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A high sensitivity chemiluminescent serum progesterone assay was validated for 

pregnancy diagnosis in manatees, because an endocrine-based diagnostic was not previously 

available.  A diagnostic pregnancy threshold of 0.4 ng/ml was determined and repeat sampling 

(≥2x) is recommended to confirm pregnancy.  A value of 0.1 ng/ml was indicative of impending 

abortion in two late pregnancy females.   

Gas chromatography-mass spectrometry was used to test for progesterone metabolites in 

manatee plasma, including the 5α-reduced progestins (predominant during elephant gestation), 

17α-hydroxyprogesterone (common in Asian elephants), and 20α-OHP (an inactive metabolite).  

It was found that progesterone (pregn-4-ene-3,20-dione) itself predominates in manatee plasma.

Manatee corpora lutea were morphologically characterized and found to be significantly 

larger in early diestrus (n=22) and mid pregnancy (n=8) than late pregnancy (n=66) (P<0.05).  

Granulosa lutein cells (GLCs) predominated, were significantly larger in early diestrus 

(max=60.8 µm; n=234) than late pregnancy (max=37.5 µm; n=576), and were significantly 

larger than theca lutein cells (n=1,015).  Ultrastructurally, degenerating corpora lutea were 
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characterized by a lack of organization, few identifiable organelles, collagen infiltration, and 

occlusion of capillaries by distended endothelial cells.  

The steroidogenic potential of manatee follicles and corpora lutea was determined using 

immunohistochemical staining with steroidogenic acute regulatory protein (StAR).  Expression 

of StAR in manatee follicles (n=131) was significantly greater during early diestrus (n=23) than 

anestrus (n=24) or pregnancy (n=84), while expression in corpora lutea was significantly greater 

in early diestrus (n=19) and late pregnancy (n=15) than abortion (n=4).   

Methods were developed to measure manatee stress, particularly because stress may 

affect reproduction.  Hydrocortisone (cortisol) was the predominant manatee glucocorticoid, and 

chemiluminescent assays for cortisol and ACTH (adrenocorticotropic hormone) were validated.  

Cortisol concentrations ≥1.0 µg/dl were diagnostic of chronic stress while ACTH concentrations 

≥87.5 pg/ml were diagnostic of peracute stress.  Concentrations of ACTH were positively 

correlated with capture time (P=0.00686) and lactate concentrations (P=0.0000343).   

Our study resulted in a pregnancy diagnostic, identification of circulating progestins, 

description of corpus luteum morphology, determination of the steroidogenic potential of 

follicles and corpora lutea, and identification of important stress indicators.  This information 

will benefit manatee biologists, veterinarians, and managers, and help optimize management of 

this endangered marine mammal.
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CHAPTER 1                                                                                           
INTRODUCTION 

There has been a significant research effort to promote manatee conservation, which 

includes brief capture of free-ranging manatees for health assessments, rescue of injured or sick 

individuals, and necropsy of deceased manatees to determine cause of death.  Despite this 

interest in research and conservation, biologists, clinicians, and managers still lack key 

information regarding reproduction and stress in manatees.   

Historically, the absence of an early pregnancy diagnostic has caused biologists and 

clinicians to rely upon visual indications of pregnancy that appear late in the 12 month gestation.  

These include highly variable and subjective changes such as distension of the abdomen and 

vulva and have left biologists and clinicians without methods to diagnose or monitor early 

pregnancy [1].  The absence of an endocrine-based pregnancy diagnostic is due in part to the 

absence of captive breeding in the United States and concerns related to the capture of pregnant 

females.  Isolation of a specific chorionic gonadotropin, used to diagnose pregnancy in species 

such as the horse [2,3] has not been attempted.  Additionally, while pregnancy-specific hormones 

including prolactin and relaxin have been identified in species such as African (Loxodonta 

africana) and Asian elephants (Elephas maximus) [4-6], which are close terrestrial relatives of 

manatees [7,8], similar diagnostic hormones have not been identified in manatees.  Furthermore, 

abdominal ultrasound, which can be used to diagnose pregnancy in many species [9,10], can 

only be utilized in manatees after the first 10 weeks of gestation, and its sensitivity is lowered by 

the manatee’s expansive gas-filled gastrointestinal tract (M. Rodriguez pers. comm.).   

In some domestic mammals, pregnancy is associated with progesterone concentrations 

greater than those observed during non-pregnant diestrus.  In the ewe, for example, progesterone 

concentrations average 0.4 ± 0.4 ng/ml during diestrus and increase to 3.3 ± 0.9 ng/ml during 
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pregnancy [11].  Low circulating progesterone concentrations have been hypothesized in 

manatees [12], which would further complicate pregnancy diagnosis.  In African and Asian 

elephants, progesterone (pregn-4-ene-3,20-dione) concentrations during pregnancy are also low 

compared to many species [10,13-15], and peak below 2.0 ng/ml [16].  These findings led 

investigators to examine the presence of progesterone metabolites that could be used to maintain 

pregnancy in elephants.  It was found that elephants do in fact possess metabolites, including the 

5α-reduced progestins in the African elephant [17] and 17α-hydroxyprogesterone in the Asian 

elephant [18].  The 5α-reduced metabolites are also predominant during the second half of 

gestation in the mare [19].  The presence of such metabolites in the peripheral circulation of the 

manatee has not previously been investigated.   

In most species, the corpus luteum, a temporary progesterone-producing endocrine organ, 

develops from an ovulated follicle [20].  Corpora lutea contain at least two types of steroidogenic 

cells [21], and it is the granulosa lutein cells, characterized by large amounts of smooth 

endoplasmic reticulum [22] and clusters of mitochondria, which synthesize progesterone [23].  

Typically, species that are monotocous (produce one offspring per pregnancy), such as the cow, 

produces a single corpus luteum [23].  Although manatees are also monotocous (produce one 

offspring per pregnancy), with only rare occurrences of twinning [24], a large number of follicles 

and corpora lutea develop within the ovaries.  Another monotocous species, the horse, exhibits 

multiple accessory corpora lutea [25] formed by luteinization of unovulated follicles.  The 

benefit to the manatee of producing a high number of luteal structures is unknown.  Also 

unknown is the steroidogenic contribution of individual corpora lutea and any relationship 

between this steroidogenic potential and the observed number of corpora lutea.  Knowledge of 
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the structure and function of manatee corpora lutea is required to understand the steroidogenic 

contribution of these structures during the estrous cycle and pregnancy.    

The Florida manatee lives in a challenging environment with threats that include watercraft 

collision, line entanglement, red tide, and cold stress.  However, investigations of manatee stress 

(both peracute and chronic) that may be associated with capture, injury, or disease have been 

limited [26].  Adrenocorticotropic hormone or ACTH is secreted from the anterior pituitary 

within minutes of peracute stress exposure and triggers glucocorticoid secretion from the adrenal 

cortex [27].  The predominant and functional glucocorticoid found in birds and small mammals 

is corticosterone, while cortisol (hydrocortisone) predominates in medium to large mammals, as 

well as fish and humans [28].  Circulating ACTH peaks and subsides quickly, while a 

glucocorticoid peak with a 30-60 minute duration [27] occurs 1 to 4 hours after encountering the 

peracute stressor [29-34].  The intensity of the stressor determines the degree and duration of the 

endocrine stress response [27,30].  During the stress response, glucocorticoids help provide 

energy by upregulating lipolysis and glucose formation, altering metabolic pathways and 

vasculature via catecholamines, and generally decreasing immune response in order to minimize 

cell and tissue damage [35,36].  However, long periods of heightened glucocorticoid 

concentrations may be detrimental as they shift energy away from other important biological 

processes.  Problems associated with prolonged glucocorticoid increase include inhibition of 

reproductive cycles, abortion, and death [27,29,37].  There is disagreement over the level and 

duration of cortisol increase that can be harmful, but most studies agree that more than several 

days of stress can begin to cause physiological effects [28,30,38,39].   

The absence of important information related to manatee reproduction and stress led to the 

current study, with the following objectives: 
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Objective 1: To develop a progesterone-based pregnancy diagnostic. 

Objective 2: To determine the presence of progesterone metabolites in plasma. 

Objective 3: To morphologically describe corpora lutea using light microscopy and transmission   

           electron microscopy. 

Objective 4: To determine the steroidogenic potential of corpora lutea. 

Objective 5: To establish methods for evaluating peracute and chronic stress. 

Our study provided an endocrine-based pregnancy diagnostic for the manatee and 

identified progesterone metabolites present during diestrus and pregnancy.  Additionally, 

changes to manatee corpus luteum morphology during diestrus and pregnancy were described 

and the steroidogenic potential of follicles and corpora lutea was determined.  Finally, important 

stress thresholds were identified, which can be used to guide management of this endangered 

species.  Each of the objectives stated above corresponds to one chapter of the dissertation.  

These chapters are written as stand-alone manuscripts for publication.   
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CHAPTER 2                                                                                           
VALIDATION OF A SERUM IMMUNOASSAY TO MEASURE PROGESTERONE AND 

DIAGNOSE PREGNANCY IN THE WEST INDIAN MANATEE 

Introduction 

There is minimal peer-reviewed literature regarding serum progesterone concentrations in 

manatees and endocrine-based pregnancy diagnosis has not previously been possible.  This is 

due in part to the absence of captive breeding in the United States and concerns related to the 

capture of pregnant females.  Isolation of a specific chorionic gonadotropin as occurs in the horse 

[2,3] has not been attempted.  Additionally, while pregnancy-specific hormones including 

prolactin and relaxin have been identified in species such as African and Asian elephants [4-6], 

which are close terrestrial relatives of manatees [7,8], similar diagnostic hormones have not been 

identified in manatees.  Furthermore, abdominal ultrasound, which can be used to diagnose 

pregnancy in many species [9,10], can only be utilized in manatees after the first 10 weeks of 

gestation, and its sensitivity is lowered by the manatee’s expansive, gas-filled gastrointestinal 

tract (M. Rodriguez pers. comm.).   

Historically, the absence of an early pregnancy diagnostic has caused biologists and 

clinicians to rely upon visual indications of pregnancy that appear late in the 12 month gestation 

[1].  These include highly variable and subjective parameters such as distension of the abdomen 

and vulva and have left biologists and clinicians without methods to diagnose or monitor early 

pregnancy [1].  However, the ability to diagnose pregnancy is valuable, particularly for 

rehabilitating manatees undergoing active medical treatment for such traumatic injuries as 

watercraft strike and entanglement, because treatment may be altered for pregnant females.   

Earlier studies measured serum progesterone in captive manatees [40] and utilized fecal 

samples to estimate the duration of the manatee estrous cycle as 28 to 42 days [12].  In the first 

study, serum progesterone in a captive manatee was >3.0 ng/ml [40], while the second study 
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found that progesterone concentrations in pregnant females exhibited a wide range, wherein 

lower values could overlap with those of non-pregnant females and males [12].  While fecal 

hormone data provide estimates of estrous cycle length and progesterone concentrations, the use 

of fecal steroid assays is complicated by factors related to sample collection and storage and 

steroid extraction [41].  The manatee’s long gut transit time (approximately 7 days) [42] further 

contributes to the imprecision of manatee fecal steroid hormone data, making it less suitable for 

clinical pregnancy diagnosis.   

In many domestic mammals, pregnancy is associated with progesterone concentrations 

greater than those observed during non-pregnant diestrus.  In the ewe, for example, progesterone 

concentrations in non-pregnant females average 0.4 ± 0.4 ng/ml and increase to 3.3 ± 0.9 ng/ml 

during pregnancy [11].  Progesterone concentrations are also higher during pregnancy for goats 

[10], cows [13], alpacas [14], and sows [15].  In Asian and African elephants, progesterone 

concentrations during pregnancy are low in comparison with those of many other species.  

Nevertheless, most elephant studies have found that concentrations are still greater during 

pregnancy than diestrus [6,43], although serial sampling is recommended to confirm pregnancy 

[44].  This observation of low but diagnostic serum progesterone concentrations during elephant 

pregnancy [6,43] suggested that a high sensitivity serum progesterone assay may be useful for 

diagnosing manatee pregnancy.   

The objectives of this study were to: (1) analytically and diagnostically validate a 

chemiluminescent serum progesterone assay for pregnancy diagnosis in healthy manatees; (2) 

determine the effect of repeated freeze-thaw cycles on progesterone results; (3) document normal 

changes to progesterone concentration through gestation; (4) identify the progesterone 

concentration indicative of abortion; (5) identify any seasonal progesterone variation in         
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non-pregnant and pregnant females; and (6) examine differences in progesterone concentration 

throughout the manatee population, considering gender, age class, and reproductive status.  This 

information will allow biologists, clinicians, and managers to better assess the reproductive 

status of free-ranging and captive manatees. 

Materials and Methods 

Blood Sampling 

Free-ranging manatees were captured using nets deployed from boats [45].  Blood was 

collected from the brachial vascular bundle during all seasons of the year as part of ongoing, 

government-led ecological investigations [46-49].  Such health assessments were conducted for 

free-ranging and captive Florida manatees (T. manatus latirostris), as well as free-ranging 

Antillean manatees (T. manatus manatus) in Mexico and Puerto Rico.  Serum was separated 

within 1 hour of collection by onsite centrifugation (3,000 x g for 10 min.).  Samples were then 

transported on ice and either assayed immediately upon arrival at the University of Florida or 

stored at -80°C for later analysis. 

Sample Population 

Serum samples from 114 manatees were analyzed, including females (n=69), males (45), 

calves (n=9), subadults (n=33), and adults (n=72).  Thirteen replicate samples for each of three 

females were used to test intra-assay precision (repeated specimen testing on the same day), and 

three replicate samples from six manatees were used to assess inter-assay precision (repeated 

specimen testing in different months).  For accuracy, dilution experiments were used to test 

parallelism and recoverability of progesterone using samples from three manatees.  A methods 

comparison was completed using paired samples from 40 manatees.   

Only adult females, defined by a total straight length >265 cm [50], were included in the 

sample population for diagnostic validation (determination of the progesterone concentration that 
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distinguishes non-pregnancy and pregnancy) using receiver operating characteristic (ROC) 

analysis [51].  Additionally, healthy females were used to establish the reference interval for the 

non-pregnant population because inflammation associated with disease may affect progesterone 

concentrations [52].  Health was assessed by field observations (including body condition, heart 

rate, and respiratory rate) and standard biochemical analysis of serum amyloid A (SAA) [53].  In 

the pregnant manatee group, three females with SAA >70 µg/ml (and ≤130 µg/ml) were included 

as their inflammatory processes were not severe enough to interfere with delivery of healthy 

calves [54].  No long-term captive females were utilized for diagnostic validation, to minimize 

confounding factors associated with numerous infertile estrous cycles, as has been documented 

in elephants [55].  Healthy females who were lactating and observed with calves at the time of 

their capture were included in the non-pregnant population.   

Pregnancy was confirmed using physical signs or presence of a newborn calf that indicated 

an individual had been pregnant on the date of her previous blood sampling.  Healthy manatees 

that had been in a rehabilitation or temporary captive setting were assessed as non-pregnant once 

they had been in captivity for >7 months without showing signs of pregnancy or abortion.  

Additionally, subsequent field observations of previously captured, free-ranging females, 

showing no signs of pregnancy or a dependent calf at approximately 1 year post-capture, were 

used to assess females as non-pregnant.  This method of pregnancy diagnosis cannot account for 

false negative assessment due to abortion or perinatal mortality within the free-ranging 

population.   

The first ROC analysis compared progesterone concentrations in non-pregnant females 

(n=30) and pregnant females throughout gestation (n=15).  Two additional ROC analyses 

compared progesterone values in non-pregnant females (n=30) with values from females in the 
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first (months 1 to 6; n=5) and second halves of gestation (months 7 to 12; n=10).  Serum samples 

from nine of these female manatees were used to test the effect of freeze-thaw on manatee serum 

progesterone results.  

 A single early gestation rehabilitating manatee was sampled for blood 13 times over a 6 

month time period until pregnancy was diagnosed.  This female was not known to be pregnant at 

the time of her capture, and once physical signs of pregnancy appeared, sampling was stopped to 

minimize danger to the fetus.  Additionally, single samples from other females with known 

gestation dates were used to examine trends in progesterone concentration during early (months 

1 to 4; n=9), mid (months 5 to 8; n=8), and late (months 9 to 12; n=5) pregnancy.    

Progesterone concentrations associated with abortion were defined using samples available 

from three late gestation manatees known to have aborted a fetus during their treatment for 

injuries at a rehabilitation facility.  Manatee calves may be born ranging in length from 82 to  

160 cm or 95 to 155 cm [1,24], indicating that these fetuses, which were >81 cm in total length, 

were in the final months of gestation.    

Progesterone concentrations for female Florida manatees were evaluated for seasonal 

variation, since the Florida manatee has been identified as a diffusely seasonal breeder [1].  

Seasonal variation in progesterone concentrations was examined for Florida non-pregnant (n=21) 

and pregnant females (n=14).  For non-pregnant females, samples were available from winter 

(n=3), spring (n=1), summer (n=5), and autumn (n=12).  Samples from pregnant females also 

included winter (n=4), spring (n=2), summer (n=4), and autumn (n=4). 

Progesterone concentrations were summarized by age-gender class as follows: female 

calves (n=7), female subadults (n=17), non-pregnant female adults (n=30), pregnant female 

adults (n=15), male calves (n=2), male subadults (n=16), and male adults (n=27).  Calves were 
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defined by a total straight length ≤245 cm, subadults were 246 to 265 cm, and adults were >265 

cm [50].  

Laboratory Analysis 

The high sensitivity and specificity automated chemiluminescent immunoassay analyzer 

(IMMULITE 1000®: Siemen’s Medical Solutions Diagnostics, Los Angeles, CA) uses a 

competitive polyclonal rabbit anti-progesterone antibody and two reagents (ligand-labeled 

synthetic progesterone and alkaline phosphatase conjugated to anti-ligand, in buffer) (product no. 

LKPG1, Siemen’s Medical Solutions Diagnostics, Los Angeles, CA).  This progesterone assay 

was analytically validated for manatee serum by testing precision, accuracy, and analytical 

sensitivity, and by completing a methods comparison experiment.  Analytical specificity (assay’s 

specificity for progesterone versus interfering compounds) was established by the manufacturer 

(Siemen’s Progesterone PILKPG-10, 2006-12-29) but all other parameters were tested at the UF 

endocrine laboratory.  Intra-assay and inter-assay precision were assessed with repeat sample 

testing and accuracy was assessed with dilution experiments.  Assay analytical sensitivity (the 

lower limit of detection or LLOD) was established during experiments to test precision and 

accuracy where the assay’s LLOD was challenged.  Results generated by the IMMULITE at UF 

were compared with a progesterone Coat-A-Count radioimmunoassay (RIA) (Siemen’s Medical 

Solutions Diagnostics, Los Angeles, CA) at the Missouri State University’s Department of 

Agriculture.  The RIA, with a LLOD equal to 0.05 ng/ml, has been validated for use in elephants 

(D. Schmitt pers. comm.).  Samples across the manatee’s physiologic range of progesterone 

concentrations were included in validation experiments. 

Serum samples with a range of progesterone concentrations (n=9) were tested for effects of 

freeze-thaw upon measured progesterone concentrations in manatee samples.  Fresh samples 

were analyzed within 12 hours of collection by venipuncture.  These fresh samples were frozen 
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to -80°C and the same aliquots were thawed twice within one year of their original collection 

date to assess any changes in measured progesterone concentration.  Samples were refrozen 

immediately following each assay.    

Statistical Analysis 

Validation results (precision, accuracy, methods comparison, and ROC) were calculated 

with EP Evaluator Release 7 (David G. Rhoads Associates, Inc., Kennett Square, PA).  Precision 

was evaluated by coefficients of variation (CV).  Accuracy, assessed by linearity, required 

definition of total allowable error (25%), and linearity was achieved when the dilution results did 

not differ from the expected results by a percentage greater than the systematic allowable error 

(50% of the total allowable error budget).  Accuracy was further evaluated using adjusted-R2 

values resulting from linear regression, where results closer to 1.0 indicate a better relation 

between the independent and dependent variables.  Methods were compared using Deming 

regression [56] and results were evaluated based upon a total allowable error (TEa) [57] of 25% 

and the observed correlation coefficient (r).  Diagnostic validation using ROC analysis was 

completed to determine the assay’s ability to discern differences between pregnant and          

non-pregnant manatees [51].  For each ROC analysis, diagnostic sensitivity (test’s probability of 

producing a true positive result) and specificity (test’s probability of producing a true negative 

result), and positive and negative predictive values were determined.  Positive predictive value 

(PPV) is the probability that a positive test result accompanies a true positive condition [# True 

Positives / (# True Positives + # False Positives)] while negative predictive value (NPV) is the 

probability that a negative test result accompanies a true negative condition [# True Negatives / 

(# True Negatives + # False Negatives]).  

Power calculations (α=0.05) were used to calculate the number of samples required to 

distinguish non-pregnant and pregnant manatees via ROC analysis (Minitab 14, Minitab Inc., 
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State College, PA).  The remaining statistics were completed using SigmaStat (Systat Software, 

Inc., Point Richmond, CA).  A Kruskal-Wallis one-way ANOVA on Ranks was used to 

investigate differences in progesterone concentration between adult non-pregnant Florida 

manatees (all with SAA ≤60 µg/ml) that were (n=10) and were not (n=16) lactating (mean ± SD) 

to determine if lactating females could be grouped with other non-pregnant females.  

Additionally, a one-way ANOVA was used to test differences in progesterone concentration 

between healthy, non-pregnant, non-lactating female manatees from Mexico (n=7) and Florida 

(n=16) (different subspecies) to determine if females from Mexico could be included in the study 

population.  Paired t-tests were used to test for significant differences in measured progesterone 

concentration among samples (n=9) that were frozen and thawed.  Fresh samples were first 

compared to samples that had been freeze-thawed once, and a second test compared fresh 

samples to samples freeze-thawed twice.  Dunn’s method (ANOVA on ranks), which provides 

pairwise significance testing, was also used to test for variation in progesterone concentrations 

among calves (n=9), subadults (n=33), and adults (n=58).  Statistical tests were deemed 

significant when P<0.05.  

Results 

Assay Analytical and Diagnostic Validation 

Coefficients of variation (CV) from precision analyses ranged from 6.2% to 14.5%.  

Accuracy results were linear within the allowable systematic error, with adjusted-R2 values from 

0.93 to 1.0 (Table2-1).  The analytical sensitivity of this assay system for manatee serum is       

0.1 ng/ml based on dilution curves and precision results.  The methods comparison produced a 

Deming regression slope of 0.95 [95% CI: 0.89 to 1.01] and an intercept of 0.01 [95% CI: -0.06 

to 0.09] indicating diagnostically acceptable results (Fig. 2-1).  
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In the Florida manatee, progesterone concentrations in non-pregnant, lactating females  

(0.2 ± 0.1 ng/ml; n=10) were slightly higher than those of non-pregnant, non-lactating females 

(0.1   ± 0.06 ng/ml; n= 16).  However, the difference was not statistically significant (P=0.065) 

and is not believed to be clinically significant.  There was also no statistically significant 

geographic difference (P=0.231) in progesterone concentration between non-pregnant, non-

lactating females from Mexico (0.1 ± 0.00; n=7) and Florida (0.1 ± 0.06; n=16). 

Power calculations indicated that a sample size of 15 non-pregnant and 15 pregnant 

manatees was required to distinguish pregnancy status via ROC analysis when comparing       

non-pregnant females to females from throughout gestation.  This ROC analysis indicated that 

assay sensitivity and specificity as well as PPV and NPV are optimized when 0.4 ng/ml is 

selected as the threshold for pregnancy diagnosis.  At the threshold of  ≥0.4 ng/ml, the positive 

likelihood ratio for pregnancy is 7.0 and this ratio increases to 22.0 at concentrations ≥0.5 ng/ml 

(Table 2-2).  Power ≥95% was also achieved within ROC analyses for the first and second halves 

of gestation.  Analysis for the first half of gestation (range: 1.0-5.6 ng/ml) reported sensitivity, 

specificity, PPV, and NPV as 100% at a threshold of 1.0 ng/ml.  For the second half of gestation 

(range: 0.2 to 1.7 ng/ml), sensitivity was 90.0% and specificity was 86.7% at a threshold of      

0.4 ng/ml.  The associated PPV was 69.2% and the NPV was 96.3%.    

Effects of Freeze-Thaw 

Although there was some variation in progesterone concentration following freeze-thaw, 

there were no statistically significant differences among the results obtained from fresh samples 

(2.8 ± 5.2, n=9) and those that were freeze-thawed once (3.0 ± 5.8, n=9, P=0.610) and twice    

(3.1 ± 5.8, n=9, P = 0.309).  
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Normal Gestational Changes 

In a rehabilitating female manatee sampled repeatedly during early pregnancy, serum 

progesterone concentrations peaked at 4.8 ng/ml in month two of gestation, and declined to       

0.9 ng/ml by gestational month seven (Fig. 2-2).  For pregnant, free-ranging females, estimation 

or confirmation of a parturition date allowed a blood sample and its associated progesterone 

concentration to be linked to the stage of gestation (Table 2-3).  Based upon available data, early 

gestation (months 1 to 4) was characterized by progesterone concentrations ranging from 

approximately 1.7 to 4.7 ng/ml.  During mid gestation (months 5 to 8), progesterone 

concentrations were near 1.0 ng/ml, and in months 10 and 11 (a portion of late gestation), 

concentrations between 0.3 and 0.5 ng/ml were measured. 

Abortion Detection 

Progesterone data were available for three female manatees that aborted a fetus while 

being treated for injuries (#1 and #2 = entanglement; #3 = watercraft strike) at rehabilitation 

facilities (Table 2-4).  All females were estimated to be in late pregnancy (the final four 

gestational months) at the time of their abortion, based on fetal length.  Females #1 and #3 

displayed baseline serum progesterone concentrations of 0.1 ng/ml prior to abortion.   

Seasonal Variation 

Mean progesterone concentrations in pregnant females were six to 20 times greater than 

those of non-pregnant females for a given season.  The highest mean progesterone concentration 

observed was associated with pregnant females in autumn (3.9 ± 1.8 ng/ml), which was much 

greater than concentrations observed in pregnant or non-pregnant females during any other 

season.  There was no evidence of seasonal variation in progesterone concentration for          

non-pregnant females within the sample population (Table 2-5).   
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Progesterone Concentrations by Gender and Age Class 

Statistics indicated that pregnant female progesterone concentrations in pregnant adult 

females (median: 0.8 ng/ml) were significantly higher than concentrations in female and male 

calves and subadults, non-pregnant adult females, and adult males (Table 2-6).   

Discussion 

Assay Analytical and Diagnostic Validation 

Serum progesterone concentration is a reliable pregnancy diagnostic in species where there 

are clear differences between progesterone concentrations in diestrus and pregnancy [10,11,     

13-15].  Pregnancy in many domestic species is characterized by serum progesterone 

concentrations much greater than those observed in manatees.  For example, the lower threshold 

for pregnancy diagnosis in the sow is 7.5 ng/ml and concentrations up to 40 ng/ml occur [15].  

For this reason, validation of a highly sensitive assay was desired for the manatee.  The 

IMMULITE system, which was developed for human use and validated for several species, 

including small carnivores (J. Verstegen pers. comm.), was validated for manatees.  Any 

commercially-available progesterone assay must be validated for use in manatees prior to routine 

use, and assays with a more sensitive LLOD (≤0.1 ng/ml) are most useful.  

The progesterone assay was analytically validated, with acceptable coefficients of variation 

<25% [58], adjusted-R2 values that yielded linear results for accuracy [59], and a correlation 

coefficient ≥ 0.975 for methods comparison [60] (Table 2-1).  For methods comparison, the three 

results that fell outside of the region of total allowable error occurred below the threshold for 

pregnancy diagnosis and close to the assay’s LLOD, where the total allowable error margin is 

smallest.  This error was not clinically significant. 

In order to create a sample population representative of the free-ranging population, as 

required for diagnostic validation, 33.3% of samples originated from pregnant females, which 
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corresponds to the suspected prevalence of pregnancy in the free-ranging manatee population 

[1].  Progesterone results evaluated by ROC analysis indicated that sensitivity and specificity are 

both optimized at 0.4 ng/ml, identifying this as the appropriate threshold for diagnosing manatee 

pregnancy.  These values are diagnostic until the final two months of gestation when 

progesterone concentrations may fall below 0.4 ng/ml.  At this time, females are visibly 

pregnant, making progesterone analysis unnecessary to diagnose pregnancy.   

Previous attempts to measure progesterone in manatees have involved fecal samples and a 

limited number of plasma (assay LLOD = 0.08 ng/ml) and serum samples [12,40].  It was found 

that plasma concentrations were lower than those recovered from fecal samples and there was no 

correlation between matching fecal and plasma samples [12].  The long gut transit time in 

manatees and the associated digestion of progesterone result in imprecise and inaccurate fecal 

hormone concentrations, which complicates the accurate medical assessment of pregnancy using 

fecal hormones.   

Effects of Freeze-Thaw 

Freeze-thaw cycles did not significantly affect progesterone assay results, which is 

consistent with previous findings [61].  Although some changes were observed throughout the 

subsequent trials, no clear pattern existed and the differences among the means were not 

statistically significant.   

Normal Gestational Changes 

Though manatee progesterone concentrations overall are lower than those of some other 

species [15,25], particularly during early pregnancy, manatees can have a five-fold or greater 

increase in serum progesterone during the first 4 months of pregnancy.  We hypothesized that 

serum progesterone concentrations would decline in the latter stages of pregnancy, and such a 

decline was observed; concentrations peaked during early pregnancy (1.7 to 4.7 ng/ml) and 
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became progressively lower during mid (~1 ng/ml) and late (0.3 to 0.5 ng/ml) gestation.  

Progesterone concentration varies during gestation in other species, such as the mare, where 

serum progesterone declines to 1-2 ng/ml by days 180-200 of the 340 day pregnancy as a result 

of conversion to feto-placental 5α-reduced progestins, which appear in the circulation by 

approximately gestational day 70 [25].  In African and Asian elephants, progesterone 

concentrations are low throughout gestation (0.07 to 1.3 ng/ml) because progesterone 

metabolites are predominant [17,43,62].  Lower progesterone concentrations observed closer to 

term in the manatee should not affect the diagnostic utility of this assay, which is most needed to 

detect pregnancy before visual indicators appear after month six of the 12 month gestation.  Until 

diestrus progesterone concentrations can be fully documented in the manatee, serial sampling of 

progesterone is suggested to confirm pregnancy, as has been recommended for elephants [44].  If 

a progesterone result ≥0.4 ng/ml is measured from a female manatee, a second sample should be 

submitted for analysis two weeks after the initial sample was collected (based on fecal estimates 

of manatee estrous cycle duration [12] and gut transit time [42]).  If this second sample also 

measures a progesterone concentration ≥0.4 ng/ml, the female can be considered pregnant.  If the 

second sample results in a progesterone concentration <0.4 ng/ml, then the original sample likely 

represented diestrus within that female.  This serial sampling technique does not apply to      

long-term captive females without male contact.  

Abortion Detection 

Progesterone concentrations at or near baseline (0.1 ng/ml) appear to be indicative of 

abortion in the manatee, which is consistent with our hypothesis.  In the pregnant mare, abortion 

is associated with a rapid decline in progestins or progestin concentrations <2.0 ng/ml for more 

than 3 to 4 days [63].  This threshold is lower in manatees, as evidenced by baseline 

progesterone concentrations (0.1 ng/ml) observed at least 2 weeks prior to abortion in two late 
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pregnancy females.  Because progesterone concentrations associated with a healthy pregnancy in 

the manatee also decline to 0.3 to 0.4 ng/ml in the final months of gestation, diagnosing an 

impending abortion may be more difficult during this time than at an earlier stage of gestation, 

when progesterone concentrations are higher.  For clinicians who are rehabilitating pregnant 

manatees with such traumatic injuries as watercraft strikes and entanglements, progesterone 

should be evaluated regularly due to the effects of stress on pregnancy and the possibility of 

abortion [39,64].  Additionally, in cases where pregnancy is suspected or confirmed, treatment 

strategies for rehabilitating females should be modified to prevent injury to the fetus by avoiding 

situations and activities (e.g. removal from the water and lateral rolling) that may result in 

additional pressure to the abdomen or either lateral aspect of the body.   

Seasonal Variation 

Manatees are believed to be diffusely seasonal breeders [1].  The breeding season for the 

Florida manatee has been proposed to span from March through September [1,24,65] based on 

the presence of follicles and corpora lutea in the ovaries of female carcasses [24], maximum 

perinatal carcass recovery [66], and the occurrence of mating herds [1,65].  Patterns in male 

sperm production also imply decreased likelihood of successful mating during the winter months 

[67].   

In this study, the maximum progesterone concentrations during pregnancy were observed 

in autumn (September 23 to December 21), which corresponds to mating and implantation 

between early summer and autumn (based on peak progesterone concentrations observed during 

early pregnancy in the current study).  Descriptive summary statistics are presented without 

statistical analysis of seasonal variation due to the small sample size (n=1-4) available for most 

seasons.  The observed autumnal progesterone peak for pregnant females was later than 

expected, compared to previous studies of manatee mating and behavior [1,24,65], and may be 
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due to this low sample size.  The deviation from the expected summer progesterone peak was 

caused in part by two females in late pregnancy (with low progesterone concentrations) in the 

summer population.  Because the mating and birthing seasons overlap [24] and because serum 

progesterone concentrations in the manatee decline throughout gestation, seasonal values are 

affected by the presence of females at different gestational stages, with variable progesterone 

concentrations.   

As hypothesized, the highest progesterone concentrations were measured in pregnant 

females during all seasons of the year.  We also hypothesized that seasonal differences in 

progesterone concentration would be apparent in the non-pregnant population, with higher 

concentrations associated with episodes of diestrus during the breeding season.  However, no 

appreciable seasonal differences existed in the non-pregnant population, for which the mean 

progesterone concentrations were at baseline (0.1 ng/ml) for all seasons except autumn, where 

the mean was 0.2 ± 0.1 ng/ml.  The observed results suggest that the non-pregnant sample 

population contained only a small number of diestrus females, which eliminated the possibility 

of viewing seasonal progesterone differences within the non-pregnant population.  

Progesterone Concentrations by Gender and Age Class 

It was determined that pregnant adult females exhibit the highest progesterone 

concentrations in the manatee population, as expected.  These findings concur with a previous 

study of manatee progesterone [12].     

Future Studies 

Additional studies of manatee progesterone and pregnancy should monitor concentrations 

of this hormone throughout gestation, which would require sample collection from well-trained, 

healthy, captive or rehabilitated females, to minimize stress associated with handling.  Analysis 

of serum progesterone throughout non-pregnant estrous cycles is also required to determine the 
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duration and range of progesterone concentrations that characterize non-pregnant diestrus.  Such 

an investigation would require the use of captive females housed with males to help guarantee 

normal reproductive cyclicity.   

Conclusion 

The IMMULITE 1000®’s progesterone assay was determined to be a valid and highly 

sensitive and specific tool for diagnosing pregnancy in the manatee, particularly during early and 

mid gestation.  Progesterone analyses following one and two freeze-thaw cycles did not 

significantly affect assay results.  Changes in serum progesterone concentrations throughout 

manatee gestation were identified, with the highest concentrations occurring during early 

pregnancy.  The progesterone concentration associated with abortion in two late pregnancy 

females was also identified (0.1 ng/ml).  The highest progesterone concentrations in pregnant 

females were observed in autumn and pregnant adult females exhibited the highest progesterone 

concentrations in the manatee population.  This assay will allow manatee biologists and 

veterinarians to monitor reproductive health in individual free-ranging and captive females and 

will be beneficial in managing captive breeding of Sirenians.   

 
Table 2-1.  Manatee Serum Progesterone Analytical Validation Results 
Validation  
Test 

Range of Sample 
Concentration Means Tested 
± SD (ng/ml) (n) 

Number of 
Replicates 

Validation Result 

Inter-assay 
Precision 

0.9 ± 0.2 to 17.2 ± 0.2 (6) 3 CV min-max: 6.2 to 14.5% 
Mean CV = 9.2% 

Intra-assay 
Precision 

1.2 ± 0.1 to 7.2 ± 0.5 (3) 13  CV min-max: 7.2 to 10.9% 
Mean CV = 9.7% 

Accuracy  0.3 to 4.6 (3) 5 (dilutions) Adjusted-R2 min-max: 0.93 to 1.0 
Mean Adjusted-R2: 0.98 

Methods 
Comparison 

0.1 to 5.8 (40) 1  r = 0.98  
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Table 2-2.  Progesterone (P4) Concentrations for Pregnancy Diagnosis throughout Gestation 
P4 Cutoff 
(ng/ml) 

Sensitivity Specificity Positive 
Predictive Value 
(PPV) 

Negative 
Predictive Value 
(NPV) 

Positive 
Likelihood Ratio

≥ 0.1 100.0%     0.0%   33.3% --1 1.0 
≥ 0.4   93.3%   86.7%   77.8% 96.3% 7.0 
≥ 0.5   73.3%   96.7%   91.7% 87.9% 22.0 
≥ 1.0   46.7% 100.0% 100.0% 78.9% --2

1There is no NPV at ≥ 0.1 ng/ml because this threshold encompasses all progesterone results.  
2The Positive Likelihood Ratio is calculated as sensitivity / (1-specificity), which results in a 
denominator of zero at ≥1.0 ng/ml. 
 
Table 2-3.  Gestational Progesterone Concentrations Determined from Study Females 
Gestation Month Average Progesterone  ± SD (ng/ml) Number of Manatees Sample Size 
1 1.7 1 1 
2 3.6 ± 1.3 1 4 
3 4.7 ± 1.2 3 3 
4 1.7 1 1 
5 0.8  1 1 
6 1.0 1 1 
7 0.8 ± 0.1 4 4 
8 1.3 ± 0.5 2 2 
9 No Data -- -- 
10 0.4 ± 0.06 3 3 
11 0.3 ± 0.07 1 2 
12 No Data -- -- 

 
Table 2-4.  Abortion-Associated Serum Progesterone (P4) (ng/ml) in Late Pregnant Females 
Sampling Time Frame Female #1 Female #2 Female #3 
At Rescue 0.1 0.3 0.1 
Within 2 Weeks of Rescue 0.1 0.4 0.1 
Post-Abortion 0.1 (n=1) -- 0.1 (n=4) 
Normal Late Pregnancy 0.3-0.4 0.3-0.4 0.3-0.4 
Fetal Length at Abortion (cm) 109  115  124  

 
Table 2-5.  Seasonal Progesterone Values (mean P4 ± SD) for Non-Pregnant and Pregnant 

Florida Manatees 
Season Non-Pregnant (ng/ml) (n) Pregnant (ng/ml) (n) 
Winter 0.1 ± 0.0 ( 3) 0.7 ± 0.2 (4) 
Spring 0.1 (1) 0.6 ± 0.3 (2) 
Summer 0.1 ± 0.09 (5) 0.6 ± 0.3 (4) 
Autumn 0.2 ± 0.1 (12) 3.9 ± 1.8 (4) 
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Table 2-6.  Progesterone Concentrations by Gender and Age Class 
Gender and Age Categories Mean ± SD (ng/ml) (n) Median (ng/ml) Min-Max (ng/ml) 
Female Calf 0.3 ± 0.3 (7)b 0.1 0.1 – 0.9 
Female Subadult 0.1 ± 0.1 (17)b 0.1 0.1 – 0.7 
Non-Pregnant Female Adult  0.2 ± 0.2 (30)b 0.1 0.1 – 0.9 
Pregnant Female Adult 1.2 ± 1.3 (15)a 0.8 0.2 – 5.3 
Male Calf 0.1 ± 0.1 (2)b 0.1 0.1 – 0.2 
Male Subadult 0.2 ± 0.2 (16)b 0.1 0.1 – 0.7 
Male Adult 0.2 ± 0.1 (27)b 0.1 0.1 – 0.6 

aPregnant female adults had significantly higher progesterone concentrations than any other age 
class of females or malesb.  The assay lower limit of detection (LLOD) is 0.1 ng/ml. 
 

6543210

U
F 

IM
M

U
LI

TE
 (n

g/
m

l)

6 

5 

4 

3 

2 

1 

0 

  TEa  

 
 

 
Figure 2-1.  Scatter plot fo

samples tested w
axis) and the ch
represented by 
total allowable 
Points outside t
defined TEa.  A
along the line in
Elephant Validated RIA (ng/ml) 
r methods comparison.  The plot shows progesterone results for paired 
ith both a radioimmunoassay (RIA) validated for use in elephants (x-

emiluminescent system (y-axis).  The progesterone results are 
the points on the graph and the yellow area of the plot represents the 
error (TEa) for the methods comparison, which was set at 25%.  
he yellow region (red) represent results with error that exceeds the 
 perfect fit between the methods is represented by results that fall 
 the center of the yellow region. 

39 



 

Estimated Time of Gestation

10/1/99  1/00  1/00  1/00  2/ 6/ 10/

P
ro

ge
st

er
on

e 
(n

g/
m

l)

0

1

2

3

4

5

6

Progesterone Values (ng/ml) Through Pregnancy

                       Parturition

     0        1         2        3         4        5         6        7         8        9        10      11      12       13      14 
                                                   Estimated Month of Gestation

 
 
Figure 2-2.  Progesterone profile generated from a single female of known gestation.  Blood 

sampling was routine until the fourth month of gestation, after which only one 
additional sample was collected prior to parturition.  The arrow indicates the date of 
parturition.  During the first two months of sampling (encompassing gestational 
months one through three), progesterone concentrations fluctuated, ranging from 1.2 
to 4.8 ng/ml.  Samples collected during months four and six had measured 
progesterone concentrations of approximately 1.0 ng/ml.  A final sample was 
collected 50 days after parturition and a progesterone concentration of 0.1 ng/ml was 
measured. 
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CHAPTER 3                                                                                           
DETECTION AND IDENTIFICATION OF PROGESTERONE METABOLITES IN THE 

FLORIDA MANATEE USING GC/MS/MS 

Introduction 

Progesterone (P4) is a steroid hormone with the typical four-ring structure of 

pregnenolone.  Progesterone synthesis and metabolism are associated with changes to the 

accessory groups of the pentagonal D ring, producing progesterone’s various metabolites.  

Although the chemical differences among these steroids and metabolites are subtle, they have 

significant implications when evaluating luteal function and measuring circulating progestin 

concentrations.  Furthermore, the spectrum of steroids produced by the corpus luteum may vary 

dramatically among species.   

In African and Asian elephants, which are close terrestrial relatives of the manatee [7,8], 

progesterone (pregn-4-ene-3,20-dione; P4) concentrations during pregnancy peak below          

2.0 ng/ml [16].  These observed concentrations are significantly lower than those of many 

species [10,13-15].  This may be caused by varied steroidogenic pathways and progestins 

required for pregnancy maintenance or rapid metabolism of progesterone, as occurs in carnivores 

[68].  Using gas chromatography-mass spectrometry (GC/MS), different progesterone 

metabolites have been detected in African and Asian elephants, including the 5α-reduced 

progestins: 5α-pregnane-3,20-dione (5α -DHP) and 3α-hydroxy-5α-pregnan-20-one (5α-P3-OH) 

[17].  In the Asian elephant, 17α-hydroxyprogesterone (17α-OHP) was also detected [18].  In 

both species of elephant, 5α -DHP predominates, with concentrations of up to 21 ng/ml observed 

during pregnancy [69].  In the mare, 5α-DHP and other 5α-reduced progestins predominate 

during the second half of gestation, while P4 concentrations are minimal [19].  Finally, 20α-OHP           

(20α-hydroxy-4-pregnen-3-one; 20α-hydroxyprogesterone), an inactive form of P4, has been 

observed in species including the rat and bovine [70,71].  In the rat, circulating concentrations of 
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20α-OHP are relatively stable throughout all stages of the estrous cycle and pregnancy [70], 

while concentrations increase during the latter stages of bovine pregnancy [71] (Fig. 3-1).   

Circulating P4 concentrations observed in the manatee (Trichechus manatus) are similar to 

those of elephants, but may be higher during the first four months of pregnancy (see Chapter 2).  

These manatee P4 concentrations may indicate rapid production and metabolism of progesterone 

or low levels of production coupled with a slow rate of metabolism, resulting in prolonged 

endogenous availability of a low level of progesterone.  The possibility of an alternate pattern of 

steroidogenesis leading to the production of biologically active metabolites, as occurs in 

elephants, cannot be excluded.  Finally, a paracrine secretion and transport of progestins from 

the ovary to the uterus may occur.  This would result in increased concentrations of progesterone 

localized in the reproductive tract that may not be measured in peripheral blood samples. 

The objectives of this study were to use gas chromatography with tandem quadrupole 

detectors (GC/MS/MS) to: (1) determine if the relatively low P4 concentrations observed in the 

manatee are associated with a high ratio of 5α-pregnane-3,20-dione  (5α –DHP),                      

3α-hydroxy-5α-pregnan-20-one (5α-P3-OH), 17α-hydroxyprogesterone (17α-OHP), or          

20α-hydroxy-4-pregnen-3-one (20α-OHP); and (2) document any changes in metabolite presence 

or relative concentration associated with gender or the various stages of pregnancy or diestrus.   

Materials and Methods 

Blood Sampling 

Manatee blood samples were collected during health assessments of Florida manatees from 

the years 2001 through 2007.  Samples were opportunistically collected during ongoing 

ecological investigations [46,47] and from captive manatees housed at facilities throughout 

Florida.  Lithium heparin plasma and serum were separated within one hour of collection by 

onsite centrifugation (3,000 x g for 10 minutes), then transported on ice to the University of 
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Florida.  Lithium heparin plasma was stored at -80°C until shipment for GC/MS/MS analysis, 

and serum was either assayed immediately for P4 or stored at -80°C until analysis.  

Sample Population 

Lithium heparin plasma samples from 24 adult [50] Florida manatees were selected for 

GC/MS/MS analysis.  The sample population included free-ranging (n=3) and rehabilitating 

(n=3) males; non-pregnant and non-lactating captive (n=5) and free-ranging (n=1) females; 

lactating free-ranging females (n=4); and early (n=2), mid (n=3), and late pregnant (n=2)       

free-ranging females.  One non-pregnant, non-lactating, severely injured, rehabilitating female 

diagnosed with polycystic ovaries was also included.  The condition of this female’s ovaries was 

observed at necropsy <2 hours after blood collection.  Four of five captive females in the study 

population were believed to be reproductively abnormal due to known health problems and the 

absence of male interaction and mating in a female-only captive environment.   

Pregnant females were identified by serum P4 concentration obtained from immunoassay 

as well as subsequent field observation of a calf within one year of capture.  The stage of 

gestation (early, mid, or late) was determined based on knowledge of a 12 month gestation [1], 

observations that calves may be at lengths from 82 to 160 cm or 95 to 155 cm [1,24], and an 

assumption that fetal growth is approximately linear.  Progestins observed in captive females 

were considered to be associated with physiologic or pathologic luteal development. 

 Laboratory Analysis 

Manatee serum was first assayed to determine its P4 concentration using an automated 

chemiluminescent assay system analytically validated for use in manatees (see Chapter 2).  

Manatee plasmas were sent overnight in a dry shipper to the CER Endocrine Laboratory 

(Belgium) for GC/MS/MS analysis as previously described for other steroids [72].  Briefly, a 

standard analysis procedure including liquid-liquid extraction of plasma samples combined with 
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GC/MS/MS analysis was performed using a HP6890 gas chromatograph (Agilent Technologies, 

Brussels, Belgium) coupled with a Quattro Micro™ GC mass selective detector (Micromass, 

Altricham, Cheshire, UK).  The Quattro Micro™ is a benchtop GC/MS/MS system that provides 

low-level quantitative analysis and limited matrix interference [73].   

Samples as well as standards to confirm the presence of particular compounds were 

injected after extraction pre-treatment.  The standards used were P4, 5α-pregnane-3,20-dione  

(5α –DHP), 3α-hydroxy-5α-pregnan-20-one (5α-P3-OH), 17α-hydroxyprogesterone (17α-OHP), 

and 20α-hydroxy-4-pregnen-3-one (20α-OHP) (Sigma-Aldrich Company, Steinheim, Germany).  

The GC column was an HP5-MS (5% phenyl, methyl silicone; product number 190915-433) 

bonded phase fused silica capillary column (30 m x 0.25 mm i.d., 0.25 µm film thickness) 

(Agilent Technologies, Brussels, Belgium).  The injector temperature was 300°C and the 

injection volume was 1 µl.  Injections were made in the splitless mode.  The temperature inside 

the gas chromatograph (oven temperature) was initially maintained at 100°C for one minute, and 

was programmed to rise at a rate of 11.5°C per minute until reaching a temperature of 325°C.  

The temperature was maintained at 325°C for five minutes.  The transfer line temperature was 

set at 320°C.  The carrier gas, N60 helium, was used at a constant pressure of 100 kPA.  The 

various progestagen steroids were identified in the MRM (multiple reaction monitoring) mode.  

The source pressure was approximately 2x105 Pa and the collision pressure at least 2.5x103 Pa to 

achieve the highest sensitivity.  Data were collected using a HP Chemstation G1701BAB01.00.   

Evaluation of the steroids was performed by a liquid-liquid extraction using 1ml of plasma, 

1ml of water, and 50µl of Td3 (16, 16, 17-d3-testosterone; an internal standard).  The extraction 

products (2 ml) were then added to the Extrelut NT3 (Merck, Darmstadt, Germany) column for 

5-10 minutes, and eluted with 3x5 ml ethyl acetate.  The organic phase was evaporated at 40°C 
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and recovered with 100 µl methanol (MeOH).  Three ml of water were added to the product.  A 

clean up procedure was completed by conditioning the column (C18, 500 mg, 3 cc tube) with     

5 ml MeOH and passing through 5 ml water.  The extracted sample was added to the column, 

which was then rinsed with 2 ml water.  Next, the column was washed with 5 ml water, 5 ml of a 

MeOH and water mixture (20/80), and 2.5 ml hexane.  The column was dried and eluted with 

2x1.5 ml of ethyl acetate.  The ethyl acetate was evaporated at 40°C and derivatized with 25 µl 

of a stock standard solution of derivatization agent prepared as follows: 2 mg of dithiothreitol 

were mixed with 1 ml of MSTFA (N-Methyl-N-trifluoroacetamide) and 17 µl of 

trimethylsilyliodotrimethylsilane.  This reagent gives rise to trimethylsilylenol and trimethylsilyl 

ether derivatives.  After vortex mixing, the mixture was heated at 60°C for 30 minutes and 2 µl 

of product were injected into the gas chromatograph column.  Each sample was injected twice 

and the profile analyzed to determine the presence of the various progestins.   

Data Analysis 

The use of GC/MS/MS provides accurate identification of compounds, but the 

concentrations determined in this study should be used for intra-assay data comparison only.  

These values are not comparable to progesterone immunoassay results (Chapter 2).  Within the 

text, progestins measured with GC/MS/MS are described as not detected (ND), at the lower limit 

of detection (LLOD), trace (2x LLOD), or low, moderate, or high (relative to the total measured 

concentrations).  

Results 

Identification of the Predominant Progestin 

Among the 24 plasma samples tested, P4 was observed most frequently (n=14) (Table      

3-1).  The second most frequently observed form of progesterone was 5α-P3-OH (n=12), 

followed by 5α–DHP (n=7).  The 17α-OHP metabolite was observed in only three samples, 
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including two males and one female with numerous cystic ovarian follicles and corpora lutea.  

One sample exhibited 20α-OHP at a concentration equal to the LLOD for that metabolite      

(0.01 ng/ml): a non-pregnant, non-lactating captive female (Table 3-1).  Among non-pregnant, 

non-lactating females, P4 comprised 57.0% of the observed progestins, followed by 5α-P3-OH 

(31.6%) and 17α-OHP (10.9%).  The progestins 5α–DHP and 20α-OHP comprised only 2.1% 

and 0.05% of the observed progestins in non-pregnant, non-lactating females, respectively.  

Among pregnant females, P4 and 5α-P3-OH comprised similar percentages of total percentages 

as in non-pregnant, non-lactating females (55.6% and 31.1%, respectively) and also exhibited 

5α–DHP (13.2%).  The only additional peaks observed during chromatographic analysis 

represented isomers of the standards.   

Gender and Reproductive Differences in Progestins 

For the six males tested, P4 was detected in one male at LLOD, and 17α-OHP was 

observed in three males, ranging from LLOD to trace.  Among five captive, non-pregnant,     

non-lactating females, P4 (n=3; LLOD to high), 5α-P3-OH (n=5; trace to high), 5α–DHP (n=2; 

low to moderate), and 20α-OHP (n=1; LLOD) were detected.  For one free-ranging,               

non-pregnant and non-lactating female, low concentrations of P4 and trace concentrations of    

5α-P3-OH were observed.  A severely injured, rehabilitating female with cystic follicles and 

corpora lutea exhibited moderate P4, 5α-P3-OH, and 5α–DHP and LLOD 17α-OHP.  In three out 

of four non-pregnant, lactating females, no P4 or metabolites were detected, while one of these 

lactating females possessed a LLOD concentration of P4.  Two early pregnant females possessed 

moderate to high P4, low to high 5α-P3-OH, and LLOD to moderate 5α–DHP.  Among three 

mid pregnancy females, low P4, and LLOD 5α-P3-OH and 5α–DHP were observed.  The two 

females in late pregnancy exhibited low P4 and one measured a LLOD concentration of           

5α-P3-OH.  In 20 of the 24 manatees studied, metabolites were not observed if P4 was not 
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observed.  A similar relationship occurred for 5α-P3-OH and 5α–DHP, where only one female 

(in mid pregnancy) exhibited 5α–DHP in the absence of 5α-P3-OH.  The most frequent 

occurrences of P4, 5α-P3-OH, and 5α–DHP were associated with early pregnancy and 

physiologic or pathologic luteal development in captive females (Table 3-1). 

Discussion 

Identification of the Predominant Progestin 

Manatee plasma analyzed by GC/MS/MS resulted in identification of several P4 

metabolites, but P4 was the predominant progestin.  The GC/MS/MS analysis did not detect any 

additional progestins other than those for which standards were included.  We hypothesized that 

P4 metabolites in the manatee could be identified using GC/MS/MS, which we confirmed.  

However, we also hypothesized that metabolites contributed significantly to total progestin 

content in the manatee.  Contrary to our hypothesis, the lower relative concentrations of 

circulating metabolites do not suggest that rapid metabolism or an alternate steroidogenic 

pathway is responsible for the observed progesterone concentrations.   

Metabolites present in manatee plasma were identified, and were similar to those of 

elephants and hyraxes, although their role in the manatee is likely less significant than within 

these other related species [7,8] based on the minimal relative concentration of metabolites 

observed in manatees.  In hyrax plasma, for example, 5α-DHP was measured at concentrations 

ranging from 3.5 to 9.6 ng/ml, which were 4 to 17 times greater than measured P4 concentrations 

(0.4 to 5.9 ng/ml) [74].  In manatee plasma, 5α-DHP was measured at concentrations ranging 

from LLOD to moderate, which were up to six times less than measured P4 concentrations.   

Findings in peripheral circulation of the manatee do not suggest that progestin metabolites 

are biologically active in this species.  However, manatees may utilize paracrine transport of 

progestins, preventing the true concentration of progestins from being measured in peripheral 
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circulation.  Male manatees possess vasculature believed to cool the intra-abdominal 

epididymides via counter-current heat exchange to prevent hyperthermic insult.  This vasculature 

consists of an arteriovenous iliac vascular bundle and an inguinal venous plexus, and similar 

vasculature has also been observed in female manatees [75].  While counter-current vascular 

exchange often involves the transfer of heat, substances will also diffuse from veins to arteries 

down concentration gradients [76].  Steroid hormones such as P4 have been determined to be 

capable of counter-current exchange due to their size (250-300 Da) and lipophilic nature [77], 

and it may be possible that manatees utilize an enhanced counter current exchange mechanism to 

deliver progestins from the ovaries to the uterus and placenta (paracrine transport).  If manatee 

progestins were transported through such a localized vascular system, this could explain the 

relatively low concentrations observed in the peripheral circulation. 

We hypothesized that manatees, like elephants, would possess 5α-P3-OH, 5α–DHP, and 

17α-OHP in peripheral circulation.  In equines, elephants, and hyraxes, 5α–DHP is believed to be 

a biologically active metabolite due to its high binding affinity for that species’ endometrial 

progestin receptors [74,78].  In the horse, this receptor affinity is believed to be greater than that 

of P4 itself [79].  The 5α–DHP metabolite is also the most predominant circulating progestin in 

elephants [16,17].  However, 5α-P3-OH, which is predominant in elephant luteal tissue [17], is 

considered to be an inactive metabolite [16].  In the manatee, 5α-P3-OH was the most frequently 

observed metabolite, while 5α–DHP was observed in concentrations that ranged from LLOD to 

moderate, suggesting a less significant role in the manatee, as compared to the elephant.  With 

less than half the biological activity of P4 [80], 20α-OHP is considered to be a mechanism to 

reduce progesterone’s influence on reproductive tissues [70].  In the diestrus rat, the 

concentration of 20α-OHP is 4-6 fold greater than P4.  Bovine cotyledons also contain 20α-OHP, 
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which increases and peaks in late gestation (months 7 to 8) and subsides after parturition (month 

10) [71].  We hypothesized that relatively low circulating P4 concentrations could be associated 

in part with increased 20α-OHP concentration.  However, 20α-OHP was only measured in one 

manatee (at LLOD), refuting the hypothesis that low circulating progesterone concentration 

could be explained by over-production of 20α-OHP leading to progesterone inactivation.  

It has been determined that manatees do not have high circulating concentrations of 

metabolites, and serum P4 concentration during pregnancy rarely exceed 5.0 ng/ml (see Chapter 

2).  If previously measured serum P4 concentrations represent the amount of steroid responsible 

for maintaining pregnancy in this species, this may suggest that manatees use the P4 they 

produce very efficiently, leaving only minimal amounts of progestins free in the peripheral 

circulation.  Additionally, the near-absence of metabolites and decline in serum progesterone 

concentration during the second half of gestation (Chapter 2) suggests that the manatee placenta 

does not contribute to progestin production that supports pregnancy.  However, the production of 

a chorionic gonadotropin or other non-progestin based factor by the placenta may be possible. 

The guinea pig, like the manatee, exhibits a significant increase in progesterone concentration 

during the beginning of pregnancy.  In the guinea pig, this increase is accompanied by a 

significant decline in metabolic clearance rate and an increased concentration of specific binding 

proteins in blood, which protect progesterone from metabolism [81].  This mechanism to 

conserve progesterone has also been demonstrated in an herbivorous, semi-aquatic rodent, the 

coypu or nutria (Myocastor coypus).  In the coypu, an increased concentration of progesterone is 

observed in the blood, but is not necessarily accompanied by an increased secretion rate [82]. 

While the low relative concentrations of metabolites in manatee plasma suggest the use of 

mechanisms to reduce metabolism, low concentrations of progesterone itself suggest that the 
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manatee utilizes some additional mechanism to support pregnancy, such as paracrine progestin 

transport or a chorionic gonadotropin. 

A previous study (Chapter 2) determined manatee serum progesterone (P4) concentrations.  

The assay used, which is highly specific for progesterone, does report a minor cross reactivity 

with 17α-OHP (1.04%) (Siemen’s Progesterone PILKPG-10, 2006-12-29).  The cross reactivities 

of the other metabolites investigated in the current study have not been tested, and may 

contribute to measured P4 concentration due to mnor cross reactivity, but this is not likely to be 

clinically significant. 

Gender and Reproductive Differences in Progestins 

There were differences in the metabolites observed among manatee genders and 

reproductive stages.  We hypothesized that the presence and abundance of metabolites would 

differ with reproductive status, which the results confirmed.  The absence of progestins in three 

of four lactating females, two of which had relatively small calves (177 cm and 183 cm in total 

straight length, respectively) [1,24,50], suggests that lactational anestrus may occur in the 

manatee.  It is known that lactation and estrus may occur simultaneously in the dugong [83], but 

it appears that the manatee may experience anestrus, at least during early lactation.     

In elephants, the 5α-reduced progestins are also dominant during diestrus, indicating that 

these are the dominant luteal secretory product at all times [17].  In non-pregnant manatees, 

however, P4 was typically more prevalent than 5α-P3-OH and 5α-DHP.  In a female diagnosed 

with polycystic ovaries, progesterone and metabolite concentrations were lower than 

concentrations in two non-pregnant, non-lactating captive females, and may indicate the 

presence of polycystic ovaries or another reproductive abnormality in these two captive females.  

Observed P4 and metabolite concentrations in these captive females may also represent the 

normal range of these hormones during diestrus.  The relative concentrations of observed 
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progestins in a free-ranging, non-pregnant and non-lacting female were much lower than those 

observed in two of the captive females.  Because the manatee estrous cycle has not been 

characterized using serum or plasma progestins, the true implications of these results are 

unknown. 

Among pregnant manatees, P4 and 5α-P3-OH were most prevalent, although 5α-DHP was 

also present in several females.  Metabolites and P4 declined throughout pregnancy so that only 

very low concentrations of 5α-reduced progestins were detectable by mid and late gestation.  

Plasma concentrations of the 5α-reduced progestins in African elephants were also lower in late 

pregnancy than earlier in gestation, suggesting a decline in production and secretion of these 

metabolites from the corpus luteum [17].  However, in elephants, plasma concentrations of P4 

did not change throughout gestation [17], while P4 concentrations in the manatee decreased 

(Chapter 2).  Zebras and other equines have a different pattern of metabolite expression than 

manatees and elephants, with 5α-reduced metabolites of P4 becoming dominant in the circulation 

during the second half of gestation [84].   

The detection and identification of P4 metabolites in elephants indicated that these species 

did not lack steroidogenic function, but used a different progestin to support pregnancy [17] and 

that overall circulating steroid concentrations were really no lower than those of other species 

[16].  The observed results for the manatee suggest that overall circulating steroid concentrations 

may be lower than those of other species because metabolites, while present, were even less 

prevalent than P4 itself.  However, the possible contribution of paracrine circulation warrants 

further study. 

Future Studies 

This study demonstrated that P4 metabolism occurs in the manatee, but in a different 

pattern than what has been observed in other species [17,69-71,74,79].  It would be beneficial to 

51 



 

determine if the progesterone increase associated with early pregnancy in the manatee is the 

result of a decreased metabolic clearance rate of progesterone, as occurs in the guinea pig [81].  

Additionally, observed circulating P4 concentration in the manatee may be related to this 

species’ reproductive and vascular anatomy combined with its unique physiology.  Therefore, the 

vasculature of freshly dead female manatees, particularly pregnant females, should be examined 

as a possible portal for steroid hormone transfer from the ovaries to the uterus and placenta. 

Progesterone analysis of tissues collected from a variety of sites in this region could further 

confirm the route of steroid hormone transfer in the manatee.  Finally, an investigation of 

chorionic gonadotropin in the manatee placenta may help explain the circulating progestin 

concentrations observed in this species. 

Conclusion 

The relatively low circulating P4 concentrations in the manatee cannot be attributed to 

metabolism, because GC/MS/MS found that P4 itself was predominant in the plasma.  The two 

most commonly observed metabolites were 5α-P3-OH and 5α-DHP.  These metabolites were 

most prevalent during physiologic or pathologic luteal development in non-pregnant females and 

early pregnancy, concurrent with maximum P4 concentrations.  These results, based on 

peripheral circulation, suggest a limited role for progesterone metabolites in the manatee. 
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Table 3-1.  Manatee GC/MS/MS Results for Progesterone and Its Metabolites 
ID Origin 

C=captive 
F=free 
R=rehab. 

Gender/Status 
P=pregnant 
NP=non-pregnant 
L=lactating 
NL=non-lactating

P4  
LLOD: 
0.07 
ng/ml 

5α-P3- 
OH 
LLOD: 
0.1 
ng/ml 

5α- 
DHP 
LLOD: 
0.2 
ng/ml 

17α- 
OHP 
LLOD: 
0.1 
ng/ml 

20α-
OHP 
LLOD: 
0.01 
ng/ml 

1 R Male ND ND ND 0.1 ND 
2 R Male ND ND ND 0.2 ND 
3 R Male ND ND ND ND ND 
4 F Male ND ND ND ND ND 
5 F Male ND ND ND ND ND 
6 F Male 0.07 ND ND ND ND 
7 C* NP, NL ND 0.4 ND ND ND 
8 C* NP, NL 0.2 0.2 ND ND ND 
9 C* NP, NL 6.1 2.6 1.0 ND ND 
10 C* NP, NL ND 0.2 ND ND ND 
11 C NP, NL 3.2 1.4 0.5 ND 0.01 
12 F NP, NL 0.3 0.2 ND ND ND 
13 R Cystic, NP, NL 1.2 1.1 0.6 0.1 ND 
14 F NP, L ND ND ND ND ND 
15 F NP, L ND ND ND ND ND 
16 F NP, L ND ND ND ND ND 
17 F NP, L 0.07 ND ND ND ND 
18 F Early P 0.8 0.5 0.2 ND ND 
19 F Early P 5.8 3.9 1.4 ND ND 
20 F Mid P 0.4 0.1 ND ND ND 
21 F Mid P 0.5 0.1 0.2 ND ND 
22 F Mid P 0.4 ND 0.2 ND ND 
23 F Late P 0.3 0.1 ND ND ND 
24 F Late P 0.2 ND ND ND ND 

Concentrations are not comparable to immunoassay results, but intra-assay comparisons may be 
used to determine relative progestin concentrations.  Captive females hypothesized to be 
reproductively abnormal are denoted by *.  LLOD=system’s lower limit of detection.  ND= no 
metabolite detected.  
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pregn-4-ene-3,20-dione (progesterone; P4)  3α-hydroxy-5α-pregnan-20-one (5α-P3-OH) 

              
 
 
5α-pregnane-3,20-dione (5α -DHP)       17α-hydroxyprogesterone (17α-OHP) 

       
 
 
20α-hydroxy-4-pregnen-3-one (20α-hydroxyprogesterone; 20α-OHP) 

 
 
Figure 3-1.  The molecular structures of progestins investigated in manatee plasma. 
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CHAPTER 4                                                                                           
MORPHOLOGICAL CHARACTERIZATION OF CORPORA LUTEA AND LUTEAL CELLS 

IN THE FLORIDA MANATEE 

Introduction 

The mammalian corpus luteum (CL) develops during the diestrus portion of the estrous 

cycle, and typically arises from an ovulated follicle.  After ovulation, the remaining cells 

proliferate and experience morphological changes to form a CL [20], which consists of lutein 

cells surrounded by a matrix of connective tissue that includes fibroblasts and numerous 

capillaries lined with endothelial cells [85].  If an estrous cycle culminates in the fertilization and 

implantation of an ovum, the CL must remain fully functional to support early pregnancy.  

However, in the case of an infertile estrous cycle, the CL regresses quickly, as in the cow, where 

the 8-12 g CL is fully reabsorbed within 4 to 6 days of the start of regression [86].  As a 

monotocous species, the cow produces only one CL during the estrous cycle and pregnancy [23].  

However, there are other monotocous domestic species, such as the horse, which form accessory 

corpora lutea to aid in the maintenance of pregnancy [25].   

Corpora lutea contain at least two types of steroidogenic cells [21] that are derived from 

granulosa and theca cells of the pre-ovulatory follicle, and are often distinguished by size       

[87-89].  Among mammals, granulosa lutein cells (GLCs), or large luteal cells, are typically near 

25 µm in length, with a central nucleus and at least one nucleolus.  The cell and nuclear shapes 

are roughly circular and the cytoplasm stains lightly [90].  These GLCs are characterized by 

large amounts of smooth endoplasmic reticulum and clusters of mitochondria, which indicate 

these cells as the site of progesterone synthesis [22,23].  Rough endoplasmic reticulum, Golgi 

apparatus, and secretory granules also occur in GLC cytoplasm.  Theca lutein cells (TLCs), or 

small luteal cells, are smaller and lengthier, with “cup-shaped” nuclei [23] bordered by 

heterochromatin, and exhibit darker staining cytoplasm and nuclei than GLCs.  The GLCs are 
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predominant in most species, but extensive numbers of TLCs are present in species including 

bovines, porcines, and ovines [91].   

Near the end of pregnancy or a non-fertile estrous cycle, corpora lutea degenerate via 

luteolysis [92,93].  This regression is facilitated by various lysosomes and macrophages that 

break down or remove degenerating cellular organelles [90,94-96].  In the ewe, the first of these 

degenerative changes is accompanied by a reduction in luteal cell secretory activity [97].  

Several days after the start of luteolysis, the luteal cells themselves decrease significantly in size, 

lose their uniform shape, and become fragmented [85,98].  In bovines, degenerating 

mitochondria develop electron dense regions that give the organelles a black color when viewed 

with electron microscopy [99,100].  Osmiophilic lipid droplets also increase in number within 

the cytoplasm during this time [85,98,100], representing the continued ability of cells to 

manufacture lipid, but an inability to alter it into steroid hormones [101].  In mares, highly 

dilated nuclear envelopes and large quantities of heterochromatin also characterize degeneration 

[95].  Additionally, the vascular system of numerous species exhibits degenerative changes 

including obstruction of capillary lumens by distended endothelial cells [95,97,102,103] to 

reduce blood flow through the CL and facilitate regression [95].  Finally, connective tissue 

elements such as fibroblasts and collagen become prominent in the intercellular space [95].   

Some gross and histological descriptions of manatee corpora lutea have been made [104].  

First, it is known that diestrus and pregnancy are characterized by multiple but variable numbers 

of luteal structures on one or both ovaries, and that multiple ovulations are common in a single 

estrous cycle, even though the manatee is typically monotocous, with only rare occurrences of 

twinning [1,24].  Also, a previous study identified that two luteal cell types exist in the manatee: 

primary luteal cells (13-27 µm in length) and secondary luteal cells (6-16 µm in length) [104].  
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However, changes to cellular morphology throughout diestrus or pregnancy have not been 

documented in the manatee and endothelial cells and fibroblasts have not been described 

morphologically. 

Further knowledge of the structure and function of manatee corpora lutea is required to 

better understand the estrous cycle and pregnancy in this marine mammal.  To help achieve this 

goal, this study sought to: (1) provide a general description of the manatee CL and identify 

trends related to CL number and distribution, in one or both ovaries; (2) identify and distinguish 

luteal cell types that comprise the CL; (3) document endothelial cell and fibroblast morphology 

in corpora lutea; and (4) describe changes to the corpus luteum and its cells at various states of 

diestrus and pregnancy, including degenerative changes observed ultrastructurally with 

transmission electron microscopy (TEM).  

Materials and Methods 

Sample Collection 

Florida manatee (Trichechus manatus latirostris) ovarian tissue was obtained from the 

Florida Fish and Wildlife Conservation Commission’s Marine Mammal Pathobiology 

Laboratory in St. Petersburg, Florida and analyzed at the University of Florida.  Ovaries were 

removed at the time of necropsy, and pregnancy was assessed by locating a fetus in one of the 

uterine horns.  Where a fetus could not be detected, corpora lutea observed on the ovaries were 

said to be associated with a non-pregnant diestrus.  Corpora lutea were collected in 10% neutral 

buffered formalin (NBF) and transferred to phospho-buffered saline (PBS) after 24 hours.  

Sample Population 

Corpora lutea from five adult (>265 cm total straight length) and one subadult              

(246-265 cm) [50] female Florida manatees were used in this study, including two diestrus (#1 

and #2) and four pregnant (#3 to #6) females.  Four specimens were assessed as fresh at the time 
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of necropsy (#1, #2, #4, and #5), and two were moderately decomposed (#3 and #6).  For 

specimens obtained from pregnant females, stage of pregnancy was assessed by measuring fetal 

length: early pregnancy <30 cm (n=0); mid pregnancy 31-80 cm (n=2); late pregnancy >81 cm 

(n=2).  These estimates of pregnancy stage and fetal length were based upon knowledge of the 

12 month gestation [1] and observations that calves may be born ranging in length from 82 to 

160 cm or 95 to 155 cm [1,24].  Samples for TEM were collected from female #4.   

Sample Processing 

Tissues were processed, embedded in paraffin, and cut at 5 µm.  Sections applied to glass 

slides were placed in a 60°C oven for 1-2 hours, then treated with xylene to remove excess 

paraffin, rehydrated in a series of alcohols, and stained with hematoxylin and eosin (H&E).  

Samples for transmission electron microscopy (TEM) were sliced into 3 mm sections, placed in 

2% glutaraldehyde and refrigerated for approximately 2 weeks until osmication.  To begin 

osmication, tissues were placed in glass vials containing 0.1 Molar (M) sodium cacodylate buffer 

for two, 15 minute changes.  Vials were capped at all times.  Next, tissues were placed in a 1:1 

mixture of 0.1M sodium cacodylate and osmium tetroxide for 1 hour.  After osmication, tissues 

were placed in two additional, 15 minute changes of 0.1M sodium cacodylate buffer.  Tissues 

were then dehydrated with increasing concentrations of ethyl alcohol (EtOH) (15 minutes each in 

25%, 50%, 70%, 2x 95%, and 2x 100%).  To begin the embedding process, tissues were placed 

in mixtures of EtOH and acetone for 15 minutes each (2:1, 1:1, and 1:2), followed by two, 15 

minute changes in 100% acetone.  Next, tissues were added to a 2:1 mixture of acetone and 

epon-araldite (araldite 502 / embed-812 embedding media, Electron Microscopy Sciences, 

Hatfield, PA) for 30 minutes, followed by placement in a 1:2 mixture of acetone and             

epon-araldite for at least 4 hours and up to 16 hours, throughout which time samples were kept 

on a rotator.  On day two, samples were placed into freshly prepared epon-araldite plastic and set 
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under a vacuum for 2 hours.  Every 30 minutes during this 2 hour period, the vacuum was broken 

and resealed.  Next, the plastic mixture was replaced for a third and final time, and samples were 

transferred into embedding molds and placed under a vacuum for an additional 60 minutes to 

remove air bubbles from the plastic.  Embedding molds were then put in a 60° C oven for 12 

hours.  Embedded tissue was cut into ultra thin sections (80 nm) using a diamond knife.  Sections 

were then collected on nickel grids and stained for TEM analysis with uranyl acetate (6 minutes) 

and lead citrate (5 minutes), and rinsed with distilled water.   

Morphometric and TEM Analysis 

Corpora lutea lengths were measured for each female (n=112).  For morphometric analysis 

of luteal cells, one to four corpora lutea were selected from each female in the sample 

population, except female #5, which was not included in the morphometric analysis due to 

observed luteal cell regression that prohibited accurate measurement.   

Each CL was treated as a circle and divided into eight regions, with 20-30 luteal cells and 

surrounding endothelial cells and fibroblasts photographed per region at 1,000x.  Measurements 

were taken from printed micrographs in order to facilitate cell analysis and data organization.  A 

conversion factor was determined to change measurements collected from micrographs (mm) 

into micrometers (µm), which represented the true cell size.  This conversion was obtained by 

first measuring three different luteal cells with a calibrated digital micrometer (Leica 

Microsystem software for camera DFC 320), photographing (Leica DFC 320 microscope 

camera) and printing images of these same cells, and measuring their image from the micrograph 

(in mm).  It was determined that dividing millimeter measurements by 2.4 resulted in a number 

that very closely approximated the true micrometer dimensions, so this conversion factor was 

applied to all micrographs generated at 1,000x.  Cells from throughout the CL were examined so 

that any heterogeneity in cell distribution could be detected, as occurs in the manatee’s terrestrial 

59 



 

relative the elephant [105].  Cell nuclei were measured if present at their full length, which was 

indicated by the presence of a dark ring along the perimeter of the nucleus.  Lengths and widths 

of endothelial cell and fibroblast nuclei were also measured.  A Hitachi H-7000 transmission 

electron microscope was used to analyze TEM specimens at the University of Florida’s Electron 

Microscopy and Bioimaging laboratory, at magnifications ranging from 2,000x to 50,000x. 

Statistical  Analysis 

Statistics were completed using SigmaStat (Systat Software, Inc., Richmond, California).  

An ANOVA on Ranks (Dunn’s method) was used to test differences in corpora lutea length 

among females (#1 n=22, #2 n=9, #3 n=8, #4 n=7, #5 n=20, #6 n=46) and a t-test was used to 

test differences in CL size between the left and right ovaries of each female (#1 n=16, 6; #2 n=4, 

5; #4 n=2, 5; #5 n=8, 12; #6 n=21, 25).  An ANOVA on ranks was used to test for significant 

differences in cell length and nucleus length between GLCs (cell n=1,015; nucleus n=1,157) and 

TLCs (cell n=58; nucleus n=70).  To test differences in GLC length among females, an ANOVA 

on ranks was used (#1 n=89, #3 n=44, #4 n=480, and #6 n=402).  An ANOVA on ranks was also 

used to test for significant differences in GLC length among the corpora lutea of individual 

females, in cases where more than one CL was examined.  For female #1, two corpora lutea were 

examined, from which 165 and 69 GLCs were measured.  Two corpora lutea from female #3 

were also examined, with 50 and 44 GLCs measured, respectively.  Three corpora lutea from 

female #4 were examined, from which 223, 227, and 130 GLCs were included in the statistical 

analysis.  For female #6, 69, 141, 35, and 157 GLCs were measured from each of the four 

corpora lutea analyzed in the study.  Changes in mean GLC length through diestrus and 

pregnancy were compared to changes in CL length (n=12) using a Pearson correlation.  An 

ANOVA or ANOVA on ranks was also used to test significant difference in endothelial cell 

nuclear length among the corpora lutea of individual females (longitudinal sections: #1 n=2, #4 
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n=3, #6 n=4) as well as among the study’s females (longitudinal section: #1 n=53, #2 n=5, #3 

n=3, #4 n=149, #6 n=352; cross section: #1 n=4, #4 n=22, #6 n=16).  Both intra-female (number 

of corpora lutea examined: #1 n=2, #3 n=2, #4 n=3, #6 n=4) and inter-female (#1 n=24, #2 n=17, 

#3 n=12, #4 n=359, #6 n=156) differences in fibroblast nucleus length (longitudinal section) 

were also tested using ANOVA or ANOVA on ranks.  For all statistical tests, P was determined 

to be significant at 0.05. 

Results 

The Manatee Corpus Luteum 

Active corpora lutea may be present on one or both ovaries, and five of six females in this 

study exhibited corpora lutea on both ovaries (#1, #2, #4, #5, and #6), while female #3 had 

corpora only on the right ovary.  Of the four pregnant females in this study, three (#3, #4, and 

#5) presented a larger number of corpora lutea on the ovary ipsilateral to the uterine horn that 

contained the fetus, while female #6 exhibited a slightly higher number of corpora lutea on the 

ovary contralateral to the location of the fetus (31 vs. 25).  The highest number of corpora lutea 

occurred in female #6 (n=56) and the lowest in female #4 (n=25) (Table 4-1).   

Each CL was surrounded by dense irregular connective tissue and connective tissue 

trabeculae containing fibroblasts.  Capillaries lined with endothelial cells radiated from the 

periphery of each CL, towards its center.  Newly formed corpora lutea were often observed with 

numerous capillaries traversing their serosal surfaces and were pale yellow on cut surfaces (Fig. 

4-1).  When corpora began to regress, cut surfaces appeared light gray to tan in color and 

microscopically, connective tissue became more prevalent, the numbers of luteal cells declined, 

and macrophages were often observed.  Degeneration to a corpus albicans began within the 

central region of the CL and expanded outward, as evidenced in corpora lutea where lutein cells 

61 



 

occurred peripherally and central regions contained only connective tissue (a connective tissue 

core). 

Within a single ovary or the two ovaries of an individual female, CL morphology 

sometimes varied.  The left ovary of female #1 exhibited 11 corpora lutea with visible stigmata 

and one degenerating CL.  Similarly, female #2 exhibited ruptured follicles in the left ovary and 

degenerating corpora lutea on the right ovary.  Two of 23 corpora lutea on the right ovary of 

female #4 exhibited stigmata, although this female was in mid pregnancy (58 cm fetus) at the 

time of her death.  Some corpora lutea of female #4 also exhibited connective tissue cores devoid 

of luteal cells.  Finally, female #6, in late pregnancy, presented visible stigmata on one CL from 

the left ovary and two from the right ovary.    

Corpora lutea examined histologically ranged in length from 2.0-9.5 mm.  The largest 

mean corpora lutea lengths were associated with late diestrus (8.2 mm) and the smallest with late 

pregnancy (4.5 mm).  When corpora lutea from all six females were compared, corpora lutea 

from female #1 (early diestrus) and #3 (mid pregnancy) were significantly larger than those from 

two females in late pregnancy (#5 and #6) but no significant differences in CL size were found 

between the left and right ovary of each female (Table 4-1).   

Luteal Cells 

Granulosa lutein cells were most prominent and easy to distinguish within a CL.  In 

manatee corpora lutea stained with H&E, these cells had a pink cytoplasm and granular, light 

purple nucleus.  The TLC and its nucleus were approximately 50% of the size of a GLC and 

typically had darker cytoplasm and nuclei than GLCs.  These differences in size and staining 

with H&E could be used to distinguish the two luteal cell types (Fig. 4-2).  Granulosa lutein cells 

and TLCs occurred throughout the CL, but TLCs were more prevalent in peripheral regions.  

When GLC length and nucleus length were compared with TLC length and nucleus length for 
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females #1, #4, and #6, TLCs were significantly smaller in cell and nucleus length (Table 4-2).  

These two lutein cell types were easiest to distinguish during mid pregnancy and most difficult to 

distinguish in late pregnancy due to observed changes in GLC size late in gestation.   

Granulosa lutein cells became reduced in size during late diestrus or pregnancy (Fig. 4-3).  

The greatest GLC length occurred in female #1 (CL B: 38.4 µm) and the shortest mean was 

observed in a CL from female #6 (CL A: 14.7 µm) (Table 4-3).  Cells with lengths of 

approximately 20 µm occurred in females #2 and #3, while female #4 had mean lengths of 

approximately 15 µm.  Mean GLC lengths for females #1 and #3 were significantly greater than 

those of females #4 and #6.  The cell lengths of female #6 were also significantly greater than 

female #4.  Granulosa lutein cell length was greater than cell width, but like length, width also 

decreased from a maximum in diestrus (#1B) to a minimum in late pregnancy (#6B).   

The GLC nuclear length decreased as the cell size was reduced, but the relationship was 

not as strong as for cell length.  The GLC nuclei with the greatest mean length occurred in 

section #1B (9.5 µm), while the smallest mean lengths were found in #4B and #6B (7.0 µm), but 

nuclei with similar mean lengths occurred in females #1 and #6 (#1A: 8.4 µm, #6D: 8.0 µm).  

Nuclear width in GLCs ranged from 5.5 µm (#6B) to 7.1 µm (#1B and #2A).   

Where multiple corpora lutea were examined for a single female, the GLC lengths for each 

CL were compared.  Significant differences were found among the corpora lutea of female #1 

and female #6, where GLCs in section #6D were significantly longer than the mean lengths for 

#6A, B, and C.  Additionally, the lengths of cells in CL #6C were significantly greater than #6A.  

No significant differences occurred for female #3 (P=0.611) or female #4 (P=0.223) (Table 4-3).  

Changes in GLC length through diestrus and pregnancy were compared to changes in CL length, 

with no significant correlation found (r=0.329, P=0.324).   
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Binucleated GLCs (Fig. 4-4) were located throughout some corpora lutea of several 

females, including seven in female #1 (n=3 corpora lutea), six in female #2 (n=1), four in female 

#3 (n=2), 45 in female #4 (n=3), and three in female #6 (n=3).   

No TLCs could be distinguished in sections #1B, #2A, or #3A.  The greatest mean TLC 

length occurred in female #3 (Table 4-4), but lengths were similar among all females, with the 

same mean length occurring in female #1(A) and female #4(A) (7.5 µm).  Theca lutein cell 

widths were similar for all females, typically ranging from 5.0-6.0 µm, but the mean width for 

female #4(C) was 10 µm.  There were no differences in TLC length or width observed among 

females (P=0.08).  Differences in TLC length and width among the CLs of individual females 

were not tested due to low sample size.  Nuclear length ranged from 4.0 µm (#3 B, #4B, and 

#6D) to 5.4 µm (#4C) and width ranged from 2.9 µm (#3B) to 5.0 µm (#4C).   

Endothelial Cells and Fibroblasts 

Endothelial cell cytoplasm was very faint and difficult to visualize for measurement.  The 

cell border could be seen on only two endothelial cells observed in longitudinal section and the 

mean length and width were 7.7 and 4.2 µm, respectively.  One endothelial cell could be 

measured in cross section, and had a cell length of 5.4 µm and a width of 3.7 µm.  Both of these 

endothelial cells occurred in female #6 (section D).  Endothelial cell nuclei were more           

well-defined than the cell membrane, were tubular in shape, and tapered slightly at each end 

(Fig. 4-5).  These nuclei often appeared crescent-shaped due to their orientation within a 

capillary.  For endothelial cell nuclei observed in longitudinal section, mean nuclear length 

ranged from 5.6 µm (#6C) to 10.6 µm (#1B) and nuclear width from 1.9 µm (#4C) to 2.9 µm 

(#1B).  Where differences in endothelial cell nucleus length (longitudinal sections) could be 

tested among the corpora lutea of individual females, all females exhibited significant 

differences (#1, #4, and #6) (Table 4-5).  Longitudinal sections of endothelial cell nuclei from 

64 



 

female #6 were significantly smaller than those from females #1, #3, and #4 (Table 4-6).  

Endothelial cells observed in cross section had mean maximum nuclear diameters ranging from 

3.0 µm (#4C) to 5.4 µm (#1B) and mean minimum nuclear diameters from 2.1 µm (#4B) to      

4.8 µm (#1B).  Fewer endothelial cell nuclei were distinguishable in cross section than in 

longitudinal section, and no endothelial cells were observed in section #3B.  For endothelial cell 

nuclei in cross-section, significant differences were observed between female #1 and females #4 

and #6, while there was no significant difference between #4 and #6.  Finally, the greatest 

number of distinguishable endothelial cells observed (longitudinal and cross sections) occurred 

in female #6 (n= 368) while the lowest number occurred in female #2 (n=5) and female #3 (n=3) 

(Table 4-6). 

The cytoplasmic borders of fibroblasts were also very difficult to distinguish, but cell 

lengths were distinguishable in two corpora lutea examined.  Section #4B contained five 

fibroblasts where cell length (9.4 µm) and width (4.1 µm) were measured and a mean 

determined.  Also, one fibroblast in section #6D had a cell length of 5.4 µm and a cell width of 

2.9 µm.  Fibroblast nuclei were often thinner and more tapered than endothelial cell nuclei (Fig. 

4-5).  The greatest mean fibroblast nuclei length occurred in sections #1B (12.2 µm) and #2A 

(12.7 µm) and were shortest in #4B (6.9 µm), while mean nuclear widths ranged from 2.3 µm 

(#3B) to 3.8 µm (#1B) (Table 4-7).  One fibroblast observed in cross section from female #4B 

had a maximum nuclear diameter of 4.2 µm and a minimum nuclear diameter of 3.3 µm.  The 

greatest numbers of fibroblasts were observed in corpora lutea from female #4, followed by 

female #6.  Females #1 and #3 had similar numbers of fibroblasts, and the fewest fibroblasts 

occurred in female #2.  There was only one significant difference when pairwise comparisons of 

fibroblast nucleus length were compared among females: the nuclei of female #1 were 
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significantly longer than those of female #4 (Table 4-8).  When corpora lutea within individual 

females were tested for difference in fibroblast nucleus length, no differences were found within 

females #3, #4, or #6, but a significant difference was observed between the two corpora lutea of 

female #1 (Table 4-7).   

Degenerative Changes Observed with TEM 

Upon examination with TEM, the corpora lutea from a mid pregnancy female (#4) were 

found to be undergoing degeneration.  Luteal cells lacked organization and possessed few 

identifiable organelles (Fig. 4-6).  Dense accumulations of free protein granules were present 

throughout the cytoplasm of GLCs and some luteal cells also contained low amounts of lipid 

droplets or multiple osmiophilic droplets.  Clustered mitochondria were present and were the 

predominant organelle observed.  These mitochondria sometimes retained small numbers of 

cristae, but many others lacked discernible cristae and had a vesicular appearance.  Brief 

expanses of rough endoplasmic reticulum (RER) were visible in some GLCs.  Nuclei contained 

heterochromatin of varying amounts, sometimes scattered throughout the nucleus and other times 

accumulated at its edge (Fig. 4-7).  Some GLC nuclei appeared almost white in color because of 

the absence of nuclear material, while others were almost completely black due to the dense 

accumulation of heterochromatin.  Cells with pleomorphic nuclei lined with a dense layer of 

heterochromatin were observed, which were likely macrophages.  Infiltration of collagen in the 

intercellular spaces of the CL was also observed.  Endothelial cell and fibroblast nuclei also 

exhibited dense accumulation of heterochromatin around the periphery.  Some normal capillaries 

were observed, but others exhibited partial occlusion of the lumen by distended endothelial cells. 
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Discussion 

The Manatee Corpus Luteum 

While samples from only a limited number of females were available for analyses, the 

presence of multiple corpora lutea within the ovaries of individual females helped to greatly 

increase sample size.  It was hypothesized that the number and size of manatee corpora lutea 

would vary at different reproductive stages, with more corpora present during pregnancy than 

diestrus and a possible decline in the number of corpora by late pregnancy.  While a variation in 

the number of corpora lutea was observed, ranging from 25 and 26 in mid pregnancy to 49 and 

56 in late pregnancy, the trend differed from the expected pattern, with the number of corpora 

lutea increasing in late pregnancy.  However, these late pregnancy corpora lutea were 

significantly smaller than those observed during diestrus, which implies a possible decline in the 

function of individual CL prior to parturition.  The observance of maximum mean CL lengths 

during diestrus may represent a necessary accumulation of luteal tissue for progesterone 

production in the event of pregnancy.  The observed numbers of corpora lutea were independent 

of manatee total length, suggesting that the differences were not related to animal age, as has 

been suggested for elephants [106,107].  It is possible that the observed increase in CL number 

during late pregnancy is a mechanism for maintaining progesterone secretion as the function of 

each individual CL decreases.   

For those females with corpora lutea on both ovaries, no significant difference in CL 

length was found between the left and right ovary, regardless of fetal position, which suggests 

that structures on both ovaries contribute to progesterone production in support of pregnancy.  It 

was also found that like African elephants [108], the number of corpora lutea on each ovary 

cannot be used to determine the location of the fetus, as female #6 exhibited a higher number of 

corpora lutea on the ovary contralateral to the pregnant uterine horn (n=31 vs. 25).   

67 



 

Manatee corpora lutea (2.0 to 9.5 mm in histological sections) are smaller than those of 

similarly sized domestic species such as equines and bovines, where the primary CL measures 

approximately 20 mm in length [109,110].  While manatee corpora lutea are slightly larger prior 

to fixation and histological processing, they are still not as large as those of equines and bovines.  

However, the corpora lutea of the dugong (1 to 14 mm) [111] are similar in size to those of the 

manatee.  In African elephants, one CL is larger than the others, and contains nearly 50% of the 

luteal tissue [112], but all manatee CLs within individual females were approximately equal in 

size.   

Stigmata were observed on several CLs of females in mid (#4) and late (#6) pregnancy.  

Historical reports of the horse suggested that the mare might ovulate during gestation to form 

accessory corpora lutea (versus luteinization of unovulated follicles) [113-115], but such a 

strategy seems unlikely for the horse, manatee, or other species.  It is possible that although these 

structures in the manatee appeared to be recently formed accessory corpora lutea, they were 

simply corpora lutea whose development was arrested during diestrus.  However, there is other 

evidence to suggest that manatee corpora lutea form asynchronously.  Such findings include 

luteal cell proliferation within a mid pregnancy female (#3), which has also been observed in the 

tree hyrax [116].  Additionally, the presence of large vesicular (pre-ovulatory) follicles in the 

ovaries of female #6 (late pregnancy), and observance of degenerating corpora lutea in females 

#1, #2, #4, and #6 indicates that both development and degeneration of manatee corpora lutea are 

asynchronous.   

Additional information about the manatees in this study, gathered prior to or during 

necropsy, provided insight into the manatee estrous cycle and breeding.  First, attempts by male 

manatees to mate with female #1 just prior to her rescue suggest that the observed luteal 

68 



 

development in this female corresponded to a receptive mating period.  Additionally, female #2, 

in late diestrus, was lactating and exhibited a placental scar in the left uterine horn.  These 

observations indicate that manatees can return to estrus prior to complete weaning of calves, 

which supports an earlier hypothesis by other authors, based on observations of mating herds of 

males following females with larger calves [1].   

Luteal Cells 

It was hypothesized that two cell types could be distinguished microscopically in the 

manatee, and this was confirmed.  Both GLCs and TLCs were observed, with GLCs being much 

more abundant than TLCs.  While this pattern is also common in some other species, TLCs do 

contribute significantly to the composition of the CL in bovines, porcines, and ovines [91].  In 

bovines, large luteal cells (equivalent to GLCs) contribute 3.0% of the steroidogenic cells, while 

small luteal cells (TLCs) contribute 26% [117,23].  In ewes, small luteal cells outnumber large 

luteal cells with a ratio of approximately 5:1 [118,119].  The current results suggest that TLCs 

may contribute no more than 4% of manatee luteal cells, based on the numbers of these cells 

observed in diestrus and pregnancy.  In other species, GLCs contribute significantly to 

progesterone production [120-122], and in bovines, these cells produce 20-times as much 

progesterone as equal numbers of TLCs [89].  If true for the manatee, this could explain why 

GLCs are present in such high numbers, particularly if individual manatee corpora lutea have 

low steroidogenic potential, as has been previously suggested [104].   

Granulosa lutein cell lengths of 16-25 µm, 23-35 µm, and 24-45 µm have been reported for 

hyraxes, ovines, and bovines, respectively, with TLC lengths of 11.4 µm, 12-22 µm, and ≤23 µm 

[23,87,116,123].  The mean manatee GLC (19.3 µm) and TLC (8.5 µm) lengths were slightly 

smaller than the species mentioned above.  However, many manatee corpora lutea examined in 

this study were from later stages of pregnancy, and were found to be significantly smaller than 
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those from diestrus.  Thus, the lengths of GLCs in healthy, fully functional corpora lutea are 

likely greater than many lengths observed in this study.  A previous manatee study did not 

describe any changes in lutein cell size throughout pregnancy [104], although this has been 

reported in African elephants [108,120], and is believed to occur in the manatee.  Additionally, 

although the observed decreases in CL and GLC length were not significantly correlated, it is 

believed that this is due to the small number of corpora lutea tested (n=12), and that a larger 

sample size would have shown that the two are in fact correlated.   

It was possible to distinguish GLCs and TLCs based on size (TLCs significantly smaller 

than GLCs), even though a previous study indicated that “primary luteal cells” and “secondary 

luteal cells” could not be distinguished, as both ranged in length from 13-27 µm [104].  In 

addition to differences in size, the TLCs stained more darkly than the GLCs with H&E and were 

more elongate in shape than the more spherical to polyhedral GLCs.  The present finding that 

manatee TLCs are more common peripherally contrasts an earlier study which stated that the two 

cell types are distributed fairly homogenously throughout the CL [104], as occurs in most 

mammals [21].  While there was no clear spatial separation of the two cell types observed in this 

study, or clustering of different types of luteal cells, as reported in the African elephant [105], 

TLCs were observed more frequently in the peripheral regions of manatee corpora lutea.  This 

may have been due to the fact that TLCs do not contribute significantly to the cell population of 

the manatee corpus luteum, so they do not proliferate as extensively throughout the corpus 

luteum or within a particular region of the corpus luteum as they do in species where they are 

more prevalent.   

Binucleated GLCs were observed, and have also been reported in the African elephant 

[108].  The greatest number were observed in female #4 (mid pregnancy) and were nearly absent 
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in female #6 (late pregnancy).  Female #4 had been struck by a watercraft 24-48 hours prior to 

her death, and based upon the regression of corpora lutea observed in this study, was believed to 

have been undergoing abortion at the time of her death.  It has been found that enhanced 

numbers of binucleated cells in liver hepatocytes are related to the severity of hepatocellular 

carcinoma [124].  While the observance of binucleated GLCs in female #4 is likely unrelated to 

her abortion, it may be possible that binucleated cells represent a corpus luteum of low quality.  

Because manatees form multiple corpora lutea during diestrus, cell division may sometimes be 

inefficient, resulting in such flaws as cells that go undivided and become binucleated luteal cells.  

Perhaps it is even possible that binucleated cells could have physiological consequences within 

the corpora lutea, related to such important processes as progesterone production. 

Both luteal cell types exhibited centrally located nuclei and a nucleolus was often visible.  

Both GLC and TLC nuclei were elliptical in shape, as their length was consistently greater than 

their width.  Manatee GLC nuclei were previously described as spherical, while TLC nuclei were 

identified as spindle-shaped [104].  While GLCs in this study often did appear more rounded 

than nuclei of TLCs, no nuclei were observed which could be described as spherical.  The mean 

nuclear length for GLCs in this study was 7.8 µm, with a range of 7.0-9.5 µm.  These values are 

similar to the range of 6.0-9.0 µm previously reported in manatees [104], as well as values in 

hyraxes: 8.0 µm and 7.7-10.0 µm [116,123].  By comparison, the theca lutein cell mean nucleus 

length was 4.5 µm, with a range from 4.0-5.4 µm, which was much smaller than the range of      

6-16 µm reported in the previous manatee study [104].  

The present finding that manatee TLCs are more common peripherally contrasts an earlier 

study which stated that the two cell types are distributed fairly homogenously throughout the CL 

[104], as occurs in most mammals [21].  While there was no clear spatial separation of the two 
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cell types observed in this study, or clustering of different types of luteal cells, as reported in the 

African elephant [107], TLCs were observed more frequently in the peripheral regions of 

manatee corpora lutea.  This may have been due to the fact that TLCs do not contribute 

significantly to the cell population of the manatee corpus luteum, so they do not proliferate as 

extensively throughout the corpus luteum or within a particular region of the corpus luteum as 

they do in species where they are more prevalent.   

With regard to the longevity of manatee corpora lutea, it was hypothesized that luteal cells 

would decrease in size late in diestrus or pregnancy, indicating their regression.  The degree to 

which corpora lutea regress prior to parturition varies among species, and in some mammals, 

including the mare, is facilitated by secretion of necessary hormones from the placenta [79].  A 

previous manatee study did not describe any changes in lutein cell size throughout pregnancy 

[104], although this has been reported in African elephants [108,120].  The significant decline in 

luteal cell size by late pregnancy (female #6) observed in current study suggests that regression, 

at least for some corpora lutea, begins during gestation.  It is likely that not all corpora lutea 

regress simultaneously, since significant differences in GLC length were observed among the 

corpora lutea of female #6.  This suggests that some corpora lutea were either not regressing, or 

regressing at a different rate.  Although the observed decreases in CL and GLC length were not 

significantly correlated, it is believed that this is due to the small number of corpora lutea tested 

(n=12), and that a larger sample size would have shown that the two are in fact correlated.  The 

decrease in luteal cell size in late pregnancy may also be associated with the observed increase in 

corpus luteum number in late pregnancy, where these additional corpora lutea are required to aid 

in progesterone production in manatees where earlier formed corpora lutea have begun to 

regress.   
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Endothelial Cells and Fibroblasts 

Endothelial cells and fibroblasts were not morphologically described, quantified, or related 

to CL age in a previous study of the manatee CL [104].  In the present study, it was hypothesized 

that trends in the number of observed endothelial cell and fibroblast nuclei would be related to 

manatee reproductive status, where endothelial cells (and associated capillaries) would be 

characteristic of healthy, fully functional corpora lutea, and fibroblasts would be associated with 

regressing corpora lutea.   

In the manatee, the greatest numbers of endothelial cell nuclei were observed during late 

pregnancy, while the fewest were observed during late diestrus and mid pregnancy.  This finding 

was contrary to our hypothesis, and was surprising, considering that healthy luteal cell function 

is characterized by a well-connected network of vasculature [125,126] to transport progesterone 

that is secreted from luteal cells.  For this reason, it was expected that the greatest number of 

endothelial cells would be associated with diestrus and a significant portion of pregnancy, with a 

loss of vascularization accompanying corpora lutea regression [90] in late gestation, or post-

partum.  In this study, the highest numbers of endothelial cells were observed in the corpora lutea 

of female #6, in late pregnancy.  This could indicate ample progesterone production and 

transport within the corpora lutea, despite the diminished luteal cell size.  However, it is also 

possible that vascular regression [103] is not one of the primary mechanisms of corpus luteum 

regression in the manatee.  Finally, this trend may be explained by the fact that endothelial cells 

were more difficult to distinguish and measure from diestrus through mid pregnancy, due to the 

close proximity of robust luteal cells, which dominated the CL during these stages.   

As hypothesized, fibroblast nuclei were most prevalent in corpora lutea that were 

regressing (female #4 [abortion] and female #6 [late pregnancy]) and occurred much less 

frequently in younger corpora lutea.  However, the longest fibroblast nuclei were associated with 
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diestrus, even though the number of fibroblast nuclei was low at this stage.  This finding 

indicates that fibroblast nucleus size also decreases during luteal regression, even as the 

prevalence of these cells increases.   

Degenerative Changes Observed with TEM 

It was hypothesized that transmission electron microscopy could be used to confirm luteal 

degeneration in a female suspected to be undergoing abortion (#4).  This hypothesis was proven 

using comparative indicators of regression in luteal cells and organelles from other species, 

including the absence of accumulated osmiophilic lipid droplets to indicate the end of steroid 

hormone production but the continued accumulation of lipid [98,100,101].  The low numbers of 

lipid droplets in the CL of female #4suggest that the traumatic injury caused an abrupt end to all 

steroid producing processes in the ovaries.  Osmiophilic granules were observed in the corpora 

lutea of female #4, and while similar granules in other species have been found to contain 

progesterone [97] and relaxin [101,127], it is unlikely that the granules in the manatee contained 

steroid hormone.  This is because a loss of such granules is an early indicator of regression in 

other species [97,100,102], and these manatee corpora lutea were in an advanced stage of 

regression.  However, it is possible that these granules may have contained an enzyme involved 

in the luteolytic process.  The amount of collagen observed in the inter-luteal spaces also suggest 

advanced regression [23,95].  The swollen appearance of some endothelial cells, which caused 

them to protrude into capillaries, is also associated with degeneration in other species 

[95,97,102,103], as it reduces blood flow through the corpus luteum.  Nuclei of luteal cells as 

well as endothelial cells and fibroblasts often contained dense accumulations of heterochromatin.  

While diffuse heterochromatin characterizes healthy GLCs, and healthy TLC nuclei may be 

bordered by heterochromatin, the observed accumulation far exceeded normal conditions 
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described for other species [23,120].  This heterochromatin accumulation is believed to 

characterize degeneration in the manatee, as it does for the mare [95].   

Conclusion 

This study provided information about the manatee CL, including a general description of 

its structure, identification of its luteal cell types, documentation of fibroblast and endothelial 

cell morphology, and the first transmission electron micrographs of manatee luteal cells.  For the 

first time, intra-female and inter-female differences in corpus luteum and luteal cell morphology 

have been documented, and related to changes in corpus luteum function.  These findings 

suggest that regression of at least some of the manatee’s numerous corpora lutea begins during 

pregnancy.  However, development of accessory corpora lutea during gestation may assist with 

progestin development in support of pregnancy.  Degenerative changes in manatee corpora lutea 

were also identified and included a loss of cellular organization, few identifiable organelles, 

clustered mitochondria with few cristae, abundant nuclear heterochromatin, and stromal 

collagen.  These results provide new information about the manatee’s poorly understood 

reproductive trends and represent progress towards understanding the role of multiple corpora 

lutea in this species.   
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Table 4-1.  Corpora Lutea (CL) Morphometrics for Study Specimens 
ID Status Total 

Length  
(cm) 

Left Ovary Mean 
CL Length ± SD; 
Range (mm) 
(n measured / total) 

Right Ovary Mean 
CL Length ± SD;       
Range (mm) 
(n measured/ total) 

Total 
CL # 

CL: Left 
v. Right 
Ovary  
(t-test) 

#1a Early 
diestrus 

345  6.6 ± 1.5; 3.0-9.0  
(n=16/17) 

 7.2 ± 1.7; 5.5-9.5 
(n=6/8) 

34 NSD 
P=0.438 

#2 Late 
diestrus 

263  8.2 ± 0.5; 8.0-9.0 
(n=4/4) 

 6.1 ± 1.9; 4.5-9.0  
(n=5/32) 

36 NSD 
P=0.071 

#3a Mid 
pregnancy,   
39 cm fetus 

275 ---- 
(n=0/0) 

*7.4 ± 1.4; 5.0-9.0  
(n=8/26) 

26 No Test 

#4 Mid 
pregnancy,   
58 cm fetus 

300  6.3 ± 1.1; 6.0-8.0  
(n=2/2) 

*5.2 ± 0.3; 5.0-8.0  
(n=5/23) 

25 NSD 
P=0.262 

#5b Late 
pregnancy, 
112 cm 
fetus 

281 *4.5 ± 1.2; 2.0-6.0  
(n=8/38) 

 5.0 ± 1.0; 3.5-6.5 
(n=12/18) 

49 NSD 
P=0.252 

#6b Late 
pregnancy, 
131 cm 
fetus  

334 *5.2 ± 0.9; 4.0-7.0  
(n=21/25) 

 4.9 ± 1.0; 3.0-6.5  
(n=25/31) 

56 NSD 
P=0.303 

a,b Denote significant differences in CL length.  The pregnant uterine horn is denoted by*. 
 
Table 4-2.  Determination of Significant Differences in Mean GLC and TLC Lengths 
 Mean GLC Length µm (n) Mean TLC Length µm (n) P-value 
#1 Cell Length 45.3 (89) 18.1 (8) <0.001 
#1 Nucleus Length 20.1 (68) 11.1 (8) <0.001 
#3 Cell Length 53.2 (44) 28.9 (2)   --- 
#3 Nucleus Length 18.9 (47)   9.5 (2)   --- 
#4 Cell Length 36.6 (480) 19.6 (31) <0.001 
#4 Nucleus Length 17.0 (609) 10.4 (42) <0.001 
#6 Cell Length 39.2 (402) 21.3 (17) <0.001 
#6 Nucleus Length 17.9 (433) 11.2 (18) <0.001 

No TLCs were observed in female #2.  No statistics are presented for female #3 due to the low 
number of TLCs observed. 
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Table 4-3.  Mean Measurements and Ranges of GLCs 
ID
# 

Cell Length, Range µm 
(n) 

Cell Width, Range 
µm (n) 

Nucleus Length, 
Range µm (n) 

Nucleus Width, 
Range µm (n) 

1A 19.8, 10.8-33.3 (165)a 13.7, 7.1-28.3 (164) 8.4, 5.0-11.2 (128) 6.8, 3.7-9.6 (129) 
1B 38.4, 14.2-60.8 (69)b 14.3, 6.7-28.3 (80) 9.5, 6.2-11.7 (91) 7.1, 5.0-10.4 (93) 
2A 19.6, 10.0-41.2 (142) 12.2, 5.8-22.5 (147) 8.9, 4.6-12.9 (145) 7.1, 4.2-11.2 (146) 
3A 21.5, 9.6-43.3 (50)aa 11.0, 5.8-20 (53) 8.0, 4.6-11.7 (50) 6.2, 3.7-11.7 (51) 
3B 22.2, 12.1-37.1 (44)aa 11.6, 7.1-21.7 (46) 7.9, 5.4-11.2 (47) 6.5, 4.2-8.7 (47) 
4A 15.2, 8.3-29.6 (281)aaa 10.3, 5.4-20.8 (289) 7.1, 4.2-11.2 (357) 6.1, 3.3-9.6 (357) 
4B 15.3, 7.5-27.9 (308)aaa 10.0, 4.6-20.8 (322) 7.0, 4.6-12.9 (357) 5.9, 2.9-9.6 (358) 
4C 15.4, 8.3-37.5 (131)aaa   9.9, 4.6-21.2 (134) 7.0, 4.2-12.5 (148) 5.9, 2.9-9.2 (148) 
6A 14.7, 7.5-37.5 (135)aaaa   9.8, 4.6-21.7 (140) 7.2, 4.2-10.0 (146) 6.0, 3.3-8.7 (147) 
6B 15.5, 8.3-32.9 (157)aaaa   9.1, 5.0-20.0 (161) 7.0, 5.0-10.0 (166) 5.5, 3.7-8.3 (166) 
6C 16.4, 9.2-32.9 (141)aaaa 10.5, 5.4-17.5 (145) 7.6, 5.4-12.1 (152) 6.2, 2.5-10.0 (151) 
6D 18.2, 9.2-36.2 (143)bbbb 11.1, 6.2-20.0 (157) 8.0, 5.8-11.7 (169) 6.5, 4.2-10.0 (169) 

a,bThe GLCs in CL 1Aa were significantly shorter than those in 1Bb.  aaThere was no significant 
difference in GLC length between the two CLs of female #3.  aaaNo significant differences in 
GLC length were observed among the three corpora lutea examined for female #4.  aaaa, bbbbThe 
GLCs in corpus luteum 6Dbbbb were significantly larger than those from 6 A, B, and C. 
 
Table 4-4.  Mean TLC Measurements 
 Cell Length µm  

(n) 
Cell Width µm 
(n) 

Nucleus Length µm  
(n) 

Nucleus Width µm 
(n) 

#1A   7.5 (n=8)   5.9 (n=8) 4.6 (n=8) 3.7 (n=8) 
#3B 11.7 (n=2)   6.0 (n=2) 4.0 (n=2) 2.9 (n=2) 
#4A   7.5 (n=14)   5.6 (n=15) 4.7 (n=19) 3.7 (n=19) 
#4B   8.6 (n=16)   5.4 (n=16) 4.0 (n=22) 3.2 (n=22) 
#4C  10.8 (n=1) 10.0 (n=1) 5.4 (n=1) 5.0 (n=1) 
#6A   6.9 (n=2)   5.6 (n=2) 4.2 (n=2) 4.0 (n=2) 
#6B 10.0 (n=8)   5.9 (n=8) 5.2 (n=8) 4.0 (n=8) 
#6C   6.8 (n=5)   6.3 (n=5) 4.2 (n=5) 3.5 (n=5) 
#6D   7.1 (n=2)   6.2 (n=2) 4.0 (n=2) 3.3 (n=2) 

No significant differences in TLC length or width were observed among the study’s females. 
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Table 4-5.  Mean Endothelial Cell Measurements 
Section Longitudinal 

Section Nucleus 
Length µm (n) 

Longitudinal 
Section Nucleus 
Width µm (n) 

Cross Sectional Mean 
Maximum Nuclear 
Diameter µm (n) 

Cross Sectional Mean 
Minimum Nuclear 
Diameter µm (n) 

#1A   6.1 (n=38)a 2.4 (n=38) 4.2 (n=2) 3.3 (n=2) 
#1B 10.6 (n=15)b 2.9 (n=15) 5.4 (n=2) 4.8 (n=2) 
#2A   7.0 (n=5) 2.7 (n=5) --- --- 
#3A   7.9 (n=3) 2.2 (n=3) --- --- 
#4A   7.1 (n=38)aa 2.6 (n=38) --- --- 
#4B   6.7 (n=69) 2.5 (n=70) 3.1 (n=14) 2.1 (n=14) 
#4C   5.8 (n=42)bb 1.9 (n=42) 3.0 (n=7) 2.2 (n=7) 
#6A   5.7 (n=85)aaa 2.2 (n=85) --- --- 
#6B   7.4 (n=29)bbb 2.5 (n=29) 3.5 (n=2) 2.9 (n=2) 
#6C   5.6 (n=151)aaa 2.4 (n=153) 3.2 (n=10) 2.7 (n=10) 
#6D   5.8 (n=85)aaa 2.4 (n=85) 3.7 (n=4) 2.9 (n=4) 

Longitudinal sections of endothelial cell nuclei were significantly smaller in #1Aa than #1Bb.  
Longitudinal sections of endothelial cell nuclei were significantly longer in #4Aaa than #4Cbb.  
Longitudinal sections of endothelial cell nuclei were significantly smaller in #6 A, C, and Daaa 
than in #6Bbbb. 
 
Table 4-6.  Endothelial Cell Nuclei Summary: Longitudinal (LS) and Cross Sections (XS) 
Female # Sample Size (n) Mean ± SD (µm) Range (µm) 
#1 LS 53 7.4 ± 2.7a 2.9-13.3 
#1 XS 4 4.8 ± 1.01 4.2-6.2 
#2 LS 5 7.0 ± 1.7 0.8-9.6 
#3 LS 3 7.9 ± 0.8a 7.1-8.7 
#4 LS 149 6.5 ± 2.0a 2.5-12.5 
#4 XS 22 3.3 ± 0.72 1.7-4.6 
#6 LS 350 5.8 ± 1.9b 2.1-14.6 
#6 XS 16 3.4 ± 0.82 2.1-5.0 

Longitudinal sections of endothelial cells were significantly longer in females #1a, #3a, and #4a 
than in #6b.  Cross-sections length of endothelial cell nuclei was significantly greater in female 
#11 than in females #42 and #62. 
 
 
 
 
 
 
 
 
 
 
 
 

78 



 

Table 4-7.  Mean Fibroblast Nuclei Longitudinal Sections 
Ovarian Section Number Nucleus Length µm (n) Nucleus Width µm (n) 
1A   7.4 (n=10)a 3.7 (n=10) 
1B 12.2 (n=14)b 3.8 (n=14) 
2A 12.7 (n=5) 3.7 (n=5) 
3A   8.3 (n=13) 2.5 (n=13) 
3B   9.0 (n=11) 2.3 (n=11) 
4A   8.8 (n=218) 2.9 (n=217) 
4B   6.9 (n=97) 2.5 (n=97) 
4C   8.9 (n=44) 2.5 (n=44) 
6A   9.1 (n=40) 2.7 (n=40) 
6B   9.2 (n=38) 2.9 (n=38) 
6C   9.0 (n=25) 2.6 (n=25) 
6D   8.6 (n=53) 2.7 (n=53) 

Fibroblast nuclei were significantly smaller in corpus luteum Aa than in corpus luteum Bb of 
female #1. 
 
Table 4-8.  Fibroblast Nucleus (Longitudinal Sections) Summary Data 
Female Number N Mean ± SD (µm) Range (µm)  
1 24 10.2 ± 3.1a 5.4-15.8 
2 5   9.6 ± 2.6 6.2-14.6 
3 23   9.0 ± 1.7 6.2-12.1 
4 359   8.7 ± 1.8b 5.0-15.8 
6 156   9.0 ± 1.9 5.4-15.0 

Fibroblast nuclei were significantly longer in female #1a than female #4b. 
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Figure 4-1.  Gross sections of manatee corpora lutea. A) Two well-vascularized corpora lutea 
(1,2) from a diestrus female Florida manatee (#1), surrounded by vesicular follicles.  
Both corpora are <1 cm in length.  B) Cross-section of a 9 mm corpus luteum, with 
surrounding cortex and medulla attached.  The corpus is still developing as indicated 
by remnants of hemorrhage within the structure (arrow).  A and B scale bars are in 
mm.  C: cortex; M: medulla; H: hemorrhage.
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GLC TLC 

Figure 4-2.  Appearance of GLCs versus a TLC.  Two granulosa lutein cells can be seen on the 
left side of this micrograph, and a single theca lutein cell is visible on the right.  
Theca lutein cells are approximately 50% of the size of granulosa lutein cells and 
have a more darkly stained cytoplasm and nucleus.  GLC: granulosa lutein cell; TLC: 
theca lutein cell (1,000x)    
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Figure 4-3.  Micrographs A-F illustrate the microscopic appearance of granulosa lutein and 

support cells of corpora lutea from each of the study’s six females.  The largest GLCs 
occur in female #1 (A), while the smallest occur in #4 (D) and #6 (F).  There is a 
clear difference in cell size between early (A) and late (B) diestrus.  The cells of #2 
(B) and #3 (C) are intermediate in size. The presence of connective tissue and 
fibroblasts in the corpus luteum is evident in females #3-#6 (C-F), and particularly 
evident in female #4 (D).  All cells other than those from female #1 (A) appear 
shrunken in size and lack contact between adjacent cells.  A binucleated cell is visible 
in female #6 (F) (arrow). Nuclear size is relatively consistent among all six females. 
(1,000x)  
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Figure 4-4.  A binucleated granulosa lutein cell from female #1, designated with a star, is 

surrounded by uninucleated lutein cells. (400x) 
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Capillary with 
erythrocytes 

Endothelial Cells 

Figure 4-5.  Endothelial cells and fibroblasts are visible in a section of a corpus luteum from 
female #2 (late diestrus).  Granulosa lutein cells and capillaries are also visible in the 
section. (400x)  
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Figure 4-6.  Cross section of a degenerating granulosa lutein cell from female #4 observed with 

TEM.  This luteal cell is characterized by disorganization and degeneration of 
organelles.  The nucleus (N) contains sparse heterochromatin (HC) and protein 
granules (P) and a lipid droplet (L) can be distinguished in the cytoplasm. (3,500x) 
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Figure 4-7.  Higher magnification view of organelles from Figure 4-6.  The edge of the nucleus 

(N) is visible in the upper right hand corner and rough endoplasmic reticulum (RER), 
a mitochondrion (M), and protein granules (P) are present in the cytoplasm.  
Vesicular structures surrounding the labeled mitochondrion are likely mitochondria 
that have lost their cristae. (15,000x) 
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 CHAPTER 5                                                                                          
ASSESSMENT OF THE STEROIDOGENIC POTENTIAL OF FLORIDA MANATEE 

FOLLICLES AND CORPORA LUTEA USING STEROIDOGENIC ACUTE REGULATORY 
PROTEIN 

Introduction 

The ovaries of manatees in estrus are characterized by numerous, small vesicular follicles 

(<1 cm diameter), while variable numbers of corpora lutea (14 to 58) occur on one or both 

ovaries during diestrus and pregnancy [128].  Other monotocous species, such as bovines [129], 

typically produce one dominant follicle during estrus, which becomes a corpus luteum.  In 

canines, which are polytocous, the number of corpora lutea corresponds to the number of 

offspring associated with each pregnancy [130].  Elephants, however, which are close relatives 

of manatees [7,8], also produce more than one follicle and corpus luteum during each estrous 

cycle, but give birth to a single offspring [62,105].   

The advantage to manatees of producing a high number of follicles and corpora lutea is 

unknown.  A previous study hypothesized that individual corpora lutea may have low 

steroidogenic potential, necessitating a higher number of structures to maintain pregnancy [104], 

but this hypothesis was not previously tested.  Luteal progestin concentrations in the manatee 

have not been studied, but serum progesterone concentrations have been measured, and are lower 

than those observed in many domestic species (see Chapter 2), particularly during pregnancy 

[131-133].  This apparent disconnect between the number of corpora lutea and circulating 

progesterone concentrations in the manatee has not previously been investigated, but knowledge 

of the steroidogenic potential of manatee corpora lutea could help explain the patterns of 

follicular and luteal development observed in this species.    

Steroidogenic acute regulatory protein (StAR) controls the movement of cholesterol across 

the outer mitochondrial membrane and into the inner membrane so it can be converted into 
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steroid hormones [134].  In this manner, StAR’s ability to bind to and transport cholesterol 

controls the rate of steroid hormone formation [135].  Because of this relationship, 

immunohistochemical detection of StAR protein in luteal cells can be used as an indicator of 

their ability to produce steroids.  Since progesterone is the dominant secretory product of all 

luteal cells, StAR expression can be used as a measure of progesterone production within 

corpora lutea, with reduced StAR expression indicating less progesterone production [136].  

 The objectives of this study were to: (1) identify StAR localization within manatee 

follicles and corpora lutea, including regional differences; and (2) investigate intra-animal and 

(3) inter-animal variation in StAR localization to help determine the steroidogenic potential of 

manatee follicles and corpora lutea.  

Materials and Methods  

Sample Collection 

Florida manatee ovarian tissue was obtained from the Florida Fish and Wildlife 

Conservation Commission’s Marine Mammal Pathobiology Laboratory in St. Petersburg, Florida 

and analyzed at the University of Florida.  The ovaries were removed at the time of necropsy, 

and pregnancy was assessed by locating a fetus in one of the uterine horns.  Where a fetus could 

not be detected, corpora lutea observed on the ovaries were said to be associated with a          

non-pregnant diestrus.  The presence of large vesicular follicles in the ovaries was used to define 

estrus.  Tissues were collected in 10% NBF and transferred to PBS after 24 hours.  

Sample Population 

Tissues from four adult females (>265 cm straight length [50]) were utilized for StAR 

immunohistochemistry.  Three of the carcasses were assessed as fresh at the time of necropsy, 

and one was moderately decomposed.  Stage of pregnancy for adult females was based on fetal 

length, where early (<31 cm total straight length), mid (31-80 cm), and late (>80 cm) gestation 
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were defined.  These thresholds were based upon observations that calves may be born ranging 

in length from 82 to 160 cm or 95 to 155 cm [1,24] and an assumption that fetal growth is 

approximately linear.  The number of specimens tested immunohistochemically for each female 

varied based upon the number of structures observed at necropsy.  Female #1, with no grossly 

visible vesicular follicles and a small number of developing follicles observed microscopically, 

was assessed as anestrous, and one ovarian cross-section was examined.  Female #2 was in early 

diestrus and 19 different corpora lutea were examined.  Four corpora lutea were tested for female 

#3 in mid pregnancy (58 cm) and 15 different corpora lutea were examined for female #4 in late 

pregnancy (131 cm).  Knowledge that female #3 died 24-48 hours after being struck by a 

watercraft, as well as morphological assessment of the corpora lutea using light and transmission 

electron microscopy (see Chapter 4), indicated that female #3 was likely undergoing abortion at 

the time of her death.     

Immunohistochemistry 

For immunostaining, sections embedded in paraffin were cut at 5 µm and mounted on 

SuperFrost®/Plus positively charged microscope slides (Fisher Scientific).  Additional sections 

were also cut and mounted for histological examination with H&E.  All slides were placed in a 

60° C oven for 1-2 hours.   

Slides were deparaffinized by placement in three changes of xylene (5 minutes each), three 

changes of 100% EtOH, two changes of 95% EtOH, two changes in tap water, and two changes 

in distilled water (all 2 minutes each).  Slides were then placed in PBS for 2 minutes, followed 

by quenching with 0.3% H2O2 for 20 minutes to block endogenous peroxidase activity.  After 

removing excess PBS, slides were treated with 5% normal horse serum for 30 minutes to block 

non-specific binding of the polyclonal primary antibody.  Slides were then rinsed again with 

PBS.  Next, the primary antibody (rabbit polyclonal to rat StAR [Abcam Inc., Cambridge, MA]) 

87 



 

was applied to slides at a dilution of 1:200, after having tested concentrations from 1:100 to 

1:1000.  Slides were incubated overnight within a humidified changer in a walk-in cooler.  On 

day 2, a biotinylated second antibody to rabbit (Invitrogen, Carlsbad, CA), was applied.  Sections 

were washed in two, 2 minute changes of PBS, and then the biotinylated link was added for 10 

minutes.  Following additional washes in PBS, streptavidin-HRP (horseradish peroxidase) was 

applied to slides for 10 minutes and the AEC chromagen was applied to the slides for 5 minutes.  

Finally, slides were washed in two, 2 minute changes of distilled water, and cover slipped with 

glycerol jelly.  A negative control slide was created by eliminating primary antibody, and a 

positive control was determined by observed tissue staining in desired regions.   

Staining Analysis 

Differences in StAR staining within individual follicles and corpora lutea were evaluated 

and sections were photographed at 20x, 100x, 250x, and 400x to document stain intensity.  

Results were examined after the methodology used in Pollack et al. [137], where staining was 

evaluated semi-quantitatively (absent: 0; minimal: 1; moderate: 2; intense: 3).  Intra-animal and 

inter-animal differences in staining were evaluated numerically by tallying the staining scores 

and dividing by the number of sections examined, to calculate a mean staining score. 

Statistical Analysis 

Statistics were completed using SigmaStat (Systat Software, Inc., Richmond, California).  

Significant differences in follicle staining between the left and right ovaries were tested for 

females #3 (n=19) and #4 (n=65) using a one-way ANOVA on ranks.  This test was also used to 

check for differences in corpus luteum staining between ovaries for females #2 (n=19), #3 (n=4), 

and #4 (n=15).  Inter-female differences in follicle (n=131) and corpus luteum (n=38) expression 

of StAR were tested with a one-way ANOVA on ranks (Dunn’s method).  Statistical tests were 

considered significant when P<0.05. 
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Results   

Localization of StAR 

Expression of StAR occurred in follicular cells of primary and secondary follicles, and in 

granulosa and theca cells of vesicular follicles.  In corpora lutea, granulosa lutein cells stained 

positively for StAR and were the dominant cell type within corpora lutea.  Theca lutein cells 

could not be distinguished in sections stained with StAR, even at high magnification (400x), 

although low numbers of these cells were detectable in H&E sections.  Expression of StAR in 

corpora lutea occurred within the cytoplasm of granulosa lutein cells, and often exhibited 

regional differences within cells.  Lutein cell nuclei were easily distinguishable due to their lack 

of staining.  Additionally, for 35% (n=13 of 38) of corpora lutea stained for StAR, peripheral 

regions were more intensely stained than central regions, which often contained connective 

tissue and few or no luteal cells.  This peripheral concentration of StAR expression was observed 

in female #2 (9% of examined corpora lutea), female #3 (25%), and female #4 (67%).  

Intra-Animal Differences 

There were a minimum of 16 primary follicles and eight secondary follicles observed from 

a section of the left ovary of female #1, and while a small number of follicles (n=8) exhibited 

minimal staining, most showed no positive staining, resulting in a mean staining score of 0.3 for 

this ovary (Table 5-1).  In the sections of left ovary examined for female #2, one developing 

vesicular follicle with no positive staining was observed, while sections examined from the right 

ovary contained 22 primary follicles and two large vesicular follicles with light to moderate 

StAR expression (Fig. 5-1).  The right ovary of female #2 showed greater StAR expression, even 

though the left ovary possessed more grossly visible follicles. The resulting mean follicular 

staining score for female #2 was 1.8.  Throughout four ovarian sections examined for female #3, 

19 vesicular follicles were identified (left ovary: 14, right ovary: 5), but StAR expression was 
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minimal and only occurred within two follicles, resulting in a mean staining score of 0.05 for 

female #3.  Vesicular follicles were observed within all ovarian sections examined for female #4 

(left ovary n=7, right ovary n=8) and some developing vesicular follicles were also observed.  

The mean staining scores for follicles on the left (n=38) and right (n=27) ovaries of female #4 

were 0.5 and 0.4, respectively, yielding an overall mean of 0.5 (n=65) for this female.  There 

were no significant staining differences for follicles on the left and right ovaries of females #3 

(P=0.384) and #4 (P=0.653). 

Corpora lutea examined for female #2 (n=19) exhibited StAR expression that ranged from 

low (n=6) to intense (n=3), yielding relatively high mean staining scores for the left (1.9, n=13) 

and right (1.8, n=6) ovaries (Table 5-2, Fig. 5-2).  For female #3, aborting a mid gestational 

fetus, staining was absent from the left ovary (n=2), and a staining score of 0.5 was observed for 

the right ovary (n=2).  The corpora lutea from female #4 (n=15) exhibited light (n=1), moderate 

(n=7), and intense (n=7) staining, with a staining score of 2.2 for the left ovary (n=7) and a score 

of 2.4 for the right ovary (n=8).  There were no differences in stain intensity between the left and 

right ovaries of females #2 (P=0.961), #3 (P=0.667), and #4 (P=0.463). 

Inter-Animal Differences 

Expression of StAR within follicles was significantly greater for female #2 (early diestrus) 

than for the other three females, although all females exhibited follicles without StAR expression 

(Table 5-1).   Expression of StAR within corpora lutea was significantly lower for female #3, 

who was undergoing abortion, than for females #2 (early diestrus) and #4 (late pregnancy) 

(Table 5-2, Fig. 5-3).   
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Discussion 

Localization of StAR 

Immunohistochemical staining of manatee ovarian tissue with a polyclonal StAR antibody 

resulted in variable levels of staining in ovarian follicles and corpora lutea.  As in Chapter 4, the 

presence of multiple follicles and corpora lutea within the ovaries of individual females helped to 

greatly increase sample size.  Staining was confined to the cytoplasm of manatee luteal cells, as 

has been documented for human luteal cells [138], and intra-luteal variation in StAR expression 

detected at high magnification (1,000x) likely indicated the location of mitochondria.  We 

hypothesized that developing or degenerating corpora lutea would exhibit regional differences in 

StAR expression, associated with such factors as the direction of luteal cell proliferation in 

developing corpora lutea (from the periphery, towards the center).  However, this regional StAR 

expression was observed within corpora lutea at all stages of development, with greater StAR 

expression typically occurring in more peripheral areas.  Such regional differences in StAR 

expression have also been identified in human corpora lutea, but with a reversed pattern, where 

the most intense staining occurs centrally.  It has been suggested that differential stain intensity 

within a single human corpus luteum may be indicative of intraluteal regulation for expression of 

the StAR gene [138], which could explain this observance in the manatee.  However, the greatest 

percentage of corpora lutea that exhibited concentrated peripheral StAR expression occurred in 

female #4 (late pregnancy), while the lowest percentage was observed for female #2 (early 

diestrus).  This finding suggests that the trend towards peripheral StAR expression in the 

manatee may be related to corpus luteum age, where cells in the central regions of the corpus 

luteum regress first.  

While the staining intensity of granulosa and theca lutein cells could not be compared, the 

predominance of granulosa lutein cells suggests that these cells contribute more greatly to steroid 
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production in the manatee corpus luteum, which is also typical for other species [136], except 

humans, where theca lutein cells express greater concentrations of StAR than granulosa lutein 

cells [138].   

Intra-Animal Differences 

We hypothesized that fully functional follicles and corpora lutea would exhibit the most 

intense StAR expression, with lower expression indicating reduced steroid hormone production.  

Based upon morphological analyses (Chapter 4), it was thought that the steroidogenic potential 

of corpora lutea within individual females might also be variable, which was confirmed with 

StAR expression.  These findings of differential function may be associated with variable age.  

Additionally, the lack of statistical difference in StAR expression between the left and right 

ovaries of females suggests that both ovaries contribute equally to steroid production during 

diestrus or pregnancy.   

During estrus, follicular expression of StAR would be associated with estrogen production 

[139], while an absence of staining would be an indication of follicular inactivity.  However, a 

lack of expression in developing follicles would suggest the onset of atresia.  The StAR 

expression observed in follicles during diestrus and pregnancy may implicate these structures for 

accessory corpora lutea development.  Other species, including the mare [25], utilize accessory 

corpora lutea as a supplemental progesterone source to maintain pregnancy.  Vesicular follicles 

have also been observed in pregnant African elephants during early gestation [62,105] and the 

dugong is reported to develop excess vesicular follicles [140].  Accessory corpora lutea 

formation in the manatee would account for vesicular follicle presence during diestrus and 

pregnancy, as well as the origin of some of this species’ numerous corpora lutea.   

Manatees are polyovular and typically monotocous [104,128], as are their relatives 

[105,140,141].  Based upon observed variation in StAR expression within female manatees, as 
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well as morphological differences in these corpora lutea (see Chapter 4), it is proposed that 

differences in StAR expression among the corpora lutea of individual females could be the result 

of asynchronous ovulation and luteinization during the estrous cycle.  Such asynchronous events 

could benefit the manatee, which ranges over a large habitat [142], is not highly social [143] 

(except when forced to aggregate due to cold weather [144]), and employs a promiscuous 

breeding strategy [145] with mating herds that can last for several weeks [1].  These factors may 

provide an added challenge to reproduction that would be mitigated by polyovularity and 

multiple, non-simultaneous ovulations that would increase the time within which a successful 

mating and implantation could occur.  Multiple ovulations may also introduce the possibility of 

oocyte competition, just as sperm competition has been proposed for this species [146], or 

simply improve implantation rates by increasing the likelihood of oocyte fertilization.  This 

finding challenges the hypothesis of Marmontel [104], who believed that all corpora lutea in a 

manatee ovary were formed from a single ovulation and luteinization event, but such a strategy 

would help explain differences in StAR expression among the corpora lutea of a diestrus female 

(#2) observed in this study.   

Despite minimal expression of StAR in some late pregnancy corpora lutea, female #4 still 

showed the most StAR expression and received the highest corpora lutea staining score (2.4) in 

the study.  This finding indicates that manatee corpora lutea continue to produce progesterone 

throughout gestation, as this female was in very late pregnancy.  The findings of a separate study 

(Chapter 4) indicated a reduction in corpus luteum and luteal cell size by late pregnancy in the 

manatee, but the intense expression of StAR in a late pregnancy female suggests that physical 

regression of luteal cells may precede functional regression in this species. 
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Inter-Animal Differences 

We hypothesized that variation in StAR expression would be associated with different 

reproductive stages, and this was confirmed for both follicles and corpora lutea.  Expression of 

StAR within follicles was significantly greater during early diestrus than anestrus and mid or late 

pregnancy, but expression of StAR was present at these other times.  The occurrence of the most 

follicular StAR expression with female #2 (early diestrus) was expected because diestrus 

immediately follows follicular development and ovulation, and is a time when luteinization of 

unovulated follicles may occur. The observance of some StAR expression among the follicles of 

female #1 (anestrus) suggests that this female may have been preparing to enter another estrous 

cycle.  The very low StAR expression among follicles of female #3 was probably related more to 

her impending abortion and death than to her pregnancy, because the other pregnant female (#4) 

did exhibit some follicular StAR expression.  The absence of intense staining of follicles in this 

study is believed to be due to the fact that none of the specimens were in estrus, which would be 

the stage characterized by follicular growth and StAR expression associated with estrogen 

production.   

Expression of StAR within corpora lutea was significantly lower for female #3, who was 

undergoing abortion, than for females #2 (early diestrus) and #4 (late pregnancy).  The relatively 

high corpora lutea staining score for female #2 was not unexpected, considering that in humans, 

granulosa lutein cell StAR expression is maximized in mid-diestrus [138].  It is likely that StAR 

expression in this female would have increased as luteal cell proliferation was completed.  The 

near-absence of StAR expression within the corpora lutea of female #3 reinforces the hypothesis 

that this female was undergoing abortion.  While the duration of luteal regression in the manatee 

is unknown, the 8-12 g bovine corpus luteum is fully reabsorbed within 4-6 days of the start of 

regression [86].  It appears that the two days which separated female #3’s boat strike and death 
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provided an adequate amount of time for the onset of luteal regression, based on the extremely 

low expression of StAR.  In humans, StAR expression continues during regression, but its 

intensity is reduced [136].  If the same is true of the manatee, that would suggest a very advanced 

stage of regression for female #3 based on the near absence of StAR. 

Future Studies 

Further study of manatee corpora lutea should include experiments to extract steroid 

hormones from fresh luteal tissue and measure progesterone concentrations among corpora lutea 

of individual pregnant females, as well as from females at various stages of gestation.  Also, 

serial sectioning of manatee corpora lutea in early pregnancy to search for a degenerating oocyte 

or zona pellucida could be used to confirm the presence of accessory corpora lutea.   

Conclusion 

Expression of StAR in manatee follicular cells and granulosa lutein cells was useful for 

determining the steroidogenic potential of follicles and corpora lutea.  The greatest follicular 

expression of StAR was observed during early diestrus, while the greatest luteal StAR expression 

occurred in association with late pregnancy.  The least StAR expression for both follicles and 

corpora lutea occurred in a female undergoing abortion.  A commercial antibody, not specific to 

manatees, was used in this study, and as a result, the amount of epitope binding may have been 

reduced compared to what a manatee-specific antibody would achieve.  However, in the absence 

of such an antibody, this commercial antibody was capable of showing relative differences in 

StAR expression within manatee follicles and corpora lutea.  The application of StAR is 

particularly valuable for protected wildlife species such as the manatee, where the estrous cycle 

and pregnancy cannot be controlled or manipulated.  In these cases, StAR can be used to try to 

determine the relative age of follicles and corpora lutea based on their steroidogenic potential, 

thus improving knowledge of the estrous cycle and pregnancy. 
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Table 5-1.  Follicle Summary Data 
ID (Status) 
 

# of Ovary 
Sections 
Examined 

No 
Stain 
(0) 

Minimal 
Stain (1) 

Moderate 
Stain (2) 

Intense 
Stain (3) 

Left 
Ovary 
Mean 
Stain 

Right 
Ovary 
Mean 
Stain 

Overall 
Mean 
Stain 

#1 
(Anestrus) 

1 n=16 n=8 -- -- 0.3 
(n=24) 

-- 0.3 
(n=24) 

#2 (Early 
Diestrus) 

20 n=1 n=12 n=10 -- 0.0 
(n=1) 

1.9 
(n=22) 

1.8 
(n=23) 

#3 (Mid 
Pregnancy)  

4 n=17 n=2 -- -- 0.07 
(n=14) 

0.0 
(n=5) 

0.05 
(n=19) 

#4 (Late 
Pregnancy) 

15 n=35 n=25 n=5 -- 0.5 
(n=38) 

0.4 
(n=27) 

0.5 
(n=65) 

 
Table 5-2.  Corpora Lutea (CLs) Summary Data 
ID 
(Status) 
 

Total 
# of 
CLs 

# of CLs 
Examined 

No 
Stain 
(0) 

Min. 
Stain 
(1) 

Mod. 
Stain 
(2) 

Intense 
Stain (3) 

Left  
Ovary 
Mean 
Stain 

Right 
Ovary 
Mean 
Stain 

Overall 
Mean 
Stain 

#2 
(Early 
Diest.) 

34 19 -- N=6 n=10 n=3 1.9 
(n=13) 

1.8 
(n=6) 

1.9 
(n=19) 

#3 (Mid 
Preg.) 

25 
right* 

4 n=3 N=1 -- -- 0.0 
(n=2) 

0.5 
(n=2) 

0.2 
(n=4) 

#4 (Late 
Preg.) 

56 
left* 

15 -- N=1 n=7 n=7 2.2 
(n=8) 

2.4 
(n=7) 

2.4 
(n=15) 

* Pregnant uterine horn: left or right. 
 
 

 A   B 
 
Figure 5-1.  A primary follicle from a female in early diestrus stained with StAR (A) and H&E 

(B). The section stained with StAR exhibits moderate steroidogenic activity.  
Numerous macrophages (arrows) are visible in both A and B, indicating that this is 
likely a dying follicle. (400x) 
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 A   B 
 

 C   D 
 
Figure 5-2.  Differential StAR staining in the corpora lutea of female #2.  The section in A is 

moderately stained, B is moderately to intensely stained, and C is intensely stained.  
Arrows denote a positively stained granulosa lutein cell.  D is an H&E section of a 
corpus luteum from female #2, containing numerous granulosa lutein cells. (250x) 
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 A1  A2 

 B1  B2 
 
Figure 5-3.  StAR and corresponding H&E images for 2 pregnant female manatees.  The staining 

in female #4 (late pregnancy; B1 & B2) is more intense than in female #3 (mid 
pregnancy; A1 & A2).  Connective tissue (arrows) is visible among luteal cells in A2 
(female #3) and B2 (female #4), but is more prominent in A2 (#3). (x250) 
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CHAPTER 6                                                                                           
EVALUATION OF PERACUTE AND CHRONIC STRESS IN THE FLORIDA MANATEE  

Introduction 

The Florida manatee lives in a challenging environment with threats that include watercraft 

collision, line entanglement, red tide, and cold stress.  There has been a significant research 

effort to promote manatee conservation, which includes brief capture of free-ranging manatees 

for health assessments as well as rescue of injured or sick individuals.  However, investigations 

of manatee stress (both peracute and chronic) that may be associated with capture, injury, or 

disease have been limited [26].  This is due in part to the short duration of health assessments 

that are now typically completed within one hour’s time, after which the animals are released.  

Thus, the current handling procedure for this species limits opportunities to collect data on stress 

and stress indicators.   

Among animals, ACTH (adrenocorticotropic hormone) is secreted from the anterior 

pituitary within minutes of peracute stress exposure and triggers glucocorticoid secretion from 

the adrenal cortex [27].  The glucocorticoid found in birds and small mammals is corticosterone, 

while cortisol (hydrocortisone) occurs in medium to large mammals, as well as fish and humans 

[28].  Circulating ACTH peaks and subsides quickly, while a glucocorticoid peak with a 30-60 

minute duration [27] occurs 1 to 4 hours after encountering the peracute stressor [29-34].  The 

intensity of the stressor determines the degree and duration of the endocrine stress response 

[27,30].  During the stress response, glucocorticoids help provide energy by upregulating 

lipolysis and glucose formation, altering metabolic pathways and vasculature via catecholamines, 

and generally decreasing immune response in order to minimize cell and tissue damage [35,36].  

However, long periods of heightened glucocorticoid concentrations are detrimental as they shift 

energy away from other important biological processes.  Problems associated with prolonged 
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glucocorticoid increase include disruption of the circadian rhythm, metabolism, growth, wound 

healing, and gastrointestinal function, as well as immunosuppression, neuronal cell death, 

hyperglycemia, hypertension, insulin resistance, muscle and bone atrophy, inhibition of 

reproductive cycles, abortion, and death [27,29,37].  There is disagreement over the level and 

duration of increased serum cortisol concentration that can be harmful, but most studies agree 

that more than several days of stress can begin to cause physiological effects [28,30,38,39].   

The ability to differentiate between physiologic and pathologic glucocorticoid 

concentrations is critical, because glucocorticoids have many functions that vary by species, 

gender, age, and reproductive status [28,147].   In females, for example, glucocorticoids 

naturally fluctuate throughout the estrous cycle and pregnancy [29].  Glucocorticoids also exhibit 

daily and seasonal variation [30,147] that could interfere with result interpretation.  Similarly, 

natural fluctuations in ACTH concentrations must be distinguished from those associated with 

varying degrees of peracute stress. 

Previous peer-reviewed studies of manatee stress have measured cortisol [148,149].  The 

first study [148] measured cortisol in 20 free-ranging, captured female and male manatees and 

reported a mean cortisol concentration of 0.1 µg/dl.  The later study, involving two long-term 

captive males [149], reported a mean cortisol concentration of 0.2 ± 0.1 µg/dl.  These manatees 

were also subjected to a transport simulation in which they were removed from their habitat, kept 

moist on foam pads for 6 hours, and subjected to some restraint.  A subsequent cortisol 

concentration of 0.8 µg/dl was reported for one of these manatees, while a concentration of      

2.1 µg/dl was observed in the second manatee, within 4.5 hours and 7.5 hours of the start of the 

transport, respectively (C. Manire pers. comm.). 
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The objectives of this study were to: (1) determine the predominant glucocorticoid in the 

manatee; (2) analytically validate chemiluminescent assays to assess the predominant 

glucocorticoid and ACTH within manatee serum or plasma; (3) determine diagnostic thresholds 

to distinguish physiological concentrations of stress indicators from pathological concentrations; 

and (4) identify the most suitable methods for diagnosing peracute and chronic stress for 

manatees, given the current handling protocol for this endangered marine mammal.   

Materials and Methods 

Blood Sampling 

Blood samples were opportunistically collected from the brachial vascular bundle during 

captures of free-ranging manatees, as part of ongoing, government-led ecological assessments 

[46,47], or during health assessments of captive manatees at facilities throughout Florida.  Serum 

and lithium heparin plasma (LiHep) for cortisol analysis and EDTA plasma for ACTH analysis 

were separated by onsite centrifugation (3,000 x g for 10 min.), typically within 1 hour of 

collection, and never more than 4 hours after collection as recommended in the literature [150].  

Samples aliquotted for cortisol analyses were then transported on ice and either assayed 

immediately upon arrival at the University of Florida or stored at -80°C and analyzed at a later 

date.  EDTA plasma aliquots were frozen immediately after centrifugation using either dry ice or 

liquid nitrogen, in which they were stored during transport to the University of Florida.  Samples 

were then stored at -80°C until analysis, which was within 4 months of the collection date.  

When thawed for assay, ACTH samples were maintained at or below 4°C until analysis. 

Sample Population 

A total of 127 cortisol and 53 ACTH samples were analyzed.  The cortisol sample 

population consisted of females (n=84) and males (n=43), and included calves (n=15), subadults 

(n=21), and adults (n=91).  For ACTH, female (n=29) and male (n=24) samples were tested, 
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including calves (n=6), subadults (n=6), and adults (n=41).  Calves were defined by a total 

straight length of 82 to 245 cm, subadults were 246 to 265 cm, and adults were >265 cm [50]. 

Apparently healthy female and male subadult and adult manatees were divided into stress 

categories based on origin (captive, free-ranging, or rehabilitating); serum amyloid A (SAA) 

concentration, where concentrations >70 µg/ml are associated with inflammatory disease [53]; 

and lactate, where concentrations >20 mmol/L indicate moderate exertion [151].  These criteria 

were used to establish three stress-related categories in the sample population: unstressed, 

peracutely stressed, and chronically stressed.  Unstressed manatees were those in captivity for 

multiple years (including healthy, rehabilitated manatees) who were accustomed to handling for 

blood draw, with SAA <70 µg/ml and lactate <20 mmol/L.  Peracutely stressed manatees were 

free-ranging individuals captured for health assessment or manatees recently transported to a 

rehabilitation facility, which represented a potent stimulus experienced in the past 0-4 hours.  To 

be included in the peracutely stressed category, these manatees needed SAA <70 µg/ml to 

eliminate inclusion of animals with chronic inflammatory disease, but lactate could be            

>20 mmol/L.  Chronically stressed manatees were typically those in a rehabilitation setting 

undergoing medical treatment for an injury or other condition that persisted for more than several 

weeks, but also included some long-term captive manatees.  These chronically stressed 

individuals were further characterized by SAA < or >70 µg/ml and lactate <20 mmol/L.   

Serum cortisol and ACTH ROC analyses included samples collected in all seasons of the 

year.  The unstressed (n=20) category consisted of 12 females (n=3 subadults, n=9 adults) and 

eight males (n=4 subadults, n=4 adults).  There were 60 peracutely stressed manatees in the 

study population, which was comprised of 34 females (n=6 subadults, n=28 adults) and 26 males 

(n=4 subadults, n=22 adults).  Finally, the chronically stressed (n=31) population consisted of 28 
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females (n=3 subadults, n=25 adults) and three males (n=1 subadult, n=2 adults).  For analysis of 

plasma ACTH concentration, there were six unstressed manatees (captive adults: n=4 female, 

n=2 male).  There were 32 peracutely stressed manatees included in the ACTH ROC analysis, 

including 13 females (n=2 subadults, n=11 adults) and 19 males (n=4 subadults, n=15 adults), of 

which 27 were free-ranging and five were captive.  The chronically stressed group consisted of 

nine captive female manatees (n=9 adults).   

To establish baseline cortisol and ACTH concentrations for the manatee, samples were 

collected and assayed from two adult, male, healthy, long-term captive manatees that are trained 

to submit to a multitude of handling procedures, including blood draw (manatee 1 n=9, manatee 

2 n=2).  Samples from these two males as well as from other unstressed subadult and adult 

manatees in the sample population were examined with respect to season for cortisol (n=20 

manatees; n=24 samples: winter n=8, spring n=2, summer n=11, autumn n=3) and ACTH (n=6 

manatees; n=8 samples: winter n=3, spring n=2, summer n=1, autumn n=2).   

 ACTH results from the sample population were also compared to capture duration 

(n=30), lactate concentration (n=42) measured from standard biochemical analysis of lithium 

heparin plasma (University of Florida College of Veterinary Medicine, Department of Clinical 

Pathology, Gainesville, FL), and respiratory rate per 5 minute interval (n=20).  Differences in 

sample size were due to sample collection and assessment logistics in the field capture setting. 

Laboratory Analysis 

Manatee serum samples (n=12) were submitted to the Animal Health Diagnostic Center at 

Cornell University (Ithaca, NY) for measurement of corticosterone via a serum 

radioimmunoassay (MP Biomedicals, Solon, Ohio) to determine if this glucocorticoid was 

present in the manatee.  An automated chemiluminescent immunoassay analyzer was used to 

assay cortisol and ACTH (IMMULITE 1000, Siemen’s Medical Solutions Diagnostics, Los 
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Angeles, CA) using polyclonal rabbit anti-cortisol (competitive assay; product no. LKC01, 

Siemen’s Medical Solutions Diagnostics, Los Angeles, CA) and monoclonal murine anti-ACTH 

antibodies (sandwich assay; product no. LKAC1, Siemen’s Medical Solutions Diagnostics, Los 

Angeles, CA), respectively.  The cortisol assay used a single reagent (alkaline phosphatase 

conjugated to cortisol in buffer, with preservative) while the ACTH assay utilized two reagents 

(a protein buffer/serum matrix and an alkaline phosphatase conjugated to polyclonal rabbit anti-

ACTH antibody in buffer, with preservative).  Sample volumes were per the manufacturer’s 

specification sheet.  Analytical validation of this system using manatee serum and LiHep plasma 

(for cortisol) and EDTA plasma (for ACTH) was completed at the University of Florida’s 

endocrine laboratory at the College of Veterinary Medicine to ensure cross reactivity of 

antibodies with manatee serum and/or plasma.  An attempt was also made to measure ACTH 

using LiHep plasma, but ACTH concentrations observed with LiHep were not sufficiently 

correlated (60%, n=12) with EDTA plasma results [60], indicating that EDTA plasma, 

recommended by the manufacturer, is required for this assay.   

To analytically validate this assay, experiments were completed to determine precision 

(intra-assay and inter-assay coefficients of variation), accuracy, analytical sensitivity, and 

methods similarity.  Analytical specificity was not tested as part of this study, but was 

established by the manufacturer for both cortisol (Siemens PILKCO-8, 2004-09-09) and ACTH 

(Siemens PILKAC-12, 2006-12-29).  For all analytical validation experiments, samples with 

low, intermediate, and high concentrations of analyte were tested.  Intra-assay precision was 

tested using 10 simultaneous replicate samples from three manatees for serum and lithium 

heparin cortisol and ACTH, while inter-assay precision was tested using three replicate samples 

from three different manatees for each analyte.  Accuracy was assessed by dilution experiments 
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to test analyte parallelism and recoverability using samples from three manatees for cortisol 

(serum and LiHep) and ACTH.  Assay analytical sensitivity, or the lower limit of detection 

(LLOD), which can be affected by protein and plasmatic non-specific interference, was 

determined by assaying ten replicates of the zero standard (cortisol-free human serum, with 

preservative or ACTH-free bovine protein-based matrix, with preservative).  For methods 

comparison, the IMMULITE system at UF was compared to a radioimmunoassay (Siemen’s 

coat-a-count) (serum and LiHep cortisol; n=10) and another IMMULITE 1000 system (Siemens) 

(serum and LiHep cortisol, ACTH; n=10) at Cornell University’s Animal Health Diagnostic 

Center using paired samples.   

Statistical Analysis 

Validation results (precision, accuracy, methods comparison, and ROC) were calculated 

with EP Evaluator Release 7 (David G. Rhoads Associates, Inc., Kennett Square, PA).  Precision 

was assessed by coefficients of variation (CV).  Allowable error was defined (25% and            

0.2 µg/dl) for determination of accuracy, which was then assessed by linearity.  Linearity was 

achieved when the dilution results did not differ from the expected results by a percentage 

greater than the systematic allowable error (50% of the total allowable error budget).  Accuracy 

was further evaluated using adjusted-R2 values resulting from linear regression, where results 

closer to 1.0 indicated a better relation between the independent and dependent variables.  

Methods were compared using Deming regression [56] and evaluated using total allowable error 

(TEa) [57] (<25%) and the observed correlation coefficient (r).   

Receiver operating characteristic (ROC) analyses [51] were used to determine cortisol and 

ACTH concentration ranges associated with different stress categories for diagnostic validation.  

For each ROC analysis, diagnostic sensitivity (test’s probability of producing a true positive 

result) and specificity (test’s probability of producing a true negative result), and positive and 
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negative predictive values were determined.  Positive predictive value (PPV) is the probability 

that a positive test result accompanies a true positive condition [# True Positives / (# True 

Positives + # False Positives)] while negative predictive value (NPV) is the probability that a 

negative test result accompanies a true negative condition  [# True Negatives / (# True Negatives 

+ # False Negatives]).    

Sigma Stat (Systat Software, Inc., Point Richmond, CA) was used to complete all other 

statistical tests.  To determine gender differences, balanced subpopulations of males and females 

were created using equal numbers of samples from each gender, age class, and season.  For 

cortisol, this resulted in a population of 31 females and 31 males, which were compared using a 

one-way ANOVA on ranks.  For ACTH, 15 female and 15 male samples were tested using a 

one-way ANOVA.  To test differences in cortisol (unstressed n=20; peracutely stressed n=60; 

chronically stressed n=31) and ACTH (unstressed n=6; peracutely stressed n=32; chronically 

stressed n=9) among stress categories, one-way ANOVAs on ranks (Dunn’s method) were used.  

A t-test (Mann-Whitney Rank Sum Test) was used to compare cortisol concentrations from 

unstressed manatees for two portions of the year: summer and autumn (n=14) vs. winter and 

spring (n=10).  Pearson correlations were used to test for correlation between ACTH and capture 

time (n=26) and lactate concentration (n=46) for subadult and adult manatees.  A t-test was used 

to test for significant differences in ACTH concentration 20 minutes after capture for manatees 

with respiratory rates ≤5 breaths (n=8) or >5 breaths / 5 minute interval (n=12).  Statistical tests 

were determined to be significant when P<0.05.  

106 



 

Results 

Glucocorticoid Determination 

For 11 of the 12 samples tested for corticosterone, the result was below the LLOD of the 

assay (7.7 ng/ml) and the only result above the LLOD was 9.8 ng/ml, which represents a 

concentration lower than trace (2x LLOD).   

Assay Analytical and Diagnostic Validation 

Precision analyses resulted in coefficients of variation (CV) ranging from 9.1% to 16.7% 

for serum cortisol, 7.8% to 21.7% for LiHep cortisol, and 3.0% to 8.5% for ACTH.  All accuracy 

results for cortisol (serum and LiHep) and ACTH were linear.  The adjusted-R2 values for 

accuracy testing were ≥0.87 for serum cortisol, ≥0.79 for LiHep cortisol, and ≥0.96 for ACTH.  

The assay’s analytical sensitivity was determined for manatee serum and LiHep cortisol         

(0.1 µg/dl), as well as manatee EDTA plasma ACTH (10.0 pg/ml).  The methods comparison for 

serum cortisol produced a Deming regression slope of 0.94 [95% CI: 0.76-1.13], an intercept of  

-0.04 [95% CI: -0.18-0.09], and a correlation coefficient (r) of 0.97.  The LiHep cortisol 

comparison resulted in a slope of 0.82 [95% CI: 0.60-1.03], an intercept of 0.07 [95% CI:            

-0.09-0.23], and r=0.95.  The slope for ACTH methods comparison was 0.91 [95% CI:          

0.77-1.04], with an intercept of 8.92 [95% CI: -17.90-35.73], and r=0.98 (Table 6-1).  These 

results demonstrated very similar results between the methods.   

Cortisol and ACTH data were collected from manatee calves but were not included in 

ROC analyses or other tests.  These calf data are presented in Table 6-2, along with summary 

data for subadults and adults.  There were no gender differences in cortisol (P=0.504) or ACTH 

(P=0.984) among subadults and adults, so genders were grouped for ROC analysis.   

ROC analyses of pairwise comparisons of cortisol concentrations among the three stress 

categories indicated thresholds at which sensitivity, specificity, and positive and negative 
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predictive values were optimized.  A cortisol threshold of ≥0.2 µg/dl distinguished unstressed 

and peracutely stressed manatees, while ≥1.1 µg/dl best differentiated peracutely and chronically 

stressed manatees, and a threshold of ≥0.5 µg/dl differentiated unstressed and chronically 

stressed manatees (Table 6-3).  However, when specificity alone was maximized (100%) for 

each comparison (to minimize false positive results), thresholds near 1.0 µg/dl were most 

diagnostic for pairwise comparisons of unstressed vs. peracutely stressed (≥0.9 µg/dl), peracutely 

vs. chronically stressed (≥1.3 µg/dl), and unstressed vs. chronically stressed (≥1.0 µg/dl) 

manatees.  In these cases where specificity was maximized, the positive predictive value (PPV) 

was also reported as 100%.  Additionally, cortisol concentrations in chronically stressed 

manatees were significantly greater than concentrations in unstressed and peracutely stressed 

individuals (Table 6-4) and cortisol concentrations in chronically stressed manatees were up to 

53 times greater than those observed in some unstressed females (5.3 vs. 0.1 µg/dl).    

Pairwise comparisons by stress category were also completed for ACTH results. When all 

parameters were optimized, a threshold of ≥67.3 pg/ml differentiated unstressed and peracutely 

stressed manatees, while ≥ 87.5 pg/ml best differentiated peracutely and chronically stressed 

manatees, and a threshold of ≥55.5 pg/ml differentiated unstressed and chronically stressed 

manatees (Table 6-5).  When only specificity and PPV were optimized (100%), slightly different 

thresholds were found to be diagnostic for unstressed vs. peracutely stressed (≥87.5 pg/ml), 

peracutely vs. chronically stressed (≥199 pg/ml), and unstressed vs. chronically stressed      

(≥82.5 pg/ml) manatees.  Peracutely stressed manatees had significantly higher ACTH 

concentrations than unstressed or chronically stressed individuals, while there was no significant 

difference in ACTH concentration between unstressed and chronically stressed manatees (Table 

6-4).   
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Population Baseline and Seasonal Variation 

Baseline cortisol (≤0.2 µg/dl) and ACTH (16.4-58.4 pg/ml) concentrations for the manatee 

were determined.  When cortisol and ACTH concentrations from unstressed manatees were 

examined with regard to seasonal differences, no seasonal cortisol difference was observed for 

summer and autumn vs. winter and spring (P=0.681).  While low sample size prevented 

statistical analysis of seasonal ACTH results, mean results and ranges were similar for all 

seasons except summer, for which only a single sample with low ACTH concentration was 

available (Table 6-6).    

Correlation of ACTH with Capture Parameters 

Total capture time was positively correlated with ACTH concentration (r=0.467, 

P=0.0162).  The maximum ACTH concentration observed in the current study (643 pg/ml) 

occurred in a healthy manatee followed for 50 minutes prior to successful capture, which 

represents a greater than normal follow time.  Lower values occurred in healthy manatees 

captured in a shorter time (67–583 pg/ml), but even the ACTH concentration associated with a 

follow time of 15 minutes (145 pg/ml) was significantly greater than that of the unstressed 

population (mean +1.96SD; 78.9 pg/ml) (Table 6-7).  Lactate and ACTH were also positively 

correlated (r=0.573, P=0.0000720).  Concentrations of ACTH were not significantly different in 

manatees sampled 20 minutes after capture, with respiratory rates ≤5 breaths/minute or > 5 

breaths/minute (P=0.847).  Concentrations of ACTH and lactate and capture time showed no 

discernable relationship to serum cortisol concentrations (Table 6-7).  

Discussion 

Glucocorticoid Determination 

It was hypothesized that hydrocortisone (cortisol) would be the predominant manatee 

glucocorticoid, as it is in other large mammals and marine mammals that have been studied [31, 
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152-154].  Our hypothesis was confirmed by the observation of trace corticosterone 

concentrations in all 12 samples.  It is possible that the corticosterone antibody utilized in the 

present study did not cross-react with corticosterone in manatee plasma, but this is unlikely due 

to the stable structure of this molecule.  Furthermore, in oldfield mice, a species for which 

corticosterone predominates, baseline levels reach 523 ng/ml and exceed 1,900 ng/ml in stressed 

individuals [155].   

Assay Analytical and Diagnostic Validation 

It was hypothesized that commercially available chemiluminescent assays could be 

validated for measuring cortisol and ACTH in manatee serum and plasma.  The manufacturer has 

not validated the cortisol assay for use with LiHep plasma, but there are no data to suggest that 

plasma should not be utilized for this assay (Siemens Technical Support pers. comm.).  Both the 

cortisol and ACTH assays were analytically validated, with precision metrics within allowable 

standards (CV <25% for cortisol immunoassays and <10% for ACTH) [58], linear accuracy 

results [59], and correlation coefficients >0.97 for serum cortisol and ACTH methods 

comparison [60].  For cortisol, ROC analyses were completed using only serum results because 

all available plasma data represented manatees for which serum cortisol results had been 

obtained.  Calf data were excluded from statistical analyses due to inherent differences in cortisol 

concentration known to exist in neonates and young of other species [27]. 

It was further hypothesized that unstressed, peracutely stressed, and chronically stressed 

manatees could be differentiated based on observed cortisol and ACTH concentrations, and that 

such categorization would define physiologic and pathologic concentrations of manatee cortisol 

and ACTH.  The observation of similar cortisol concentrations in peracutely stressed (mean=   

0.5 µg/dl) and unstressed manatees (mean=0.4 µg/dl) indicated that cortisol cannot be used as a 

peracute stress indicator for this species.  This was further supported by ACTH values that 
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increased as peracute stress increased, without a similar graded increase in cortisol concentration 

(Table 6-7).  These findings suggest that manatees are like other animals whose cortisol does not 

peak until at least 1 to 4 hours after exposure to a peracute stressor [29,31-34].  Because 

manatees are typically released within 1 hour of their capture, this finding is believed to be due, 

in part, to the fact that blood samples are collected prior to the physiological cortisol increase 

associated with peracute stress.  The findings of a previous study [149] indicate that cortisol does 

increase in response to peracute stress in the manatee, as two manatees exhibited a peak in 

cortisol concentration just prior to the end of a transport simulation lasting 4.5 and 7.5 hours, 

respectively.  While the use of cortisol for peracute stress diagnosis is further complicated by its 

numerous physiologic roles [29], cortisol may be used to assess chronic stress that results from 

disease or environmental factors including cold stress syndrome [156].   

Analyses of unstressed and chronically stressed manatees indicated that cortisol 

concentrations ≥1.0 µg/dl are diagnostic of chronic stress (100% specificity and PPV).  In an 

African and Asian elephant, cortisol concentrations were found to increase 4-8 fold over a       

0.5 µg/dl baseline concentration, 30 minutes after an injection of ACTH [157].  These 

concentrations of 2-4 µg/dl were similar to cortisol concentrations observed in chronically 

stressed manatees, which ranged from 0.1-5.3 µg/dl, with a mean of 1.0 µg/dl.  If elephants were 

administered a second ACTH injection (equivalent to exposure to a second peracute stressor), 

cortisol concentrations of 4.5-6.0 µg/dl were observed [157], which are approximate to the 

maximum cortisol value observed in the manatee (5.3 µg/dl).  Similar results occurred following 

ACTH stimulation in four adult male Asian elephants, with serum cortisol concentrations 3-10 

fold above baseline [158].   
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This paper documents manatee ACTH, which can be used as an indicator of peracute stress 

in this species for which a fight or flight stress response has been demonstrated.  Concentrations 

of ACTH were observed to increase rapidly and in proportion to the capture or handling stress 

experienced, with concentrations ≥87.5 pg/ml diagnostic of peracute stress.  This assay requires 

EDTA plasma, which is not typically currently banked during manatee captures and health 

assessments.  Therefore, if there is a continued interest in assessing manatee ACTH, collection of 

EDTA plasma must be implemented.  Also, because ACTH is such a small protein hormone, 

plasma must be centrifuged and frozen immediately after collection to prevent ACTH 

degradation.      

Population Baseline and Seasonal Variation 

It was hypothesized that two captive males previously assessed for cortisol [149] could be 

included in the current study to establish baseline cortisol and ACTH concentrations for the 

manatee.  Using these two males, a mean and median cortisol concentration of 0.1 µg/dl was 

observed, which is believed to represent the baseline cortisol value for this species.  This value is 

also similar to published cortisol concentrations for captive female elephants (mean = 0.06 ± 

0.01 µg/dl [159]).  The manatee’s cortisol baseline was further confirmed by the ROC threshold 

of <0.2 µg/dl found to be diagnostic of unstressed captive and rehabilitated manatees.  Baseline 

manatee ACTH concentrations (16.4-58.4 pg/ml) were also obtained from the two long-term 

captive males.  While these two males exhibited low cortisol and ACTH concentrations, such 

values may not be exhibited by all healthy captives due to possible aggression in the absence of 

mating, or other social issues that may increase stress indicators.  

Seasonal assessments of cortisol and ACTH were made using only unstressed individuals 

in order to eliminate confounding factors associated with peracute and chronic stress.  Cortisol 

data were binned into two seasonal time frames for statistical analysis, but low sample sizes 
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prevented statistical analysis of ACTH data.  While low sample size prevented complete 

statistical analysis of seasonal data, the observed findings suggest that there are not strong 

physiologic seasonal differences in manatee cortisol and ACTH concentrations. 

Correlation of ACTH with Capture Parameters 

We hypothesized that ACTH would be positively correlated with capture time and lactate 

concentration and that there would be significant differences in ACTH concentration associated 

with respiration rate in free-ranging manatees, because we perceived these to be parameters 

affected by peracute stress.  However, the only significant correlations occurred with capture 

time and lactate.  While lactate is constantly produced during exercise, increased lactate 

concentrations occur when lactate is produced more rapidly than it can be removed from tissues 

during intense physical exercise.  As manatees evade capture for longer periods of time, lactate 

accumulates due to prolonged exertion, and ACTH increases because of peracute stress 

associated with this fight or flight response.  Higher median lactate concentrations (4x) in free-

ranging versus captive manatees were also observed in another study [160].  Distinct peracute 

stress was observed among many captured free-ranging manatees, particularly a female pursued 

for 50 minutes prior to successful capture (ACTH=643 pg/ml).  While pursuits of this duration 

are uncharacteristic of the manatee research program, the data observed in this study support 

documenting and minimizing pursuit, as even follows as short as 15 to 20 minutes in duration 

resulted in ACTH concentrations significantly greater than those of unstressed individuals (Table 

6-7).  In lieu of ACTH data, capture time and lactate concentration could be used to help assess 

stress, as increases in these parameters would be associated with increased peracute stress.  The 

lack of significant difference in ACTH concentration between manatees with normal (≤5 breaths 

/ 5 minutes) versus elevated respiratory rates (>5 breaths / 5 minutes) 20 minutes after capture 
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may have been due to the small sample size available for testing or individual variation in 

respiratory patterns and stress response. 

Future Studies 

A separate study to investigate the manatee’s molecular stress response (MSR) is currently 

underway.  The MSR is activated at the cellular level of all organisms within hours of stressor 

exposure to restore homeostasis [161-164].  The MSR continues until homeostasis is regained 

[164] and stimulates such processes as oxidative stress repair and cellular detoxification, and the 

regulation of cell growth and death.  When the MSR remains activated for prolonged periods, it 

can lead to disease and accelerated aging [165].  Immunohistochemical staining of manatee skin 

samples is being used to detect 40 different stress response proteins associated with the MSR.  

This methodology has also been applied to elephants [165] and may prove to be a preferable 

method for quantifying long-term manatee stress associated with disease or environmental 

conditions.     

A future study should also complete the evaluation of seasonal variation of cortisol and 

ACTH in unstressed individuals that was begun in the present study.  Diurnal variation should 

also be examined, and was attempted in the present study, but could not be completed due to 

time constraints.  Such studies are important because glucocorticoids and ACTH exhibit a 

circadian rhythm in most species, wherein concentrations are low while an animal is active, and 

rise (5-10x) during sleep so that concentrations are highest in the morning, upon waking 

[30,147].  Such time-dependent variation could affect cortisol and ACTH concentrations 

observed in the blood.   

Conclusion 

In this paper, hydrocortisone (cortisol) was determined to be the predominant 

glucocorticoid in the manatee and chemiluminescent assays for cortisol and ACTH were 
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analytically and diagnostically validated for manatee serum or plasma.  Cortisol was diagnostic 

for chronically stressed manatees (≥1.0 µg/dl), while ACTH was diagnostic for peracute stress 

(≥87.5 pg/ml).  Capture time and lactate concentration were positively correlated with ACTH 

concentration.  Cortisol and ACTH concentrations associated with normal physiologic variation, 

capture, and disease were defined, which will provide manatee biologists and clinicians with an 

additional tool to evaluate stress, given the manatee’s capture and handling protocol. 

 
Table 6-1.  Cortisol and ACTH Analytical Validation Results 
Validation Metric Serum Cortisol LiHep Plasma 

Cortisol 
EDTA Plasma* ACTH 

Inter-assay Precision CV 
(sample min-max tested) 

  9.1 - 16.7% 
(0.6 – 1.1 µg/dl) 

7.8 – 21.7% 
(0.4 – 0.5 µg/dl) 

3.0 – 8.5% 
(46 – 327 pg/ml) 

Intra-assay Precision CV 
(sample min-max tested) 

12.5 - 23.5% 
(0.6 – 1.5 µg/dl) 

9.3 – 19.6% 
(0.5 – 1.2 µg/dl) 

4.1 – 6.9% 
(99 – 400 pg/ml) 

Accuracy Adjusted-R2 
(sample min-max tested) 

≥ 0.87 
(0.5 – 1.3 µg/dl) 

≥ 0.79 
(0.4 – 1.0 µg/dl) 

≥ 0.96 
(42 – 615 pg/ml) 

Methods Comparison 
correlation coefficient (r) 

0.97 (97%) 0.95 (95%) 0.98 (98%) 
 

Methods Comparison 
Deming Regression 
Slope (95% CI) 

0.94 
(0.76 - 1.13) 

0.82 
(0.60 - 1.03) 

0.91 
(0.77-1.04) 

Methods Comparison 
Intercept (95% CI) 

-0.04 
(-0.18 – 0.09) 

0.07 
(-0.09 – 0.23) 

8.92 
(-17.9-35.73) 

*EDTA plasma is required for ACTH analysis.  LiHep plasma results correlate poorly with    
  EDTA plasma results, making LiHep plasma unsuitable for this assay. 
 
Table 6-2.  Cortisol and ACTH Results Associated with Different Age Classes 
Age Classes Cortisol Mean ± SD, Min-Max (n) ACTH Mean ± SD, Min-Max (n)  

Calves (82-245 cm) 0.5 ± 0.3, 0.2-1.4 (15) 160.7 ± 95.9, 82.5-341.0 (6) 

Subadults (246-265 cm) 0.6 ± 0.7, 0.2-3.6 (21) 202.7 ± 72.5, 123.0-283.0 (6) 

Adults (>265 cm) 0.6 ± 0.6, 0.1-5.3 (90) 182.6 ± 148.4, 26.7-643.0 (41) 
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Table 6-3.  Serum Cortisol Pairwise Stress Category Comparisons- Thresholds Where All  ROC 
Parameters Optimized 

ROC Parameter Unstressed vs. 
Peracutely Stressed 

Peracutely Stressed vs. 
Chronically Stressed 

Unstressed vs. 
Chronically Stressed 

Diagnostic Threshold   ≥0.2 µg/dl ≥1.1 µg/dl ≥0.5 µg/dl 
Sensitivity 100.0% 32.3% 90.3% 
Specificity   30.0% 96.7% 65.0% 
PPV   81.1% 83.3% 80.0% 
NPV 100.0% 73.4% 81.3% 

 
Table 6-4.  Cortisol and ACTH Descriptive Statistics Among Three Stress Categories 
Stress Parameter Unstressed  Peracutely Stressed  Chronically Stressed  
Cortisol  
Mean ± SD (µg/dl) 

0.4 ± 0.2a     
(n=20) 

0.5 ± 0.2a  
(n=60) 

1.0 ± 1.0b  
(n=31) 

Cortisol  
Min-Max (µg/dl) 

0.1 – 0.8 0.2 – 1.2 0.1 – 5.3 

ACTH  
Mean ± SD (pg/ml) 

47.7 ± 15.9c 

(n=6) 
240.5 ± 136.7d  

(n=32) 
80.0 ± 47.3c  
(n=9) 

ACTH  
Min-Max (pg/ml) 

26.7-75.7 67.3-643.0 32.6-197.0 

Cortisol concentrations were significantly lower in unstresseda and peracutely stresseda manatees 
than in chronically stressed manateesb.  ACTH concentrations were significantly lower in 
unstressedc and chronically stressedc manatees than in peracutely stressed manateesd. 
 
Table 6-5.  Pairwise Stress Category Comparisons for ACTH- Thresholds Where All ROC 

Parameters Optimized 
ROC Parameter Unstressed vs. 

Peracutely Stressed 
Peracutely Stressed vs. 
Chronically Stressed 

Unstressed vs. 
Chronically Stressed 

Diagnostic Threshold ≥67.3 pg/ml <87.5 pg/ml ≥55.5 pg/ml 
Sensitivity 100.0%   96.9%   77.8% 
Specificity   83.3%   88.9%   83.3% 
PPV   97.0%   96.9%   87.5% 
NPV 100.0%   88.9%   71.4% 

 
Table 6-6.  Seasonal Analyte Concentrations in Unstressed Manatees 
Analyte Winter Mean ±  

SD, Min-Max (n) 
Spring Mean ±  
SD, Min-Max (n) 

Summer Mean ± 
SD, Min-Max (n) 

Autumn Mean ± 
SD, Min-Max (n) 

Cortisol   0.4 ± 0.2,  
  0.1 - 0.7 (8) 

  0.2 ± 0.1,  
  0.1 - 0.3 (2) 

0.4 ± 0.3,  
0.1 - 0.8 (11) 

0.1 ± 0.0  
(3) 

ACTH 57.4 ± 15.9,  
47.1 - 75.7 (3) 

40.0 ± 7.6,  
34.7 - 45.4 (2) 

18.6  (1) 34.4 ± 10.7,  
26.8 - 42.0 (2) 
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Table 6-7.  Parameters Associated with Increasing Follow Time in Three Manatees 
ID Chase Time (min) Lactate (mmol/L) ACTH (pg/ml) COR (µg/dl) 
TEP13 15 17 145 0.7 
TEP12 20 18 191 1.2 
TEP14 50 23 643 0.8 
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CHAPTER 7                                                                                           
CONCLUSIONS 

The IMMULITE 1000®’s progesterone assay has proven to be a valid and highly sensitive 

and specific tool for diagnosing pregnancy in the manatee, particularly during the first 6 months 

of gestation.  The assay will allow manatee biologists and veterinarians to monitor reproductive 

health in individual free-ranging and captive females and will be beneficial in managing captive 

breeding of Sirenians.  Additional studies of manatee progesterone and pregnancy should 

monitor concentrations of this hormone throughout gestation, which would require sample 

collection from well-trained, healthy, captive or rehabilitating females, to minimize stress 

associated with handling.  Analysis of serum progesterone throughout non-pregnant estrous 

cycles is also required to determine the duration and range of progesterone concentrations that 

characterize non-pregnant diestrus.  Such an investigation would require the use of captive 

females housed with males to help guarantee normal reproductive cyclicity.   

The relatively low circulating P4 concentrations in the manatee cannot be attributed to 

metabolism, because P4 itself was most prominent within the plasma of females tested with 

GC/MS/MS.  Several metabolites were detected, but the two most common were 5α-P3-OH and 

5α-DHP.  These metabolites were most prevalent during diestrus and early pregnancy, when 

maximum P4 concentrations were also observed.  The decline of all circulating progestins in late 

pregnancy suggests that the placenta does not contribute to progestin production in the manatee.  

An investigation of progesterone binding proteins in manatee blood could help explain if the 

pattern of progesterone increase in early pregnancy is related to a decreased metabolic clearance 

rate for progesterone, as has been observed for the guinea pig and coypu [81,82].  Additionally, 

further study of the counter-current exchange system in the vasculature surrounding the female 
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reproductive system of the manatee may demonstrate a localized route for progestin transport 

from the ovaries to the uterus, and help explain the low concentrations in peripheral circulation.   

The study of manatee corpus luteum morphology provided a general description of its 

structure, identification of its luteal cell types, documentation of fibroblast and endothelial cell 

morphology, and the first transmission electron micrographs of manatee luteal cells.  For the first 

time, intra-female and inter-female differences in corpus luteum and luteal cell morphology have 

been documented, and related to changes in corpus luteum function.  These findings provide new 

information about this species’ poorly understood reproductive trends and represent progress 

towards understanding the role of the manatee’s multiple corpora lutea.   

Further insight into manatee corpus luteum function was also found through the study of 

StAR.  Expression of StAR in manatee follicular cells and granulosa lutein cells was useful for 

determining the steroidogenic potential of follicles and corpora lutea.  Additionally, when StAR 

results were compared to morphometry findings, it was found that morphological regression of 

manatee corpora lutea may precede functional regression as corpora lutea which appeared to be 

degenerating were found to possess intense StAR expression.  In the absence of an antibody 

specific for manatees, this commercially-available antibody was capable of showing relative 

differences in StAR expression within manatee corpora lutea.  Further study of manatee corpora 

lutea should include experiments to extract steroid hormones from fresh luteal tissue and 

measure progesterone concentration within corpora lutea from the same pregnant female, as well 

as from females at various stages of gestation.  Also, serial sectioning of manatee corpora lutea 

in early pregnancy to search for a degenerating oocyte or zona pellucida could be used to 

confirm the presence of accessory corpora lutea.   
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The analysis of manatee stress indicators identified hydrocortisone (cortisol) as the 

predominant glucocorticoid in the manatee.  Additionally, chemiluminescent assays for cortisol 

and ACTH were analytically and diagnostically validated to quantify these substances in 

manatee serum or plasma.  Cortisol was diagnostic for chronically stressed manatees            

(≥1.0 µg/dl), while ACTH was diagnostic for peracute stress (≥87.5 pg/ml).  Cortisol and ACTH 

concentrations associated with normal physiologic variation, capture, and disease were 

identified, which will be useful to manatee biologists and clinicians and provide an additional 

tool to evaluate stress, given the existing capture and handling protocol for this species.  Future 

studies should complete the evaluation of seasonal variation of cortisol and ACTH in unstressed 

individuals that was begun in the present study.  Diurnal variation should also be examined, and 

was attempted in the present study, but could not be completed due to time constraints.  Such 

studies are important because glucocorticoids and ACTH exhibit a circadian rhythm in most 

species, wherein concentrations are low while an animal is active, and rise (5-10x) during sleep 

so that concentrations are highest in the morning, upon waking [147].  Such time-dependent 

variation could affect cortisol and ACTH concentrations observed in the blood.
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