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Abstract
Background—Ethanol intake levels characteristic of adult males and females emerge post-
pubertally. The present set of experiments examined the consequences of pre-pubertal and adult
gonadectomies to explore whether the presence of gonadal hormones at puberty exerts
organizational influences and/or plays an activational role in age- and sex-typical patterns of
ethanol consumption.

Methods—Male and female Sprague-Dawley rats were gonadectomized (GX), received sham
gonadectomy (SH) or were left non-manipulated (NM) at one of two ages, either pre-pubertally on
postnatal day (P) 23 (early) or post-pubertally in adulthood on P70 (late). Early surgery animals
were tested for ethanol consumption either during adolescence (P28-39) or in adulthood at the
same age that late surgery animals were tested (P75-86). Voluntary ethanol consumption was
indexed using a 2 hr limited-access paradigm, with access to two bottles: one containing water,
and the other a sweetened ethanol solution.

Results—Age of GX did not impact patterns of ethanol consumption. Removal of testicular
hormones in males, regardless of age of removal, elevated consumption levels in adulthood to
female-typical levels. Ovariectomy did not have notable effects on ethanol drinking in females.
Ethanol intake and preference of early SH males was significantly greater than that of both late SH
and NM males. Removal of the gonads prior to puberty did not influence ethanol drinking or
preference during adolescence in either males or females.

Conclusions—These results suggest that testicular hormones play an activational role in
lowering ethanol intake and preference of adult male rats. Pubertal hormones, in contrast, were
found to exert little influence on ethanol drinking or preference during adolescence, although the
effect of surgical manipulation itself during development was found to exert a long-lasting
facilitatory effect on ethanol consumption in adulthood.
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Introduction
Research examining alcohol effects in humans has predominantly focused on males. Yet,
epidemiological and clinical data have shown notable sex differences in alcohol use,
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sensitivity to certain alcohol effects and propensity for abuse and dependence. For instance,
although women average fewer drinks per occasion than men (Chan, 2007; Dawson, 1993),
they have shorter intervals between the onset of drinking and the emergence of problem
drinking than men (Greenfield, 2002). Women also differ from men in their sensitivity to a
number of acute and chronic consequences of ethanol, including ethanol-induced cognitive
and behavioral impairments, and subjective intoxication (e.g., Fillmore and Weafer, 2004;
Mills and Bisgrove, 1983; Mumenthaler et al., 1993; NIAAA, 2004; Wang et al., 2003). For
example, when BECs were equated across sex, women were found to be less sensitive to
alcohol-induced impairment of inhibitory control than men (Fillmore and Weafer, 2004), but
more sensitive to alcohol-related cognitive disruptions in a divided attention task (Mills and
Bisgrove, 1983) and impairments in short- and long- term memory (Mumenthaler et al.,
1999). In addition to these acute effects, women are also more sensitive than men to long-
term consequences of drinking, with women more at risk for ethanol-induced liver disease,
heart damage and brain damage (Mann et al., 2005; Urbano-Márquez et al., 1995).

In studies using laboratory animals, modest sex differences have been observed in adult rats
and mice in tests of ethanol-induced social suppression (Varlinskaya et al., 2010), locomotor
activity (Middaugh et al., 1992), and hang-over related decreases in social behavior
(Varlinskaya and Spear, 2004). Sex differences in ethanol intake are also well-established in
laboratory rodents during adulthood, although in contrast to the typical sex difference seen
in human consumption (Chan, 2007; Dawson, 1993; SAMSHA, 2008), adult female rats and
mice drink more ethanol on a g/kg basis than adult males in a number of paradigms. This
sex difference in ethanol intake has been observed in intake tests ranging from 24 hr
continuous access (Doremus et al., 2005; Lancaster et al., 1996; Yoneyama et al., 2008) and
limited-access 2-bottle choice situations (Chester et al., 2006; Le et al., 2001; Vetter-
O’Hagen et al., 2009) to operant self-administration tests (Blanchard and Glick, 1995;
Blanchard et al., 1993). Such intake differences between the sexes are evident in outbred rats
(e.g., Doremus et al., 2005; Lancaster et al., 1996) as well as in rats and mice selected for
high or low alcohol intake (e.g., Chester et al., 2006; Le et al., 2001).

These adult-typical sex differences in ethanol intake are not reliably observed in adolescent
rodents. For instance, recent research in our laboratory has found adolescent sex differences
opposite those seen in adulthood, with adolescent male rats consuming more g/kg ethanol
than adolescent females in a limited-access paradigm (Anderson et al., 2009; Vetter-
O’Hagen et al., 2009). Sex differences in adolescents are less prevalent in continuous
ethanol access paradigms, with one report finding no differences between the sexes
(Lancaster et al., 2006), while another reported greater intake among adolescent female
relative to male rats (Truxell et al., 2007).

Similar to the developmental pattern observed among rodents, sex differences in alcohol
consumption reported in human adults likewise appear to emerge only gradually during
development. Several recent studies have reported that young adolescent males and females
between the ages of 12 and 17 show similar frequencies and quantities of alcohol use that
begin to diverge thereafter (McPherson et al., 2004; Patton et al., 2004; Substance Abuse
and Mental Health Services Administration [SAMHSA], 2008). Even among adults aged
18-25, the most recent SAMHSA report showed that frequency of current use did not differ
by sex, although men reported more heavy and binge drinking than their female counterparts
(SAMHSA, 2008). Taken together, it appears that in both humans and laboratory animals,
species-typical sex differences in alcohol sensitivity and drinking patterns tend to emerge
gradually after puberty, suggesting a possible influence of rising gonadal hormone levels on
ethanol intake (see Witt, 2007).
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Indeed, ethanol intake not only differs by sex, but also by age in both humans (Johnston et
al., 2004) and laboratory rodents, with adolescent humans drinking approximately 2 times
more alcohol per occasion than adults (SAMSHA, 2007) and adolescent rats exhibiting 2-3
fold higher ethanol consumption than their adult counterparts (Brunell and Spear, 2005;
Doremus et al., 2005). This relatively high intake typical of adolescent rats decreases
dramatically across the adolescent to adult transition For example, in a study examining the
pattern of elevated intake observed during adolescence, males showed a clearly elevated
plateau during early and mid adolescence (P28-39) followed by a sharp decline at
approximately P40 to reach intakes modestly elevated over adult-typical consumption levels,
with drinking gradually declining thereafter to reach those characteristic of adulthood by
approximately P70 (Vetter et al., 2007). Unfortunately, this study did not include females,
and what data are available are mixed as to whether adolescent female intake declines into
adulthood, with some studies reporting that adolescent males and females drink more than
adults of both sexes (Doremus et al., 2005), whereas others found no intake differences
between adolescent and adult females (Vetter-O’Hagen et al., 2009).

Traditionally, organizational sculpting of brain structure by gonadal hormone exposure was
thought to be restricted to a critical period during the prenatal and early postnatal period
(Phoenix et al., 1959). Recent evidence, however, suggests that another organizational
period for steroid-dependent organization of brain structure and behavior may occur during
adolescence, with increases in sex hormones at puberty acting to induce further
organizational influences on the brain to give rise to sexually dimorphic reproductive
behaviors, along with other sex-typical behaviors (e.g., agonistic, aggressive and anxiety-
related behaviors -- see Primus & Kellogg, 1989, 1990; Romeo et al., 2003; Schulz et al.,
2004; Schulz and Sisk, 2006). It has yet to be determined whether increases in gonadal
hormones occurring during adolescence play an organizational role in other post-pubertally
emerging adult sex-typical behaviors, such as sex differences in ethanol intake and
sensitivity.

The present set of experiments examined the consequences of pre-pubertal as well as adult
gonadectomies to assess whether the presence of gonadal hormones exerts organizational
influences at puberty and/or plays an activational role during adolescence or in adulthood on
age- and sex-typical patterns of ethanol consumption indexed via voluntary limited-access
intake tests.

Materials and Methods
Subjects

A total of 160 male and female Sprague-Dawley rats bred in our colony were used in these
experiments. On postnatal day (P) 1, the day after birth, litters were culled to 8-10 pups,
with 6 animals of one sex and 4 of the other kept whenever possible. Offspring were weaned
and pair-housed with a same-sex littermate in a temperature-controlled vivarium on a 14:10
light/dark cycle (lights on at 0700) and given ad libitum access to food (Purina Rat Chow,
Lowell, MA) and water until the onset of experimental procedures. At all times, animals
were treated in accordance with guidelines for animal care established by the National
Institutes of Health (Institute of Laboratory Animal Resources, Commission on Life
Science, 1996), using protocols approved by Binghamton University Institutional Animal
Care and Use Committee. Throughout these experiments, no more than one animal per litter
was placed into any given experimental condition.
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Experimental Design
In order to examine the influence of pubertal hormones on ethanol consumption, both male
and female animals were gonadectomized (GX) or received sham gonadectomy (SH) at one
of two ages, either pre-pubertally on P23 (early) or post-pubertally in adulthood on P70
(late). Early surgery animals were either tested shortly after surgery (i.e., during
adolescence) or in adulthood at the same age that late surgery animals were tested. Six
experimental groups from each sex were used (n=10/sex/group), for a total of 12
experimental groups: early GX, early SH, late GX, and late SH animals tested in adulthood;
early GX and early SH animals tested in adolescence. An additional control group of non-
manipulated (NM) males and females were also tested at each age (n=10/sex/age) in order to
examine the possible influence of the surgical manipulation process per se on ethanol intake.

Surgery
Two days prior to surgery, animals were rehoused with a littermate of the same age and sex
and assigned to the same surgery condition. Animals were anesthetized using isoflurane
(3-3.5% initially) and maintained at surgical levels of anesthesia throughout the surgery via
nose cone supplementation (3% repeated as necessary). For castration in males, each testis
was removed, a suture made in each tunic and in the inguinal ring (to prevent possible
herniation) and the incision closed with Vetbond tissue adhesive (3M, St. Paul, MN). For
ovariectomies, an incision was made on the dorsal side of the animal, caudal to the last rib
and through the skin perpendicular to the midline. On each side of this incision, an opening
was made in the muscle wall via blunt dissection, with the oviduct on each side sutured
proximal to the ovary, the ovary excised, and the muscle wall sutured. For sham
gonadectomies, the same procedures were followed, except that reproductive tissue was not
manipulated, nor the gonads removed. Immediately following surgery and again the
following day, animals received a subcutaneous injection of the anti-inflammatory agent
Ketofen (5 mg/kg). Following surgery, animals were returned to their home cages, with a
wire-mesh divider used to separate each housing pair for a recovery period of approximately
72 hrs. On the fourth day, the divider was removed.

Ethanol Intake Testing
The 12 days of ethanol intake testing began on the fifth day after surgery for the early GX
and SH animals tested during adolescence (i.e., P28-39) and for the late GX and SH animals
tested during adulthood (P75-86). Early GX and SH animals assigned to be tested during
adulthood were left non-manipulated after the post-surgical period until ethanol intake
testing in adulthood (P75-86). On the day before ethanol intake testing began, animals were
weighed to establish a pre-test baseline body weight prior to the initiation of water
deprivation. Animals were then water deprived for 24 hrs prior to the first 2 hr limited-
access ethanol intake session. Fifteen min prior to each session, animals in each housing pair
were separated from each other in their home cage by a mesh divider (the same divider used
post-surgically) in order to assess intakes of each animal individually. During the 2 hr
limited-access sessions, each animal was given access to two bottles: one containing water,
and the other ethanol sweetened with 0.1% saccharin at concentrations of 6% ethanol
(experimental days 1-4) and 10% ethanol (experimental days 5-12). The position of the two
bottles was alternated daily to avoid development of side preferences. Fifteen min after the
end of each day’s 2 hr access session, the divider was removed from the home cage.
Approximately 30 min after each daily access session, each pair of animals received a daily
supplemental water allocation, calculated as described below. This procedure has been
successfully used to motivate animals to drink fluids within the restricted 2 hr period in
previous studies in our laboratory (Vetter-O’Hagen et al., 2009).
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A preliminary study examining the functional effects of gonadectomy on body weight gain
of pre- and post-pubertally gonadectomized male and female rats relative to their sham
gonadectomized and non-manipulated counterparts revealed that body weights of these ad
libitum-fed and watered animals varied not only as a function of age and sex, but also across
surgery condition. Among early surgery (P23) animals, significant weight differences did
not emerge in either sex until after adolescence, with GX males weighing less than their SH
or NM counterparts and early GX females weighing more than their SH or NM counterparts
in adulthood. Similar weight differences in adulthood were observed in late GX animals,
with GX males weighing less than controls and a trend for GX females to weigh more than
controls (Vetter-O’Hagen and Spear, 2009). Using body weight data from that study, all
animals in the current study were provided with sufficient supplementary water to maintain
weight trajectories that were approximately 85% that of non-deprived animals of the
corresponding age, sex and surgery condition. To accomplish this goal, body weights of
each housing pair of animals were monitored daily and the amount of supplemental water
provided to each pair was adjusted daily by 1-3 ml in order to maintain each animal along
the pre-determined weight trajectory appropriate for each age, sex and surgical condition.
All supplemental water was fully consumed overnight before the start of the ethanol intake
session. In previous experiments using the same procedure, pair-housed animals given
supplementary water titrated in this manner each gained weight daily and maintained
appropriate weight trajectories for their age and sex throughout the experimental period
(Vetter-O’Hagen et al., 2009). Since provision of supplemental water was used to maintain
animals on the proper weight trajectory for each condition, differences in supplemental
amounts water were expected. During adolescence, as expected given the lack of group
differences in body weight at that time, analyses of variance comparing mean supplemental
water (mean ± SEMs per cage) provided across days in the GX (32.8 ± 0.3), SH (32.5 ± 0.2)
and NM (32.6 ± 0.2) groups did not differ significantly by sex or surgery condition. In
adults, consistent with the differences in weight trajectories across groups, the analysis of
variance on supplemental water (mean mls ± SEMs per cage) provided across days revealed
greater intake in GX (46.3 ± 0.4 ml) than SH (44.5 ± 0.3 ml) and NM (43.6 ± 0.7 ml)
females (F(2, 22) = 13.49, p< .01), whereas in males, GX (52.6 ± 0.4) animals received less
supplemental water than SH (54.1 ± 0.4) and NM (54.4 ± 0.4) animals (F(2, 22) = 12.65,
p< .01).

Blood samples from the tail were collected immediately following the 2 hr access session
half-way through ethanol intake testing (i.e. on day 6) for analysis of blood ethanol
concentrations (BECs). Trunk blood was collected after the last intake session (day 12) for
analysis of BEC and gonadal hormone levels (testosterone or estradiol for males and
females, respectively). Whole blood for BEC analyses and plasma for hormone assays were
stored at −80° C until the time of assay. Gonadal hormone assays were used to confirm
removal of gonadal tissue via comparison of gonadectomized groups with sham and non-
manipulated groups.

Blood Analyses
For analysis of BECs, an aliquot of blood was thawed and BECs were determined by means
of head-space gas chromatography, using a Hewlett Packard (HP) 5890 series II Gas
Chromatograph, a HP 7694E Headspace Sampler, and HP Chemstation software that
compares the peak area under the curve in each sample with those of standard curves
derived from reference standard solutions. At the time of assay, whole blood samples were
placed in airtight vials, heated in a water bath (55 °C) for 7 min, and a 1.0 ml sample from
the gas head space extracted with an airtight syringe and injected onto the column (see
Silveri and Spear, 2000).
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For analysis of testosterone and estradiol, plasma samples were thawed, and testosterone and
estradiol levels assessed via radioimmunoassay using a 125I RIA double antibody kit from
MP Biomedicals (Solon, OH), with specificities of 100% for each hormone assayed.
Testosterone assay sensitivity was 0.03 ng/ml, with inter- and intra-assay coefficients of
variation of 10.1% and 6.6%, respectively. Estradiol assay sensitivity was 7.2 pg/ml, with
inter-assay coefficients of 9% and intra-assay coefficients of 7.3%. Samples and standards
for each hormone assay were run in duplicate, using a Packard Cobra II Autogamma
Counter, with disintegrations per min averaged against a standard curve.

Data Analysis
In order to address whether gonadectomy impacted ethanol consumption, preference, BECs,
hormone levels and total fluid intake in adulthood, analyses of the data first focused on adult
test gonadectomy effects using separate 2 sex × 2 surgery condition (GX vs. SH) × 2 surgery
age (early vs. late) × 6 block (2-day blocks) repeated measures analyses of variance
(ANOVAs). Due to high variability in intake measures across days, all intake and preference
data were combined into 2-day blocks before analysis. The second set of analyses of the
adult test data focused on surgical manipulation effects on intake and preference by
comparing the adult test data from SH manipulated animals to that of NM animals using 2
sex × 3 surgical manipulation (early SH vs. late SH vs. NM) × 6 block repeated measures
ANOVAs.

In the analysis of ethanol intake, preference and total fluid data of adolescent-tested animals,
2 sex × 3 surgery condition (GX vs. SH vs. NM) × 6 block repeated measures ANOVAs
were used, with similar 2-way ANOVAs minus the repeated measure of block used in the
analysis of pre-test body weight, BEC and hormone data.

Prior to these analyses, Levene’s tests were used to test for homogeneity of variance (HV) in
each data set, with testosterone data being the only data set that violated HV assumptions
due to floor effects in both adolescent and adult GX males. Consequently, in adults,
testosterone data from GX and SH males were analyzed using the nonparametric Kruskal-
Wallis H test. Comparisons of plasma testosterone levels between SH and NM adult males
did not violate the HV assumption, thus ANOVAs were used for those comparisons. Among
adolescents, GX, SH and NM testosterone data was analyzed using the Kruskal-Wallis H
test, followed by Mann-Whitney U tests to determine significant differences between the
surgery conditions. Significant ANOVA results involving interactions with sex as a factor
were explored further using separate ANOVAs for each sex, with Fisher’s LSD tests used to
determine the locus of significant main effects and interactions. Block effects unrelated to
other variables are de-emphasized in the results.

Results
Impact of Age of Gonadectomy on Adult Assessments

Ethanol intake—The analysis of mean daily g/kg ethanol intake in adulthood revealed
significant main effects of sex (F(1, 72) = 12.35, p< .01), surgery condition (F(1, 72) = 9.9,
p< .01), and block (F(5, 360) = 25.56, p< .01), along with a significant interaction among
these three variables (F(5, 360) = 2.57, p< .05). In general, females drank more than males,
with intakes generally lowest among SH males and ethanol intake of GX males increasing
across test blocks to reach levels similar to that of females by the end of testing (Fig. 1 top
panel). When the data were analyzed separately by sex to explore sex-dependent
gonadectomy effects in more detail, GX males were found to consume more ethanol than
SH males, regardless of age of surgery [main effect of surgery condition (F(1, 36) = 10.72,
p< .05)] (see Fig. 1 top, left panel). The only effect involving surgery age was a block ×
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surgery age interaction (F(5, 180) = 3.26, p< .01), with ethanol intake greater in early than
late surgery males during the first block. Among females, no significant effects involving
surgery condition or surgical age were evident, although there was a trend (p= .07) for late
SH females to drink less than early SH females and both GX groups (see Fig. 1 top, right
panel).

Preference data—Preference scores were calculated via the formula: [((ethanol solution
intake)/(ethanol solution intake + water intake)) *100], with values >50% reflecting a
preference for the ethanol solution and scores <50% reflecting a water preference. In the
analysis of percent preference scores following early and late GX or SH surgery, main
effects of surgery condition (F(1, 72) = 10.12, p< .01) and of surgical age (F(1, 72) = 13.86,
p< .01) were tempered by interactions of these variables with block and with sex [(F(5, 360)
= 2.77, p< .05) and (F(5, 360) = 2.93, p< .05), respectively]. Gonadectomy markedly
increased ethanol preference of males to reach levels seen in GX and SH females, an effect
that emerged with the increase in preference scores seen in all groups following the first test
block (Fig. 1 bottom panel). The separate ANOVA of the male data also revealed evidence
for significantly greater preference scores among GX than SH males beginning during the
2nd block (block × surgery condition interaction (F(5, 180) = 2.32, p< .05), with this
ANOVA also revealing significantly greater preferences among early than late surgery
males [main effect of surgical age (F(1, 36) = 10.38, p< .01) – see Fig. 1 bottom, left panel].
In the ANOVA of the female preference data (Fig. 1 bottom, right panel), preference scores
of early GX females increased to reach levels significantly elevated over all other groups by
the last 2 test blocks, with no significant differences among females in the late surgery
groups [block × surgery condition × surgery age interaction (F(5, 180) = 2.81, p< .05)].

Pre-test body weight, BEC, hormone, and total fluid data—The analysis of pre-test
body weight data revealed main effects of sex (F(1, 72) = 547.93, p< .01) and surgery age
(F(1, 72) = 23.99, p< .01) as well as a sex × surgery condition × surgery age interaction
(F(1, 72) = 15.14, p< .01). In addition to the typical sex difference in body weights, sex-
dependent effects of gonadectomy on body weights were seen in early surgery animals, with
GX males weighing significantly less than early SH males by the time they had reached
adulthood, whereas the converse was seen in females, with early GX females weighing
significantly more than SH females (Table 1). Trends for similar patterns of weight
differences were seen among the late surgery animals, although these differences did not
reach statistical significance (males: p= .06; females p= .07) at the time body weights were
assessed (4 days post-surgery). In the analysis of BECs, no significant sex, surgery condition
or age of surgery effects emerged in early or late SH or GX animals on either day that
samples were taken (see Table 1). As expected, gonadal hormone levels in adulthood were
significantly reduced after both early and late gonadectomy in males and females (Table 1),
with testosterone levels in GX males significantly lower than those of SH males (H(1, 40) =
30.88, p< .01), as were estradiol levels in GX relative to SH females [main effect of surgery
condition: (F(1, 36) =12.15, p< .01)]. The ANOVA of total fluid intake revealed significant
main effects of sex (F(1, 72) = 8.48, p< .01), with females generally drinking more relative
to their body weight than males, surgery age (F(1, 72) = 10.38, p< .01) and block (F(5, 360)
= 79.74, p< .01), and were tempered by several significant interactions involving these
factors as well as surgery condition. The ANOVA of total fluid intake in males revealed,
significant effects of surgery age (F(1,36) = 6.81, p< .05), block (F(5, 180) = 36.34, p< .01)
and their interaction (F(5, 180) = 12.92, p< .01), with late surgery males drinking more than
early surgery males in blocks 3-6 regardless of surgery condition (late surgery mean intake ±
SEM across blocks: 36.70 ± 2.32 ml/kg; early surgery: 30.36 ± 1.75 ml/kg). Among
females, this effect of surgery age (F(1, 36) = 4.82, p< .05) was tempered by a surgery
condition × surgery age interaction (F(1, 36) = 6.12, p< .05), with late GX females (means ±
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SEMs) drinking significantly more ml/kg total fluid ( ) than late SH females
( ) and than early GX ( ) and early SH females
( ).

Surgical Manipulation Effects
Ethanol intake and preference data—The separate 2 sex × 3 surgical manipulation
(early SH vs. late SH vs. NM) × 6 block ANOVAs comparing ethanol intake and percent
preference of early and late SH animals with that of NM (see Fig. 1) revealed main effects
of sex, with females consuming more ethanol and showing greater preference scores than
males [intake: (F(1,54) = 25.89, p< .01); preference: (F(1, 54) = 12.81, p< .01),
respectively]. Significant effects of surgical manipulation [(F(2, 54) = 4.01, p< .05); (F(2,
54) = 7.00, p< .01)] and block [(F(5, 270) = 13.84, p< .01); (F(5, 270) = 8.03, p< .01)] were
also evident for both measures. In the analysis of the male data, the early SH group showed
elevated ethanol intake and preference relative to that of NM and, to a lesser extent, late SH
animals on most days of testing [effects of surgical manipulation [(F(2, 27) = 3.97, p< .05);
(F(2,27) = 6.74, p< .01)], and surgical manipulation × block [(F(10, 135) = 2.39, p< .01);
(F(10, 135) = 1.88, p≤ .05)]. Among females, no significant differences emerged among the
early and late SH and NM groups.

Pre-test body weight, BEC, hormone, and total fluid data—In the analysis of pre-
test body weight data, a main effect of sex (F(1, 54) = 696, p< .01) was evident, with males
weighing more than females. A main effect of surgery age (F(2, 54) = 7.15, p< .01) also
emerged, with early SH animals weighing significantly more than late SH and NM animals
regardless of sex; this finding, however, appears to be driven more by the males given that
this effect persisted only in the analysis of males when the data were analyzed separately by
sex. In the ANOVA focused on comparing day 6 BEC levels of early and late SH animals
with NM animals, there were no significant effects. On day 12, BECs in the late SH group
were significantly greater than NM animals [main effect of age of surgery (F(2, 54) = 4.10,
p< .05)], regardless of sex (Table 1). Gonadal hormone levels in NM males and females did
not differ significantly from their same-sex SH counterparts (Table 1). The analysis of total
fluid intake revealed a significant main effect of sex (F(1, 54) = 4.72, p< .05) and a block ×
surgery age interaction (F(10, 270) = 2.51, p< .01), with females drinking more total fluid
than males and total fluid intake significantly lower in early SH than NM animals only in
block 4.

Impact of Early Gonadectomy and Surgical Manipulation during Adolescence
The analysis of ethanol intake and percent preference data during adolescence revealed only
significant main effects of block, with no significant effects of sex or surgery condition
(Table 3). Likewise, no significant effects of surgery condition emerged in the analyses of
body weights and BECs on day 6, with only a main effect of sex (F(1, 54) = 31.79, p< .01)
emerging in the analysis of pre-test body weight (Table 2). In the analysis of BECs on day
12, however, GX animals displayed higher BECs than NM, but not SH animals, regardless
of sex [main effect of surgery condition (F(2, 54) = 4.49, p< .05). Testosterone levels among
males differed significantly by group (H(2, 30) = 10.05, p< .05), with lower plasma
testosterone levels in GX males compared to their SH and NM counterparts. Among
females, a trend for lower estradiol levels in GX compared to SH and NM was revealed
(F(2, 27) = 2.75, p=.08), although, this effect did not reach statistical significance (Table 2).
Total fluid intake also did not differ significantly by sex or surgery condition.
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Discussion
Overall, age at removal of the gonads did not impact patterns of ethanol consumption in the
current study. Removal of testicular hormones in males, regardless of age of removal,
resulted in female-typical levels of consumption and preference in adulthood, whereas
ovariectomy had little effect on ethanol drinking of adult females. Age of the surgical
manipulation process itself exerted a notable influence on adult ethanol consumption among
males, with intake and preference of early SH males significantly greater than that of both
late SH and NM males; similar trends did not reach significance in females.

In contrast, the presence or absence of gonadal hormones and the surgical manipulation
process itself exerted little influence on ethanol drinking or preference in either females or
males tested during adolescence. This lack of impact of GX among adolescent females could
be in part a function of estradiol levels, which were not significantly attenuated by
ovariectomy, perhaps not surprisingly given that estradiol levels are still rising during
adolescence (Ojeda & Skinner, 2006) and hence removal of the ovaries may have had less of
an impact on hormone levels at this age. This does not seem to be the case in adolescent
males, with testosterone levels below detectable levels in GX males.

No significant effects of sex were observed in ethanol intake or preference during
adolescence, although typical sex differences in ethanol intake were observed in adulthood,
with adult females generally consuming more ethanol (g/kg) than males. This finding of
greater ethanol intake among adult females than males is consistent with previous adult
ethanol intake data in both rats and mice (i.e. Chester et al., 2006; Doremus et al., 2005;
Vetter-O’Hagen et al., 2009; Yoneyama et al., 2008). The lack of sex differences in amount
of g/kg ethanol consumed during adolescence, however, contrasts with previous studies
from our laboratory that found adolescent male rats to drink more ethanol (g/kg) in a
limited-access setting than adolescent females (Anderson et al., 2009; Vetter-O’Hagen et al.,
2009). Intake differences across sex during adolescence are not always evident in rats,
however (e.g., see Lancaster et al., 2006), and in mice, females of both ages tend to drink
more than their male counterparts (Moore et al., 2010; Tambour et al., 2008). While it is
possible that the stress of surgical manipulation in the GX and SH animals could have
disrupted expression of sex differences in ethanol consumption during adolescence in the
present study, there was also no sign of consumption differences between NM male and
female adolescents, weakening this suggestion.

Sex-typical differences in ethanol intake and preference during adulthood were disrupted in
GX males, with GX in males increasing ethanol intake to levels similar to that of females
across the measurement period. In general, similar patterns were observed for preference
scores, with GX markedly increasing the ethanol preference of males to reach levels
comparable to those seen in GX and SH females. Thus, without testicular hormones, adult
male rats tended to display more female-typical levels of ethanol consumption and
preference in adulthood. These findings suggest a possible suppressant role of testicular
hormones on drinking and preference during adulthood.

This effect of increased ethanol intake and preference in GX males compared to their SH
counterparts was evident regardless of the developmental period in which testicular
hormones were removed, with ethanol intake and preference elevated in adulthood in both
early and late GX males. These results are more consistent with an activational rather than
organizational role of testosterone and/or testicular hormones. Similar to these findings,
recent work from another laboratory found that preweanling GX in Long Evans rats
increased ethanol consumption in adult males relative to their SH counterparts (Sherrill et
al., 2011). However, the Sherrill et al. (2011) study did not include animals similarly
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gonadectomized in adulthood, leading the authors to conclude that the effects of pre-pubertal
gonadectomy on adult-typical sex differences in ethanol consumption were likely due to
organizational effects exerted by gonadal hormones during puberty. The results of the
present study, which included an adult gonadectomized group and tested in adulthood, do
not support this conclusion. Additional support for an activational rather than organizational
effect of gonadal hormones on ethanol consumption comes from a recent follow-up study in
our laboratory focusing on gonadectomy in adult males which replicated the enhancement of
ethanol intake by GX seen in the present study, and found that replacement of testosterone
in castrated adult males was sufficient to return drinking behavior to levels comparable to
that of SH males – data providing further evidence that testosterone acts in an activational
manner to suppress ethanol consumption under these test circumstances (Vetter-O’Hagen et
al., under revision). Nevertheless, a number of other studies that have examined ethanol
consumption or preference in castrated males have reported no difference between
gonadectomized and intact males (Almeida et al., 1998; Cailhol and Mormede, 2001;
Hilakivi-Clarke, 1996). Daily dihydrotestosterone treatment was found, however, to
decrease ethanol consumption in a continuous access, 2-bottle choice paradigm in both
castrated and intact males, findings consistent with a possible suppressive effect of
testosterone on ethanol drinking in males (Almeida et al., 1998). Another recent study
concluded that alteration of ethanol drinking by testicular hormones may be influenced by
environmental factors, with castration decreasing drinking in a continuous access paradigm
in individually housed males with high baseline levels of drinking, but having no impact on
males in a crowded housing situation (Begg and Weisinger, 2008). It is possible that
methodological differences such as housing condition, drinking paradigm or deprivation
status could explain the varying effects of castration found across studies.

Effects of gonadectomy in adult females were minimal, with the analyses focusing on
females revealing no significant impact of ovariectomy on ethanol consumption. Likewise,
ethanol preference of adult females was generally unaffected by GX, although greater
preference in early GX relative to SH females was seen during the last test blocks, an effect
that may be spurious as it was not evident in the analysis of intake nor was it seen in the late
GX group. The lack of notable effects of ovariectomy on ethanol intake is in agreement with
several studies which have reported that removal of the ovaries did not affect ethanol
consumption in adult female rats (Almeida et al., 1998; Cailhol and Mormede, 2001) and
mice (Hilakivi-Clarke, 1996). Other studies, however, have reported modest decreases in
ethanol intake after gonadectomy in females (Becker et al., 1985), particularly when
baseline levels of ethanol intake were equated across surgical groups and intake was
examined within each subject in terms of change from baseline (Ford et al., 2002a).
Although potentially subtle ovariectomy effects might have emerged if the design of the
current experiments had included a pre-surgery baseline intake test, pre-surgery data would
have been difficult to relate to adult intake data for the early surgery group. It is also
possible that stage of estrous cycle in SH females could have influenced ethanol intake in
the intact adult females, perhaps masking cycle-specific effects that may have been
disrupted by ovariectomy. However, variability in the intake and preference data among
adult SH and NM females was not greater than any other group, as would be anticipated if
phase of estrous cycle had exerted notable influences on overall ethanol consumption and/or
preference. Other studies have found that total ethanol intake was unaffected by stage of
estrous cycle when females were allowed to cycle freely (Ford et al., 2002b; Roberts et al.,
1998), although the microstructure of ethanol drinking was reported to vary across estrous
phase (Ford et al., 2002b).

Another potential explanation for the lack of an effect of ovariectomy in females could be
due to high levels of circulating plasma estradiol in GX females, which may have masked
potential effects of ovarian removal on ethanol intake and preference. While estradiol levels
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of GX females were significantly lower than SH females these declines were relatively
modest (~20-25%) in the GX groups. Typically, ovariectomy has been found to decrease
plasma estradiol levels partially, but not completely (e.g. ~58% - Kim et al., 2004; ~46% -
Moien-Afshari et al., 2003). A number of extra-ovarian sources contribute to circulating
estradiol levels, including, estradiol secretion from the adrenals (Shaikh and Shaikh, 1975)
and production by tissues in the lung, liver, kidney, intestine and uterus as well as in adipose
tissue deposits (Takahashi, 1961). These nonovarian sources of estradiol likely contribute to
the maintenance of significant estradiol levels among females in the current study, although
it is possible that residual estradiol in GX females may also reflect in part incomplete
gonadal removal, given that we did not confirm complete gonadal tissue removal through
dissection at autopsy. Interestingly, most prior work examining the role of gonadal
hormones in ethanol-related behavior do not report hormone levels after gonadectomy or use
any other technique for verifying complete removal of gonadal tissue (Almeida et al., 1998;
Begg and Weisinger, 2008; Cailhol and Mormede, 2001; Hilakivi-Clarke, 1996; Sherrill et
al., 2011), with only a few reporting verification of tissue removal, but not circulating
hormone levels (Gililland and Finn, 2007; Becker et al., 1985).

It is not simply the case that ovariectomy was without consequence in the females in this
study. Although devoid of effects on ethanol intake, ovariectomy did have other effects,
with early GX females tested in adulthood showing significantly greater increases in body
weight than control females (and a trend for a similar effect in late GX females) prior to the
initiation of water deprivation or ethanol intake testing, and late GX females showing
significant elevations in total fluid intake relative to all other groups.

The process of early surgical manipulation itself was found to exert an impact on the later
ethanol intake of males in adulthood, with the drinking of early SH males elevated relative
to that of late SH and NM control males, an effect that was less robust among females
(given that the effect did not reach significance in females when the data were analyzed
separately by sex). It is possible that this consequence of the surgical process itself may be
associated with the stress of this manipulation among juvenile males. Indeed, other stressors
early in life have been shown to influence adult ethanol drinking. For instance, exposure to
10 days of footstock stress during adolescence was found to elevate later adult drinking
behavior relative to non-stressed controls in both male and female high acohol preferring
(HAP2 line) mice, an effect that was not evident when mice were exposed to the same
stressor as adults (Chester et al., 2008). Likewise, maternal separation stress in preweanling
rodents has repeatedly been shown to increase ethanol consumption in adulthood (Cruz et
al., 2008; Huot et al., 2001; Rockman et al., 1987). Animals in the early SH group in the
current study were surgically manipulated at P23 – i.e., during the juvenile period between
conventional weaning (P21) and adolescence (P28-42, see Spear, 2000). While few studies
to our knowledge have focused specifically on the influence of stress during this period on
later ethanol consumption, our results combined with the results of others suggest that
exposure to stressors during development can alter drinking in adulthood, an effect that may
be especially robust in males. This effect appears to take some time to be expressed, given
that early SH animals did not differ from NM controls in their preference or consumption of
ethanol during the adolescent period per se.

It is possible, although unlikely, that procedural variables may have contributed to the
increased ethanol intake effect observed in GX compared to SH adult males in this
experiment. For example, since a sweetened ethanol solution (0.1% saccharin) was used in
this study, the changes observed in ethanol solution drinking and preference after
gonadectomy in males could potentially reflect changes in sweet taste preference. Yet,
changes in sweet preference have not been previously seen following castration in male rats
(Zucker, 1969) or hamsters (Zucker et al., 1972), although reductions in saccharin
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preference have sometimes (Zucker, 1969), but not always (Kenney and Redick, 1980), been
reported following ovariectomy in female rats. Given these prior data, if the presence of the
sweetener influenced post-gonadectomy intakes of the sweetened ethanol it would have been
expected that gonadectomy would have disrupted ethanol consumption among females
rather than males in the present study.

Group differences in water deprivation level could have also played a role in the ethanol
intake effects observed among males. For example, because level of deprivation was
adjusted to produce equivalent decreases in percentage of normal body weight trajectories
for each age/sex/surgical condition group, some groups (e.g., adult GX males and adult SH
females), received less supplemental water than other groups (e.g., adult SH males and adult
GX females), in order to maintain weights appropriate for their sex and surgical condition.
Since supplemental water was entirely consumed overnight, groups that received a smaller
water ration could have had a longer duration of deprivation. This could have potentially led
to differential levels of thirst motivation, thereby affecting ethanol consumption. Were this
the case, it would be expected that the groups showing the greatest ethanol consumption
would also have consumed the most total fluid (i.e., water + ethanol solution) during the
limited access intake session. This does not seem to be the case. For example, GX males
showed greater EtOH consumption but not total fluid consumption, whereas late GX
females had significantly elevated total fluid consumption but did not consume more ethanol
than the other groups of females. Level of water deprivation also does not appear to
contribute to the early SH effect observed in males for two reasons, the first being that
supplemental water provided to early and late SH males did not differ, and the second being
that the pattern of total fluid intake in early SH males was actually somewhat lower than that
of NM, although this effect only reached significance during the 4th intake block, an effect
opposite of what would be expected if these animals were more water deprived (and hence
more motivated to drink fluid) than NM or late SH males. Further evidence that deprivation
level is not a contributing factor to the elevated ethanol consumption of GX males in the
present study are recent findings by Sherrill et al. (2011) showing similar effects without the
use of food or water deprivation (Sherrill et al., 2011). Thus, collectively, the changes in
ethanol intake after removal of the testes in males observed in this study do not appear to be
related to group differences in level of water deprivation.

Blood ethanol concentrations taken at the end of the 2 hr limited-access session do not
appear to accurately reflect group differences in ethanol consumption in both the adolescent
and adult tested groups. Perhaps most notable was the lack of a significant effect among the
adult tested animals, with GX males not displaying significantly elevated BECs relative to
SH males, even though robust differences in ethanol drinking were evident between these
two groups. Additionally, among the adolescent tested animals, some group differences
were revealed in the analysis of BECs on day 12 that were not reflected in the ethanol intake
data, with GX animals displaying greater BECs than NM animals regardless of sex, but with
no significant differences in ethanol intake or preference across these groups. The most
likely explanation for this apparent dissociation between ethanol drinking and BECs is that
the time-point chosen for blood sampling was too long after the initiation of drinking.
Previous reports of the temporal pattern of ethanol drinking during limited-access sessions
have found that in ethanol preferring (P) rats, animals drink most of the total fluid consumed
during a session in the first 12 min of the access period (Bell et al., 2006) and in C57BL/6J
mice, similar temporal patterns of licking were observed, with number of sipper tube
contacts greatest during the first 20-30 min of the limited-access session (Ford et al., 2005;
Rhodes et al., 2006). Thus, in the current experiment, it is likely that BECs had peaked and
begun to decline by the time blood samples were taken at the end of the 2 hr access period,
thereby missing the time when group differences in BECs may have been most pronounced.
For example, among the adolescent test groups, GX animals could have consumed more
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ethanol later in the intake session, compared to their NM counterparts, leading to a later
peak in blood ethanol levels and higher levels at the time of blood sampling. Another
explanation for the lack of significantly greater BECs among adult GX males could be
metabolic changes induced by castration. In rats, some studies have shown that levels of
alcohol dehydrogenase are elevated in gonadectomized males (Mezey and Potter, 1985;
Mezey et al., 1980) -- these castration-induced increases in liver enzymatic activity have
sometimes (Cicero et al., 1980), but not always (Cicero et al., 1990) been found to be
sufficient to result in lower BECs. In C57BL/6J and DBA/2J mice, however, gonadectomy
has been found to have little impact on BECs or ethanol clearance rates after a large dose of
ethanol in males and females (Gililland and Finn, 2007).

Taken together, the results of the current study provide evidence for an activational role of
testosterone or other testicular products in the sex differences observed in ethanol drinking
in adult rats. Since the age of removal of the gonads did not impact ethanol consumption, it
can be concluded that age-related and sex-related patterns of ethanol consumption under
these limited-access conditions do not appear to be related to organizational influences of
pubertal hormones. Furthermore, pre-pubertal removal of the gonads did not impact levels
of ethanol intake during adolescence, suggesting that non-gonadal factors contribute to
elevations in ethanol consumption seen during this developmental period.
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Fig. 1.
Mean ethanol intake (g/kg) and percent preference of early and late gonadectomized (GX)
adult males and females is shown compared to their sham (SH) counterparts across the six 2-
day blocks of measurement. The vertical dashed line represents the increase in ethanol
concentration (from 6% to 10%) provided to animals during the 2 hr limited-access session
and the bars represent standard error. The * symbol indicates the significant difference (p< .
05) between GX and SH males collapsed across block. The † symbol denotes significant
differences (p< .05) between the early and late surgery groups during the blocks indicated.
The ◊ denotes the significant difference (p< .05) between GX and SH females during the
blocks indicated. Sex differences (p< .05; indicated by the ★ symbol) are shown in inserts,
with the data collapsed across all other variables. Although the non-manipulated (NM)
groups were analyzed separately with the early and late SH groups, for the sake of
comparison, mean ethanol intake and percent preference is shown in the early surgery panels
for males and females, with the + symbol indicating significant differences (p< .05) between
early SH and NM males.
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