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Abstract

Although there is extensive evidence for impaired endocrine function in Wshes exposed to environ-
mental chemicals, information is currently lacking on reproductive endocrine eVects of other envi-
ronmental stressors such as hypoxia. The eVects of ten weeks exposure to low dissolved oxygen (DO:
2.7 ppm and 1.7 ppm) on reproductive morphometric and endocrine responses in female Atlantic
croaker (Micropogonias undulatus) were investigated in controlled laboratory studies, and compared
to the eVects observed in Wsh collected from hypoxic sites in Mobile Bay, Alabama. Exposure of
croaker to moderate hypoxia during ovarian recrudescence, both in the laboratory and at the Weld
sites, caused signiWcant impairment of ovarian growth as well as decreased production of fully grown
oocytes, resulting in dramatic reductions in the number of viable gametes (fecundity). Ovarian dys-
function was associated with signiWcant decreases in endocrine indicators of the estrogen signaling
pathway regulating production of vitellogenin, the yolk protein precursor sequestered by the growing
oocytes. The results indicate that reproductive morphometric and endocrine biomarkers in croaker
are sensitive to moderate hypoxia, and are potentially useful as early warning indicators of reproduc-
tive failure.
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There is mounting concern over the recent dramatic increase in the incidence of sea-
sonal hypoxia in the northern Gulf of Mexico and other coastal regions of the world due to
increased nutrient loading (Diaz, 2001). Many marine and estuarine species do not survive
prolonged exposure to hypoxic conditions (dissolved oxygen, DO, <2 ppm), whereas other
species such as Atlantic croaker (Micropogonias undulatus) appear to tolerate these condi-
tions and remain in moderately hypoxic environments if food organisms are available (Bell
and Eggleston, 2005; Eby and Crowder, 2002). However, even for these hypoxia-tolerant
species, the long term eVects of frequent and persistent exposure to sublethal low DO con-
ditions are unknown. Gonadal recrudescence is one of the most sensitive stages of the
reproductive cycle to stressors, and impairment of gametogenesis (e.g. a decrease in fecun-
dity) can have serious consequences at higher levels of biological organization on the main-
tenance of population size. Therefore, the eVects of chronic laboratory and Weld exposure
to moderate hypoxia on reproductive endocrine function in female Atlantic croaker during
the period of oocyte and ovarian growth (exogenous vitellogenesis) were investigated.

Adult one-year old female croaker, collected with a trawl, were transferred to nine 2000
L-recirculating sea water tanks (8 per tank) at the beginning of the ovarian cycle in Sep-
tember and maintained for ten weeks under ambient conditions of temperature (24 °C,
decreasing to 23 °C) and photoperiod (12L:12D, decreasing to 11L:13D), and fed commer-
cial pellets (5% body weight/day) to promote ovarian recrudescence (oocyte development
is synchronous and is completed within a 10-week period). The DO levels were lowered in
two-thirds of the tanks from 5.7 ppm (control: high DO; 80% saturation) to 2.7 ppm (mod-
erate DO, 38% saturation) or 1.7 ppm (low DO, 24% saturation) over a period of a week by
reducing tank aeration. DO concentrations were monitored continuously with oxygen
meters and air Xow adjusted when necessary to maintain DO levels within 0.02 ppm of the
target concentrations. Water quality (ammonia, pH) was maintained and the Wsh contin-
ued feeding under these experimental conditions. At the end of the ten-week exposure
period the ovaries had fully recrudesced in the control group (80% DO saturation), with a
mean gonadosomatic index (GSI) of »15, whereas ovarian growth was signiWcantly
decreased in a concentration dependent manner in the groups exposed to medium DO
(mean GSI 6.9) and low DO (mean GSI 3.9, Table 1). Ovarian growth is primarily due to
the sequestration of the yolk precursor protein, vitellogenin, by the growing oocytes under

Table 1
EVects of chronic exposure to hypoxia in the laboratory on reproductive and endocrine function in female Atlan-
tic croaker

All measurements are mean § SEM. All data were analyzed using one-way analysis of variance (ANOVA) fol-
lowed by Fisher’s PLSD test.

a GSI D (gonad weight/body weight) £ 100.
b Arbitrary units.
¤ p < 0.05, compared to 80%.

¤¤ p < 0.0002, compared to 80%.

Parameter N Oxygen saturation

80% 38% 24%

GSI (%)a 8 15.17 § 1.23 6.86 § 1.63¤ 3.93 § 1.13¤¤

Estradiol-17� (ng/mL) 8 5.78 § 0.77 3.45 § 0.79¤ 0.821 § 0.22¤¤

Estrogen receptor mRNAb 8 54.61 § 3.51 22.65 § 5.67¤¤ 22.68 § 4.95¤¤

Vitellogenin (�g/mL) 8 1439 § 127 1119 § 154 487 § 154¤¤
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the inXuence of gonadotropin. Hepatic vitellogenin production in turn is regulated by
estradiol-17� through its regulation and activation of the estrogen receptor, ER� (Khan
and Thomas, 1998). Therefore, we investigated whether the diminished ovarian growth
observed after exposure to hypoxia was associated with disruption of the estrogen signal-
ing pathway regulating vitellogenin production. Circulating levels of estradiol-17� mea-
sured by radioimmunoassay were signiWcantly lower in the moderate and low DO groups
compared to controls and this correlated with decreased hepatic expression of ER�
mRNA as measured by RT-PCR (Hawkins et al., 2000), a key estrogen-regulated gene
controlling vitellogenin production (Table 1). Moreover, these hypoxia-induced declines in
estrogen signaling were associated with decreased circulating levels of vitellogenin mea-
sured by radioimmunoassay (Copeland and Thomas, 1989; Table 1). These laboratory
results indicate that there is a clear relationship between the decrease in plasma estrogen
levels in response to hypoxia and the subsequent signaling cascade leading to impaired
oocyte and ovarian growth. This impaired ovarian function is associated with a dramatic
decrease in the production of viable eggs (fecundity, results not shown), because only the
fully grown oocytes are capable of producing viable post-yolk sac stage larvae. Thus, endo-
crine measures of vitellogenesis are potentially useful as early warning indicators of
reduced fecundity, with possible long term population consequences.

The same suite of reproductive and endocrine responses were measured in female
croaker collected from low DO and reference sites in Mobile Bay, Alabama, in October
2004, at an earlier stage of ovarian development to further evaluate their potential as indi-
cators of reproductive output. A similar pattern of reproductive dysfunction was observed
in croaker collected at hypoxic Weld sites to that observed in the laboratory study. DO was
measured one meter from the bottom where the croaker congregate. DO was monitored
continuously over several weeks and single measurements were also taken at the time of
collection using oxygen meters (YSI 600 XLM multi-Parameter Water Quality Monitor).
Gonadal growth (GSI) was signiWcantly reduced in croaker collected at the two hypoxic
sites (A&B; DO below 2.5 ppm from July-September and variable in October) in compari-
son to those from the normoxic sites (C&D; DO usually »5 ppm from July to October,
Table 2). The decrease in GSI at the hypoxic sites was associated with a signiWcant decline

Table 2
EVects of chronic exposure to hypoxia at Weld sites in Mobile Bay, Alabama on reproductive and endocrine func-
tion in female Atlantic croaker

All measurements are mean § SEM. All data were analyzed using one-way analysis of variance (ANOVA)
followed by Fisher’s PLSD test.

a GSI D (gonad weight/body weight)£ 100.
b Arbitrary units.
c p < 0.05, compared to D.
¤ p < 0.05, compared to C.

¤¤ p < 0.0001, compared to C.

Parameter N Mobile Bay, sampling sites

A (hypoxia) B (hypoxia) C (normoxia) D (normoxia)

GSI (%)a 34–41 2.83 § 0.4¤ 2.9 § 0.46¤ 4.41 § 0.56 4.34§ 0.61
Fully grown oocytes (%) 8 5.63 § 4.83¤ 7.55 § 4.15¤ 31.85 § 7.79 31.12§ 10.59
Estradiol-17� (ng/mL) 6–7 1.52 § 0.16 1.47 § 0.37 1.82 § 0.34 1.28§ 0.34
Estrogen receptor mRNAb 5–6 69.84 § 5.1c 78.73 § 4.69 78.52 § 4.82 88.4§ 3.2
Vitellogenin (�g/mL) 18–21 227.5 § 43.03¤¤ 179.6 § 43.27¤¤ 643.2 § 75.37 468.5§ 90.66
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in the production of fully grown oocytes capable of producing viable oVspring (determined
by counting the number of large vitellogenic oocytes in histological sections of ovaries) as
well as decreases in the circulating levels of vitellogenin and a trend of decreased ER�
mRNA levels at sites A and B compared to D (Table 2).

Taken together, the results of the laboratory and Weld studies demonstrate that chronic
exposure of Atlantic croaker to moderate hypoxia causes marked impairment of ovarian
growth and the production of fully grown oocytes, which in turn is associated with dys-
function of the estrogen signaling cascade regulating the production of the yolk precursor
lipoprotein, vitellogenin. Several of the reproductive endocrine responses that show a
strong correlation with ovarian growth are potentially useful as early warning indicators of
reduced fecundity and long term hazards to the maintenance of Wsh population size.
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