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Abstract: Our study examines whether ZENK expression in the nucleus taeniae (avian 

amygdala) serves as a predictor for pair bonding in ring doves. We were able to predict pair 

bonding in two experiments at 90%–100% using a quadratic discriminant analysis on principal 

component scores conducted on ZENK cell counts in the nucleus taeniae. This method appears to 

be more sensitive in predicting pair bonding than behavioral preference tests, which are subject 

to environmental factors such as housing conditions and testing parameters.
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Introduction
Pair bonding is of importance in understanding relationship dynamics between males 

and females within a given social species. Aside from aiding male parental care,1 a pair 

bond functions in insuring paternity1 and in aiding provisioning (Schwagmeyer and 

Mock D).4 Separation from a mate pair has been shown to lead to weight increase and 

a diminishing of social interaction and exploratory behavior in hamsters.5

Monogamous pair bonded species have been shown to stray. The monogamous bank 

swallow, which forms lifetime pair bonds, has been seen spending time alternating 

between mate guarding and trying to seek out extra pair courting opportunities.7 The 

right balance of these two alternating behaviors is said to be associated with producing 

as many offspring as possible while insuring that its mate’s offspring are also his own.8 

Straying has been known to increase reproductive success in males9,10 and females.10–14 

Paternity tests in many avian species that were once thought to be monogamous now 

show that this is not the case.9,15,16 Eggs from the nests of monogamous birds had a 

high percentage of differing paternal DNA.15,16

Lifelong pair bonds are seen in animals that seek out their mate amongst a group 

of conspecifics despite an extended amount of separation. In a study by Morris and 

Erickson (1971),17 doves that mated and reared a squab together exhibited this mate 

seeking behavior in an outdoor arena, amongst a large group of other doves, despite 

being separated from each other for over a year. In the laboratory, triad tests are used 

to mimic this effect by using amount of time spent on sides of a preference chamber 

to look at a subject’s preference to spend time with their mate versus a stimulus. They 

serve as a proxy measurement of pair bonding in which animals that spend more time 

with their mate are considered to be pair bonded. We reason that a neural marker, if such 

a marker exists, may be a more reliable indicator of pair bonding and would establish 

that there is a neural representation for pair bonding in the brain and may solidify the 
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importance of pair bonding as a deep rooted, evolutionary 

driven behavior. Currently, no study has established that 

there is a neural representation for pair bonding in the brain. 

Previous work done in zebra finch has implicated the nucleus 

taeniae (avian amygdala) in having a role in preening and 

clumping, two behaviors that are associated with courtship 

in finch.18 Studies in hamsters, rats, and quail have shown 

that areas of the amygdala/nucleus taeniae are responsible 

for the mediation of sexual satiety, appetitive behavior, and 

consummatory behavior.19,20

Tract tracing work in the nucleus taeniae has shown that it 

has afferent connections toward several hypothalamic regions 

and reward system areas, including the nucleus accumbens.21 

These connections, as well as the studies mentioned above, 

suggest that the nucleus taeniae may be a likely candidate in 

encoding stimulus properties leading to pair bonding, might 

serve as a neural marker for such behavior, and could function 

in mediating pair bonding behavior in the brain.

Studies in rats, birds, and humans have shown a similarity 

in subcortical circuitry involved in unconscious emotional 

signals and suggest that subcortical structures, such as the 

amygdala, involved in processing emotional signals evolved 

early.22 By understanding behaviors, such as pair bonding, 

controlled by these subcortical reward driven regions, we 

might begin to understand pair bonding behavior across 

multiple species.

The present study asks if ZENK expression in the nucleus 

taeniae is a reliable indicator of pair bonding, therefore hav-

ing the ability to serve as a neural marker for pair bonding. 

A quadratic discriminant analysis, which takes into account 

regional specificity within the nucleus taeniae, is used to 

classify doves as either pair bonded or not pair bonded.

In experiment 1, we looked at whether ZENK counts in 

the taeniae were able to classify both male and female doves 

as pair bonded or not. In experiment 2, we looked if this 

classification was persistent when using a larger, all female 

group. In both experiments, doves are tested using a prefer-

ence test to determine the reliability of traditional stimulus 

preference tests in classifying pair bonded doves.

Methods
Experiment 1
The subjects were a group of ten ring doves bred and housed in 

an animal housing facility in the Association for Assessment 

and Accreditation of Laboratory Animal Care (AAALAC) 

accredited animal care facility at Newark, Rutgers University. 

The doves were equally divided into two groups: a bonded 

group (n = 5; 3 females and 2 males) and a nonbonded group 

(n = 5, 5 females). The bonded group was allowed to mate 

with a female (if male) and one male (if female) and rear 

at least one squab, as described.23 The nonbonded group 

and bonded group were housed separately a week prior to 

the initiation of the experiment. During the experiment, the 

nonbonded group was housed with stimulus males that were 

rotated out of their cage on Monday, Wednesday, and Friday 

of every week to prevent the possibility of them bonding.

Stimulus preference test
Doves in both groups were put through a y-shaped preference 

test developed by our laboratory (Figure 1). The male dove 

was allowed to roam the chamber for 15 minutes preceding 

data collection to get acclimated with the chamber.

Afterwards, two females (if subject was male) or two 

males (if subject was female) were put into plexiglass 

contained chambers opposite each other. The males in the 

pair bonded group were exposed to their mate and a novel 

stimulus female (if male) or a novel stimulus male (if female) 

while the birds in the non-pair bonded group were exposed 

to two novel stimulus males. The subject was put behind a 

plexiglass compartment that allowed it to view both females 

(if male) or both males (if female) but not to interact with 

them or roam through the chamber. It was held there for an 

additional 15 minutes.

The plexiglass containing the subject was then lifted and 

the subject was allowed to roam the chamber freely for an 

hour. During this time, we recorded the amount of time spent 

on each side of the preference chamber.

The percentage of time spent with their mate was cal-

culated by dividing total time spent with mate by total time 

spent with stimulus birds and mate. Birds were determined 

to have a preference for their mate if they spent more than 

60% of time with their mate.

immediate early gene ZeNK staining
Subjects in both groups were perfused using a 4% para-

formaldehyde solution. Brains were extracted and fixed 

in 4% paraformaldehyde solution overnight. Tissue was 

stored in a 30% sucrose solution for approximately 2 days 

postfixation.

Tissue was cut into 30 µm coronal sections, washed, and 

stained in accordance to procedures described by Svec et al.18 

Briefly, tissue was washed and incubated in a 1 µg/mL 

dilution of primary antibody anti-Egr-1 (Catalog number 

sc–189, Santa Cruz Biotechnology Inc., Dallas, TX, USA) 

overnight. The tissue was then rinsed and incubated in a 

1:500 dilution of secondary biotin-sp-conjugated donkey 
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anti-rabbit immunoglobulin (Ig)G antibody (catalog number 

712-065-153, Jackson ImmunoResearch Laboratories, Inc., 

West Grove, PA, USA) for 1 hour. Postincubation, tissues 

were processed using the Vectastain ABC Elite Kit (catalogue 

number PK–6100, Vector Laboratories, Inc., Burlingame, CA, 

USA) followed by visualization using diaminobenzidine with 

0.0075% hydrogen peroxide. Tissue was then mounted, dehy-

drated, and coverslipped. Control sections without primary 

antibody also underwent this process.

Statistical analysis and ZeNK 
quantification
For each bird, three sections were counted and averaged 

for both medial and lateral portions of each of the fol-

lowing regions corresponding to the pigeon brain atlas:24 

7.50–7.25 region (more anterior), 7.25–7.00 region, and 

6.75–6.50 region (more posterior). A t-test was done to 

determine if there were differences in cell counts for these 

regions.

Additionally, a principal component analysis was con-

ducted on the ZENK cell counts to reduce dimensions. 

A linear and quadratic discriminant analysis was done on the 

principal component analysis to determine if pair bonded/

non-pair bonded birds could be classified using principal 

component scores based on ZENK cell counts.

Experiment 2
The subjects were a group of sixteen female ring doves bred 

and housed in an animal housing facility in the AAALAC 

accredited animal care facility at Newark, Rutgers University. 

The doves were equally divided into two groups: a bonded 

group (n = 10) and a nonbonded group (n = 10). As in experi-

ment 1, the bonded group consisted of females that were 

allowed to go through the bonding process and were housed 

separately a week prior to the initiation of the experiment. The 

nonbonded group was housed with stimulus males that were 

rotated out of their cage on Monday, Wednesday, and Friday 

of every week to prevent the possibility of them bonding.

Male subject group
An additional group of five pair bonded males were allowed 

to undergo the same procedure as their female counterparts. 

A t-test was done on ZENK cell counts to determine if there 

was a difference between male and female subjects.

Stimulus preference test
The same protocol was used as in experiment 1.

immediate early gene ZeNK staining
Similar to experiment 1, subjects in both groups were per-

fused using a 4% paraformaldehyde solution. Brains were 
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Figure 1 Behavioral preference test.
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extracted and fixed in 4% paraformaldehyde solution 

overnight. Tissue was stored in a 30% sucrose solution 

for approximately 2 days postfixation. The same protocol, 

described above, was used for ZENK staining.

Statistical analysis and ZeNK 
quantification
As in experiment 1, three sections were counted and averaged 

for both medial and lateral portions of each of the following 

regions: 7.50–7.25 region (more anterior), 7.25–7.00 region, 

and 6.75–6.50 region (more posterior) for each bird. A t-test 

was done to determine if there were differences in cell counts 

for these regions. A quadratic discriminant analysis was done 

on principal component scores of ZENK counts, as described 

in experiment 1.

Results
In both experiments, significant differences in cells posi-

tively labeled for ZENK were found between pair bonded 

birds and non-pair bonded birds in the anterior portions of 

regions 7.50–7.25 (experiment 1: t = 2.49, P,0.05; experiment 

2: t = 3.2, P,0.05) and 7.25–7.00 (experiment 1: t = 2.70, 

P , 0.05; experiment 2: t = 2.95, P,0.05). Sex differences 

were not seen in pair bonded samples in either group.

Interestingly, ZENK expression in the pair bonded group 

was not correlated with time spent with the mate (experi-

ment 1: r[3] = 0.127; P.0.05; experiment 2: r[8] = 0.13; 

P.0.05). Although most birds had a preference for their 

mate as determined by the y-shaped preference test, some 

pair bonded birds did not. In addition, for the pair bonded 

birds that did have preferences for their mates, the percentage 

of time spent with their mate and amount of time spent with 

their mate varied greatly (Table 1).

The principal component analysis conducted on ZENK 

cell counts showed that three components (experiment 1) 

and four components (experiment 2) accounted for 95% of 

the variance in our data. Principal component scores were 

assigned to the data.

In experiment 1, birds were classified using both a lin-

ear and quadratic discriminant analysis that was based on 

principal component scores assigned to the data. The linear 

discriminant analysis showed a misclassification error rate 

of 30% while the quadratic discriminant analysis was able 

to classify whether birds were pair bonded or not with 100% 

accuracy (Figure 2).

In experiment 2, principal component scores 

based on cell counts were classified using a quadratic 

discriminant analysis. The quadratic discriminant analysis 

Table 1 Time subjects spent with pair bonded mate in each 
experiment

Dove Percent of time spent with mate

A
1 67%
2 59%
3 63%
4 39%
5 61%

Female Percent of time spent with mate

B
1 72%
2 38%
3 100%
4 22%
5 62%
6 89%
7 62%
8 82%
9 54%
10 100%

Notes: (A) Percentages of time subjects spent with pair bonded mate in 
experiment 1. (B) Percentage of time female subject spent with pair bonded mate 
in experiment 2.

Figure 2 Results of discriminant analysis for experiment 1.
Notes: (A) classification using a linear discriminant analysis for experiment 1. 
(B) classification using a quadratic discriminant analysis for experiment 1.

Linear discriminant decision surface
misclassification error-30%

Non-pair
bonded

Pair
bonded

A

Quadratic discriminant decision surface
misclassification error-0%

Non-pair
bondedPair

bonded

B
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was able to classify whether birds were pair bonded or not 

with 90% accuracy. This is consistent with preliminary data 

that classified doves as either pair bonded or not bonded 

with 100% accuracy.

Discussion
The results gained from both experiment 1 and 2 suggest that 

ZENK expression patterns can be used as a neural marker 

for pair bonding, indicating that this region encodes stimulus 

properties of the perceptual and motor manifestations associ-

ated with pair bonding and illustrating the region’s power of 

predictability. ZENK counts in the anterior medial taeniae 

were significantly higher in pair bonded doves than in non-

pair bonded doves. Additionally, classification using a qua-

dratic discriminate analysis on principal component scores, 

based on ZENK counts in all regions, ranging from more 

anterior to posterior, in the taeniae was able to predict pair 

bonding with high accuracy. ZENK, a neuronal marker that 

is used to measure changes in behavioral states, is considered 

to be highly conserved among species.25 The high predict-

ability of ZENK expression in the nucleus taeniae for pair 

bonding supports that pair bonding is encoded in the rewards 

system and suggests that this marker for pair bonding may 

be retained across multiple species.

The results of our preference tests mimic that of triad 

tests,26 indicating that doves do not always prefer to spend 

time with their mates and corroborate the observation that 

straying behavior is found amongst pair bonded animals. 

Inherent in these preference tests are experimental factors, 

such as housing conditions, time spent away from mate 

before the commencement of the test, and other procedural 

factors that could impact the results of the test. Although all 

birds were separated for a week prior to the preference test, 

and should, therefore, have been separated long enough to 

control for the “coolidge effect,” this may still be one of the 

confounding factors that could account for birds not choos-

ing their mates during preference tests. Because only a small 

percentage of pair bonded doves did not prefer spending a 

greater amount of time with their mate, we determined that 

the “coolidge effect” has little impact on preference results. 

These and other unknown factors could complicate the 

interpretation of the preference test and make it difficult to 

determine whether the results of the preference test are solely 

determined by pair bonding.

The amygdala, the mammalian counterpart to the nucleus 

taeniae, has been tied to social and survival behaviors such 

as fear27,28 and processing of emotional memories.29,30 The 

nucleus taeniae has also been linked to fear in birds;31 

however, the specific region of the taeniae involved has 

not been specified. This, together with work that analyzed 

courtship-like behavior in this region,18 indicates that separate 

areas of the nucleus taeniae are involved in mediating pair 

bonding associated behavior. Interestingly, a lesion study in 

ring doves has found that taeniae lesioned females will nest 

coo (a courtship behavior that mediates the reproductive–

endocrine system) at a higher rate than nonlesioned doves, 

bypassing the natural fear response females normally have 

toward unfamiliar male doves. This suggests that the nucleus 

taeniae can exact an influence on the rate of courtship 

behavior by controlling fear factors. Svec et al18 have shown 

that other courtship-like behaviors, such as preening, are 

associated with ZENK expression in the taeniae. The taeniae, 

therefore, is an integrative hub of various factors contributing 

to the establishment of pair bonding. Whether the nucleus 

taeniae functions to aid in a behavioral manifestation of the 

discrimination of mates from nonmates and inhibits females 

from performing this behavior before they become bonded 

has not been explored, however, this may be the case and is 

currently under study.

The taeniae is ideally connected for behaviors associated 

with reproductive strategies via various distinct regions of the 

archistriatum, the nucleus accumbens, and other areas respon-

sible for visual and olfactory input (Cheng et al 1999).21 In 

follow-up lesion studies, discrete regions of the taeniae as 

well as regions associated with reproductive and courtship 

behavior will be lesioned to evaluate the connectivity of the 

taeniae that support the maintenance and formation of pair 

bonding through its afferent inputs.

Our study has served to highlight the importance of 

regional versus global analysis when it comes to cell 

quantif ication. Previous studies that assessed sexual 

behavior, fear behavior, courtship behavior, pair bonding-

associated behavior, and other forms of social behavior 

in general18,21,31,32 have measured the taeniae globally, ie, 

they analyzed the taeniae as a whole rather than measuring 

regions of interest in the taeniae that might be implicated in 

a particular behavior. In this experiment, we used a classi-

fier analysis procedure on ZENK expression cell counts in 

all regions, and did so by discriminating between different 

regions of the nucleus taeniae. Statistical differences in cell 

counts, however, were only seen in the most anterior region.

In summary, we have demonstrated an exceptional pre-

dictive power of ZENK expression in the nucleus taeniae 

for pair bonding that appears to override any confound-

ing factors of testing procedures common in behavioral 

measurement.
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