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Abstr.ct. Increase in the blood supply to indi吋du.lfollicles appe.rs to be .sso口atedwith lollicular 
growth rates and the ability to become出edominant follic1e， while reduced thecal vascularity appears 
to be closely associated with follicular atresia 官官refore，吐由studyaimed to determine the四 al-time
changes in the vascularity of the follicle wall during the lirst lollicular wave in cycling Holstein cows. 
Normally cyc1ing and lactating cows (n=5) were exarnined by transrectal color Doppler 
ultrasonography (the sensitivity lor velocity: > 2 mm/ sec) to determine the changes in the vasculature 
01 the lollicle wall (presence or absence 01 blood flow) and the diameter ollollicles. A new lollicular 
wave and ovulation were induced by G:nRH injection at 48 h after an injection of PGF2a. analogue. The 
ovaries were scanned daily for 7 days after GnRH injec恒on.Follic1es >2.5 mm were c1assified into 3 
groups by the changes in diameter as lollows: 1) largest lollicle， 2) second largest lollicle， and 3) small 
follicles， which included all other lollicles >2.5 mm. Belore the lollicle selection， there was no 
signilicant difference in the percentage 01 follicles with detectable blood flow between the 
subsequently determined largest and second largest lollicles. After the lollicle selection， the 
percentage 01 follicles with detectable blood flow signilicantly decreased among the second largest 
lollicles. In addition， small lollicles with detectable blood flow kept larger diameters than those 
without detectable blood flow仕omone day belore the occurrence 01 lollicle selection. It is likely that 
maintenance 01 lollicle vasculature and appropriate blood supply to the larger follicles is essential for 
lollicle dominance. In small lollicles， the presence 01 blood flow within the wall also appears to be 
required lor recruitment. Consequently， the data suggest that the change 01 the blood supply to an 
individual lollicle closely relates to the dynamics 01 lollicular growth in the first lollicular wave in the 
cow 
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s印 刷ofthe dominant lollicle in cattle occurs 
from a cohort 01 growing antral lollicles， termed 

a lollicular wave [1-3]. Two or three successはve

waves occur during the estrous cycle in cattle. The 
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first wave (wave 1) appears around the time 01 

ovulation and the second during rnid-diestrus 
(wave 2). Following emergence 01 a group 01 

lollicles 4 to 5 rnm diarneter， the lollicles develop加

a com.mon-growth phase lor about 3 days 川市en

the largest follicle reaches a mean diameter o(about 
8.5 mm， the common-growth phase ends and 
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deviation in diameter begins， characterized hy 
dissociation in growth rates and the formation of 
dominant and subordinate follicles [3]. After the 
end of the common growth phase， only the selected 
dominant follicle continues growing， while 
subordinate follicles undergo atresia [4]. The 
dominant follicle in the cow is normally identified 
when it reaches a diameter of 10 mm and is larger 
than the other follicles of the same wave. At this 
size， the dominant follic¥e acquires LH receptors on 
its granulosa cells and acquires ovulatory capacity 
in response to the LH surge [5]. 
During follicle growth， an extensive vascular 

plexus develops in the theca layer surrounding the 
avascular basement membrane and granulosa layer 
[6]. Morphological studies of bovine follicles have 
revealed that the major histological characteristic of 
the selected (dominant) follicle is its increased 
vas四 lariザinthe theca layer， when compared with 
unselected (atretic) follicles [7]. It has been 
suggested that insu¥in-¥ike growth factor and 
estradiol (E，) play key roles in the selection of a 
dominant follicle during the first wave in heifers 
and that both are re¥iable markers to predict the 
future dominant fo¥lic¥e [8]. Other studies have 
demonstrated a close correlation between 
intrafo¥licular concentration of E， and follicular 
vascularization in porcine and bovine ovaries 1九9]
However， studies on the differences among follic¥es 
in terms of vascularity and growth rates around the 
time of follic¥e selection (deviation) have not been 
carried out in cattle. 
Color Doppler ultrasonography is a useful， non-

invasive tool for evaluating the vascular function of 
follicles， allowing visual observation of世leblood 
flow in a delimited area in the wall of preovulatory 
follic¥es in humans [10] and cows [11]. In human， 
blood flow dete口ninationsof individual follic¥es by 
Doppler u¥trasound provide an index of the 
intrafo¥licular environment and may be used to 
predict the developmental competence of the 
oocyte [12]. In cows， transrectal color Doppler 
ultrasonography demonstrated a clear difference in 
the vascularity of the wall of preovulatory follic¥es 
compared with anovulatory follicles [11]. The 
results of the above reports suggest that transrectal 
Doppler u¥trasonography has potential for 
investigating follicle vasculature in cattle to 

identify the future dominant follicle at an early 
development stage or to predict follic¥e viability 
after selection. A recen 

the daily changes加 bloodflow within the follicle 
wall around the time of diameter deviation and 
demonstrated considerable differences in blood 
flow area between the two largest follicles one day 
before diameter deviation [13]. The mean diameter 
of the largest follic¥e at deviation is about 22.5町田1

in mares and about 8.5 mm  in cattle [3]. The 
smaller follicular size at deviation in ca ttle 
represents a technicallimitation for determination 
of blood flow velocities， although blood flow 
velocity has been accurately determined in healthy 
growing follic¥es of more than 10 mm of diameter 
[11] 
The physiological mechanisms involved in the 

selection of the dominant fo¥lic¥e from identical 
follicular cohorts exposed to the same levels of 
circulating gonadotropins remain unc¥ear. It has 
been suggested that the preferential de¥ivery of 
gonadotropins and nutrients via a more highly 
developed vascular system in individual follic¥es 
plays a role in the selection and growth of the 
dominant follicle [14-17]. The present study was 
carried out to determine if color Doppler 
ultrasonography could distinguish future 
dominant follicles from sutヲordinatefollicles 
around the time of the estab¥ishment of follic¥e 
selection (deviation)， and whether or not there is a 
tempo日 1association between changes in follicular 
vascularity and follicular growth capacity during 
the first follicular wave in lactating cows. 

Materials and Methods 

Animals and ultrasound scanning 
The animal experiment was carried out at the 

Field Center of Animal Science and Agriculture， 

Obihiro University， Japan. Experimental 
procedures complied with the Guide for Care and 
Use of Agriculture Animals of Obihiro University 
Lactating Holstein cows were kept under the 
normal management program of the Field Center 
and fed daily with corn silage， hay and concentrate 
with free access to water. At the middle stage of the 
estrous cycle， cows received 500μg of a 
prostaglandin (PG) F2αanalogue (cloprostenol 
[estrumate]; Sumitomo Pharm. Co.， Osaka， Japan) 
i.m. to induce luteolysis. A new follicular wave and 
ovulation of the preovulatory follicle was induced 
by a GnRH analogue (Fertire¥in acetate 100μg; 
[Conceral]; Nagase Pharm. Co.， Osaka， Japan) 
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injected 48 h after PGF，.. The day of GnRH 
injection was designated as Day O. 
Ultrasound scanning and blood collection were 

performed daily beginning on the day of PGF，. 
treatment and continued until Day 7. To determine 
changes in the follicular diameter and follicle 
vascularity， color Doppler ultrasonography was 
used. The follicles were examined by transrectal 
ultrasonography using an ultrasound scanner 
(SSD四5500，Aloka Co.， Tokyo， Japan) equipped wi血
a 7.5-MHz convex transducer (UST-995-7.5， Aloka 
Co.). All follicles >2.5 mm  present in both ovaries 
were tracked daily during the exarnination period 
The two largest follicles were defined 
re廿ospectivelyaccording to the maximum aUained 
diameter and were then used to define the day of 
deviation. During each ultrasonographic 
examinationl the diameter of each follicle was 
determined by averaging the maximum and the 
transverse diameters as previously reported [13] 
After morphological evaluation， the flow mode was 
activated for blood flow mapping. Color signals 
were used to generate images in which blood flow 
with a velocity higher than 2 mm/ sec could be 
located as areas of color within the follicle wall 
Forward flow is usually presented in red and 
reverse flow in blue. The degree of turbulence is 
indicated as color-coded signal. The brightness of 
the color is proportional to the velocity of flow 
within the vessel. Owing to technical limitations 
for measurement of blood velocities in small 
individual follicles， on1y the presence or absence of 
blood flow was assessed fdr each follicle. When a 
clearly visible red or blue spot (blood flow) was 
detected in the follicle wall， it was considered as a 
follicle with detectable blood flow 
Scan records (images) were stored on a Magneto 

Optical (MO) disk drive for a personal computer 
(Macintosh; Apple Corp.， San Jose， CA) and then 
viewed on a monitor. The same image was used to 
calculate the diameter and whether or not出eblood
flow was detectable. After the last ultrasound 
scanning on Day 7， the dominant follicle content 
was evacuated by transvaginal ultrasound-guided 
follicular aspiration using a convex probe (UST-
M15-21079 Aloka Co.) with an 18G needle 
connected to a 5-nu disposable syringe. Follicular 
fluid (FF) was collected to determine the 
concentrations of progesterone (P 4) and E，・

Progesterone and estradio/ determinations 
Blood samples were obtained by caudal 

venipuncture just before each scanning using 
sterile 10 ml tubes containing 200μI of stabilizer 
solution (0.3 M EDTA， 1% acetyl salicylic acid， pH 
7.4). All tubes were immediately chilled in ice 
water for 10 min. and then， centrifuged at 3000 x g 
for 2日立tinat 4 C. Aspirated FF was centrifuged at 
1000 x g for 5 min to remove granulosa cells. The 
obtained plasma and FF were stored at -30 C until 
determination of the concentrations of P 4 and E2 
At the end of the experiment， samples from each 
cow were analyzed in duplicate using a second 
antibody enzyme immunoassay (EIA). Steroids 
assays were performed after diethyl ether 
extraction. For E， determination， FF was diluted 
50-or 500-fold so that concentrations in the EIA 
would be within the optimal range of the standard 
curve as reported previously for our laboratory 
[18]. The standard curve for P4 ranged from 0.05 to 
50 ng/nu， and the ED50 of the assay was 1.1 ng/凶
[19]. The intra-and inter-assay coefficients of 
variation (CVs) were 4.7 and 6.5%， respectively. 
The recovery rate of P 4 (1 ng) added to 1 nu plasma 
samples was 92% (n=lO). Likewise 40μlofsamples 
were analyzed for E，. The standard curve ranged 
仕om2 to 2000 pg/nu， and the ED50 of the assay was 
72 pg/nu. The intra-and interassay CVs were 6.8 
and 8.6%， respectively. 

Statistica/ ana/ysis 
The diameters of follicles were expressed as 

means :!: SEM， and compared with values at the 
same time point by repeated measures ANOV A 
followed by Student's t test. The percentages of the 
follicles with detectable blood flow in largest， 
second largest and small follicles were compared 
before and after follicle deviation using two-way 
ANOVA followed by Fisher's PLSD test. 
Differences were considered sign1ficant at p<0.05 

Resu¥匂

The GnRH injection induced ovulation of the 
preovulatory follicle and the emergence of a new 
follicular wave in all the cows used in the present 
study. Plasma P4 concentrations progressively 
increased throughout the experiment with CL 
development (Fig. 1). The mean number of follicles 
tracked during the examination was 1 dominant 
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Changes in the diameter of the largest 
follic1e (・)and second largest foUic1e (・)
Data wer巴 normalizedto the day of 
observed deviation (Day 0). Data are 
mean:t SEM for each time point (n=3-5)持

p<O.05， .....p<O.Ol叩 d山 p<O.001 versus 
values of second largest follic1es 

Fig.2 

3 

Day合'omGnRH injection 

Daily changes in the plasma 
concentration of progesterone after 
GnRH injection. Data are mean :t SEM 
concentrations of circulating 
progesterone (n=5 cows) 

2 o 

Fig.l 

healt:hy and dominant on Day 7 

Vnril1tiol1 of the blood flow withil1 the五ollic/ewnll 
Time-average maximum velocity could be 

measured in some large follicles on each day， but 
the follicles in which velocity could be measured 
varied from day to day with values ranging from 
4.1 cm/sec to 10.4 cm/sec during the growth phase 
Therefore， only the presence of blood flow was 

used to evaluate follicular vascularity in the present 
stud y. The color Doppler image detected blood 
flow in the follicle wall of most of the largest and 
second largest follides and some small follicles 

during the growth phase (Fig. 3). After deviation 
had occurred， the blood flow was m剖nlydetectable 

in the largest follicle 

Chnnges;n the percel1tnges of戸/lic/eswith detectnble 
blood flOlυdllril1g follicle d即日tiol1

Percentages of follicles with detectable blood 
flow during follicle deviation are shown in Fig. 4 

Before the occurrence of diameter deviation (pre-
deviation)， there was no significant difference in 
the percentages wi th detectable blood flow 

between the t:wo largest follicles. ln small follicles， 
the percentage of follicles with detectable blood 

flow was lower than that for the future largest 
follicle and future seoCOnd largest follicle. After the 

follicle deviation (post-deviation)， the percentage of 

follicles with detectable blood flow sign凶cantly
decreased in second largest follicle compared with 

follicle and 7 subordinate follicles per cow. A clear 
deviation in the growth rates between the two 

largest follicles occurred bet:ween 3 and 4 days after 

GnRH injection. Because the length of time from 
GnRH injedion to follicle deviation varied among 
the cows， the data were normalized to the day of 
deviation based on the criteria of a previous study 

[5]. Briefly， the beginning of diameter deviation 
was defined as the beginning of the greatest 

difference in growth rates between the largest 
follicle and second largest follicle (observed 
deviation). Follicles were classified retrospectively 

into 3 grou.ps based on the changes in diarneter as 

follows: 1) the largest follicle， which grew 
continuously and attained the maximum diameter 

during the examination period; 2) the second 

largest folli.cle， which grew for 3 to 4 days u p to the 
day of deviation; and 3) small follicles， which other 
follicles. The mean diameters of the two largest 
follicles from Day -3 to Day 3 normalized to the 

day of observed deviation are shown in Fig. 2. The 

largest follicles continuously grew up to 14.1 :!: 0.6 

mm  on Day 3. The diamet:er of the second largest 
follicle increased from 5.1 :!: 1.1 mm  on Day .-3 to 8.3 
:!: 0.6 mm  on Day 0 and then decreased to 7.7 :!: 0.9 

mm  on Day 3. Concentrations of E2 and P4 in FF 

aspirated from dominant follicles were 63.0 :t 21.4 

ng/ml and 26.0 :t 6.9 ng/ml， respectively 

Accordingl.y， the ratio of E2 to P4 concentration in 
FF was 2.4 :t 0.5 (n=5) confirming that the largest 

follicles cl<tssified by change in diameter were 
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Day frCIm diame1:er deviation 
Representat:iveζolor Doppler images of the ovary around出eday of follicle deviation 
Encircled ima呂田 sho明 nglargest (upper p田 .el)，second largest (n:liddle panel) and small 
follide (lower panel) at Days -2， 0 and 3 from follicle deviation. E吋argedfollicle imag田
of the encirded part ShO'l-ving typicaJ changes in detectable blood flow. Arrow indicates 
areas with detectable blood flow within出efollicJe wall. ScaJe bar represents 1 cm 

Fig.3 
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values bt?fore deviation. During the post-deviation 

period， Ihe percentage of follic¥es with detectable 

blood flow in the largesl follicJes was signiiicantly 

hlgher than in the second largest follicJes and small 

follic¥es 

Post-dlevlatlon 
(Days 1加 3)

Change in the percentage of follicles with 
detectable o:r t1ndetectable blood flow around the 
day of follicle deviation. Data are mean :t SEM of 
each grot1p of follicles. Different letter indicate 
differenc田 (p<O.05)between groups 

Pre..devlatlon 
(Days・2(00)

F:ig.4 

Chnnges in the dinmeter of smnll follicl白山th
detectnbl吋 loodjlow nnd undetectnble blood jlo叩

To cJarify further Ihe effect 01 blood flow on the 

developrnent of small follicJes， small follicJes were 

further cJassified as srnalJ follicJes (←)， which 

showed detectable blood: flow at least once during 

the exarnination period， and small folJicJe (ー)，

which d id not show any blood flow d uring the 

exarnination period. The mean diameter of small 

folJicJe (+) was signilicantly larger than that 01 

smalJ 101licJe (ー)from Day -1 to Day 3 (Fig. 5) 
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Discus:sion 

To the best of our knowledge， this is the first 
report on real-tirne changes in follicle vascularity 
associated with the selection of the dominant 
follicle during the first follicular wave in lactating 
cows. We used highly sensitive (2 mm/sec in 
velocity) color Doppler ultrasonography to ident均
blood flow area in the follicle wall. The ultrasound-
derived images of blood flow revealed the time-
related changes in appearance of detectable local 
blood flow in the largest， the second largest and 
small follicles during the first wave 
Jn the present study， the percentage 01 follicles 

with detectable blood Uow before diarneter 
deviationもNasnot different between the largest and 
second largest follicles. Morphological study has 
shown that bovine healthy antral follicles with 
diameters of 3 to 7 mm  develop dense capillary 
blood vessd networks in the thecョlayer[7]. These 
results suggest that there is no difference in 
vasculature and blood supply between the future 
dominant and subordinate follicles before lollicle 
deviation. Furthermore， there is also no difference 
between each follicle in le，vels of mRNA :for FSH 
receptor in the granulosa cells or mRNA for LH 
receptor in. theca cells up to follicle deviati.on [20]， 

suggesting that there is no difference in the 
responsiveness to gonadotropins between the tWQ 
largest follicles at this stage. Equivalent supply 01 

nutrients and gonadotropins provided by a 
developing vascular system equally contribute to a 
similar growth rate in both future dominant and 
subordinate follicles belore follicle deviation 
After follicle deviation， our data show that the 

percentage of largest follicles with detectable blood 

flow was significantly higher than that of the 
second largest follic¥es and small follicles. lt has 
been demonstrated that the capilla:ry blood flow 
velocity of the dominant follicle is greater than that 
of the atretic lollic¥es in ewes [21]. These results 
strongly suggest thal: blood supply is preferentially 
deli、leredto the dominant follic¥e rather than 
subordinate follicles after diameter deviation. It is 
evident that the dominant follicle maintains blood 
vessel and active angiogenesis [7， 22]. Jn bovine 
follides， the expression of mRNA for angiogenic 
factors such as vascular endothelial growth factor 
(VEGF) and basic fibroblast growl:h factor， and 
concentration of VEGF protein in FF significantly 
increased accompanied with increasing follicular 
size and E， levels in FF [14]. ln addition， a recent 
report suggested that the angiopoietin-Tie system 
that acts on angiogenesis in concert with VEGF 
con1:rols the blood vessels to maintain active 
angiogenesis in developing bovine follicJes [23]. In 
con1:rast， degenera.tive thecal capillary blood 
vessels are more abundant and the number of 
blood vessels is markedly reduc:ed in atretic 
follicles [6， 7]. These findings indicate that active 
angiogenesis ensuring blood vessel network and 
blood supply to the follicJe may play a crucial role 
in the determination of the follicle dominance and 
atresia 
Quite recently， the daily observation of equine 

ovaries using color Doppler ultrasonography 
demonstrated that velocities and the area of blood 
flow within the follic¥e wall began 10 decrease in 
the future subordinate follicle prior 1:0 deviation in 
diameter， whereas the blood flow continued to 
increase in the future dorninant follicle during 
follicJe selection [13]. In addition， mares with 
double dominant follic¥es showed no differences in 
diarneter and blood flow in the follic¥e wall 
between the two largest follic¥es [13]. These data 
fronl mares and the present results from cows 
support the concept that different blood f10w 
changes within the follicle wall influence the fate of 

follic¥es and that detectable blood flow and 
vasculature are associated with follide viability 

It is interesting to :note that the diameter of small 
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follic¥es with detectable blood flow was larger than 
those without detectable blood flow before follic¥e 
deviation. The present result agrees with a recent 
observation of non-dominant follic¥es during the 
luteal phase in which healthy follic¥es with 6.7 mrn 
of mean diameter showed active angiogenesis， and 
that atretic small follic¥es with a mean diameter of 

4.8 mrn showed poorly developed capillaries in the 
follic¥e wall [7].百leseresults indicate that small， 

but healthy growing follic¥es maintain angiogenesis 
and blood flow during early follicular 
development. Recent studies have demonstrated 
that modification of follicular angiogenesis by 
inhibition of VEGF action or stimulation of VEGF 

production caused a delay or induction of follicular 
development， respectively [17， 24]. Taken together， 
we propose that angiogenesis and blood supply in 
follic¥es may be involved in not oIUy selection of the 
dominant follicle but also early follicular 

development inc¥uding follicular recruitrnent 
In conclusion， our results demonstrate that 

change in the nurnber of follic¥es with detectable 
blood flow was associated with follic¥e selection. It 

is likely that rnaintenance of follic¥e vasculature 

and appropriate blood supply to the follic¥e is 
essential for follic¥e dorninance. In srnall follic¥es， 
the presence of blood flow withln the wall appears 

to be required for recruitrnent. Consequent1y， the 
data suggest that a change of the blood supply to 
individual follic¥es c¥osely relates to ilie d戸1田rucs
of follicular growth in the 伽stfollicular wave in the 

cow 
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