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Abstract
Background—Chronic alcoholics have increased susceptibility to and severity of infection,
which are likely to be a result of impaired immune defense mechanisms. The contribution of
dendritic cells (DC) to these immune defense changes is not well understood. Alterations in DC
numbers, dendropoiesis, and lifespan have not been specifically studied in vivo in chronic ethanol
(EtOH) exposure models. As DC play an essential role in initiating immune responses, alterations
in these DC characteristics would help explain changes observed in adaptive immune responses.

Methods—Mice received 20% EtOH (w/v) in the drinking water for up to 28 weeks, with mouse
chow ad libitum. In EtOH-fed and water control mice, DC were enumerated by flow cytometry.
The effect of EtOH on DC precursor numbers was determined by differentiation in vitro in the
presence of granulocyte-macrophage colony-stimulating factor and interleukin-4, and the effect of
an EtOH environment on untreated DC differentiation was measured following bone marrow
transfer to irradiated hosts. DC turnover rate was also examined by bromodeoxyuridine
incorporation and loss.

Results—The percentage and absolute numbers of DC were decreased in spleen and increased in
thymus beginning as early as 4 weeks of EtOH feeding. In addition, the overall cellularity of
spleen and thymus were altered by this regimen. However, chronic EtOH consumption did not
adversely affect DC precursor numbers, differentiation abilities, or turnover rates.

Conclusions—Decreased splenic DC numbers observed following chronic murine EtOH
consumption are not because of altered DC precursor numbers or differentiation, nor increased DC
turnover rate. Similarly, increased thymic DC numbers are not the result of alterations in DC
precursor differentiation or turnover rate. Compartment size plays a role in determining splenic
and thymic DC numbers following chronic EtOH feeding. EtOH-induced alterations in total DC
numbers provide several mechanisms to partially explain why chronic alcoholics have increased
susceptibility to infections.
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Alcoholism is A serious disease that currently affects nearly 18 million Americans. Chronic
alcoholics have increased susceptibility to and severity of infection (reviewed in Cook,
1998; MacGregor and Louria, 1997; Szabo, 1999), and evidence is strong that this is
because of impaired innate and adaptive immunity. Dendritic cells (DC) play a key role in
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the initiation of adaptive immune responses, and various aspects of DC function are
negatively impacted by acute and chronic ethanol (EtOH) exposure in humans (Dolganiuc et
al., 2003; Laso et al., 2007; Mandrekar et al., 2004) and mice (Aloman et al., 2007; Heinz
and Waltenbaugh, 2007; Lau et al., 2006, 2007; Ness et al., 2008). In addition to dysfunction
of individual DC, alterations in DC numbers could contribute to impaired immune responses
because of lack of sufficient antigen presentation interactions to stimulate a robust T cell
response or because of increased induction of regulatory T cells (Treg).

Dendritic cells are bone marrow (BM)-derived leukocytes responsible for uptake,
processing, and presentation of antigen to T cells (reviewed in Banchereau and Steinman,
1998; Bell et al., 1999; Lanzavecchia and Sallusto, 2001). Immature DC continuously
sample the environment. When pathogens are encountered in an inflammatory environment,
DC migrate to T cell zones of lymph nodes (LN) or spleen, and undergo maturational
changes making them effective and unique activators of naive T cells. DC are also found in
the thymus, where they play an important role in negative selection of developing T cells
(Anderson et al., 1998; Brocker et al., 1997; Gallegos and Bevan, 2004).

Murine DC are identified by the expression of CD11c and major histocompatability
complex (MHC) class II. In the spleen, immunostimulatory DC can be divided into
conventional DC (cDC) and plasmacytoid DC (pDC) subsets based on differential
expression of B220; cDC are B220- and pDC are B220+ (Anjuere et al., 1999; Martin et al.,
2002; Vremec and Shortman, 1997; Vremec et al., 1992). Classical DC can be further
subdivided based on CD11b, CD4, and CD8 expression (Heath et al., 2004; Kamath et al.,
2002). Whereas all of these DC populations present antigen to T cells, some specialized
functions have been described for various subsets. For example, CD8-cDC produce high
levels of interferon (IFN)γ, whereas CD8+ cDC secrete high levels of interleukin (IL)-12
p40/p70 (Hochrein et al., 2001). pDC are the major source of IFNα following viral
stimulation, leading to cytotoxic T lymphocyte activation (Dalod et al., 2003). CD8+ DC are
the main DC subset found in the thymus (Wu et al., 1995) where they play a role in negative
selection of thymocytes (Gallegos and Bevan, 2004). pDC have also been described in the
thymus, but their function in that location is currently unclear (Asselin-Paturel et al., 2003).

While the detailed lineage of DC subsets is not entirely understood, it is clear that DC share
a common origin with other hematopoietic cells at early BM precursor stages (Reid, 1997).
Turnover rates of these DC subsets differ, although in general, all are quite short-lived
compared with some B and T cell populations. Splenic cDC have a very rapid turnover rate
of 3 to 4 days (Kamath et al., 2000), whereas thymic CD8+ DC and pDC have slightly
longer lifespans with turnover rates of 10 and 14 days, respectively (Kamath et al., 2002;
O’Keeffe et al., 2002).

The purpose of this study was to examine the effects of chronic EtOH exposure on DC
numbers in various lymphoid tissues, and the mechanisms potentially responsible for
observed changes. The Meadows-Cook EtOH in water model was employed (Blank et al.,
1992; Meadows et al., 1992; Song et al., 2002), which allows long-term maintenance of
mice on EtOH with appropriate weight gain and no evidence of steroid-induced stress (Cook
et al., 2007). The results show that EtOH-fed mice had decreased numbers and frequencies
of splenic DC but increased thymic DC numbers. Chronic EtOH exposure does not affect
BM DC precursor numbers, and an EtOH environment does not influence the differentiation
of DC from non-EtOH exposed BM precursors. Furthermore, DC turnover rates were
unchanged by chronic EtOH feeding in both spleen and thymus, indicating that altered DC
lifespan is not responsible for changes in DC numbers. Total cellularities of spleen and
thymus were altered by EtOH feeding, and the size of the splenic or thymic compartment
appears to play a substantial role in determining total DC numbers in these organs. Loss of
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splenic DC provides a potential mechanism for suboptimal T cell activation in response to
pathogens, and increased thymic DC numbers could be a contributing factor to increased
Treg in chronic EtOH-fed mice. Thus, both of these changes may provide novel means by
which alcoholics are more susceptible to severe infections.

MATERIALS AND METHODS
Mice

Six- to seven-week-old female C57Bl/6 (CD45.2), C3H/HeJ, and BALB/c mice were
obtained from the National Cancer Institute (Frederick, MD). Pep3bBoy/J (CD45.1 congenic
mice on a C57Bl/6 background) mice were obtained from Jackson Laboratories (Bar Harbor,
ME). All mice were maintained in a specific pathogen-free facility at the University of Iowa,
and all animal procedures were approved by the animal care use committee at the University
of Iowa.

EtOH Administration
After a 1-week acclimation period, control and EtOH groups were created by random
separation of mice from the same lot. EtOH was provided in the drinking water as the sole
water source at 10% (w/v) for 2 days, 15% for 5 days, and 20% for 1 to 28 weeks. All time-
points for EtOH consumption are reported as duration on 20% EtOH. The mice were
provided laboratory chow ad libitum in the bedding in all cases, and age-matched controls
were given the same double-distilled water as that used for mixing the EtOH solutions
(Cook et al., 2007).

Determination of DC Precursor Number
C57Bl/6 BM cells were flushed from femurs, washed with balanced salt solution (BSS),
centrifuged through FicoLite-LM, and resuspended in sterile staining buffer (consisting of
5% newborn calf serum in BSS). Lineage– (lin–) cells containing DC precursors were
purified to >98% using Miltenyi’s lineage cell depletion kit on the AutoMACS (Miltenyi
Biotec, Auburn, CA). This kit contains biotinylated-anti-CD5, B220, CD11b, Gr-1, 7-4 (a
neutrophil marker), and Ter-119 (lineage markers) followed by antibiotin magnetic
microbeads and isolates lineage negative BM cells by negative selection.

Lin– cells were placed at 100 to 5000 cells/well into 96-well plates containing McCoy’s
media enriched with 10% fetal calf serum, essential and nonessential amino acids, sodium
pyruvate, minimal essential medium, vitamins, penicillin/streptomycin, glutamine, 2-
mercapto-ethanol, IL-4 (0.5 ng/ml), and granulocyte-macrophage colony-stimulating factor
(GM-CSF, 20 ng/ml) (Peprotech, Rocky Hill, NJ) using a Becton-Dickinson fluorescence-
activated cell sorter (FACS) DiVa with a cloner platform. Plates were incubated at 37°C in a
5% CO2 incubator and scored after 7 days for cell growth and colony type.

Bone Marrow Reconstitution
Recipient C57Bl/6 (CD45.2) EtOH-fed mice and controls were lethally irradiated (split dose
500 cGy and 600 cGy, 4 h between doses) using a 81–16A JL Shepherd Co. (San Fernando,
CA) irradiator with a 137Cs source, and reconstituted intravenously in the retro-orbital
plexus with 1 ×106 nucleated BM cells from untreated donor Pep3bBoy/J (CD45.1
congenic) mice. EtOH or water feeding was continued following reconstitution for the
respective groups throughout the course of the experiment. Spleen, thymus, LN, and
peripheral blood (PB) DC numbers were assessed 2, 4, 8, and 12 weeks after reconstitution.
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Bromodeoxyuridine Incorporation
C57Bl/6 EtOH-fed mice and controls were administered 5 mg bromodeoxyuridine (BrdU)
(Sigma, St. Louis, MO) in saline intra-peritoneally (i.p.) on day 0, and maintained on 0.8
mg/ml BrdU in drinking water through day 14, at which time BrdU was discontinued.
Tissues were harvested on day 1, 7, 14, 15, 18, and 21 after initiation of BrdU feeding, and
stained for DC markers and BrdU using a BrdU flow kit (Becton Dickinson, San Diego,
CA).

Flow Cytometric Reagents
The following monoclonal antibodies were used for 4 and 5-color flow cytometric analyses:
N418, a hamster antimouse CD11c (Metlay et al., 1990); GK1.5, a rat IgG2b antimouse
CD4 (Dialynas et al., 1983); 6B2, a rat IgG2a antimouse CD45R (B220) (Morse et al.,
1982); M5/114.15.2, a rat IgG2b antimouse I-A and I-E (Bhattacharya et al., 1981); 104, a
rat IgG2a antimouse CD45.2 (Shen, 1981); A20, a rat IgG2a antimouse CD45.1 (Shen,
1981); M1/70, a rat IgG2b antimouse CD11b (Mac-1) (Springer et al., 1979); and 536.72, a
rat IgG2a antimouse CD8 (Ledbetter and Herzenberg, 1979). These monoclonal antibodies
were prepared by ammonium sulfate precipitation from serum-free (HB101) culture
supernatants. Polyclonal purified rat IgG (Jackson ImmunoResearch, West Grove, PA) was
used for controls. The antibodies were conjugated with fluorescein isothiocyanate (FITC),
biotin, phycoerythrin (PE), or cyanine 5.18 using standard protocols. PECy7-avidin was
purchased from eBioscience (San Diego, CA).

Flow Cytometric Analysis
Spleen and thymus were injected with 1 ml of a solution containing liberase (0.1 U/ml)/
DNAse (40 U/ml) (Roche Diagnostics, Indianapolis, IN) in RPMI 1640 (Invitrogen,
Carlsbad, CA) and incubated for 30 minutes at 37°C. LN were minced and incubated in 1 ml
of the same solution. Single cell suspensions were washed with BSS and centrifuged
through Ficolite LM (Atlanta Biologicals, Lawrenceville, GA). Viable mononuclear cells
were collected from the interface, washed in BSS, and resuspended in BSS containing 5%
fetal calf serum and 0.1% NaN3. BM was prepared for staining as described under
Determination of DC Precursor Number.

Staining was performed with 5 ×105 cells (spleen, thymus, LN, BM) or 50 to 70 μl of whole
blood by incubating the cells for 20 minutes at 4°C with fluoresceinated, biotinylated,
cyanine 5.18 conjugated, or PE-conjugated antibodies, followed by the appropriate avidin
reagent. Equal volumes of 2.4G2, an anti-CD16/32 (FcγRIII/II) (Unkeless, 1979), and rat
serum were added in the first incubation to eliminate background staining caused by Ab
binding to FcγR. Following staining, erythrocytes were lysed using FACS Lysing Solution
(BD Biosciences, San Jose, CA). Cells were fixed with 1% formaldehyde in
1.25×phosphate-buffered saline.

Cells from reconstituted mice were analyzed on a Becton-Dickinson FACS Vantage flow
cytometer equipped with a primary argon laser and a rhodamine 6G CR599 dye head laser
(Coherent, Palo Alto, CA) pumped by a secondary argon ion laser. All other flow cytometric
experiments were analyzed on a Becton-Dickinson Calibur flow cytometer equipped with a
primary 488 air-cooled laser and a secondary 635 diode laser. Residual dead cells and cell
aggregates were excluded by low angle and orthogonal light scatter. At least 50,000 cells/
sample were examined. Where necessary, spectral overlaps between FITC and PE; cyanine
and Texas Red; and PE and PE-Cy7 were corrected with electronic compensation. The
FACS data were collected in CellQuest (BD Biosciences, San Jose, CA) and analyzed using
Flowjo (TreeStar, Ashland, OR). Final graphic output was obtained with Canvas software
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(Deneba Software, Miami, FL). Two-color contours are represented as 5% probability plots.
All fluorescence intensities are represented on a 4-decade log scale.

Statistical Analysis
Two tailed Student’s t-test analyses were performed using instat software (GraphPad
Software, San Diego, CA). Statistical significance = p ≤ 0.05.

RESULTS
Alterations in DC Numbers in EtOH-Fed Mice

To determine whether quantitative deficiency of DC could contribute to diminished
initiation of immune responses and increased risk of infection following chronic EtOH
exposure, DC were counted in spleen, thymus, LN, and PB following 1 to 16 weeks of
EtOH feeding, and in age-matched controls. As shown in Fig. 1, chronic EtOH exposure
resulted in a 40 to 55% decrease in total splenic DC numbers in C57Bl/6 mice. This
decrease was observed after as little as 4 weeks of EtOH feeding, and persisted to a similar
degree through at least 16 weeks of EtOH exposure. The deficiency impacted both cDC and
pDC to similar extents (Fig. 1C). Deficiencies in DC numbers were also identified in C3H
and BALB/c mice (Fig. 1D). In all strains studied, loss of splenic DC was attributable
partially to decreased DC frequency and partially to decreased total cellularity (and weight)
of the spleen (Fig. 1E and data not shown). No EtOH-associated loss of splenic DC was
observed at day 7 of EtOH feeding (Fig. 1B), thus this phenomenon appears to be associated
specifically with chronic rather than subacute EtOH exposure.

In contrast to splenic DC, thymic DC numbers were increased approximately 1.5×following
chronic EtOH feeding, compared with age-matched water fed controls (Fig. 2). As with
splenic DC, increases were evident in less than 4 weeks of EtOH feeding, and persisted to a
similar degree for as long as 12 weeks. Age-related decreases in total thymic cellularity
remained apparent in control and EtOH-fed mice, and contributed to decreased total thymic
DC numbers between 4 and 12 weeks of treatment in both EtOH-fed and control groups.
Both major DC subsets in the thymus (CD8+ DC and pDC) were increased to similar extents
by EtOH exposure (Fig. 2C). Gain in thymic DC numbers after EtOH feeding appeared to be
attributable primarily to increased total thymic cellularity (and weight) (Fig. 2D and data not
shown).

Dendritic cell numbers in peripheral (skin-draining) LN and in PB were also quantitated in
EtOH-fed mice. No difference was noted in LN DC numbers through 16 weeks of EtOH
feeding, and PB DC numbers were unaffected by EtOH exposure through at least 8 weeks of
treatment, although at 16 weeks total DC and pDC in PB showed a trend towards decreased
numbers in EtOH-fed mice relative to controls (data not shown).

Alterations in splenic and thymic DC numbers resulting from EtOH feeding could be
because of changes in DC precursor cell numbers or differentiation ability, or altered DC
lifespan. To date, no published information is available regarding the effects of chronic
EtOH exposure on dendropoiesis or DC turnover rates. Thus, further studies were
undertaken to address these possible mechanisms for altered DC numbers following chronic
EtOH feeding.

Effects of EtOH on BM DC Precursor Frequency
To determine whether the altered DC numbers seen in Et-OH-exposed mice were because of
an effect of EtOH on BM DC precursor frequency, purified lin– BM cells from control and
EtOH-fed mice [containing early DC precursors, including the common myeloid progenitors
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(CMP) and common lymphoid progenitors (CLP)] (Manz et al., 2001) were cultured at
increasing concentrations in the presence of GM-CSF and IL-4 for 7 days. This combination
of cytokines is commonly used to support the in vitro differentiation of cDC. Wells were
scored for presence of DC colonies and macrophages which were identified by characteristic
morphology, as seen in Fig. 3A. DC were identified as small, round cells seen either in
clusters or individually. Macrophages were unclustered, large cells with elongated
pseudopodia, adherent to the bottom of the wells. The percentages of wells containing DC
corresponding to each precursor cell number initially placed into the well are shown in Fig.
3B. EtOH and water fed mice showed no difference in the frequency of DC precursors at 4,
8, or 16 weeks of EtOH exposure (Fig. 3B and data not shown). The number of total lin–
precursor cells recovered from BM, as well as total BM cellularity was not different between
EtOH and water fed mice (data not shown). DC colony sizes arising from individual lin–
BM cells were generally equivalent between EtOH and control groups (data not shown).
Thus, the loss of splenic cDC numbers cannot be attributed to decreased DC precursor
frequency in the BM of EtOH-fed mice. While the frequency of pDC precursors was not
specifically tested in an assay in which pDC are produced in vitro, pDC and cDC are
ultimately thought to arise primarily from the same flt3+ myeloid precursor (D’Amico and
Wu, 2003). Thus it is unlikely that alterations in pDC numbers can be explained by altered
precursor frequency.

Effects of an EtOH Environment on DC Precursor Differentiation
An alternate explanation for decreased splenic DC numbers in EtOH mice (Fig. 1) that does
not require an adverse effect of EtOH directly on DC precursors is that chronic EtOH
feeding alters factors in the BM or splenic environment and thereby indirectly decreases
splenic DC production from precursor cells. Similarly, alterations in the BM or thymic
environment because of EtOH feeding could result in the observed increase in thymic DC
numbers (Fig. 2). As thymic and splenic DC with similar phenotypes do not follow identical
differentiation pathways (Ardavin et al., 1993;D’Amico and Wu, 2003;Wu et al., 1995), it is
formally possible that alterations in the BM environment could simultaneously result in
decreases in splenic DC and increases in thymic DC. To examine the effect of an EtOH
environment on the differentiation of normal BM cells (including DC precursors), BM cells
from untreated congenic donors were transferred into EtOH-fed or control recipient mice
after lethal irradiation. Recipient mice continued their respective treatment (EtOH or water
feeding) following reconstitution. Donor reconstitution was examined at 2, 4, 8, and 12
weeks after irradiation. Dendritic cell content of spleen and thymus, as well as LN and PB
were examined at each time-point. Donor-derived cells were identified as CD45.1+ (Figs 4A
and 5A).

In the spleen, 4 or 16 weeks of EtOH feeding prior to BM transfer did not affect total donor-
derived splenic cell numbers, as seen in the upper left plots in Fig. 4B and 4C.
Reconstitution proceeded as expected with increasing donor cell numbers from 2 to 8 weeks,
and then counts leveled off from 8 to 12 weeks. Total DC numbers were also not adversely
affected by EtOH treatment (lower left plots, Fig. 4B and 4C). Surprisingly, DC actually
were present in higher numbers at late time-points following BM transfer to 4-week EtOH-
fed mice compared with controls. All analyzed subsets of DC (B220+, CD4+, CD8+, and
CD11b+) were present at all time-points after reconstitution in both EtOH-fed and control
mice (Fig. 4B and 4C, center and right plots). A statistically significant decrease in the
fraction of DC from 16-week-EtOH-fed mice that were CD8+ was seen at 8 weeks after
reconstitution (Fig. 4C), but the biologic significance of the small difference is likely to be
minimal, and the difference disappeared by 12 weeks after reconstitution. BM of
reconstituted mice was studied at the same time-points for donor-derived populations
containing early hematopoietic precursors, B cells, T cells, myeloid cells, and DC.
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Reconstitution proceeded as expected with increasing cell numbers from 2 to 8 weeks and a
plateau at 12 weeks, and no differences between control and EtOH-fed recipients were
identified (data not shown). In summary, a chronic EtOH environment had no adverse effect
on the ability of untreated BM cells to reconstitute the BM compartment or produce splenic
DC, indicating that the observed decrease in splenic DC numbers in EtOH-fed mice (Fig. 1)
is unlikely to be the result of adverse environmental changes on DC differentiation in the
BM or spleen.

In the thymus, 4 or 16 weeks of EtOH exposure did not significantly alter total donor-
derived cell numbers after reconstitution, as seen in Fig. 5B and 5C (upper left plots). As in
the spleen, reconstitution proceeded as expected with increasing donor cell numbers from 2
to 8 weeks, followed by stable numbers from 8 to 12 weeks. Four-week EtOH-fed mice had
significantly higher donor-derived DC numbers at 12 weeks after reconstitution compared
with control mice (Fig. 5B, lower left plot), a finding that did not persist in 16 week EtOH-
fed mice (Fig. 5C, lower left plot). The frequency of CD8+ DC, the major thymic DC
subset, as a fraction of total thymic DC remained unaffected by EtOH exposure (Fig. 5B and
5C, right plots). Thus, chronic EtOH feeding did not promote the ability of normal BM cells
to produce thymic DC, indicating that the observed increase in thymic DC numbers in
EtOH-fed mice (Fig. 2) is unlikely to be the result of adverse environmental changes on DC
differentiation in the BM or thymus.

Although no significant differences were seen in LN or PB DC numbers following 4, 8, or
16 weeks of EtOH feeding, DC numbers were evaluated in these tissues in the EtOH-fed and
control mice that received normal BM transfer as part of their thorough evaluation. No
significant differences or persistent trends in donor DC numbers and/or percentages were
identified in these locations (data not shown).

Effects of EtOH and Radiation on Total Splenic and Thymic Cellularity
On the basis of the data in Figs 1 and 2 indicating EtOH-induced alterations in splenic and
thymic DC numbers as early as 4 weeks following initiation of EtOH feeding, we
anticipated that by late time-points following BM transfer, the number of splenic DC found
in EtOH-fed recipients would decrease compared with controls, and the number of thymic
DC would increase as the transferred BM cells and their progeny became chronically EtOH-
exposed. However, with the exception of thymic DC found at 12 weeks after BM transfer in
mice that were EtOH-fed for 4 weeks prior to transfer (Fig. 5B), this did not occur. Instead,
the numbers of donor-derived DC were generally equivalent between EtOH-fed and control
mice, following BM transfer. To determine if this effect was specific to DC or more
generally applicable to total organ cellularity, total splenic and thymic cellularity of EtOH-
fed and control mice that received irradiation and BM transfer were compared with these
cell numbers in otherwise untreated EtOH-fed and control mice (Fig. 6). The BM and its
progeny in each pair of bars received equivalent EtOH (or water) exposure (although the
total EtOH exposure of the mice varied depending on when the BM transfer occurred). As
shown in Fig. 6 (first pair of bars in each plot), total thymic and splenic cellularity of EtOH-
fed mice that received no additional treatment paralleled DC numbers found in these
locations (Figs 1 and 2). Total splenic cellularity was decreased in EtOH-fed mice, and total
thymic cellularity was increased. However, following irradiation and BM transfer, continued
EtOH feeding had no effect on the total cellularity of the organs (Fig. 6, second and third
pair of bars in each plot). The lack of difference in total organ cellularity parallels the lack of
difference in donor-derived DC numbers following BM transfer into EtOH-fed or control
mice (Figs 4 and 5). Thus, we hypothesize that the size or total cellularity of the organ is a
major determinant in the number of DC present within the organ. EtOH feeding clearly
alters organ cellularity, contributing to the observed alterations in splenic and thymic DC
numbers in otherwise unmanipulated mice. However, following irradiation, EtOH appears to
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have no additional impact on organ cellularity, leading to no difference in DC numbers in
this environment.

Effects of EtOH on DC Turnover
The data discussed so far provide evidence that altered DC numbers are not the result of
altered dendropoiesis. Quantitative changes in DC numbers could also be affected by
alterations in DC turnover rates in spleen and/or thymus. To examine whether EtOH affects
DC turnover rates, 4- and 16-week-EtOH-fed mice were given an i.p. bolus of BrdU and
then maintained on BrdU for up to 14 days. BrdU administration was then discontinued, and
some mice were followed for up to a week later. Spleens and thymi were harvested on
various days after BrdU administration was initiated. BrdU incorporation rate measures DC
production from BM precursors that incorporate BrdU prior to entry into the spleen, as well
as DC production from local proliferation (Liu et al., 2007), (Diao et al., 2007), and rate of
BrdU loss measures primarily death rate for DC, as these cells are largely terminally located
in spleen and thymus and only a tiny fraction migrate from these tissues (Kamath et al.,
2000).

As seen in Fig. 7A, BrdU incorporation in EtOH-exposed splenic DC showed no consistent
decrement compared with controls. B220+ DC (pDC) showed significantly less
incorporation of BrdU on the first day of administration in both 4-and 16-week EtOH-fed
mice, but the difference did not persist until day 7 of BrdU administration. BrdU loss from
CD11b+ DC, a subset of cDC, was accelerated in 4-week EtOH-fed mice, indicating a
potential contribution of increased death rate to the decreased splenic DC numbers seen at
this time-point (Fig. 1). However, this effect did not persist at 16 weeks of EtOH feeding,
thus its overall contribution to persistently decreased splenic DC numbers is probably
minimal.

Bromodeoxyuridine incorporation and loss from thymic DC was studied only at 16 weeks of
EtOH feeding, and no effect from EtOH on BrdU incorporation or loss was noted on either
thymic DC subset (Fig. 7B). Thus increased production and/or decreased rate of DC death
do not appear to contribute to the increased thymic DC numbers in chronic EtOH-fed mice
(Fig. 2).

DISCUSSION
The negative effects of chronic EtOH exposure on dendritic cell function, and the
contribution that these alterations may have on the ability to combat infection are beginning
to be appreciated (Aloman et al., 2007; Laso et al., 2007; Lau et al., 2006, 2007; Ness et al.,
2008). Alcoholic humans with liver disease have decreased numbers of DC in PB (Laso et
al., 2007). Mice maintained on modified Lieber-deCarli diets for 11 days show no loss in the
percentage of splenic DC (Heinz and Waltenbaugh, 2007), but to date, only 1 report exists
regarding the effect of chronic EtOH feeding on DC numbers in murine models of chronic
alcoholism. When mice are maintained on complete liquid (Lieber-DeCarli) diets for 8
weeks and simultaneously infected with a Flt3L-producing plasmid, EtOH-fed mice had
decreased splenic DC numbers (Aloman et al., 2007). Numerous reports indicate that
corticosterone levels were elevated in such feeding regimens (Jerrells et al., 1990; Kruger
and Jerrells, 1994; Padgett et al., 2000; Tabakoff et al., 1978), and this alteration may
potentially have contributed to the observed decrease in DC numbers in the Aloman study.
Lack of sufficient DC to process and present antigen to naive T cells would be expected to
decrease the likelihood of efficient T cell responses to pathogens. The purpose of this study
was to determine if DC numbers in primary and secondary lymphoid tissues are altered
following chronic EtOH feeding in the absence of steroid-induced stress, and to investigate
the mechanisms by which any observed quantitative DC alterations might occur.
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Chronic EtOH feeding using an EtOH in water model that allows treatment of mice for
many months without evidence of steroid-related stress effect (Cook et al., 2007) resulted in
decreased splenic DC numbers in multiple murine strains in as little as 4 weeks (Fig. 1).
These results corroborate and extend the previous report of decreased splenic DC in chronic
EtOH-fed mice (Aloman et al., 2007) in an environment where steroid-related stress is not a
potential contributing factor. Decreased DC numbers in the Meadows-Cook model do not
correlate with alterations in alanine transaminase (ALT) as seen in humans (Laso et al.,
2007), as mice are in general more resistant to EtOH-induced liver pathology than humans,
and ALT levels are unaffected at up to 21 weeks of EtOH feeding (Song et al., 2002 and RC,
unpublished observations). The relative loss of splenic DC was greatest in C3H mice,
whereas C57Bl/6 and BALB/c mice showed similar degrees of DC loss (see Fig. 1C and
legend to Fig. 1D). The observed strain differences may be because of differential EtOH
consumption, metabolism, and/or sensitivity of the lymphoid environment (including DC) to
the toxic effects of EtOH or its metabolites. Loss of splenic DC numbers is anticipated to
result in decreased naïve antigen-specific T cell activation and a poorer adaptive immune
response to pathogens, providing a mechanism to explain increased incidence and severity
of infections in chronic alcoholics. In fact, the effect of DC loss may be amplified at the T
cell activation stage of the immune response, as a 2-fold loss of DC has been reported to
result up to 4-fold decrease in activated T cells (Martín-Fontecha et al., 2003). Furthermore,
multiple DC encounters promote increased T cell activation and IFNγ production, thus
decreased DC numbers might be expected to result in a qualitatively deficient T cell
response (Celli et al., 2005).

Several DC intrinsic mechanisms could be responsible for the observed EtOH-induced
decrease in splenic DC, including decreased DC precursor frequency or differentiation,
altered migration through the blood from BM to spleen, and/or increased DC death.
Examination of splenic DC precursor frequency and turnover (Figs 3 and 7) revealed no
differences between EtOH-fed and control DC. The ability of EtOH-exposed DC to migrate
into spleen was not specifically examined in this study, and remains a potential mechanism
that may contribute to decreased splenic DC numbers. However, following subcutaneous
transfer, EtOH exposure for up to 8 weeks in the Meadows-Cook model had no effect on the
ability of splenic DC to traffic to the draining lymph node (Lau et al., 2007). Furthermore, if
a DC-intrinsic migration defect contributed significantly to decreased homeostatic splenic
DC numbers in EtOH-fed mice, this should have been reflected in some degree of decreased
BrdU incorporation, as most of the BrdU+ DC acquired this label in the BM rather than after
entry to the spleen (Liu et al., 2007).

Additionally, environmental differences might influence DC number, including factors that
influence DC differentiation from precursors, and factors that influence the size of the
compartment that is being filled with DC. The first possibility was excluded by the
observation of no difference in DC numbers produced from untreated BM transferred into
EtOH and control mice (Fig. 4). However, this study supports the possibility that decreased
compartment size is a large contributor to decreased splenic DC numbers in EtOH-fed mice
(Fig. 6). Homeostatic factors that maintain splenic volume following organogenesis are not
entirely understood. Lymphotoxin α1β2 (LTα1β2)-LTβ receptor (LTβR) interactions clearly
contribute to the maintenance of normal spleen size, as disruption of this interaction leads to
lower weight spleens (Ettinger et al., 1996). Furthermore, disruption of this axis results in
decreased splenic DC numbers (Abe et al., 2003;Kabashima et al., 2005;Wu et al., 1999).
Additional contributors to the maintenance of normal DC numbers in the spleen include
CXCL13, CCL19, and CCL21 produced by B cells and splenic stromal cells. Absence of
these chemokines leads to loss of splenic DC (Ngo et al., 1999;Yu et al., 2002), and
decreased levels might contribute specifically to the decreased percentage of DC found
following chronic EtOH feeding (independent of overall spleen size). Complete disruption
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of LT or homeostatic chemokine interaction with their receptors results in variable degrees
of disrupted splenic architecture (Muller et al., 2003), which we have not observed prior to
32 weeks of EtOH feeding in our model (T. Waldschmidt, AJS and KJN, unpublished
observations). However, partial disruption of these axes by EtOH might result in decreased
splenic size and DC numbers while maintaining grossly normal architecture.

In contrast to the spleen, thymic DC were increased in number following chronic EtOH
exposure (Fig. 2). Thymic DC play an important role in negative selection of both CD4+ and
CD8+ thymocytes (Gallegos and Bevan, 2004). They originate from 2 sources:
differentiation from an intra-thymic precursor that is likely to give rise to thymocytes, and
circulating immature DC that carry extrathymic antigen from peripheral tissues to the
thymic medulla (Bonasio et al., 2006;Donskoy and Goldschneider, 2003). The presence of
the latter DC increases the frequency of Treg in the thymus. Although we did not
specifically attempt to distinguish these 2 thymic DC subsets, total DC, CD8+ DC, and pDC
were equivalently increased in thymi of EtOH-fed mice, suggesting that both lineages of
thymic DC are affected by EtOH exposure. Increased thymic DC numbers as a result of
chronic EtOH feeding provides a potential mechanism that could contribute to the increase
in natural Treg observed in this EtOH feeding model (RC and J. Colgan, unpublished
observations).

Investigation into the mechanism(s) by which thymic DC are increased in the presence of
chronic EtOH exposure revealed no evidence for an environmental effect on the ability of
BM DC precursors (the ultimate source of both thymic DC lineages) to produce DC (Fig. 5)
or altered thymic DC turnover rates (Fig. 7). Rather, as for the spleen, the size of the thymic
compartment appears to be a major contributor in the increase in thymic DC number (Fig.
6). We have previously noted an increase in thymic cellularity at early time-points in the
Meadows-Cook model (Cook et al., 2007). Factors controlling thymic size in adulthood
include sex steroids which are well-known to contribute to thymic atrophy. The effect of
chronic EtOH feeding on sex steroid levels remains unknown. Clearly, they are not entirely
absent, as mice maintained on the Meadows-Cook EtOH regimen are fertile (R.C. and B.
Young, unpublished observation). Furthermore, thymic DC numbers in EtOH-fed mice do
decline between 4 and 12 weeks of EtOH feeding, in parallel to the decline seen in control
mice. These changes are likely because of aging effects on the thymus. However,
diminished sex steroid levels could contribute to increased thymic size in chronic EtOH-fed
mice.

As in the spleen, it is possible that altered migration of DC into the thymus contributes to
increased DC numbers. The specific chemokines involved in normal DC migration from
peripheral tissues into thymus remain unknown, but they are Gαi-mediated and pertussis
toxin-sensitive, similar to chemokines mediating lymphocyte homeostasis in lymphoid
tissue (von Andrian and Mackay, 2000; Bonasio et al., 2006). As the chemokines that
mediate normal thymic DC migration are identified, levels present in thymi of EtOH-fed
mice will be of interest.

The data presented here show for the first time that DC numbers are quantitatively increased
in thymus, and confirm that DC numbers are decreased in spleen by EtOH feeding in a
murine model of chronic alcoholism. Additionally, we have previously shown that
Langerhans cell numbers are significantly decreased in this same model (Ness et al., 2008).
Together, these changes would be expected to favor a decreased activation of adaptive
immunity following pathogen encounter, and potentially increased production of Treg,
leading to active suppression of immunity. Furthermore, we provide evidence indicating that
chronic EtOH exposure does not affect DC precursor numbers or differentiation, or turnover
rates within spleen or thymus. Rather, total splenic or thymic compartment size appears to
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be a major contributor to DC numbers in these organs, with a smaller contribution (leading
to decreased frequency of splenic DC) potentially the result of altered homeostatic DC
migration. The role of LT and homeostatic chemokines in this process remains to be
investigated.
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Fig. 1.
Splenic dendritic cell (DC) numbers are decreased in ethanol (EtOH) fed mice, beginning at
4 weeks of treatment. (A) Gating strategy for splenic plasmacytoid DC (pDC;
CD11cloB220+) and conventional DC (cDC; CD11c+B220-). Both populations are major
histocompatability complex class II+ (data not shown). Total DC were determined as the
combination of these 2 gates. (B) Decreased number of splenic DC in C57Bl/6 EtOH-fed
mice, n = 4 to 11 mice/group. (C) Decreased number of splenic total DC, cDC, and pDC in
C57Bl/6 EtOH-fed mice, normalized to the number found in age-matched controls
(represented as 1). (D) Decreased number of total splenic DC in C3H and BALB/c EtOH-
fed mice after 13 weeks of feeding. DC numbers in EtOH-fed mice normalized to water
controls: C3H = 0.28, BALB/c = 0.57, n = 4 to 6 mice/group. (E) Decreased total splenocyte
recovery from C57Bl/6 EtOH mice, n = 7 to 11 mice/group. *p ≤ 0.05, **p ≤ 0.01, ***p ≤
0.001 for water vs. EtOH. Error bars = SEM.
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Fig. 2.
Thymic dendritic cell (DC) numbers are increased in ethanol (EtOH)-fed mice, beginning at
4 weeks of treatment. (A) Gating strategy for total thymic DC (CD11c+ MHC Cl II+),
plasmacytoid DC (pDC; CD11c+B220+), and CD8+ DC (CD11c+CD8+) subsets. (B)
Increased number of total thymic DC in C57Bl/6 EtOH-fed mice. (C) Increased number of
total DC, pDC, and CD8+ DC in thymi of EtOH-fed mice, normalized to the number found
in age-matched controls (represented as 1). (D) Increased total thymocyte recovery from
EtOH mice, n = 4 mice/group. *p ≤ 0.05 for water vs. EtOH. Error bars = SEM.
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Fig. 3.
Bone marrow (BM) dendritic cell (DC) precursor frequency is not altered following ethanol
(EtOH) treatment. Lineage negative (lin–) BM cells were purified and placed at limiting
dilution into granulocyte-macrophage colony-stimulating factor/interleukin-4 containing
media. Wells were scored for DC colonies after 7 days of culture. (A) DC and macrophages
were easily distinguished in vitro by morphology. (B) The percentages of wells with DC
colonies were compared with the number of lin– precursor cells initially plated in each well.
For example, after 4 weeks of EtOH feeding, 100% of the wells contained DC colonies
when 5000 lin– precursors were placed in the well. Lin– BM from mice treated with EtOH
for 4 or 16 weeks showed an equivalent frequency of DC precursors compared with control
mice. Data shown are representative of at least 3 experiments/time-point. Error bars = SD.
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Fig. 4.
Splenic dendritic cell (DC) reconstitution by untreated bone marrow (BM) precursors is
unchanged by ethanol (EtOH) feeding. (A) Representative gating strategy used for
identifying donor-derived DC subsets following BM reconstitution. CD45.1+ (donor-
derived) cells were gated, and within that population CD11c+ cells (DC) that were also
positive for each of the subset markers (B220, shown; CD8, CD4, or CD11b) were gated.
(B) Reconstitution of 4-week- and (C) 16-week-EtOH-treated recipients and controls.
Weeks on EtOH represent length of feeding at the time of BM transfer; weeks of
reconstitution represent additional time on the same (EtOH or water) regimen after BM
transfer. For each exposure period, the upper left graph shows the total number of donor-
derived splenocytes at each time-point examined. The lower left graph represents total
donor-derived splenic DC numbers, which were then subdivided into 4 DC subsets (center
and right columns of graphs). Time-points with error bars had ≥3 mice/group. The 2 time-
points without error bars represent 2 mice/group. Error bars = SD. *p ≤ 0.05 for water vs.
EtOH.
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Fig. 5.
Thymic dendritic cell (DC) reconstitution by untreated bone marrow (BM) precursors is
unchanged by ethanol (EtOH) feeding. (A) Representative gating strategy used for
identifying donor-derived DC subsets following BM reconstitution. CD45.1+ (donor-
derived) cells were gated, and within that population CD11c+ cells that were also CD8+
were gated. (B). Reconstitution of 4-week- (C) and 16-week-EtOH-treated recipients and
controls. Weeks on EtOH represent length of feeding at the time of BM transfer; weeks of
reconstitution represent additional time on the same (EtOH or water) regimen since BM
transfer. For each exposure period, the upper left graph shows the total number of donor-
derived thymocytes at each time-point examined. The lower left graph represents total
donor-derived thymic DC numbers, which were then assessed for the CD8+ DC subset
(graphs in the right column). n ≥ 3 mice/group. CD8+ DC percentages were not determined
at 2 weeks after BM transfer in 16-week-EtOH-fed- or control mice because of low total cell
counts. Error bars = SD. *p ≤ 0.05 for water vs. EtOH.
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Fig. 6.
Total splenic and thymic cellularity in nonirradiated ethanol (EtOH)-fed and control mice,
and in similar mice following reconstitution. Cell counts were performed at the indicated
time-points. Plotted time-points represent equivalent amounts of EtOH exposure of
hematopoietic precursors, either in the absence of or following lethal irradiation. Error bars
= SEM. *p ≤ 0.05 for water vs. EtOH, n = 4 mice/time-point.
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Fig. 7.
Dendritic cell (DC) turnover is unaffected by ethanol (EtOH) feeding. DC were labeled with
bromodeoxyuridine (BrdU) by a single bolus injection followed by 14 days of BrdU in the
drinking water. On day 15, BrdU was removed from the water source, and DC was assessed
for loss of labeling over the subsequent week. (A) Splenic DC turnover. (B) Thymic DC
turnover. *p ≤ 0.05 for water vs. EtOH. Error bars = SD, n = 3 mice/time-point.
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