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Abstract
Avian biologists and toxicologists use tests of immune function to evaluate health or quality in birds. Nestlings are widely studied members of the population because of the logistical ease of working with them, and because of their vulnerability to environmental contaminants. Current immunological techniques are designed for domestic poultry and are far from ideal, since poultry are precocial (developmentally mature at hatching), while many wild species are altricial (developmentally immature, i.e. blind, naked and totally dependent at hatching). The purpose of this study was to identify a sensitive means of evaluating in vivo antibody responsiveness in nestling American kestrels. Two antigens, sheep red blood cells (SRBC), and dinitrophenol– keyhole limpet hemocyanin (DNP–KLH), were used to stimulate a B cell mediated response. Antibody production was measured using a hemagglutination assay (SRBC), or an enzyme-linked immunosorbent assay (DNP–KLH). Two formulations of the antigen DNP–KLH were compared. DNP–KLH stimulated a stronger and more consistent antibody response in nestling kestrels than did SRBCs.
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1. Introduction
Abbreviations: DDA, dimethyldioctadecyl ammonium bromide; DNP–KLH, dinitrophenol–keyhole limpet hemocyanin; DTH, delayed type hypersensitivity; ELISA, enzyme-linked immunosor- bent assay; HA, hemagglutination assay; M, molar; ml, microlitre; PBS, phosphate-buffered saline; PHA, phytohemagglutinin; RBC, red blood cells; SE, standard error; SRBC, sheep red blood cells.
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What we know of avian immunology has largely been derived from studies in domestic fowl [1–4]. Testing the immune response is now recognized as a valuable tool in toxicology, ecology and even behavioral studies of wild avian species [5–12]. In studies of wild birds, in which one or more aspects of immune function are examined, immunocompetence is now being used as a surrogate measure of fitness,

survivability, and quality of bird [11–14]. Tests of immunotoxicity are seen as a means of detecting subclinical changes in health status of wild birds that may become significant if animals are subjected to additive environmental stressors such as contami- nation, inclement weather, deteriorating habitats, exposure to infectious agents, and disturbed food supply.

Variables related to immunity such as total and differential white blood cell counts, antibody pro- duction against specific antigens, and the skin response to the T lymphocyte mitogen phytohemag- glutinin (PHA), are the measures of immunological responsiveness most commonly used [6,7,12,15,16]. Not all these measures provide equally meaningful information about the nature of the impact on the immune system from exposure to pathogens, con- taminants, or from the ecological perturbation being studied. In mature animals, the immune system is temporally dynamic and highly redundant with numerous interactive elements. Prediciting and inter- preting the magnitude and direction of a response can be challenging. Antibody, or B cell mediated immunity responds variably to environmental stres- sors. Svensson et al. [7] demonstrated that cold temperatures suppress antibody production in blue tits (Parus caeruleus). In mallard ducks (Anas platyr- hynchos), antibody titers against foreign red blood cells (RBC) were unaffected from exposure to selenium  [14],  whereas  lead  ingestion  suppressed [17], or had no effect [18] on antibody responses in quail (Coturnix coturnix). To complicate the interpret- ation further, antibody production in American kestrels (Falco sparverius) exposed to PCBs was increased in adult females and in nestlings of both sexes, while it was suppressed in males [19].

A common means of assessing the humoral, or antibody response in wild birds is through the use of foreign RBC based assays [11,12,20–22]. RBC from one species, when injected into any other species, will generally induce an antibody-mediated immune response. Among other antigens that have been used to promote a humoral immune response in wild birds are the combination of dinitrophenol (DNP), a simple, chemically reactive hapten (having only one antigenic determinant), conjugated to keyhole limpet hemocya- nin (KLH), a larger, but still simple respiratory pigment of the keyhole limpet [19]. Other antigens


that have been successfully used in birds are KLH alone [23], diphtheria-tetanus vaccine [7,24] and Newcastle disease virus (NDV) [18]. In these studies factors influencing the antibody response were investigated in adult birds. In research on wild birds in which sheep red blood cells (SRBC) have been used to evaluate immunocompetence in adults and young, nestlings fail to produce detectable antibodies [11,20–22]. Smits and Bortolotti found nestling American kestrels to produce a markedly weaker response to DNP–KLH than did the adult birds. Nestling birds are widely studied members of the population because of the relative logistical ease of working with them, and because of their vulnerability to stressors (physical, social, toxicological, infectious). Altricial species hatch young that are developmentally immature (blind, naked and totally dependent on parental support) and their immune systems are likely to be similarly immature, which possibly explains the poor responses seen, relative to those of adult birds. Before researchers can interpret immunological responses, we must know the animals’ capacity to respond.

One objective of this study is to identify a means of consistently provoking and detecting an antibody response in altricial, nestling birds, that will be useful for ecological and immunotoxicological studies in the wild. A second objective is to determine whether antibody production in the nestlings can be enhanced through different vaccine formulations. Adjuvants are substances, which when administered together with protein antigens, elicit strong innate immune reactions and inflammation at the site of antigen entry, thus promoting T cell dependent antibody production by mature B lymphocytes [25,26].

Characteristics of the antigen influence the nature of the antibody response, and two different antigens may not be equally effective in stimulating a detectable antibody response. Analytical methods may not be equally sensitive in detecting subsequent antibody levels. In this paper, we examine different means of stimulating and evaluating the B cell immune response in wild birds. American kestrels, small North American falcons, are common over an extensive geographical range, making them popular for studies in toxicology [27–29]. Because of their attributes of being tolerant of human disturbance, their relatively long nestling period (approximately 27 days) and  the  logistical  ease  with  which  they  can  be

studied, kestrel nestlings were used as models in this research.

2. Materials and methods
2.1. Animals

The antibody mediated immune response was studied  in  young  American  kestrels  in  2001  and

2002.  Wooden  nest  boxes,  24 cm(d)!21 cm(w)!
39 cm(h) with an entrance hole diameter of 7.5 cm, were located on hydro poles in grassy rights-of-way around the perimeter of Saskatoon, SK, Canada, or at the edge of grain producing agricultural land. A total of 25 wild nestlings from six breeding pairs in 2001, and 16 nestlings from five pairs in 2002 comprised the study population. In both years, nestlings were weighed at approximately 9 and again at 22 days of age using a hand held 100 g or 300 g spring scale (Pesolaw, Switzerland). The sex of each nestling was determined by plumage.

2.2. Antibody production to DNP–KLH

To assess the antibody response in nestling kestrels, the birds were sensitized using two different antigens: the non pathogenic conjugate, DNP–KLH (Calbiochem, Terochem Laboratories Ltd, Edmonton, AB) and SRBC. Because of the somewhat complex sensitization protocols and the fact that they differed between years 1 and 2, Fig. 1 is presented as a schematic diagram only, to provide an overview and time sequence of events. The general protocol was to first sensitize the birds stimulating a primary antibody response, then 6 days later give a booster, stimulating a secondary response. Blood samples were collected before each vaccination, and again 7 days after the second one, representing ‘pre’, ‘primary’ and ‘sec- secondary’ categories for antibody response.

In year 1, using sterile technique, two sensitizing formulae were made with the antigen DNP–KLH, which differed in the adjuvant that was used. Sensitiz- ing mixture I was formulated ‘per bird’ as follows:

6.7 ml  of  stock  DNP–KLH  (7.5 mg/ml  in  3-[N-

morpholino] propane-sulfonic acid (MOPS), was added  to  45.3 ml  sterile  phosphate-buffered  saline (PBS) plus 22.5 ml of Emulsigenw (MVP Laboratories,
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Fig. 1. Schematic representation of the temporal relationships, in

2001 and 2002, between the sensitization with dinitrophenol– keyhole limpet haemocyanin (DNP–KLH) and sheep red blood cells (SRBC) in nestling American kestrels.

Ralston, Nebraska) as the adjuvant. The final adjuvant to antigen ratio was 30:70. Sensitizing mixture II consisted of 6.7 ml of the stock DNP–KLH, described above, 30.8 ml  sterile PBS, plus 37.5 ml  of adjuvant obtained from a private source, based on Emulsigen with dimethyldioctadecyl ammonium bromide (DDA) [25]. The final adjuvant to antigen ratio was

50:50. To make the sensitizing solutions, DNP–KLH

was dissolved in the PBS, added to the adjuvant in a sterile polypropylene tube, and emulsified using an

18 g needle attached to a syringe, with all procedures being  carried  out  on  crushed ice  under a  laminar flow hood.

At approximately 9 days of age (slight age variation due to hatching asynchrony) nestlings were uniquely identified with colored cable ties, loosely secured on the tarsometatarsus. A 0.4 ml sample of blood was obtained via jugular venipuncture using a heparinized syringe and 27 g needle. In year 1, half of the brood from each nest, randomly selected, was injected subcutaneously over three sites (inside thighs and on chest) with 75 ml  of either mixture I or II.

In total, 12 nestlings from six nests received mixture I and 13 nestlings received mixture II. The chicks were given a booster injection using the same formulation as was used initially, at 15–16 days of age, with 0.4 ml blood being taken just prior to each immunization. The final blood sample was taken when nestlings were

22–23 days old, and the cable ties were removed. Blood was centrifuged at 5000 rpm for 5 min, serum was removed and stored at K20 8C until analyzed for anti-DNP–KLH antibodies. In year 2 (2002), all the nestlings were sensitized using only mixture I, because at that time, unfortunately, the preferred adjuvant used in mixture II was not available from the original, private source. Nestlings were injected at

10 and 16 days of age, with blood samples being collected before each injection, and finally at 23 days of age. A severe drought necessitated supplemental feeding of the birds during the nestling period, which likely explains the lack of difference in body mass that was seen between 23-day-old male and female nestlings in the second year.

2.3. Antibody production against kestrel immunoglobulin

In order to conduct enzyme-linked immunosorbent assay (ELISA) analysis for antibody response measurements, a capture conjugate against kestrel immunoglobulin needed to be identified. Briefly, DNP–KLH in carbonate coating buffer 0.05 M pH

9.5 was added to all wells of a 96-well Immunlon II plate and incubated at 4 8C  for 15 h. The plate was washed using 0.2% Tween 20 in deionized, distilled water. Twofold dilutions of kestrel sera (from birds previously sensitized with DNP–KLH) beginning with a dilution of 1:10, were added across the plate which was incubated at 20 8C for 2 h, then washed as described. One hundred microlitres of blocking buffer,  0.25%  bovine  serum  albumin  (BSA)–PBS with 0.05% Tween 20 (Aldrich Chemical Co. Inc. Milwaukee, Wisconsin, USA) (PBST) (bovine albu- min fraction V, Sigma) was added to each well for

30 min at 20 8C, then plates were washed. Commer- cially available anti-duck, anti-turkey and anti- chicken  antibodies  (KPL  Laboratories,  Canadian Life Technologies, Burlington, Ontario, Canada), Staphylococcus aureus  cell wall peptide Protein A, and Streptococcus spp. cell wall peptide Protein G


(Zymed Laboratories, South San Francisco, California, USA), were applied in varying dilutions ranging from

1:25 to 1:12,800 to determine binding affinity with kestrel immunoglobulin. All showed poor or negli- gible affinity for kestrel immunoglobulin at all dilutions tested. This made it necessary to raise specific anti-kestrel immunoglobulin antibodies. Plasma collected from six wild, healthy American kestrels was used. Serum immunoglobulins were purified using ammonium sulphate precipitation followed by anion exchange chromatography follow- ing standard techniques [30].

The purified kestrel immunoglobulins, heavy and light chain, were formulated into a sensitizing mixture and administered to two 2.5 kg New Zealand White rabbits.  The  priming  dose  consisted  of  150 mg  of kestrel immunoglobulin in 0.575 ml PBS and 0.75 ml Freunds complete adjuvant. The mixture was emulsi- fied in a glass tube over ice using 5 ml syringe and

18 g needle. This was injected with a 25 g needle over four sites, subcutaneously, with 250 ml/site. For each booster,  200 mg   kestrel  immunoglobulin  in  PBS,

0.910 ml PBS, 0.8 ml Freunds incomplete adjuvant were emulsified over ice in a 15 ml polypropylene tube using 18 g needle on a 5 ml syringe. The rabbits were injected three times at 2 week intervals. After the second booster, the rabbit serum was tested to determine the presence of anti-kestrel immunoglo- bulin antibodies, in an ELISA as described above. Using commercially available goat anti-rabbit-peroxidase conjugate, 100 ml (1:800) (Sigma, St Louis, Missouri, USA) the serum of the vaccinated rabbits bound to the kestrel immunoglobulin with absorbance diminishing appropriately with serum dilution, thus indicating that anti-kestrel IgG was present in the rabbits’ sera. Blood was collected from the rabbits via jugular canulation, 9 days after the third immunization. This blood was centrifuged, the serum removed, aliquoted into 1.5 ml eppendorf tubes, and stored at K70 8C.
2.4. ELISA to quantify antibody response of kestrels sensitized with DNP–KLH

To quantify the anti-DNP–KLH antibody response, an ELISA was carried out with modifications of the protocol presented above. One hundred microlitres of

0.5 mg/ml  DNP–KLH  in  carbonate  coating  buffer,

0.05 M, pH 9.5, was added to all wells of a 96-well

Nunc-Immuno Maxisorp microtiter plate (Canadian Life Technologies, Inc., Burlington, ON) and incu- bated at 4 8C  for 15 h. After rinsing the plates four times in 0.05 M PBS, pH 7.2; 0.05% Tween 20 (PBS– Tween), residual binding sites were blocked using

100 ml of BSA (0.25% BSA in 0.05 M PBS, pH 7.2;

0.05% Tween 20) (PBS–Tween), which was added to each well for 30 min at 36 8C,  then the plates were washed as described. Twofold dilutions of kestrel sera in PBS (100 ml per well), beginning with a dilution of

1:800, were added in duplicate rows across the plates which were incubated for 60 min at 36 8C. Control or standard sera run on every plate were made up of pooled sera from eight normal, healthy, sensitized birds, post-booster, included in the study which had mid to high absorbance levels of antibodies based upon a preliminary ELISA. The optical density values of the pooled, standard (control) sera were used to create a standard response curve for antibody concentrations on that plate. Antibody levels in the test sera were expressed as a percentage of the value of the control sera on that plate. Rather than expressing the antibody response as optical density values, our use of a control standard, allows data to be expressed in relative units. This reduces the problems of systematic and random variability, or inconsistent experimental conditions. Such problems can con- found interpretation of data expressed as either end- point antibody titres, or as untransformed absorbance readings at a single dilution [31].

2.5. Antibody response against SRBC

In year 1, all nestlings were injected with SRBC once, intraperitoneally, at 17 days of age (the same day they received the DNP–KLH booster). In year 2, nestlings were inoculated with SRBC at 10 and 16 days of age, concurrently with DNP–KLH vaccination and boosters (schematic Fig. 1). Each nestling received

0.5 ml of 10% SRBC in sterile saline which were prepared  as  follows:  0.5 ml  of  SRBC  (Cedarlane laboratories, Burlington, ON) in diluent, were washed three times in 1.0 ml of sterile PBS (0.05 M of PBS pH 7.2) in an appropriate sized microtube, centri- fuged  at  1000 rpm  for  7–10 min,  supernatant  was removed and wash was repeated. Then 0.1 ml SRBC from the pellet was added to 0.9 ml sterile physio- logical saline to produce the 10% solution used to


vaccinate the nestlings. Heparinized blood samples were taken by jugular venipuncture before inocu- lation and again 5 days later at 22 days of age (year

1), or 6 days later at 16 and 22 days of age (year 2). Serum  was  separated  and  frozen  at  K20 8C  until analyzed. The antibody response against SRBC was measured using a standard hemagglutination assay (HA) [32,33] in 96-well microtitre plates. All plasma samples  were  run  in  duplicate.  Briefly,  20 ml   of complement-inactivated  (through heating  to  56 8C) plasma was serially diluted in 20 ml  PBS (1:2, 1:4,

1:8, .1:512).  Next, 20 ml  of a  2% suspension of SRBC in PBS was added to all wells. Microplates were incubated at 40 8C  for 1 h, and hemagglutina- tion of the test plasma samples was compared to the blanks (PBS only) and positive controls (anti-SRBC serum, Sigma-Aldrich, Oakville, ON). Antibody titres were expressed as the log2   of the reciprocal of the highest dilution of plasma showing positive hemagglutination.

2.6. Statistical analysis
Statistical analyses were performed using SPSS [34], the criterion for significance generally being p!0.05. In year 1, a general linear model (GLM) repeated measures analysis was used to test vaccine I versus vaccine II. Sex and nest were introduced as factors, and the increase in body mass between 9 and

22–23 days of age was considered as a potential covariate. In year 2, when only one DNP–KLH formulation vaccine was used, GLM univariate analyses were used to examine relationships among the immune responses considering possible covariates such as sex and body mass.

3. Results
3.1. Year 1

The antibody response to DNP–KLH increased significantly over time for both vaccine formulae. The primary response to both sensitizing formulations was modest, compared with the secondary responses in which both groups of birds showed a clear and strong secondary response. Vaccine II produced significantly higher secondary antibody levels than did vaccine I

Table 1

Antibody responses of nestling American kestrels in 2001 and 2002, sensitized with (i) SRBC measured using a HA (meanGSE),  and

(ii) DNP–KLH measured using an enzyme linked immunosorbent assay (meanGSE).
	
	n
	2001
	
	
	n
	2002

	SRBCa
	
	
	
	
	
	

	Prevaccination
	
	ND
	
	
	16
	0.30G0.62

	Primary
	24
	2.14G0.29
	
	
	16
	2.34G1.43

	response
	
	
	
	
	
	

	Secondary
	
	ND
	
	
	15
	4.44G0.94

	response
	
	
	
	
	
	

	DNP–KLHb
	
	Adjuvant I
	
	Adjuvant II
	
	Adjuvant I

	Prevaccination
	12
	12.87G1.55
	13
	11.60G0.93
	15
	44.5G3.1

	Primary
	12
	23.37G3.35
	13
	36.84G7.91
	15
	52.1G4.0

	response
	
	
	
	
	
	

	Secondary
	12
	69.12G10.21
	13
	160.44G40.75
	15
	100.3G3.7

	response
	
	
	
	
	
	


a   Natural logarthim (ln) of the highest titre at which hemagglutination of SRBC was detected.

b   Antibody titres against DNP–KLH using an ELISA, expressed as a percentage of the absorbance of standard (pooled) control sera run on every plate.

(Table 1) (F1,21Z8.156, pZ0.009), although the difference was not yet evident in the primary response (Fig. 2). The pooled sera creating the standard in year 1 was from birds with high antibody levels, which caused the relative antibody responses of the group to appear fairly low. In year 2, mid-range responders were used to create the pooled standards, which provided a more balanced range of secondary responses. Antibody response to vaccine I or II was not significantly affected by body mass, either at day

9 (F1,21Z1.914, pZ0.18) or day 22 (F1,21Z0.791, pZ0.38). The antibody response to SRBC inocu- lation was widely variable, with maximum positive titres ranging from a low of 1:2 (lnZ0.301) in six nestlings, to a high of 1:256 (lnZ2.408) in one bird. Only four of 24 birds tested had a response of greater than 1:16 (lnZ1.204). The primary antibody response  to  SRBC  had  no  detectable  relationship with the temporally-related secondary response to DNP–KLH (F1,21Z1.481, pZ0.24).
Because  body  mass  has  been  shown  to  be

associated with immune response [16,19], it was tested as a possible covariate in these analyses. There was no difference in body mass between males and females at 9 days old (F1,23Z0.469, pZ0.50); however, as is predictable with raptorial species, females  at  22  days  old  (meanGSE)  (127G2.4 g; nZ12) were significantly heavier than males (115G1.2 g; nZ13) (F1,23Z23.17, p!0.001).

3.2. Year 2

Birds were sensitized and boostered at the same time  with both SRBC and DNP–KLH antigens in year 2. Analyses were conducted with the sexes considered together, because body mass was not different between males and females at 23 days of age (F1,13Z1.043,  pZ0.33),  and in an earlier study with nestling kestrels, there was no effect of sex on antibody production [19]. Overall, the primary anti- body responses were quite low, whereas the secondary responses  were  robust.  The  primary  response  to
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Fig. 2. The antibody response (2001) in nestling American kestrels, expressed as a percentage of a (pooled sera) standard run on all plates, to the nonpathogenic antigen, DNP–KLH, using two different vaccine formulations.

[image: image3.png]- o o < o] o o o
— O (o)) <O P~ w (Yol <

—

(33 uea) saipoqnue HIM-dNG-

Qo
ap]

nuy

primary secondary

Antibody response period

pre




Fig. 3. Increasing plasma antibody levels against the antigen DNP– KLH (2002) in nestling American kestrels sensitized at 10 d-o (‘pre’ representing nonspecific background response), boostered at 16 d-o (‘primary’ antibody response), with final titres measured at 23 d-o (‘secondary’ antibody response).

DNP–KLH showed an 18% increase over the back- ground compared with the secondary response which was 150% higher (Table 1). The primary antibody responses to both antigens tended to be positively related (F1,14Z4.327, pZ0.056), and while the primary SRBC response was positively related with the secondary antibody production to DNP–KLH (F1,14Z5.226, pZ0.04), this relationship is unlikely to be biologically significant. The secondary responses
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Fig. 4. Antibody responses to SRBC (2002) in nestling American kestrels, expressed as the natural logarithm of the highest dilution of plasma showing hemagglutination.



to both antigens had no relationship to each other (F1,14Z2.561, pZ0.13). When compared with the response against DNP–KLH in which 1:800 dilutions of sera were used (Fig. 3), antibody production versus SRBC (Fig. 4) remained modest from the primary to  the  secondary  response  (Table  1).  Four  of  the

16  nestlings  showed  presensitization  titres  against

SRBCs  between  1:2  and  1:8.  Most  of  the  birds,

12 of 15, produced maximal post-booster titres against

SRBC with serum dilutions at or below 1:128.

4. Discussion
The integrity of the antibody mediated (humoral) immune response depends upon a competent popu- lation of B lymphocytes which have the functional capacity to develop into antibody-producing, plasma cells. In this study, antibody production in young kestrels was differentially stimulated depending upon the adjuvant used for formulating the DNP–KLH- based vaccines. Of the methods used for measuring antibody production, the ELISA used for DNP–KLH was more sensitive than the HA assay used for SRBCs. With the ELISA, serum diluted to 1:800 readily demonstrated differences among the nestlings, whereas the HA assay showed that only three of 16 birds were able to produce antibodies against SRBC with titres greater than 1:128.

Interpretation of the antibody response to RBC is complicated by the fact that blood cells are anti- genically complex. This is in contrast to DNP–KLH, the DNP component having a single antigen, and the KLH being a series of simple, glucose moieties [35]. It would be more difficult to detect a difference in the humoral response using an HA assay than it would be using an ELISA, making the latter more useful when looking for subtle changes.

The two antigens might have been expected to produce similar patterns of antibody production in individuals. However, birds that had stronger responses to SRBC did not necessarily produce the highest responses to DNP–KLH, and vice versa. In year 1, birds were sensitized to SRBC only once, at the time they received their booster vaccination with DNP–KLH (schematic Fig. 1), and no parallel pattern emerged between the antibody responses. In year 2, when  the  birds  were  exposed  to  both  antigens  at

the same times, the primary and secondary responses only showed a trend towards being posi- tively correlated. Twenty of 24 nestlings (2001) and nine  of  16  nestling  (2002)  produced  a  weak or no convincing primary response to SRBC (titres

!1:16), whereas 12 of 15 birds (2002) did produce titres O1:16 after booster vaccination. This problem would preclude a good correlation with DNP–KLH, in which all birds produced detectable primary and secondary responses in this and previous work [19]. The antibody response in individuals to different antigens does appear to be difficult to anticipate. Ra¨berg and Stjernman [36] found only a moderate correlation between antibody responses to diphtheria and tetanus toxoid in blue tits vaccinated and boostered with a vaccine containing both protein antigens. There are several considerations that may help explain the differential humoral responses that we observed. Blood cells express hundreds of possible antigens against which vaccinated animals may be responding. Animals can make antibodies against foreign blood group antigens even though they may have never been exposed to foreign blood cells. These pre-existing, or natural antibodies are not derived from prior contact with foreign RBC, but result from exposure to similar or identical epitopes that commonly occur in nature [37]. Because of the antigenic complexity of SRBCs, it is not known against which particular antigen(s) the antibodies are being raised. Therefore, the HA detection assay suffers from more background noise which may explain its relative insensitivity, compared with an ELISA method of detecting antibodies.

Important  avian  pathogens  such  as  NDV  have been used in immunotoxicity studies in birds [18,38]. Such a test, both sensitive and biologically relevant, is additionally attractive because of the existence of commercially available monoclonal antibodies to NVD that can be used in some species [18]. However, with birds in the wild, it may not be a novel antigen, since it is a disease that is established in avian populations over most of the globe. Passive protection from the mother in naturally exposed populations would seriously complicate interpret- ation of results, unless blood samples from the mothers were also tested and found to be negative. Naturally occurring cross reacting antibodies to DNP–KLH are unlikely to occur in the wild, except,


perhaps with some sea birds that might be exposed to keyhole limpets through their diets.

This study examined different methods of evaluat- ing the B cell response in immature wild birds. The secondary antibody response against naturally occur- ring pathogens is a more important protective mechanism than is the primary response, making it the more biologically meaningful reaction to evaluate. Two detection assays, an ELISA and an HA assay were used to measure antibody responses against two very different types of antigens, DNP–KLH and SRBC.  Young  nestling  kestrels  were  consistently able to produce antibodies to DNP–KLH, whereas this was not the case with SRBCs. The antibody response of nestling kestrels was enhanced by using the combined adjuvant, Emulsigen/DDA, compared with using only the commercially available adjuvant, Emulsigen. Enhancing the antigenicity of a foreign compound may be a desirable attribute for a vaccine meant to be used on young birds which do not yet have fully developed immunological capacity.

The relative insensitivity of young birds to foreign

RBCs that has been described in double-crested cormorants [11], zebra finches [22,39], pigeons [40] as well as other species [20], is probably a result of immunological immaturity, although it may be an expression of immunological tolerance by very young animals overwhelmed by large quantities of foreign antigen. Further research mapping the ontogeny of immunological development in altricial birds would be required to provide definitive answers.

A more linear relationship between SRBC and DNP–KLH would have been a reassuring find, considering that when researchers are conducting B cell mediated tests of immunocompetence, regardless of the antigen used, results are interpreted to represent the capacity and vigour of humoral immunity in individuals. The observations presented in this paper reinforce the value of testing more than one aspect of immunological function in wild birds to gain insight into immunocompetence of individuals.
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