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ABSTRACT. Uncontrolled diabetes mellitus (DM) adversely affects oocyte maturation and embryo
development via mechanisms that are yet unclear. Nonetheless, DM may cause uncoupling of nitric oxide
synthases (NOSs) with reduction in the bioavailability of nitric oxide (NO), which is critical to maintain
oocyte viability and prevent aging. The current study investigates the role of NO-mediated signaling
related to oocyte aging in diabetic and nondiabetic mice. Age-related alterations in the oocytes, including
ooplasmic microtubule dynamics (OMD), cortical granule (CG) status, and zona pellucida (ZP) hardening
as well as the integrity of the spindle/chromatin were studied using confocal microscopy. Oocytes obtained
from diabetic mice exhibited accelerated aging compared to that from nondiabetic mice. Moreover, oocytes
from diabetic animals were exquisitely sensitive to NOS and guanylate cyclase (GC) inhibitors (L-NAME,
ODQ), which induced aging and relatively resistant to its delay by the cGMP derivative (8-Br-cGMP).
Oocytes from nondiabetic control mice displayed similar sensitivity to L-NAME in older oocytes, although
to a significantly lower extent than that of DMP(< 0.04-0.0001). Despite the differences in response
between DM and nonDM mice, the activation of cGMP pathway is essential to maintain the integrity of
oocytes and delay oocyte aging. These findings not only indicate the role of NO signaling in the prevention
of oocyte aging but also suggest enhanced aging and NO insufficiency in oocytes from diabetic mice.
A comprehensive model incorporating our current findings with NOS, GC, and G kinase cycles is presented.

Diabetes mellitus (DM) is a metabolic condition character- (5—8). Developmental abnormalities in DM therefore, could
ized by elevated blood glucose levels secondary to absolutebe related to oocyte dysfunction and aging that may occur
impairment of insulin secretion (type | DM). Relative more often in DM.
impairment of insulin secretion in combination with varying Oocyte aging significantly contributes to reproductive
degrees of peripheral resistance to insulin action leads to typefailure, infertility and chromosome aberrations in the embryo
Il DM. The impact of diabetes on reproduction is profound, (9—13). Moreover, oocyte aging may even be accelerated
as seen by diminution in fertility and increase in reproductive in certain circumstances1®, 14). Although the exact
losses. Elevated glucose levels before conception and duringetiological mechanisms that initiate oocyte aging are cur-
pregnancy are associated with spontaneous miscarriageiemly unknown, the speC|f|c_ characteristics and d_ownstregm
congenital malformations, and abnormalities in fetal growth Phenomena have been partially revealed. Accordingly, aging

and development14). However, the mechanisms that may involve a fall in the activity of the M-phase promoting
contribute to these outcomes are’ oorly understood. It hasfactor (MPF) and the mitogen activated protein kinase
poorly ' (MAPK), advancement of the cell-cycle to an interphase-

been shpwn thzt dlab.eteT |anu.ences tf;)e prO((:jess IOf 00CY16ive state characterized by increased microtubule dynamics,
maturation and - preimplantation embryo development gierq spindle structure, and premature loss of cortical

granules as well as hardening of the zona pellucida-(
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Table 1: Experimental Plan Following the Study Design and Oocyte Numbers in Individual Subgroups with Specific Exposure

experiment type of concn oocyte no. group A group B outcomes
set no. exposuré (uM) (n=1830) (n=406) (n=424) studied
1 L-NAME 0, 1,10, 111 53 58 ZPDT, OMD,
1000 CG status
2 oxyhemoglobin 0, 5, 100 69 34 35 ZPDT, OMD,
CG status
3 OoDQ 0,0.1, 10, 155 76 79 ZPDT, OMD,
100, 1000 CG status
4 cGMP-dependent 0, 400, 216 106 110 ZPDT, OMD,
PKI 800, CG status
1000
5 cGMP subset 1 0, 1000, 99 46 53 ZPDT, OMD,
2 x 10* CG status
cGMP subset 2 0, 1000, 180 91 89 spindles and
2 x 10* chromatin

a Oocytes were cultured in the presence of specified agents at the concentrations indicated.

25). Furthermore, fertilization of aged oocytes could result MATERIALS AND METHODS
in abnormal fertilization, parthenogenetic activation, chromo-

some mis-segregation, or eventual fragmentatidn {2, 17, Materials. N"—_nitro:L-arginine methyl ester (L-NAME),
26). 8-bromoguanosine &'-cyclic monophosphate (8-Br-cGMP),

NO-sensitive GC inhibitor 1H1, 2, 4) oxadiazolo [4,33]
quinoxalin-1-one (ODQ), and cGMP-dependent protein ki-
nase inhibitor (Arg-Lys-Arg-Ala-Arg-Lys-Glu) were pur-

Hyperglycemia in diabetes causes a host of biochemical
changes, such as increased activity of the polyol pathway,

advanced glycation end-product (AGE) formation, and ;naqeqd from Sigma (St. Louis, MO). Other chemicals and
activation of the protein kinase C (PKC) pathway (28). reagents were of the highest purity grades available and
Nonetheless, the common factor between DM and 00Cyte yiaineq from either Sigma or Aldrich (St. Louis, MO).

aging is the role of free radicals. The induction of free ppqgamine-conjugated lectin, lens culinaris agglutinin, and

radicals in diabetes is mediated by multiple mechanisms. mounting medium, Vectashield, were obtained from Vector
Reduction of endogenous antioxidant defenses due to the;oratories (Burlingame, CA).

suppression of the pentose phosphate pathway (PRPP
phosphoribosylpyrophosphate) leads to decreased NADPH
production and enhanced activity of the mitochondrial
respiratory pathway, which drives the formation of the

superoxide anion (©) (29-31). Both of these effects could Aim II: comparison between oocyte aging in diabetic ALS/

lead to a decrease in the bioavailability of nitric oxide. LtJ mice and nondiabetic age and weight matched B6D2F1
Nitric oxide (NO) isa Ubiquitous free radical in the Oocyte mice; and Aim IlI: Study of NO-mediated Signa"ng in
microenvironment that plays a positive role through oogen- gocytes from diabetic versus nondiabetic mice. In all aims,
esis, fertilization, and embryo developmer®2{33). In the oocytes were retrieved from oviductal ampullae after
animals, NO is generated by a family of enzymes named syperovulation with PMSG and hC@1). In Aim I, young
NO synthases (NOSs) which converarginine to NO and  and relatively old oocytes retrieved at 13.5 or 17.5 h
citrulline (34—38). NO activates soluble guanylyl cyclase following hCG were subjected to different treatment proto-
(GC) with a resultant increase in cyclic GMP (cGMP), which  cols described below, whereas their sibling oocytes were
induces smooth muscle relaxation, affecting blood flow treated as controls. The treatments consisted of exposure to
through vessels3Q). However, whether NO action in the | -NAME, oxyhemoglobin, 8-Br-cGMP, ODQ, and the
oocytes involves the same pathway remains unclear, althougheGMP-dependent protein kinase (Table 1). All experiments
regulation of intracellular C& may be involved 40). included treatment of the oocytes to the microtubule en-
We recently discovered that NO could delay the onset of hancer, taxol, whereas those involving 8-Br-cGMP were
age-specific changes in oocytes at optimal concentradityn ( conducted either with or without taxol treatment. In Aim I,
Despite this knowledge, the mechanism of NO action remainsthe aging phenomena of ZPDT, OMD, and CG loss were

speculative, especially with regard to its newly revealed anti- compared in oocytes retrieved at 13.5, 16, and 18 h post-
aging role ¢0). The current study was designed to elucidate hCG from diabetic ALS/LtJ versus nondiabetic B6D2F1

the potential link between GC activation and aging in mice. Aim lll, oocytes retrieved from diabetic ALS/LtJ mice
oocytes, compare oocyte aging in diabetic and nondiabeticand B6D2F1 mice were exposed to L-NAME, SNAP, ODQ,
mice, and study the role of NO-mediated signaling in oocytes and cGMP at several optimal concentrations. The aforemen-
from diabetic versus nondiabetic mice. Age-related aberra-tioned age-related phenomena were then compared between
tions in the oocytes, including ooplasmic microtubule the two groups using appropriate statistical tests.

dynamics (OMD), cortical granule (CG) status, and zona Superaulation and Oocyte Retri@l. Eight to ten week-
pellucida (ZP) hardening as well as integrity of the spindle/ old B6D2F1 and ALS/LtJ mice (Type | diabetes model) were
chromatin, were studied using fluorescent staining and obtained from Jackson Laboratories (Bar Harbor, ME), and
confocal microscopy. were adjusted to the 14 h lighflO h dark cycle for at least

' Study DesignThis study was approved by Wayne State
University’s Animal Investigation Committee. The study
consisted of the following three aims. Aim I: study of the
cGMP pathway in oocytes from nondiabetic B6D2F1 mice;
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one week prior to superovulation with 7.5 IU each of 1000uM, 3 h, 37°C, 5% CQ), rinsed in M2 medium, and
pregnant mare’s serum gonadotropin (PMSG) and hCG treated with 5uM taxol (Paclitaxel, Sigma) per our previ-
(Sigma, St. Louis, MO), administered IP 4B2 h apart. ously published protocoll@, 41, 42). Oocytes were then
Mice were sacrificed at 13.5 to 18 h after hCG injection rinsed again in M2 medium and subjected to acidified
according to appropriate experiment sets. Cumuli retrieved Tyrode’s solution, to assess the ZPDT (41). Control sibling
from the oviductal ampullae were treated with 0.1% hyalu- oocytes were allowed to age in culture in M16 without
ronidase (w/v) in M2 medium (Sigma) for-B min at 37 L-NAME. Oocytes from either group were then fixed in
°C. Oocytes were subsequently denuded to remove allfreshly prepared 4% paraformaldehyde at 32 following
cumulus-corona cells with a narrow bore pulled glass Pasteurtaxol treatment.
pipet, thoroughly rinsed in M2 medium, inspected to rule  Experiment Set 2: Exposure to the NO Samager Oxy-
out abnormal morphology, and kept ready in M16 medium hemoglobin Hemoglobin (10 mg) was dissolved in 0.1 M
(Sigma) pre-equilibrated with 5% GQn air at 37°C in a phosphate buffer at 37C. Then, 1 mg of sodium dithionite
common pool before randomly assigning into test and control was added to the solution and passed through a PD-10
groups according to the experiment sets. Sephadex G-25 column (Amersham Biosciences). Concen-
Taxol Treatment, ZP dissolution, and Tubulin and Cortical tration of the eluent was measured, and dilutions were made
Granule StainingTaxol 1 mM stock solution was prepared accordingly to adjust the final concentrations to8@ and
in DMSO and stored at-20 °C. Just prior to experiments, 100 uM.
it was diluted with M2 medium containing 10% fetal bovine Experiment Set 3: Exposure to Guanylyl Cyclase Inhibitor
serum (FBS, Life Technologies) to a working concentration (ODQ).The NO-sensitive soluble guanylyl cyclase inhibitor,
of 10 uM. Taxol treatment and tubulin staining was ODQ, was prepared as a 10 mM stock solution in DMSO
performed by the technique previously used by Goud et al. and stored at-20 °C. Young and relatively old oocytes were
(19). This process was followed by zona pellucida dissolution exposed to ODQ (0.1, 1, 100, and 1Q@@ and controls at
time determination, fluorescence immunocytochemistry for 37 °C, and 5% C@, for 3 h,n = 155). The ODQ desired
o-tubulin, and cortical granule staining with rhodamine- concentrations were selected on the basis of previous related
conjugated lens culinaris agglutinid@, 41). The oocytes  studies 43). Subsequently, test and control oocytes were
were thoroughly rinsed once again with the PBS TX 0.3% rinsed and subjected to acidified Tyrode’s treatment for ZP
BSA solution prior to mounting in Vectashield with DAPI  removal and fixation in 4% paraformaldehyde at 32
(Vector Laboratories), which contained,@ diamidino-2- following taxol treatment.
phenylindole (DAPI), a fluorescent chromatin stain. The  Experiment Set 4: Exposure to cGMP-Dependent Protein
oocytes were stored in glass chambers in the mountingKinase Inhibitor.The young and old oocytes were exposed
medium at 4°C until processing with confocal microscopy, to increased concentrations of the inhibitor (e.g., 400, 800,
image processing, and 3-D reconstructions (LSM 310; Carl and 1000uM (44)). It was prepared as stocks of 10 mM
Zeiss Inc., Thornwood, NY). dissolved in water and stored in the20 °C. The test and
Confocal Microscopy, Assessment of Microtubules, and control were incubated for 3 h, rinsed and subjected to
Cortical Granules. The cortical granules were stained acidified Tyrode’s treatment for ZP removal and fixation in
fluorescent red, which was distinct from the fluorescent green 4% paraformaldehyde at 3C following taxol treatment.
staining of the microtubules (MT) and fluorescent blue  Experiment Set 5: Exposure to 8-Bromoguanosing -3
staining of chromosomes. Individual treated and control Cyclic Monophosphatelhe cGMP derivative 8-bromogua-
oocytes from diabetic and nondiabetic mice were closely nosine 3 5'-cyclic monophosphate (8-Br-cGMP) was pre-
examined for spindle/ooplasmic microtubules and cortical pared as stockfd M in DMSO and stored at20°C. The
granule status. The ooplasmic MT dynamics in response toyoung and old oocytes were exposed to either 1 or 20 mM
taxol were evaluated and graded into the following three 8-Br-cGMP in M16 medium (37C, 5% CQ, for 3 h).
categories of microtubule dynamics, namely, minimal or Exposure to 8-Br-cGMP was done in two subsets of
negligible, moderate, and markedly increased, using theexperiments. In the first subset, the test and control oocytes
criteria described before4{, 42). Similarly, the cortical were rinsed and subjected to taxol treatment and acidified
granule status in each oocyte was categorized as intact CGTyrode’s treatment for ZP removatl), followed by fixation
minor CG loss, and major CG losé]( 42). The categoriza-  in 4% PFA at 37°C. In a second subset of experiments,
tion of oocytes on the basis of MT and CG status was young and relatively old oocytes exposed to 8-Br-cGMP and
performed by an independent observer blinded to treatmenttheir sibling untreated control oocytes were fixed in 4% PFA
group assignment, who used comprehensive evaluation ofwithout taxol treatment and processed for tubulin and
the individual optical sections and the 3-D reconstructed chromatin staining. Oocytes from subset 1 were subjected
images. to the study of ZPDT, OMD, and CG status, whereas in

) subset 2, the oocytes were studied for spindle and chromatin
Aim I: Study of the cGMP Pathway in Oocytes from the  morphology (9, 41).

Nondiabetic B6D2F1 Mice Experiment

Set 1: Exposure to L-NAMEThe NOS inhibitor, L-
NAME was prepared as stocks of 1 mM dissolved in distilled
water and stored at20 °C. Young (group An = 53) and Oocytes were retrieved from superovulated ALS/LtJ
old oocytes (group Bn = 58) retrieved as described above diabetic and B6D2F1 nondiabetic control mice at 13.5, 16,
were exposed to L-NAME in M16 medium (0, 1, 10, and and 18 h after hCG treatment (groups A, B, and C,

Aim II: Comparison Between Oocyte Aging in Diabetic
ALS/LtJ and Nondiabetic Mice
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respectively;n = 83). Oocyte aging phenomena, namely,
ZPDT, OMD, and CG status, were judged using above-

mentioned methods. Comparisons among the groups, and 100+

between ALS/LtJ diabetic and B6D2F1 nondiabetic mice
were done using the appropriate statistical tests given below.

Aim lll: Study of NO-Mediated Signaling in Oocytes
from ALS/LtJ Diabeticersus B6D2F1 Nondiabetic Mice

Oocytes were retrieved at 16 h after hCG from supero-
vulated ALS/LtJ diabetic and B6D2F1 nondiabetic mice and
were exposed to the following treatments€ 161): (1)
SNAP (1004M, 0.11xM/min NO), (2) L-NAME, (3) ODQ,
and (4) 8-Br-cGMP using methods described in Aim 1.
Oocyte aging phenomena of ZPDT, OMD, and CG loss were
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Ficure 1: ZPDT of L-NAME treated and untreated young and
relatively old oocytes. A box and whiskers plot representing the

then evaluated and compared between oocytes from diabetiZPDT of young (group A) and relatively old oocytes (group B)

ALS/LtJ and nondiabetic B6D2F1 mice using the appropriate
statistical tests given below.
Statistical TestsStatistical analysis was performed using

exposed to L-NAME (1, 10, and 10QM) and untreated controls.
A significant increase in ZPDT was noted in group A (young
oocytes) exposed to 10 and 106M L-NAME (P = 0.039 and
<0.0001, respectively) and in group B (relatively old oocytes)

SPSS version 11.0 (SPSS Inc., Chicago, IL). The frequencyéxposed to 1, 10|: an<d 10QeM L-NAME compared to that of
data in each test and control subgroup were analyzed using €SPEctive controlsi( < 0.0001).

chi square tests. Frequencies of microtubule dynamics and

CG status as well as spindles in individual subgroups with
various exposures within groups young and relatively old
were compared to their respective sibling control oocyte

1B). Interestingly, the ZPDT of young oocytes exposed to 1
mM L-NAME were comparable to unexposed control
oocytes from group B (Figures 1A and B).

subgroups using Fisher's exact test. The data on zona AN analysis of the microtubule dynamics in oocytes
pellucida dissolution timings were compared between test ©xPosed to L-NAME versus controls showed no differences

and control subgroups using the student’s unpatresbt. in those with minimal or moderate microtubule dynamics.
Differences in ZP dissolution timings among subgroups Nonetheless, there was a significant increase in oocytes with
exposed to individual concentrations were analyzed using Markedly increased microtubule dynamics in group A, which

one-way ANOVA and the StuderNewman-Keuls post- ~ Were exposed to L-NAME at 1 mM concentration, and at
hoc test. Where appropriate, raw data underwent log all concentrations studied in group B compared to controls

transformation prior to statistical analysis. Data were rep-
resented as meah SD. Significance was defined & <
0.05.

RESULTS

Aim I: Study of the cGMP Pathway in Oocytes from
Nondiabetic B6D2F1 MiceA total of 830 oocytes retrieved
at 13.5 (youngh = 406) and 17.5 h (relatively oldh =
424) were utilized in five experiment sets, of which the fifth

experiment set (8-bromo-cGMP) comprised two subsets. The ‘
fgmong young oocytes, major CG loss occurred among

experiments included oocytes exposed to an individual agen
(n = 559) as well as unexposed control sibling oocytes (

(Figure 2).

Oocytes from group A that were exposed to L-NAME
showed no difference in CG status at 1 and«l However,
significantly fewer oocytes from group A exposed to
L-NAME had intact CG P = 0.003). On the contrary, in
group B, among the oocytes exposed to L-NAME apM0
and 1 mM, significantly fewer oocytes had intact CG.
Likewise, old oocytes also showed a significant increase in
the incidence of oocytes with major CG loss after exposure
to all of the above concentrations of L-NAME. However,

L-NAME-exposed oocytes at 1 mM concentration (Figure

= 271). The numbers of oocytes in each experiment set andz)' _
concentrations of individual agents as well as the outcomes EXxposure to Oxyhemoglobim group A, young oocytes

studied are presented in Table 1.

Exposure of Young and Old Oocytes to L-NAN&peri-
ment set 1 included young (group A= 53) and relatively
old oocytes (group Bn = 58). Of these, 56 oocytes exposed
to L-NAME were compared to corresponding sibling unex-
posed control oocytesi(= 35). In young oocytes exposed
to L-NAME, the ZPDT did not show any difference between
the exposed versus unexposed control oocytes aMl

exposed to oxyhemoglobin at:Bv showed no significant
differences in ZPDT, OMD, or the CG status. However, a
significant increase was noted in ZPDT among oocytes
exposed to 10(tM oxyhemoglobin P < 0.001). Also in
group A, a small increase in oocytes with markedly increased
microtubule dynamics was noted at 1001 (0 vs 27.3%),
which, however, was not statistically significant.

In group B, oocytes exposed to both 5 and 480showed

concentration. Nonetheless, a small but significant increasean increase in ZPDTR < 0.0001) and OMD R = 0.027

in ZPDT was noticed at 1M (P = 0.039), which became
highly significant at 1 mM concentratiof?(< 0.0001, Figure
1A). In contrast, relatively older oocytes from group B
showed a highly significant increase in ZPDT at all
concentrations studied (< 0.0001), indicating their higher
sensitivity to L-NAME compared to that of group A (Figure

and 0.001 at 5 and 1Q@M, respectively; Figure 3). Similarly,

a significant decrease in the numbers of oocytes with intact
CG (5uM, P=10.012; 10QuM, P = 0.003) and a significant
increase in oocytes with major CG loss were observed among
oocytes in group B exposed tqd/ (P = 0.027) as well as
100 uM oxyhemoglobin P = 0.001).
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L-NAME opM 1M 10 uM 1mM

Young
oocytes

Relatively
Old ococytes

Ficure 2: Fluorescence photomicrographs of oocytes stainedxftubulin (FITC, green) and CG (rhodamine, red) after exposure to
different concentrations of L-NAME followed by taxol treatment. An increase in ooplasmic microtubule dynamics is notable in the form
of increased free microtubules and asters #Band F—H compared to that in young oocytes (A) in the presence of increasing L-NAME
concentrations (1, 10, 10QaM). Controls of relatively old oocytes (E) show moderately increased microtubules. Also notable are intact
cortical granules (CG) along the oocyte periphery in A, B, C, and E. Minimal CG loss is noted in F and G, and a major CG loss is observed
in D and H. Original magnification: 400600x; average oocyte diameter is-780 um.

Group A Groun B of increased OMD was also seen in the form of increased
(Young) (Relatively Old) size and numbers of microtubular asters arising from the

microtubule organizing centers (MTOC, Figure 4). The
young (group A) and relatively aged oocytes (group B) also
showed a major CG loss at 10M/1 (group A, P = 0.005;
group B,P =0.021) and 1 mM ODQ (group A2 = 0.004;

. group B,P = 0.038). Similarly, fewer oocytes bearing intact

CG were observed among those exposed to ODQ aulD0

. OMD . OMD OMD (group A,P = 0.006; group BP = 0.009) and 1 mM (group
Minimal Moderate Marked A, P =0.004; group BP = 0.019).

Exposure to cGMP-Dependent Protein Kinase Inhibitor.

In groups A and B, significant increases in ZPDT and OMD
as well as CG loss were seen among oocytes exposed to
800uM and 1 mM cGMP PKI. Nonetheless, the increase in
these parameters was smaller at 4@ concentration,
0 significant only for ZPDT in group BF < 0.01). Oocyte
0 5 100 0 5 100

treatment with the peptide brought about a significant

- S
[ -

OMD (%)

>
5

&
=

CG STATUS (%)

Oxyheamoglobin (uM) .elevation.in microtubule turnover (OMD), as seen from an
increase in the numbers of oocytes with markedly increased
E Intact .Mcl)l;?al [] Mc?;'s(ed OMD (group A, 800uM, P = 0.048; 1 mM,P = 0.001;

group B, 800uM, P = 0.001; 1 mM,P < 0.0001) and a
Ficure 3: Effect of oxyhemoglobin treatment on young and decrease in those with minimal OMD (group A, 8081, P
relatively old oocytes. A composite of bar charts, ooplasmic ! !

microtubule dynamics, and CG status in young (group A) and = 0.009; 1 mM,P < 0.0001; group B, 80@M, P = 0.031;
relatively old oocytes (group B) after exposure to oxyhemoglobin 1 mM, P = 0.028). Similar results were also noted with

©, d5vcagd(|100“\")- A sli)g?ificant increase in ?lMD (tu%per pa“e'zh regard to CG status because more oocytes exposed to cGMP
an ower pane 0SS was prominen notea amon e . .
oocytes from gro%p B. P y g PKI had major CG loss in group A (8QeM, P = 0.002; 1

mM, P < 0.0001) and group B (80@M, P = 0.020; 1 mM,

Exposure to Guanylyl Cyclase Inhibitor (OD@ocytes P = 0.007; Figure 5). . .
from groups A and B both showed significant alterations in ~ Exposure to 8-Bromoguanosine:3-Cyclic Monophos-
the aging phenomena of ZPDT, OMD, and CG loss on phate Exposure to the cGMP derivative significantly de-
exposure to ODQ. The ZPDT showed a progressive increasecreéased the ZPDT in both group A and B. This effect was
with increasing concentrations of ODQ in both groups, A observed at both concentrations studied, namely, 1 and 20
and B (data not shown). However, OMD and CG loss MM, respectively P < 0.0001 for all; Figure 6A and B).
increased at higher concentrations. An increase in OMD wasAmong the oocytes studied for OMD, group A had signifi-
noted in group A, as assessed by higher numbers of oocytesantly higher numbers of oocytes with minimal OMD and
with markedly increased OMD (1Q&M, P = 0.001; 1 mM, significantly lower numbers of those with moderate OMD
P < 0.0001) and lower numbers of oocytes with minimal at both 1 and 20 mMR = 0.005). There was no difference
OMD (100uM, P=0.001; 1 mM,P = 0.002). The hallmark  in the response to 1 and 20 mM 8-Br-cGMP. However,
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oba 0pM 1uM 10uM 100uM 1mM

W
-
Ficure 4: Effect of sGC inhibitor, ODQ, on young and relatively old oocytes. A composite of photomicrographs reveals optical sections
from young (B-E) or relatively old (G-J) oocytes treated with different concentrations of ODQ (1, 10, 100, and 40T he oocytes
were stained for-tubulin with antibody (FITC, green), rhodamine-conjugated lens culinaris agglutinin (LCA, red) and DAPI (blue) for
microtubules, CG, and chromatin, respectively. The oocytes represented in the composite show enhanced microtubule dyiaamds (B

G—J) compared to that of the control young (A) and relatively old oocytes (F). See text for further details. Original magnification
400-600x; average oocyte diameter is#80 um.

cGMP Kinase 1mM
Inhibitor OpM 400 kM

Young
oocytes

Relatively
old oocytes

Ficure 5: Fluorescent photomicrographs depict young and relatively old oocytes treated with different concentrations of cGMP kinase
inhibitor. An increase in microtubule activity is noted in the young oocytes@Band the relatively old oocytes {FH) after exposure to
increasing concentrations of cGMP kinase inhibitor (400, 800, and ZPDOBlue (DAPI) depicts the chromatin, red (rhodamine) the CG,

and green (FITC) the microtubules. Control young and relatively old oocytes are depicted in optical images A and E, respectively. Original
magnification= 400—600x ; average ooxyte diameter is 780 um.

oocytes from group B exposed to 8-Br-cGMP showed a Aim Il: Comparison Between Oocyte Aging in Diabetic
significant increase in the numbers of oocytes with minimal ALS/ LtJ and Nondiabetic Micén total, 83 oocytes from
OMD (P < 0.0001). A corresponding significant decrease ALS/LtJ and B6D2F1 mice, retrieved at 13.5, 16, and 18 h
in the numbers was also seen in the proportion of oocytespost-hCG, were used to study and compare the aging
with marked OMD in group B at both concentrations studied phenomena of ZPDT, OMD, and CG loss. The response
(P < 0.0001; Figure 7). to superovulation with PMSG and hCG was lower to a
Among the oocytes studied for CG status, oocytes from certain extent in diabetic mice as seen from significantly
group A did not reveal significant differences despite lower numbers of oocytes retrieved per animal compared
exposure to 8-Br-cGMP at either 1 or 20 mM. Nonethe- to that from nondiabetic mice at all post-hCG intervals
less, the oocytes from group B showed a significant in- ([36 from 5] 7.2 vs [47 from 2] 23.5 per animal, respectively;
crease in oocytes with intact CG and a corresponding P < 0.05). Furthermore, oocytes from diabetic animals
significant decrease in those with major CG loss at 1 mM displayed a significant increase in the occurrence of aging
(P < 0.0001) and 20 mM of 8-Br-cGMHAP(= 0.001; Figure phenomena.
7). The ZP dissolution time in oocytes from ALS/LtJ diabetic
In the second subset of experiments, oocytes exposed tanice was similar to those from nondiabetic B6D2F1 mice
8-Br-cGMP showed a significant decrease in the spindle andin group A. However, the ZPDT increased significantly with
chromatin abnormalities (6.4 and 6.7% at 1 and 20 mM, postovulatory aging in oocytes from both diabetic and
respectively, vs that of control®, = 0.044). Oocytes with nondiabetic mice. Thus, oocytes from diabetic mice exhibited
normal and abnormal spindle morphology after exposure to significantly increased ZPDT in groups B and C (Figure 8A,
8-Br-cGMP in old oocytes are shown in Figure 7. P < 0.0001). Moreover, the increase in ZPDT with posto-
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Ficure 6: A box and whiskers plot representing the ZPDT of young
(group A) and relatively old oocytes (group B) exposed to cGMP
and controls. (A) In group A, a significant decrease in ZPDT was
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with markedly increased OMDP( < 0.0001). However,
diabetic ALS/LtJ mice also displayed significantly fewer
oocytes with intact CGR = 0.028) and significantly more
oocytes with minimal and marked CG loss, respectivély (
< 0.0001, Figure 8C).

Aim lll: Study of NO-Mediated Signaling in Oocytes from
ALS/LtJ Diabetic Versus B6D2F1 Nondiabetic Mibethis
series of experiments, oocytes retrieved from ALS/LtJ
diabetic mice and B6D2F1 nondiabetic mice at 16 h post-
hCG, were exposed to the NO donor, SNAP, the NOS
inhibitor, L-NAME, the GC inhibitor, ODQ, or the cGMP
derivative, 8-Br-cGMP. Oocyte aging was assessed by
determining the ZPDT, OMD, and CG status in exposed
oocytes and controls.

noted in young oocytes exposed to 1 and 20 mM cGMP compared Among oocytes that were unexposed to any of the above

to that in respective untreated control®(* 0.0001). (B) In group
B, relatively old oocytes exposed to 1 and 20 mM cGMP were
compared to their respective untreated controP® € 0.0001).

vulatory age was significantly higher in diabetic versus
nondiabetic miceK = 23.7,df = 2, 77;P < 0.0001).

The oocytes from diabetic ALS/LtJ mice and B6D2F1
mice, however, differed in OMD in groups A and B. In group
A, the diabetic mice had significantly fewer oocytes with
minimal OMD and significantly more oocytes with moder-
ately increased OMDR = 0.001, Figure 8B), whereas, in
group B, diabetic mice had significantly fewer oocytes with
minimal and moderate OMD but significantly more oocytes

Effect of cGMP on the Qocyte Microtubule Dynamics

20 mM

cGMP

Group A
Young
oocytes

Group B
Relatively
old oocytes

Effect of cGMP on the Oocyte Spindle Integrity

cGMP 0 mM

Group B
Relatively
old oocytes

1mM

agents, a significant increase in ZPDT was noted in diabetic
ALS/LtJ oocytes versus nondiabetic B6D2F1 mide £
0.01). Exposure to SNAP caused a significant decrease in
ZPDT in oocytes from both diabetic versus control nondia-
betic mice P = 0.01). However, the extent of this protective
effect of SNAP was similar between the diabetic and
nondiabetic mice. Exposure to L-NAME increased the ZPDT
in diabetic as well as nondiabetic mice. However, the increase
was significantly accelerated in diabetic mice compared to
that in nondiabetic miceR = 0.009). The oocytes from
diabetic mice were, therefore, more sensitive to L-NAME
in this regard than nondiabetic mice (Figure 10).

Effect of cGMP on the Oocyte Cortical Granules

1 mM 20 mM

20 mM

Ficure 7: Fluorescence photomicrographs of oocytes stainedfimbulin (FITC, green), chromatin (DAPI, blue), and cortical granules
(rhodamine, red) after exposure to 8-Br-cGMP. The upper panel shows a decrease in microtubules is observed in both young and relatively
old oocytes treated with 8-Br-cGMP (1 and 20 mM) despite taxol treatment. Treated young oocytes (B and C) and relatively old oocytes
(E and F) display negligible MT compared with that of the young control (A) and old control (D). Similarly, control young oocyte (G)
displays some CG aggregation and exocytosis (arrowhead points to exocytosis), whereas, a control relatively old oocyte (J) displays CG
loss (twin arrowheads). Oocytes exposed to 8-Br-cGMP (H, I, K, and L) have an intact rim of CG along the periphery, barring the CG-free
domain in the spindle zone. The CG was stained with rhodamine-conjugated lens culinaris agglutinin. The lower panel shows oocytes that
were either untreated control oocytes from group B (M), or those treated with 1 mM (N) or 20 mM (O) 8-Br-cGMP. Intact spindles are
visualized in N and O. However, the control relatively old oocyte (M) depicts displacement of chromosomes (arrowhead) from the metaphase
plate (DAPI, blue). Original magnificatiosr 400—-600x; average oocyte diameter is-#80 um.
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Ficure 8: Bar charts depicting ZPDT (s) (A), OMD, and CG status.
Among oocytes obtained from nondiabetic mice (B) and diabetic
mice (C) 13.5, 16, and 18 h post-hCG, (A) ZPDT shows significant
increase at 16 and 18 h in oocytes from diabetic mice (* ,P*
0.0001)). Also, the percent ZPDT increase with postovulatory age
was significantly higher in the oocytes from mice with diabetes
mellitus (DM) versus that in nondiabetic mice (CONH € 23.7
df=2, 77;P < 0.0001). (B) The bar chart represents the percentage
of oocytes with minimal, moderate, or marked OMD. Significantly
higher numbers of oocytes displayed minimal OMD in nondiabetic
vs diabetic mice at 13.5, 16, and 18 h post-hG&G< 0.0001),
whereas the oocytes with markedly increased OMD were signifi-
cantly higher in the oocytes from DM compared to those from
nondiabetic animald < 0.0001). Similarly, oocytes bearing intact
CG were significantly higher and CG loss was lower in oocytes
from nondiabetic mice versus diabetic mice.

An assessment of OMD and CG status revealed signifi-
cantly lower numbers of oocytes with minimal OMD and
intact CGs. Significantly higher numbers of oocytes with
markedly increased OMD and CG loss were observed in
diabetic mice compared to those in nondiabetic mice.

Biochemistry, Vol. 45, No. 38, 20061373

However, the exposure of SNAP significantly decreased
oocytes with moderate and markedly increased OMD and
increased CG loss. L-NAME exposure led to the opposite
effect with significantly increased numbers of oocytes with
increased OMD and CG loss in diabetic and nondiabetic
mice. Nonetheless, the effect of L-NAME was augmented
in diabetic mice as seen from the significant percent change
in oocytes with increased OMD and CG loss, compared to
that in nondiabetic B6D2F1 miceé € 2.9,df =1, 19;P =
0.009; Figure 10).

Exposure to the GC inhibitor, ODQ, increased the aging
phenomena of ZPDT and OMD as well as CG loss in oocytes
from diabetic and nondiabetic mic® (< 0.000). Signifi-
cantly more oocytes exposed to ODQ had markedly increased
OMD and CG loss compared to those of unexposed control
oocytes in both diabetic and nondiabetic control oocytes
(Figures 9 and 11).

Exposure to 8-Br-cGMP resulted in significantly lower
ZPDT (P < 0.0002, significantly more oocytes with minimal
OMD and intact CGs, and significantly fewer oocytes with
markedly increased OMD and CG loss in both diabetic ALS/
LtJ and nondiabetic B6D2F1 mice. Nevertheless, the effect
of 8-Br-cGMP was seen only a20 mM concentrations in
diabetic mice, whereas the same was observed at 1, 10, and
20 mM concentrations in nondiabetic mice (Figures 9 and
11).

DISCUSSION

Metabolic derangements prevailing around conception
significantly increase the risk of spontaneous miscarriages
and congenital malformations in females with diabetes
mellitus. Even more interesting is the concept of oocyte
dysfunction in diabetic subjects because oocytes have the
machinery to modulate/program the genes crucial for devel-
opment #5). However, the pathophysiologic mechanisms
in DM that lead to embryonic abnormalities are unclear.
Nonetheless, free radicals have emerged as major players
in diabetic pathophysiology with involvement in a plethora
of reactions that could affect oocytes and embryos, just
as other tissues/organs do in DM. Among these, the role
of NO is particularly under scrutiny, and diminished NO
may be implicated in complications related to D¥6(-49).

We recently demonstrated that NO delays oocyte aging
and improves the integrity of the microtubular spin-

dle apparatus 41). Thus, understanding the conse-

guences of NO loss on oocyte viability and identifying the

conditions in which NO regulation contributes to oocyte

aging are topics of considerable interest and potential
importance.

Our current results clearly demonstrate that oocytes in DM
are more vulnerable to aging than those from the matched
controls, as judged by the significantly increased ZPDT,
OMD, and CG loss in oocytes. Similarly, supplementation
with NO significantly prevented oocyte aging in both diabetic
and nondiabetic animals. An increase in>Céevel is a
hallmark of oocyte aging. Because NO-mediated cGMP
accumulation prevents oocyte aging, a decreaseih ieeel
akin to the vascular smooth muscles may also occur in
oocytes. These processes can prevent calmodulin kinase
activation and consequent cyclin ubiquitation. Likewise,



11374 Biochemistry, Vol. 45, No. 38, 2006 Goud et al.

B6D2F1 DM ALS/LtJ DM ALSILTJ DM ALS/LtJ
Control Control SNAP (100 pM) L-NAME (1 mM)

(In

G

DM ALS/LtJ 1mM cGMP 10 mM cGMP 20 mM cGMP
Control

()

DM ALS/LtJ

Control 100 pM 1000 pMm

oDaQ opQ

Ficure 9: Effect of SNAP, L-NAME, cGMP, and ODQ in oocytes from diabetic mice. (I) Fluorescence photomicrographs of the oocytes
stained foro-tubulin with antibody (FITC, green), rhodamine-conjugated lens culinaris agglutinin (LCA, red), and DAPI (blue). (I-A)
Oocytes exposed to 1M taxol for 5 min prior to fixation in normal B6D2F1 mice oocytes. (I-B) Exposure tadlDtaxol for 5 min prior

to fixation of the ALS/LtJ mice oocytes. A significant enhancement of the OMD is seen in oocytes from DM mice compared to that of the
healthy mice. (I-C) Exposure to 1QMM of NO donor S-nitroso acetyl penicillaminéSNAP, estimated NO release 0.23 uM/min,) for

3 h. NO supplementation in oocytes retrieved at 16 h post-hCG from DM mice resulted in a significant diminution in OMD and CG
exocytosis compared to those of untreated control oocytes from DM mice (I-B). (I-D) Exposure to 1mM L-NAME followed by taxol
treatment. An increase in ooplasmic microtubule dynamics is notable in the form of increased free microtubules. (Il) Fluorescence
photomicrographs of oocytes after exposure to 8-Br-cGMP. Diabetic oocytebl)(&re treated with 1, 10, and 20 mM 8-Br-cGMP,
respectively. There is a definite decrease in the OMD of diabetic oocytes with the treatment with 8-Br-cGMP at concentrations of 10 and
20 mM. There is no effect of the 1mM 8-Br-cGMP in diabetic oocytes. Oocytes from DM mice show moderately increased microtubules
in the untreated control oocytes compared to those in the 8-Br-cGMP treated oocytes. (lll) Composite of photomicrographs revealing
optical sections from (I-K) oocytes treated with different concentrations of ODQ (100 and @@D0The oocytes represented in the
composite show enhanced microtubule dynamics in the form of asters compared to that of the untreated diabetic oocytes. Original magnification
= 400-600«; average oocyte diameter is 780 um.

cGMP may prevent the phosphorylation of tyrosine and known to occur in different tissues in DM and are impli-
threonine residues in cdc-2 kinase (MPF), and both of thesecated in the pathogenesis of diabetes-related complications.
events prevent MPF inactivation due to aging. Goto—Kakizaki rats were found to produce less NO in aortic
A working model that incorporates our current findings tissues due to NOS uncoupling7j. Similarly, eNOS mRNA
with NOS, GC, and G-kinase cycles is shown in Figure 12. levels in diabetic db/db mouse aortic endothelial cells were
In this model, NOSs are homodimer enzymes that require reduced by 60% compared to that in control C57BL/6J mice
FMN, FAD, H,B, calmodulin (CaM), and NADPH to convert  (48).
L-Arg and molecular @to citrulline and NO 84, 35) (Figure Soluble guanylate cyclase is the only known receptor for
12A). Both L-Arg and HB play a crucial role in NOS  NO characterized so fars4, 55). It is a heterodimeric
coupling, and their deficiency allows the enzyme to generate hemoprotein composed of and-subunits and catalyzes
Oz~ instead of NO $0—53). L-NAME binds within the the conversion of GTP to cGMP and pyrophosphai %6,
substrate-binding site of NOS and renders electron flux 57). The ferrous heme iron is ligated to thesubunit through
through the enzyme syster() (Figure 12A). a histidine nitrogen, which forms a six-coordinate ferrous
Our results indicate that the L-NAME concentra- nitrosyl complex 87, 56, 57). The formation of such a
tions required for the induction of the aging phenomena were complex triggers a conformational change in sGC through
10?—103-fold higher in young compared to that in rela- the cleavage of the proximal histidine ligand resulting in a
tively old nondiabetic oocytes. L-NAME also accelerated five-coordinate high-spin NO adduct, which subsequently
age-related changes in diabetic animals compared to thatbecomes a free platform to catalyze the conversion of GTP
in nondiabetic controls. Because L-NAME is a NOS inhibi- to cGMP @7, 56, 57) (Figure 12B).
tor, we can conclude that oocyte aging is associated with Inactivation of sGC in both nondiabetic and diabetic mice
a depletion ofL-Arg, HiB, and/or NOS expression. This by ODQ, an inhibitor of sGC by heme oxidation, pre-
process, consequently, leads to a decrease in endogenougenting NO-mediated stimulation resulted in enhanced tu-
NO bioavailability. Indeed, decreased levels of NO are bulin polymerization with an increase in microtubule turnover
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Ficure 10: Bar charts depicting the OMD (A) and the CG status
(B) among oocytes from nondiabetic mice and diabetic mice
exposed to the NO donor SNAP and the NOS inhibitor L-NAME.
Exposure to L-NAME resulted in a significant increase in the OMD
and CG lossP = 0.01). Exposure to SNAP resulted in a significant
improvement in the OMD and the CG status as seen from the
significantly higher numbers of oocytes bearing minimal OMD and
intact CGs P = 0.009).

in the ooplasm and augmented CG loss. Likewise, similar
results were noted in conjunction with NO inhibition/
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Ficure 11: Compilation of bar charts depicting the ooplasmic
microtubule dynamics and cortical granule status among oocytes
exposed to the cGMP derivative 8-Br-cGMP and the NOS inhibitor,
ODQ. (A) Similar to the findings in Aim II, oocytes from
the diabetic ALS/LtJ mice revealed increased OMD and CG
loss compared to those from the nondiabetic B6D2F1 mice
(P < 0.0001). On exposure to 8-Br-cGMP, the oocytes from dia-
betic mice underwent diminution in OMD as seen from the
significantly higher numbers of oocytes bearing minimal OMD
compared to the unexposed diabetic mice. However, this effect
was significant only at 20 mM concentratiof® (< 0.0001).

(B) The CG status of the oocytes exposed to 8-Br-cGMP also
revealed a significant improvement at 20 mM concentration as
seen from the significantly higher numbers of oocytes with intact
CG and significantly fewer oocytes with CG log8 ¢ 0.0001).

scavenging experiments. These findings support the notion(cy and (D) However, exposure to ODQ resulted in a signifi-
that NO mediates sGC activation, consequently preventingcant deterioration in the OMD and CG status as seen from

oocyte aging 41). Consistent with this hypothesis, the

exposure of oocytes to 8-Br-cGMP prevented oocyte aging

and improved oocyte integrity and quality (Figure 12B).
However, a major difference in the oocytes from diabetic

significantly higher numbers of oocytes bearing marked OMD and
CG loss, and the effect was seen at both concentrations of ODQ
(P < 0.0001).

tol 1,4,5-trisphosphate (IngPinduced Ca" release by

mice was that the response to cGMP occurred only at 20 activating the cGMP-PK@2). It could also occur because

mM, whereas in nondiabetic mice, the effect of 8-Br-cGMP
in terms of delaying aging occurs at 1 mM. Thus, oocytes
obtained from diabetic mice may have suffered a cGMP
deficit due to NO deprivation despite an intact functional

of PDE Il inhibition leading to increased cAMP, which
activates cCAMP protein kinase (CAMP-PK5J)). One other
mechanism, which could explain the NO-dependent in-
hibition of C&" release, is the inhibition of IngHorma-

cGMP-dependent signaling pathway. Hence, NO treatmenttion via the inhibition of phospholipase C or phospholipase
can protect oocytes from aging to the same extent in both C-G protein receptor couplings4—66). Similarly, cGMP

nondiabetic and diabetic mice. Thus, the activation of the
NO-mediated signaling pathway is essential in maintain-
ing oocyte integrity and function. Whereas, compromise in
NO-bioavailability and perturbed cGMP signaling may
contribute to oocyte dysfunction in the form of enhanced
oocyte aging, which is particularly accelerated in DM, this
may also explain the embryo failure that occurs frequently
in DM (58, 59).

One of the critical downstream mechanisms mediating
postovulatory oocyte aging is the increase in cytosolig'Ca
that occurs because of the failure of theCpumps in the

endoplasmic reticulum (ER) and the cell membrane. Preven-

tion of this step may take place via NO-mediated regula-
tion of Ca&" release (Figure 12C). Cyclic GMP-dependent
reduction of intracellular free Cais a critical step involved

in this pathway 89, 60, 61). This decrease in intracel-
lular C&" may be secondary to the inhibition of inosi-

released through the action of NO on soluble guanylate
cyclase also regulates €arelease via ryanodine receptors
(67).

Oxidative stress is considered as a potential candidate
responsible for the initiation of aging. One of the major
sources of oxidative stress is the formation of OUnder
normal circumstances, £ is metabolized by superoxide
dismutase and other mechanisms requiring NADPH as a
cofactor. Under pathological conditions, wherérg and/
or H,B are depleted, the NOS leads to the formation gf O
instead of NO (Figure 12A). Superoxide formation (possibly
from NOS uncoupling or other sources) may also scavenge
NO, further exacerbating the oocyte aging process. Super-
oxide and HO,, a mediator as well as an intermediate
molecule produced during the metabolism of Qinduce
changes in oocyte Carelease patterns that are akin to aging
(68).
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conditions such as DM. Finally, the manipulation of NO
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Ficure 12: Model showing the role of NO and the involvement
of the cGMP pathway in oocyte aging. Panel A illustrates the NOS
catalytic cycle. In this cycle, the electron provided by NADPH first
transfers to the NOS flavins and transfers them immediately to the
NOS heme iron only when CaM binds. The NOS heme iron
reduction enables the iron to bind and activate molecular oxygen
and catalyze NO synthesis fromArg and H,B. In the absence of
L-Arg and/or cofactor BB, the reduction of NOS heme iron simply
leads to @~ generation. Panel B illustrates the GC catalytic cycle.
In this cycle, the GC-Fe(ll) ferrous binds to NO and forms a six-
coordinate ferrousnitrosyl complex. This process causes the trans
axial ligand to break, thus forming a five-coordinate GC-Fe(ll)
NO complex, which subsequently enables the enzyme to catalyze
the conversion of GTP to cGMP. Panel C illustrates the G-kinase-
induced C&" release pathway. In this pathway, the enhancement
of the cGMP level activates the cGMP-dependent protein kinase, 10
which in turn catalyzes the phosphorylation of the InsP3 receptor :
leading to C&" inhibition. C&" release inhibition leads to a delay
in oocyte aging, whereas &arelease leads to oocyte aging.
Exposing young and relatively old oocytes to L-NAME, oxyhe-
moglobin, ODQ, and a cGMP-dependent protein kinase inhibitor
all enhanced oocyte aging phenomena. In parallel, supplementation
with SNAP and 8-Br-cGMP delay oocyte aging.

11.

12.

Preventing oocyte aging is a useful approach to enhance
the fertilizability of the oocytes and the developmental
potential of the ensuing embryos, both in vivo and in vitro.
Exploration of the NO-signaling mechanism related to oocyte
physiology and aging as well as diabetes offers an
option to correct this anomaly to improve the embryo
outcome. Such an approach could be of value to enhance 14.
fertility in women in their middle 30s and beyond because
chronological aging may also be associated with enhanced
postovulatory aging 14, 69, 70). A correction of NO
insufficiency in addition to tight glycemic control prior to
pregnancy could reduce the occurrence of embryonic/fetal
abnormalities and could, thereby, improve the pregnancy
outcomes in diabetes mellitus.

In summary, the current study not only confirms our prior
findings of the role of NO in delaying oocyte aging but also
extends these observations to suggest the involvement of the 17.
cGMP pathway in this process. Furthermore, NO insuf-
ficiency could be a likely mechanism leading to enhanced g
oocyte aging that might occur under certain pathological
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