males there is a difference in brood patch temperature 

over time. * indicate that there is a difference between the times 0 and 1 minute within the test 

group (p<0,05).  

 

4.3.2 Thermal camera 

The experimental protocol did not contain the thermal camera in the beginning of the study. 

Results from thermal camera readings are therefore not available for all animals. For the 

thermal camera comparisons N=5 for the NO treated males, at 5 minutes N=4 for the NO 

treated males because for one male no measurements could be made at this time. N=5 for the 

NO treated females. For the Klick treated females N=5  at 0 and 1 minute, and because no 

measurements could be made for one female at 3 and 5 minutes N=4.  

   Comparisons of the thermal camera temperatures at different times show that there is a 

significant difference over time for the NO treated males and for the NO treated females 

(p<0,05). For the Klick treated females a general linear model of analysis of variance show 

that there are no significant differences in brood patch temperature over time. When a paired 

t-test of the times 0 and 1 minutes for the Klick treated females is performed this shows that 

there is a significant difference in brood patch temperature between the two times (p<0,05). A 
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paired t-test between the times 0 and 1 also results in a significant difference for the NO 

treated males and for the NO treated females. In all groups the temperature is higher at 0 min 

than at 1 min. Data is shown in Figure 4B. 

   Comparison of the NO treated females and the NO treated males from 0 – 3 minutes show 

that there is not a significant difference in brood patch temperature between the two groups. 

Comparison of the Klick treated females and the NO treated females that were also part of the 

Klick test group, from 0 – 3 minutes, show that there is not a significant difference in brood 

patch temperature between the two groups.  

 

4.4 Vasodilation 
To determine the vasodilatory effect of NO and Klick on the brood patch, changes in 

vasodilation were scored from pictures taken at 0, 1 and 3 minutes. The changes were rated 

from -2 – 2. Comparisons of the NO treated males at the different times show that there are no 

significant differences in vasodilation between the different times (p > 0,05). If the p-value is 

increased to p < 0,1 a significant difference can be observed between 0 and 1 minute. A 

comparison of the NO treated females at the different times shows that there is a significant 

difference in vasodilation between 0 and 1 minute and between 0 and 3 minutes. When 

comparisons are made between the NO treated males and NO treated females at 1 minute and 

at 3 minutes the results show that there is a significant difference between the two groups at 1 

minute (p<0,05) but not at 3 minutes (p>0,05). The results are seen in Figure 5.   

 

 
Figure 5. Changes in vasodilation scored from pictures taken at 0, 1 and 3 minutes. Scoring: 

0 = No change, 1 = Small increase in vasodilation, 2 = Clear change in vasodilation, -1 = 

Small decrease in vasodilation, -2 = Clear decrease in vasodilation. * indicates that there is a 

difference between the time and 0 minutes (p<0,05). # indicates that there is a difference 

between NO treated males and NO treated females (p<0,05). 

 

Comparisons of the scoring of Klick treated females at different times show that there are no 

significant differences between the times. Comparisons between the Klick treated females and 

the same females treated with NO at the different times show that the females are significantly 

more vasodilated at both 1 and 3 minutes when treated with NO than when treated with Klick 

(p<0,05). Results are shown in Figure 6. 
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 A.     B. 

Figure 6A. Table of the vasodilation scoring of Klick treated females and NO treated females 

at 1 and 3 minutes. B. Graph of vasodilation scoring of Klick treated females and NO treated 

females at 1 and 3 minutes. # indicates that there is a difference between the Klick treated 

females and NO treated females (p<0,05). Scoring: 0 = No change, 1 = Small increase in 

vasodilation, 2 = Clear change in vasodilation, -1 = Small decrease in vasodilation, -2 = 

Clear decrease in vasodilation. Bars indicate standard deviation. 

 

 

5. Discussion 
 

5.1 Human controls 
The tests performed verify that the NO generating system used in the experimental protocol, 

and previously used by Tucker (1999) and Peltonen & Pyörnilä (2004), will cause 

vasodilation in the skin. The vasodilation caused by the NO generating system is evident 

while application of Klick does not display any signs of vasodilation. The tests also show that 

there are no differences in the effect of the NO generating system or Klick between male and 

female test subjects. The sodium nitrite gel also caused some vasodilation. This is not 

completely unexpected since nitrite is quickly reduced to NO on the skin by for instance 

ascorbic acid which is naturally present on the surface of the skin. The slight vasodilation 

seen with the ascorbic acid gel is probably because nitrate excreted in sweat is reduced to 

nitrite which then reacts with the ascorbic acid (Tucker et. al., 1999). 

 

5.2 Brood patch temperature 
When comparing the results from the measurements with the thermal camera and the infrared 

thermometer one sees that they are slightly different. Comparisons of the results from the 

infrared thermometer shows that there are differences over time for the NO treated females 

but not for the NO treated males or the Klick treated females. In the NO treated females the 

temperature decreases in the beginning of the experiment and increases again towards 5 

minutes but never reaches the same temperature as at 0 minutes. The results show that there 

are clear differences in brood patch temperature in the NO treated males and NO treated 

females at all times. Comparisons also show that there are no significant differences in brood 

patch temperature between the NO treated females and the Klick treated females.  

   When comparing the data from the thermal camera the results show that there are 

differences over time for both the NO treated females and for the NO treated males but not for 

the Klick treated females. A closer look into this does however show that there are clear 

differences in temperature between 0 and 1 minute in all test groups, where the temperature is 

Scoring of brood patch vasodilation 

 Klick NO 

Individual 1 min 3 min 1 min 3 min 

1 2 0 2 2 

2 -1 0 1 0 

3 0 0 2 2 

4 1 1 2 2 

5 1 1 2 2 
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lower at 1 minute than at 0 minutes. This indicates that the gel in itself has a cooling effect on 

the brood patch. Peltonen & Pyörnilä which were using the same kind of NO-generating 

system as this study also found that their vehicle gel had a cooling effect (Peltonen & 

Pyörnilä, 2004). They believed that this caused CIVD in some of the test subjects.  

   When comparing the different test groups with each other differences between them are not 

seen. This could mean that vasodilation has no effect on brood patch temperature or that the 

temperature effect of vasodilation could not be detected. Failure to detect temperature 

differences could possibly be explained by a larger effect on temperature by the Klick. It 

could also depend on changes in emissivity of the brood patch due to application of Klick. 

   The reason why the thermal camera and infrared thermometer differ to such an extent in 

measured brood patch temperature is probably because the measurements were made at 

different distances. The infrared thermometer was kept at a distance of approximately 3 cm 

from the brood patch. This puts the infrared thermometer out of focus, which means that the 

area of measurement increases. The low temperatures measured with the infrared 

thermometer could therefore be due to the fact that the measurements included areas 

surrounding the brood patch such as insulating feathers and the surrounding environment. 

Both the infrared thermometer and the thermal camera measures temperature indirectly. Every 

object radiates infrared light not visible to the human eye. The infrared thermometer and 

thermal camera however detects this infrared light emitted from the object. The emission of 

infrared light increases with increased temperature. How large the emissivity of an object is 

however depends on the properties of that object. For accurate readings an emissivity close to 

one is required (Williams, 2009, Sanchez-Marin et.al, 2009). Skin has an emissivity of 0.98 

which makes it a good object for infrared thermal measurements. However the emissivity of 

the skin can be affected by for example the application of medical or cosmetic substances 

(Williams, 2009,). For infrared thermal measurements of an object some of the infrared light 

detected by the measurement apparatus is infrared radiation from the environment reflected 

by the object of interest (Williams, 2009, Sanchez-Marin et.al, 2009). This means that a 

possible change in emissivity of the brood patch due to the application of the gel could cause 

the measured temperatures to be slightly off. Because of the effects of Klick on the 

temperature and possibly on the emissivity on the brood patch it is not possible from these 

measurements to say that vasodilation will cause a change in temperature in the brood patch.  

 

5.3 Vasodilation 
Since NO is fast acting with a half life of just a few seconds (Peltonen & Pyörnilä, 2004, 

Rang et.al., 2007) the first times were chosen for comparisons of vasodilation. When 

comparisons were made of the NO treated females between 0 and 1 minute the results clearly 

showed that vasodilation occurred. The same was true when comparing 0 and 3 minutes. 

When comparing the NO treated males at different times no significant differences were seen. 

By increasing p < 0,1 a significant difference between 0 and 1 minutes can however be 

observed. This indicates that vasodilation is also occurring in the NO treated males but not to 

the same extent as in the NO treated females. Comparisons of the NO treated males with the 

NO treated females show that vasodilation is markedly larger in the NO treated females than 

in the males. These results correspond with what was found in a study on rock pigeons. The 

study found that the dorsal skin which contains less AVA is less responsive to NO than the 

abdominal skin which is rich in AVA (Peltonen & Pyörnilä, 2004, Midtgård 1885). According 

to an article on AVA NO will dilate the AVA selectively more than all other vessels (Funk & 

Mayer, 1994). Another study reports that cooling will increase the NO production from 

endothelium surrounding the cutaneous arteries, like the AVA in the brood patch, when 

stimulated by cholinergic nerves (Fernandez et.al., 1994). The fact that the female brood patch 
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contains more AVA would then explain why the vasodilation effect is larger in the NO treated 

females than in the males.  

   Comparisons of the Klick treated females at different times show that there are no 

significant differences between the times. The results from the Klick application are not 

uniform though, Figure 6. It seems that Klick may have some effect on the state of 

vasodilation of the brood patch. However comparisons of the same individuals when treated 

with NO and Klick show that there are significant differences. For all of the females 

vasodilation was more pronounced when treated with NO than when treated with Klick. It is 

possible that the cooling of the Klick caused CIVD in the brood patch of Klick treated 

females. It could also be possible that the cooling effect of the Klick caused the epithelium 

around the AVA to produce more NO causing slight vasodilation of the vessels (Fernandez 

et.al., 1994). Since males do not have the same number of AVA on their abdomen this was 

not seen for the NO treated males (Funk & Mayer, 1994, Midtgård 1885). In the males the 

potential vasodilatory effect seen was probably due to a small effect of the NO generated on 

the abdominal skin.  

 

5.4 Conclusions 
From these experiments it is clear that exogenous NO cause vasodilation of the superficial 

vessels on the brood patch. The larger vasodilatory effect seen in the NO treated females than 

in the NO treated males is reasonably because of the larger amount of AVA in the brood patch 

(Midtgård 1885). It has been shown that NO will vasodilate AVA more than any other vessels 

(Funk & Mayer, 1994). Klick has a cooling effect on the brood patch. The possible 

vasodilatory effect seen in the Klick treated females could possibly depend on the cooling 

effect of the Klick application. It has been shown that cooling increases the production of NO 

from the epithelium upon cholinergic stimulation (Fernandez et.al., 1994). Again this effect 

would be larger in the females because of a larger amount of AVA in the brood patch.  

   For further knowledge on the vasodilatory effects of NO on the brood patch it would be 

wise to find a system that delivers NO to the brood patch skin without having a cooling effect. 

One suggestion could be to deliver NO in gaseous form. This could also mean that one could 

avoid problems with changes in emissivity of the skin which would make infrared and 

thermal readings more reliable. It would also be interesting to repeat the experimental 

protocol including non-broody females, or possibly follow the same females at different 

stages of breeding/brood patch development.  
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