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Abstract

Prenatal alcohol exposure (PAE) has adverse effects on the development of numerous
physiological systems, including the hypothalamic-pituitary-adrenal (HPA) axis and the immune
system. HPA hyper-responsiveness and impairments in immune competence have been
demonstrated. The present study investigated immune function in PAE females utilizing an
adjuvant-induced arthritis (AA) model, widely used as a model of human rheumatoid arthritis.
Given the effects of PAE on HPA and immune function, and the known interaction between HPA
and immune systems in arthritis, we hypothesized that PAE females would have heightened
autoimmune responses, resulting in increased severity of arthritis, compared to controls, and that
altered HPA activity might play a role in the immune system changes observed.

The data demonstrate, for the first time, an adverse effect of PAE on the course and severity of AA
in adulthood, indicating an important long-term alteration in functional immune status. Although
overall, across prenatal treatments, adjuvant-injected animals gained less weight, and exhibited
decreased thymus and increased adrenal weights, and increased basal levels of corticosterone and
adrenocorticotropin, PAE females had a more prolonged course of disease and greater severity of
inflammation compared to controls. In addition, PAE females exhibited blunted lymphocyte
proliferative responses to concanavalin A and a greater increase in basal ACTH levels compared
to controls during the induction phase, before any clinical signs of disease were apparent. These
data suggest that prenatal alcohol exposure has both direct and indirect effects on inflammatory
processes, altering both immune and HPA function, and likely, the normal interactions between
these systems.
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Impairments in immune competence of children with Fetal Alcohol Spectrum Disorder
(FASD) are demonstrated broadly in both innate and adaptive immunity. For example,
children exposed prenatally to alcohol have an increased incidence of bacterial infections,
such as meningitis, pneumonia, otitis media, gastroenteritis and sepsis, as well as urinary
tract and upper respiratory tract infections (Johnson et al., 1981; Church and Gerkin, 1988).
As well, these children have lower eosinophil and neutrophil counts, decreased circulating
E-rosette-forming lymphocytes, reduced mitogen-stimulated proliferative responses of
peripheral blood leucocytes and hypogammaglobulinemia (Johnson et al., 1981).

Research using rodent models of prenatal alcohol exposure (PAE) has substantiated the
clinical evidence of impaired immunity associated with FASD. Delayed thymic ontogeny,
decreased total numbers of splenic and thymic T cells, decreased thymus weight, size, and
cell counts, and suppressed B cell development have all been observed in fetuses and
newborns exposed to alcohol in utero (Ewald and Walden, 1988; Ewald and Huang, 1990;
Clausing et al., 1996; Moscatello et al., 1999). These changes may persist into adolescence
and adulthood, and additional immune deficits, including altered responses to the intestinal
parasite, Trichinella spiralis and deficits in mitogen-induced lymphocyte and lymphoblast
cell proliferation to mitogens, may be revealed as the animal matures (Ewald and Frost,
1987; Ewald, 1989; Norman et al., 1989; Redei et al., 1989; Gottesfeld et al., 1990;
Weinberg and Jerrells, 1991; Steven et al., 1992; Redei et al., 1993; Giberson and Blakley,
1994; Clausing et al., 1996; Seelig et al., 1996; Jerrells and Weinberg, 1998; Taylor et al.,
1999). Moreover, exposure to stressors, including cold stress and chronic intermittent stress,
may exacerbate immune deficits in PAE compared to control animals (Giberson and
Weinberg, 1995; Giberson et al., 1997).

The present study aimed to expand our understanding of the effects of prenatal alcohol
exposure on the functional status of the immune system. We utilized an adjuvant-induced
arthritis (AA) model, widely used as a model of human rheumatoid arthritis (RA). Like
human RA, AA in the rodent is an inflammatory disease of the joints, especially the hind
paws, shown to be mediated by CD4* T cells. AA has been used to study disease
pathogenesis, chronic pain and/or stress, and, in view of the involvement of the HPA axis in
arthritis, neuroendocrine imbalance, as well as altered interactions between the
neuroendocrine and immune systems (Harbuz et al., 1993; Chover-Gonzalez et al., 1999;
Chover-Gonzalez et al., 2000; Harbuz et al., 2003; Bomholt et al., 2004).

Evidence in humans suggests that alcohol consumption in adulthood may be protective in
relation to RA risk and severity. Moderate alcohol consumption not only resulted in a dose-
dependent inverse association with risk and severity of RA, but also attenuated the adverse
effects of smoking, a well-established risk factor for RA (Kallberg et al., 2009; Maxwell et
al., 2010), and reduced markers of inflammation in women with preclinical RA (Lu et al.,
2010).

By contrast, the effects of prenatal exposure to alcohol on risk for and development of
arthritis have not been directly investigated. However, data from animal studies suggest that
PAE is likely to have pro-inflammatory rather than anti-inflammatory effects, possibly
mediated by altered neuroendocrine-immune interactions. For example, greater
adrenocorticotropin (ACTH) and/or corticosterone (CORT) responses to immune signals
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such as interleukin-1f (IL-1pB) or lipopolysaccharide (LPS) (Lee and Rivier, 1996; Yirmiya
etal., 1998; Kim et al., 1999), and greater increases in plasma levels of pro-inflammatory
cytokines following LPS challenge (Zhang et al., 2005) have been observed in PAE
compared to control offspring. As well, embryos exposed in vitro to alcohol had greater
tissue levels of tumor necrosis factor-a (TNF-a) and IL-6 than control embryos (Vink et al.,
2005). Increased pro-inflammatory responses to stressors and immune signals is reminiscent
of the HPA hyperresponsiveness to stressors typically observed in PAE animals (Weinberg
et al., 2008) and in fetal alcohol-exposed infants (Ramsay et al., 1996; Jacobson et al.,
1999). Alcohol exposure in utero has been shown to program the fetal HPA axis such that
HPA tone is increased throughout life (Weinberg et al., 2008), resulting in greater HPA
activation and deficits in recovery following stress, as well as altered central HPA
regulation. Of note, Schneider and colleagues (Schneider et al., 2002; Schneider et al., 2004)
showed in a primate model that moderate prenatal alcohol exposure, prenatal stress, or both
result in dysregulation of neurobiological systems related to stress, and that the mechanisms
underlying the adverse effects of PAE and prenatal stress overlap. These findings are
relevant, as both prenatal and early life stress and adversity have been linked with pro-
inflammatory changes in the pregnant female and her offspring, in both humans (Chen et al.,
2006; Coussons-Read et al., 2007; Danese et al., 2007; Bellinger et al., 2008; Dube et al.,
2009) and animal models (Vanbesien-Mailliot et al., 2007; Bellinger et al., 2008; Merlot et
al., 2008), including increased severity of adjuvant-induced arthritis (Seres et al., 2002).

In the context of the known effects of PAE on HPA and immune function, as well as the
interaction between the HPA and immune systems in arthritis, we hypothesized that in utero
alcohol exposure would increase the autoimmune response compared to that in control
offspring, resulting in enhanced severity of AA. The clinical manifestations of arthritis, as
well as immune markers and HPA hormone levels were assessed over the course of
inflammation. Our data demonstrate that, whereas adjuvant injection, as expected, had
marked effects on immune measures across all prenatal groups, prenatal exposure to alcohol
significantly increased the course and severity of disease.

Materials and Methods

Animals: Breeding and Feeding

Adult Sprague-Dawley male (350-375 g) and female (250-275 g) rats were obtained from
the Animal Care Center, University of British Columbia, Vancouver, BC, Canada and group
housed by sex for a 1- to 2-week adaptation period, during which they were given ad libitum
access to standard laboratory chow (Jamieson's Pet Food Distributors, Ltd., Delta, BC,
Canada) and water. Details of the breeding and handling procedures have been previously
published (Glavas et al., 2007). Briefly, adult females were co-housed with males in
stainless steel suspended cages with mesh fronts and floors, and wax papers beneath the
cages were checked daily. Presence of vaginal plugs indicated day 1 of gestation. Females
were then housed singly and assigned to one of three groups: 1) Control (C): laboratory
chow, ad libitum; 2) Pair-fed (PF): liquid control diet, with maltose-dextrin isocalorically
substituted for alcohol, in the amount consumed by a PAE partner (g/kg body weight/day of
gestation); 3) Prenatal alcohol exposure (PAE): liquid ethanol diet (36% ethanol-derived
calories), ad libitum. Females in all groups had ad libitum access to water. The liquid diets
were formulated to provide adequate nutrition to pregnant dams regardless of alcohol intake
(Ethanol Diet #710324, Control Diet #710109, Dyets Inc. Bethlehem, PA). Diets were
administered from days 1-21 of gestation and thereafter, animals received laboratory chow
and water ad libitum. Pregnant females were weighed on gestation days (GD) 1, 7, 14, and
21. At birth, designated postnatal day (PND) 1, litters were weighed and culled (5 males and
5 females when possible). From weaning (PND 22) until the start of testing, pups were
group-housed by litter and sex, 2—3 rats per cage.
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Experimental design and induction of AA

AA was induced by injection of complete Freund's adjuvant (CFA), as demonstrated
previously (Banik et al., 2002). Clinical signs of arthritis (foci of redness, edema and
swelling) in the paw joints typically first appear 10-14 days following CFA injection and
clinical signs of AA typically subside, at least partially, at about 28-30 days after injection..

The subjects were female offspring from C, PF and PAE prenatal groups, 50-65 days of age
at the start of testing. CFA was prepared by grinding the powdered form of Mycobacterium
tuberculosis H37 Ra (Difco laboratory, Detroit, MI) with a mortar and pestle, and then
dissolving it in 1 ml mineral oil (Difco laboratory, Detroit, MI). For induction of AA, 0.1 ml
of a 12 mg/ml suspension of CFA was injected intradermally at the base of tail; 0.1 ml of
saline was injected at the base of tail for animals in the saline control group. All animals
were singly housed after injection. Three cohorts of C, PF and PAE females were run in
overlapping subsets: one cohort was terminated on day 7 (induction phase, no clinical signs
of arthritis); one cohort was terminated on day 16 (peak of clinical signs of arthritis); and
one cohort was terminated on day 39 (resolution phase, with clinical signs generally
decreasing) after adjuvant injection. Each cohort contained 27 adjuvant-injected (9 each of
C, PF, PAE) and 15-18 saline-injected (5-6 each of C, PF, PAE) animals, for a total of 129
animals in the study.

Clinical evaluation of AA

Termination

Animals were weighed prior to CFA injection, and general health status was checked daily
for the first three days after injection, in accordance with the animal ethics protocol.
Animals were then weighed and checked for clinical signs of polyarthritis (hereafter called
arthritis) on day 7 and day 10 post-injection and every other day thereafter until day 38. In
addition, animals were monitored for pain or any signs of discomfort or infection, as well as
for alertness, activity, coat quality, and color or paleness of ears. The injection site at the
base of the tail was observed for redness, swelling or ulceration, and the tail was treated
appropriately if necessary. Water bottles with long sipper tubes and soft bedding were used
from day 7 post-injection onward to improve the animals' environment and minimize the
discomfort caused by swelling of the paws. To monitor arthritis progression, animals were
lightly anesthetized with isoflurane, and each paw was scored on a scale of 0 to 4, where 0 =
no signs of arthritis; 1= single focus of redness or swelling; 2 = two or more foci; 3 =
confluent but not global swelling; 4 = severe global swelling. The highest obtainable clinical
score was 16. Scoring was blinded as to prenatal treatment and injection status and
performed by the same researchers each time.

On each termination day (days 7, 16 and 39 post-injection), animals from the appropriate
cohort were singly and quietly removed from the colony room, exposed to CO, for
approximately 30 seconds, and then quickly decapitated. All animal handling procedures
were conducted between 0830 and 1130 hr, during the trough of the CORT circadian
rhythm. Trunk blood was collected in ice cold polystyrene tubes containing 7.5 mg EDTA
and 1000 KIU aprotinin. Blood was centrifuged at 3600 x g for 10 min at 4°C. Plasma was
collected and stored in polypropylene tubes at —70° C until assayed for ACTH and CORT.
Draining inguinal and popliteal lymph nodes were removed aseptically into tubes with
sterile RPMI media supplemented with 2% fetal bovine serum and then weighed. Spleen,
thymus and adrenal glands also were removed, cleaned and weighed.
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Proliferation Assays

Proliferation assays were used to examine the responses of lymphocytes to a polyclonal
stimulant, Con A (Sigma Chemical Co, St Louis, MO). Although not antigen-specific, this
measure was meant to replicate and confirm data from previous studies indicating a general
decrease in lymphocyte proliferative responses to mitogens (Weinberg and Jerrells, 1991).
Single cell suspensions from draining lymph nodes were prepared by passing the tissues
through a 250 um stainless steel mesh and again through a 70 um cell strainer to exclude
clumps. Lymphocytes were cultured in T cell culture media (RPMI containing 10% FBS,
HEPES 10 mmol/L, L-glutamine 2 mmol/L, minimal essential medium nonessential amino
acids 2 mmol/L, sodium pyruvate 1 mmol/L, 2-mercaptoethanol 50 umol/L, penicillin 100
U/mL, and streptomycin 100 pg/mL) at 2 x 10° cells/well in 96-well plates at 37°C in 5%
CO». Proliferation was assessed in 6-8 replicates (6-8 wells for each sample). Con A was
added to each well at a final concentration of 2 pg/mL. Cultures were incubated for 72-96
hr, with 1 pCi 3H-thymidine added to each well for the last 18 hr of incubation. Cells were
harvested and 3H-thymidine uptake was assessed using a liquid scintillation counter
(Beckman Coulter™). Data are reported as the mean +/— SEM counts per minute (CPM)
from quadruplicates.

Phenotyping of Lymphocytes by Flow Cytometry

Lymphocytes from draining lymph nodes were washed with flow cytometry washing buffer
(PBS supplemented with 2% FBS). Viability was determined by trypan blue exclusion and
cell counts were performed using a hemacytometer. Cells were then resuspended at 1 x 108/
mL in a FACS washing buffer (PBS with 2% FBS and 2mM EDTA) and stained using
antibodies against the following markers: CD4 (OX35), CD8a (0X8), CD25 (0X39),
CD44H (Pgp-1, H-CAM, 0X49), CD62L (LECAM-1), CD45RC (0X22) and CD134
(OX40), purchased from BD PharMingen (La Jolla, CA). Typically 10,000 to 20,000 events
were collected using a FACSCaliber™ flow cytometer (Becton Dickinson, San Jose, CA),
and the data analyzed using Flowjo (Version 5.7.2) software.

Hormone Radioimmunoassays

Plasma levels of ACTH were assayed using a modification of the DiaSorin ACTH 129]
Radioimmunoassay Kit (DiaSorin Inc., Stillwater, MN, USA). Antiserum cross-reactivity
was 100% for ACTH and less than 0.1% for all other peptides (including a-melanocyte
stimulating hormone (a-MSH), B-endorphin and B-lipotropin). Plasma volume was halved
from 100 pl to 50 pl, and all reagent volumes were also halved per tube. The minimum
detectable concentration for ACTH was 20 pg/ml, and the mid-range intra- and interassay
coefficients of variation were 3.9% and 6.5%, respectively.

Total (bound plus free) plasma CORT levels were measured by standard radioimmunoassay.
Antiserum was obtained from MP Biomedicals (Orangeberg, NY, USA). The minimum
detectable CORT concentration was 25 ng/mL. The intra and interassay coefficients of
variation were 4.4% and 7.1%, respectively.

Statistical analyses

Incidence and Severity of Disease

Incidence: Data were analyzed with HLM 6.0 statistical software, using a mixed-effects
model. The first level factor (individual growth curves) entered into the analysis was the
within-subjects factor (incidence over time). The incidence of arthritis was collected as a
binary variable and was analyzed using a logistic regression. The second level factor entered
into the analysis was group membership (C, PF, PAE). This resulted in two separate models
that enabled analysis of group differences in incidence over time. The first model analyzed
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the incidence from day 1 to day 16 (from induction to the time of peak incidence) (n = 54,
including 9 each of C, PF, and PAE animals terminated on day 7, and 9 each of C, PF and
PAE animals terminated on day 16). The second model analyzed the incidence from day 17
to day 39 (from the peak through the resolution phase), (n = 27, including 9 each of C, PF
and PAE animals terminated on day 39).

Severity: Data for severity, as measured by clinical scores on each measurement day, were
entered into the Graphpad 3.0 software package to determine area under the curve (AUC)
for each individual. AUC was chosen because it represents the overall degree of severity
over time, with higher AUC representing higher severity. Data were then entered into 3
separate Kruskal-Wallis non-parametric tests using SPSS 14.0 with group (C, PF, PAE) as
the between-subjects factor and AUC as the dependent variable. The analyses measured
AUC from day 0 to day 16, (n = 54), AUC from day 17 to day 39 (n = 27), and AUC across
all 39 days (n = 27) (the latter two analyses included only the day 39 cohort). Clinical scores
for saline-injected animals were 0 at all times and therefore not included in the analysis.
Incidence and severity for saline-injected animals was also 0, and these data were not
analyzed further.

Hormone, proliferation, and phenotype data—Hormone, proliferation and phenotype
data were analyzed by separate ANOVAs for each injection day. For day 7, ANOVAs for
the factors of prenatal group (C, PF, PAE) and injection (saline, adjuvant) were performed.
Clinical signs of disease first appeared in some animals approximately 9-11 days following
adjuvant injection, and not all animals developed clinical signs of disease. Thus, for the day
16 and day 39 cohorts, adjuvant-injected animals were further divided into subgroups: those
who developed clinical signs of arthritis (Adj/AA) and those with no clinical signs of
arthritis (Adj/NA). Two-way ANOVAs for the factors of group (C, PF, PAE) and condition
(saline, Adj/NA, Adj/AA) were conducted, followed by Fisher LSD pair-wise comparisons
for significant main and interactions effects.

Body and Organ weights—Percentage change from starting body weights (body
weights on day 0, prior to CFA injection) were calculated for each animal and an overall 3-
way ANOVA for the factors of prenatal group (C, PF, PAE), condition (saline, adjuvant),
and day, with day treated as a repeated measure, was run. Weights of lymph node, spleen,
thymus and adrenal gland were analyzed by separate ANOVAs on days 7, 16 and 39.

Body weights

The overall ANOVA on percentage change from starting body weights revealed main
effects of condition, [F(1,111)=17.05, p<0.001], and day, [F(2, 111)=104.73, p<0.001].
Although all animals gained weight over the course of testing, adjuvant-injected females
gained less weight than saline-injected females, p<0.001, regardless of whether or not they
developed clinical signs of arthritis. By day 38, saline-injected animals were 127% above
starting body weight, whereas animals in the Adj/NA and Adj/AA conditions were 114%
and 116% above starting body weights, respectively. There were no prenatal group x
condition interactions, and no post-hoc differences between animals in the Adj/NA and the
Adj/AA conditions.

Clinical incidence and severity of AA

The onset of clinical signs of arthritis generally occurred approximately 9-11 days after
adjuvant injection, although one PAE and one PF animals showed initial signs of arthritis as
late as day 21 after injection. Figure 1A illustrates the onset and overall incidence of arthritis
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over time. PF females had a marginally faster onset than PAE females (day 9 vs day 11,
p=0.077), and a significantly higher incidence of arthritis than C females [t (51) = 2.07,p =
0.04] during the induction period (days 0-16). PAE females were not different from C
females in overall incidence of arthritis during the induction period. In contrast, during the
resolution phase (days 17-39), PAE females had a significantly higher incidence of arthritis
than both PF [t (24) = 2.13, p = 0.043] and C [t (24) = 2.37, p = 0.026] females, as well as a
more prolonged course of inflammation; i.e., on day 39, there were still 4 PAE animals
(57%) with clinical signs of arthritis, but only 1 PF and no C animals. C females had the
lowest incidence of arthritis, with only 2 of 9 females in that cohort showing any clinical
signs of disease, and showed the fastest resolution of disease, with complete resolution by
day 30 post-injection.

Severity of arthritis in individual animals from the day 39 cohort is shown in Figure 1B.
Animals in the C group had a mild clinical course of arthritis and a relatively fast resolution
of disease. Although more PF than C animals showed clinical signs of disease, all but one of
the PF females had relatively mild arthritis with a fast recovery, similar to the course seen in
C females. In contrast, most of the PAE females developed moderate to severe arthritis, and
the course of disease was prolonged. The Kruskal-Wallis analysis of overall AUC (days 1-
39), revealed a significant effect of prenatal group (p <0.05), with PAE females having the
highest AUC, and thus the greatest severity of disease (Figure 1C). Further analysis
indicated that the effect of prenatal treatment was not significant during the induction phase
(day 0-16) but emerged during the resolution phase (day 17-39) (p<0.06).

Lymphoid organ weights and lymph node cell counts

Organ weights—Analysis for day 7 post-injected revealed that overall, adjuvant-injected
animals had increased lymph node [F(1,36)=42.4, p<0.001] and spleen [F(1,36)=48.0,
p<0.001] weights and decreased thymus [F(1,36)=23.8, p<0.001] weights compared to
saline-injected animals (Table 1).

On day 16, at the peak of inflammation, both lymph node [F(2,33)=17.0, p<0.001] and
spleen [F(2,33)=46.8, p<0.001], weights were highest in animals that developed arthritis and
higher in Adj/NA than in saline-injected animals (Adj/AA>Adj/NA>Sal, p<0.05).
Consistent with day 7, thymus weights [F(2,33)=5.5, p<0.01] of animals in the Adj/AA and
Adj/NA conditions were lower than those of animals in the saline condition (Adj/AA=Adj/
NA<Sal, p<0.01 and p<0.05, respectively) (Table 1).

On day 39, during the resolution phase, adjuvant-injected animals, regardless of whether
they developed clinical signs of arthritis, had higher lymph node [F(2,36)=35.6, p<0.001]
and spleen [F(2,36=12.2, p<0.001] weights than saline-injected animals (Adj/AA=Adj/
NA>Sal, p<0.01), whereas thymus weights no longer differed among conditions. In
addition, in the Adj/NA condition [F(2,36)=2.93, p<0.05], PAE females (0.240+0.026 g) had
larger lymph nodes than C females (0.143+0.014 g) (p<0.01) (Table 1).

Lymph node cell counts—There were significant main effects of condition (adjuvant vs
saline) on all test days (day 7 [(F(1,36)=32.3, p<0.001)]; day 16 [F(2,33)=27.3, p<0.001)];
day 39 [F(2,36=39.3, p<0.001]) (Table 2), but no significant effects of prenatal treatment on
counts of viable cells. As expected, adjuvant injection greatly increased cell numbers (up to
10 fold) compared to saline injection (p<0.001) (Table 2). In addition, Adj/AA animals had
higher cell counts than Adj/NA animals on day 16 (p<0.05), at the peak of inflammation, but
were no longer different by day 39, during the resolution phase (Adj/AA=Adj/NA >Sal,
p<0.001).
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CD4* and CD8* T cells from draining lymph nodes

Adjuvant injection had marked effects on percentages of both CD4* and CD8* T cells
(Table 3). On days 7 [F(1,36)=44.6, p<0.001] and 16 [F(2,33)=3.4, p<0.05], the percentage
of CD4™" T cells was lower in adjuvant-injected than in saline-injected animals. In addition,
the percent of CD4* T cells was lower in saline-injected PAE (42.7+1.9) and PF (45.0+1.9)
than C (51.4£1.9) animals on day 16 [F(4,33)=3.9, p<0.01] (PAE=PF<C, p<0.01 and
p<0.05, respectively). By day 39, differences among groups and conditions were no longer
significant. For CD8™ T cells, main effects of condition [F(1,111)=7.59, p<0.01] and day
[(F(2,111)=7.60, p<0.001] indicated that the percentage of CD8" T cells in adjuvant-injected
animals was marginally higher on day 7 (p<0.055) and significantly higher on day 39
(p<0.01) than that in saline-injected animals (Table 3).

Activation status of CD4* T lymphocytes

Generally, adjuvant injection increased the percentage of CD4* T cells expressing CD44H
and CD134 activation surface markers, and decreased the percentage of CD4* T cells
expressing CD25, CD62L, and CD45RC activation markers, with most of the changes
persisting throughout the course of inflammation and resolution (Figures 2 and 3). For most
of these markers, adjuvant-induced changes in expression occurred regardless of whether the
animals developed clinical signs of disease. Interestingly, a prenatal group x condition
interaction, [F(4,35)=4.45, p<0.01], indicated that the percentage of CD4*CD134* T cells
was lower in PAE and PF than C animals that developed arthritis (Adj/AA condition,
PAE=PF<C, p<0.01), but higher in PAE and PF than C animals that did not develop arthritis
(Adj/NA condition, PAE=PF>C, p<0.05 and p=0.10) (Figure 3).

Lymphocyte proliferation

For day 7, significant main effects of prenatal group [F(2,330)=9.75, p<0.001] and condition
[F(1,330)=25.3, p<0.001] indicated that lymph node-derived lymphocytes from PAE
animals, regardless of injection condition, had a lower proliferative response to Con A than
lymphocytes from PF and C animals (p<0.01), and overall, lymphocyte proliferation was
greater in adjuvant- than in saline-injected animals, p<0.001 (Figure 4A). At the peak of
inflammation (day 16), there were main effects of group [F(2,325)=10.31, p<0.001] and
condition [F(2,325)=23.13, p<0.001, and a group x condition interaction [F(4,325)=2.87,
p<0.05)]. The proliferative response of lymphocytes from PAE females in the Adj/NA
condition was lower than that of their PF and C counterparts (p<0.001 and p<0.086,
respectively) (Figure 4B), and was similar across injection conditions, whereas PF and C
females in the Adj/NA condition had a greater proliferative response than their PF and C
counterparts in the saline and Adj/AA conditions. For day 39, by contrast, the group x
condition interaction [F(4,340)=3.68, p<0.01] revealed an effect of pair-feeding; collapsed
across injection condition, lymphocytes from PF animals showed a lower proliferative
response than those from PAE and C animals (p<0.01) (Figure 4C).

Adrenal weights and basal levels of plasma CORT and ACTH

Adrenal weights—There were no significant effects of prenatal group or condition on
Day 7 or Day 39 (Table 1). However, on day 16, at the peak of inflammation, a significant
effect of group [F(2,33)=6.22, p<0.01] and a trend for condition [F(2,33)=2.78, p=0.077]
indicated that adrenal weights were lower in PAE (0.036+0.002 g) and PF (0.039+0.002 g)
than in C (0.044+0.002 g) females, (p<0.01 and p<0.05, respectively), and were higher
overall in Adj/AA than in saline-injected animals (p<0.05).
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Plasma CORT and ACTH

CORT: Analyses revealed significant main effects of condition for day 7 [F(1,36=4.43,
p<0.05] and day 16 [F(2,33)=9.75, p<0.001], and a trend for condition on day 39
[F(2,36=2.47, p=0.099] (Figure 5). Basal CORT levels were higher in adjuvant- than in
saline-injected animals on day 7 (p<0.05) (Figure 5A); different among the 3 conditions on
day 16 (Adj/AA>Adj/NA>saline, p<0.05 and p=0.065, respectively) (Figure 5B); and higher
in the Adj/AA than in the saline condition on day 39 (Adj/AA>saline, p<0.05) (Figure 5C).

ACTH: The pattern of response for basal ACTH levels was generally similar to that of
plasma CORT (Figure 5). One notable difference was on day 7: Significant main effects of
condition [F(1,36=13.81, p=0.001] and group [F(2,36=3.87, p<0.05] indicated that in
addition to the overall effect of adjuvant injection on basal ACTH levels (Adj>Sal, p<001),
PAE females had significantly higher ACTH levels than PF and C females following
adjuvant injection (p<0.01) (Figure 5D). By day 16, there were no longer effects of prenatal
treatment. ACTH levels were higher in Adj/AA than in Adj/NA animals (p<0.05), and
marginally higher in Adj/NA than in saline-injected animals (p=0.068) (main effect of
condition [F(2,33)=8.36, p<0.001]) (Figure 5E). By day 39, during resolution, there were no
effects of prenatal treatment or condition on ACTH levels (Figure 5F).

Discussion

The present data demonstrate, for the first time, an adverse effect of prenatal alcohol
exposure on the course and severity of adjuvant-induced arthritis in adulthood, indicating an
important and clinically relevant long-term alteration in functional immune status. Although
PAE females showed a delay in arthritis onset during the induction phase, during the
resolution phase, PAE females had a more prolonged course of disease and greater severity
of inflammation compared to females in the PF and C groups. In addition, PAE females
exhibited a blunted lymphocyte proliferative response to Con A and a greater increase in
basal ACTH levels during the induction phase compared to controls. These data suggest that
prenatal alcohol exposure may have both direct and indirect effects on chronic inflammatory
processes, altering both immune and neuroendocrine function, and likely, the interaction
between these systems.

In support of the suggestion that AA can be considered a model of persistent or chronic
pain/stress (Bomholt et al., 2004), we found that overall, across prenatal treatments,
adjuvant-injected animals gained less weight, and exhibited decreased thymus weights,
increased adrenal weights, and increased basal levels of CORT and ACTH. The greatest
changes were found during disease onset and at the peak of inflammation, with minimal
differences occurring during the resolution phase. Moreover, consistent with previous
reports (Harbuz et al., 1993), adjuvant administration in general was a potent challenge to
both the immune and endocrine systems. Adjuvant-induced activation of the immune system
was observed on day 7, prior to any clinical signs of disease, and increased as inflammation
increased, as indicated by enlarged draining lymph nodes and spleens, increased lymph node
lymphocyte cell counts, increased lymphocyte proliferative responses to Con A, and
activated immune cell phenotypes. In addition, decreased CD4" and increased CD8* T cells
from draining lymph nodes, and consequently, a decreased CD4*:CD8* ratio, were
observed, consistent with the expected pro-inflammatory response to adjuvant. Prenatal
exposure to alcohol did not differentially alter any of these outcome measures, with the
exception that PAE females in the Adj/NA condition had larger lymph nodes than C females
on day 39. It is possible that adjuvant-induced activation of the immune system may have
persisted longer in PAE than control animals, even in the absence of clinical signs of
disease.
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Altered percentages of CD4* T cells expressing a variety of activation markers over the
course of inflammation were observed. Changes were consistent in general with the roles
these molecules play in cell processes related to activation, adhesion, cell trafficking, lymph
node homing, and inflammation, but were not specific to the increased inflammation
occurring in PAE animals. However, the finding of a decreased percent of lymph node
CD4*CD134* cells in adjuvant-injected PAE and PF females that developed clinical signs
of arthritis, but an increased percentage of CD4*CD134* cells in PAE and PF animals that
remained asymptomatic is intriguing. CD134 (OX40) and OX40 ligand (OX40L) are cell
surface molecules belonging to the tumor necrosis factor receptor superfamily. CD134 is
expressed in vivo primarily on autoreactive CD4* T cells, and is selectively upregulated in
inflamed tissue. Patients with active RA, for example, showed higher CD4*CD134"*
expression on T lymphocytes in synovial fluid and synovial tissue (Giacomelli et al., 2001),
and T cells isolated from the site of inflammation in an animal model of experimental
autoimmune encephalomyelitis (EAE) showed increased expression of OX40 (Weinberg,
2002).. Conversely, administration of an anti-OX40L monoclonal antibody ameliorated
disease severity in a collagen-induced arthritis model (Yoshioka et al., 2000), and injection
of liposomes coated with a CD134-directed monoclonal antibody into the hind paws of rats
ameliorated the symptoms of adjuvant-induced arthritis (Boot et al., 2005). In our study, we
found the opposite of what we expected, i.e., decreased rather than increased CD134
expression in PAE females that developed clinical signs of arthritis. Moreover, PF females
showed increases or decreases in the percentage of CD4*CD134* T cells similar to those of
PAE females, but had a milder course and faster resolution of disease. It is possible that our
findings relate to the compartment sampled. That is, decreased CD134 expression on lymph
node T cells may reflect migration of CD4*CD134" T cells from lymph nodes to joints (“...
a redeployment from the “barracks' to the “battle stations™) (McEwen et al., 1997), resulting
in increased CD134 expression in the synovial fluid/joints of animals with clinical signs of
arthritis. It has been shown that with inflammation, the synovium becomes a target for
recruitment of lymphocytes, particularly those generated in peripheral lymphoid tissue
(Issekutz and Issekutz, 1991; Spargo et al., 1996). However, this would not explain why PF
females were similar to PAE females in their CD134 profile yet had a different course of
disease. The relationship between basal CORT levels and expression of CD134, particularly
during the resolution phase, also requires further investigation. On day 39, it is noteworthy
that for PF and C animals in the Adj/NA condition, mean CORT levels were somewhat
lower than those in controls, and the percentage of CD4*CD134* T cells was increased. A
relationship between CORT and CD134, however, does not hold up to the same extent in
animals that develop clinical signs of arthritis. Further studies are clearly needed to
determine what role, if any, CD134" T cells play in the differential course of disease that
was observed in PAE and control females.

The findings that PF and PAE females showed similar responses on some measures, and that
pair-feeding itself had some effects on immune function, are not entirely surprising.
Although pair-feeding is a necessary control for the reduced food intake that occurs in
alcohol-consuming females, pair-feeding itself is a treatment. PF dams receive an amount of
diet matched to that consumed by PAE dams (g/kg body wt/day of gestation). While both
groups receive the same number of calories, PAE dams eat ad libitum whereas PF dams
receive a reduced ration, less than they would consume if fed the same diet without alcohol.
As a result, PF dams typically consume their entire daily ration within a few hours, and are
effectively on a “meal-feeding” schedule. Restricted meal-feeding is such a significant
manipulation that it can override the influence of the light-dark cycle and serve as the
“Zeitgeber” to synchronize circadian rhythms of a variety of variables, as well as having
adverse effects on a number of cellular processes (Krieger, 1974; Krieger and Hauser, 1978;
Gallo and Weinberg, 1981). Moreover, nutrient restriction and maternal undernutrition can
themselves program the offspring HPA axis, resulting in fetal over-exposure to
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glucocorticoids and HPA hyperactivity in adulthood. Such changes, in turn, could play a
role in increased susceptibility to immune and inflammatory diseases (Lesage et al., 2001;
Lesage et al., 2006; Vieau et al., 2007). The mechanisms underlying the effects of pair-
feeding remain to be determined. However, it is possible that similar phenotypes in PAE and
PF offspring may be differentially mediated (direct/indirect effects of alcohol vs. effects of
food/nutrient restriction and/or mild prenatal stress due to the hunger that accompanies food
restriction) rather than occurring along a continuum of effects on the same pathway.

The increased adjuvant-induced HPA activation seen during the induction phase, was
specific to PAE females and could have played a role in the delayed onset of disease, either
directly, by suppressing the inflammatory response, or indirectly, by suppressing the
lymphocyte proliferative response to adjuvant. Consistent with this latter possibility, we
found reduced lymph node lymphocyte proliferative responses to Con A in PAE animals
overall on day 7, and in PAE animals in the Adj/NA condition on day 16. These data
replicate and extend previous results from our laboratory (Weinberg and Jerrells, 1991) and
others (Ewald and Frost, 1987; Norman et al., 1989) demonstrating reduced splenic and
thymic lymphocyte proliferative responses to mitogens, as well as reduced thymic and
splenic T-cell responses to a secondary stimulation by IL-2. Blunted proliferation at
induction of arthritis could reduce cytokine production and recruitment of cells to the joints,
thus delaying arthritis onset. However, these data must be interpreted with caution. While
Con A-stimulated proliferation was utilized to replicate previous findings in order to
confirm known prenatal alcohol effects in this new model, this assay did not test antigen-
specific proliferation and is a relatively low resolution method of quantifying T cell
proliferation. Of note, consistent with previous studies (Straub and Besedovsky, 2003; Del
Rey et al., 2010), the differential elevation in basal HPA activity occurred during induction
and was not sustained over the course of testing. While we saw graded CORT and ACTH
responses on day 16, at the peak of inflammation (saline < Adj/NA < Adj/AA), neither
ACTH nor CORT levels differed among prenatal treatment groups on day 16 or 39, and by
day 39, both ACTH and CORT levels appeared, if anything, somewhat lower in PAE than C
animals with clinical signs of arthritis. Del Rey et al (2010) suggest that low levels of CORT
in the context of high levels of inflammation is suggestive of a disconnect between the
immune and endocrine systems. Recent data from our laboratory support this suggestion
(Zhang et al., 2005). Following exposure to repeated restraint stress, PAE animals displayed
significantly increased and sustained elevations in plasma levels of IL-1p and TNF-o to LPS
injection compared to controls, but did not differ from controls in their CORT response to
LPS, suggesting disruption of the cytokine-HPA axis feedback circuit. In the present study it
is possible that reduced HPA activity in PAE animals during the resolution phase, in the face
of persisting inflammation, is related to the prolonged course and severity of disease seen in
PAE compared to control animals.

One conceptual framework for understanding the long-term adverse effects of alcohol on
susceptibility to arthritis is that of fetal programming. Environmental factors acting during
sensitive periods of development are known to exert organizational effects on physiological/
neurobiological systems, resulting in changes that can persist throughout life and influence
the risk for diseases or disorders in adulthood (Welberg and Seckl, 2001; Owen et al., 2005)
including the risk for RA (Del Rey et al., 2010; Colebatch and Edwards, 2011). Fetal
programming is generally thought to facilitate the organism's adaptation to the postnatal
environment. However, programming can be detrimental if stimuli program systems to
function outside their normal physiological range, leading to high allostatic load (McEwen,
1998) Data suggest that the HPA axis is particularly vulnerable to programming by early life
events (Welberg and Seckl, 2001; Owen et al., 2005). In this regard, because HPA
dysregulation has been implicated in the pathogenesis of RA, it has been suggested that
HPA programming may be one potential mechanism through which early life factors can
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predispose the individual to autoimmune diseases (Walker et al., 1999; Wahle et al., 2002;
Jessop et al., 2004; Colebatch and Edwards, 2011). As noted, alcohol exposure in utero
programs the fetal HPA axis such that HPA tone is increased throughout life, resulting in
increased HPA activation, delayed or deficient recovery (Taylor et al., 1988; Weinberg et
al., 1996; Lee et al., 2000), and altered central HPA regulation (Zhang et al., 2005; Glavas et
al., 2007; Weinberg et al., 2008). We postulate that imposition of the chronic inflammatory
stress of adjuvant-induced arthritis on a system already sensitized by prenatal exposure to
alcohol could underlie the increased autoimmune responses and the altered course and
severity of disease that we observed in our model. Alcohol-induced disruptions of normal
neuroendocrine-immune interactions may provide an indirect route through which early life
experiences can have long term effects on the immune system.

In summary, we report the novel finding that prenatal exposure to alcohol alters the course
and severity of adjuvant-induced arthritis in adulthood. Alcohol exposure appears to have
both direct and indirect effects on the inflammatory response of the offspring, altering both
immune and neuroendocrine function, and likely, the interaction between these two systems.
Ongoing studies investigating HPA hormones and cytokines in multiple compartments, and
immunohistochemical analysis of arthritic joints in this model will begin to elucidate
mechanisms mediating alcohol's long-term adverse effects on neurobiological/neuroimmune
processes and will have important implications for understanding vulnerabilities in children
with FASD.
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Figure 1. Incidence and severity of arthritis

1A. Percentage of adjuvant-injected females from prenatal Control (C, ad libitum-fed), Pair-
fed (PF), and Alcohol-fed (PAE, prenatal alcohol exposure) groups that developed clinical
signs of arthritis over the 39 day time course. Day 0-16, PF>C, p=0.04; PF > E, p<0.077).
Day 17-39, PAE>PF=C, p<0.05.

1B. Clinical scores of individual females from prenatal Control (C, ad libitum-fed), Pair-fed
(PF), and Alcohol-fed (PAE, prenatal alcohol exposure) groups in the day 39 cohort over
time.

1C. Area under curve (AUC) (mean+SEM) as a quantitative measure of incidence of
arthritis in females from prenatal Control (C, ad libitum-fed), Pair-fed (PF), and Alcohol-fed
(PAE, prenatal alcohol exposure) groups over the 39 day time course. *PAE>PF=C,

p<0.05; *PAE>PF=C, p<0.06.
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Figure 2. Activation status (mean+SEM) of lymph node CD4™ T cells

Percentage of activated CD4* T cells expressing the activation markers CD25, CD44H,
CD45RC, and CD62L in saline- and adjuvant-injected females, as assessed by flow
cytometry. *p<0.05**p<0.01, ***p<0.001, compared to Saline-injected females.
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Figure 3. Lymph node CD4*CD134" T cells

Percentage (mean+SEM) of activated CD4* T cells expressing the activation marker
CD134" in saline- and adjuvant-injected females from prenatal Control (C, ad libitum-fed),
Pair-fed (PF), and alcohol-fed (PAE, prenatal alcohol exposure) groups, as assessed by flow
cytometry. ***p<0.001 vs saline-injected females; #p<0.10 vs C females.
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Figure 4. Proliferative response (mean+SEM) of lymphocytes from draining lymph nodes ond 7,
16 and 39 post-adjuvant injection

3H-thymidine incorporation expressed as counts per minute (CPM).

4A. Day 7: Adjuvant>saline, ***p<0.001; Collapsed across condition, PAE<PF=C,
**p<0.01.

4B. Day 16: In the Adj/NA condition, PAE<PF=C, ***p<0.001 and #p<0.06, respectively.
4C. Day 39: Collapsed across condition, PF<PAE=C, **p<0.01.
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Figure 5. HPA hormone profiles

Left column: Plasma CORT levels (meantSEM) ond 7 (A), 16 (B) and 39 (C) after
injection.

Day 7: Adj>saline, *p<0.05; Day 16: Adj/AA>Adj/NA>saline, #p=0.065; *p<0.05); Day 39:
Adj/AA>saline, *p<0.05.

Right column: Plasma ACTH levels (mean+tSEM) on d 7 (D), 16 (E) and 39 (F) after
injection.

Day 7: Adj>saline, ***p<0.001; within Adj, PAE>PF=C, **p<0.01; Day 16: Adj/AA>Adj/
NA>saline, *p<0.05, #p=0.068.
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