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DISCUSSION 

Immunotoxic effects following Cd exposure in adult animals are well 

documented; however, there have been no studies that investigate the 

immunomodulatory effects of gestational Cd exposure to the offspring on thymocyte 

development.  Studies demonstrating a dysregulation of Shh (Scott et al., 2005) and 

Wnt/β-catenin (Thompson et al., 2008) signaling by prenatal Cd exposure, coupled with 

the requirement for Shh (Outram et al., 2000) and Wnt/β-catenin (Oosterwegel et al., 

1991; Verbeek et al., 1995; Hattori et al., 1996; Ioannidis et al., 2001) in thymocyte 

development, led to the hypothesis that prenatal Cd exposure dysregulates these 

signaling pathways in the offspring, leading to changes in thymocyte phenotype.  To our 

knowledge, this is the first study to link prenatal Cd exposure to changes in thymocyte 

development and to dysregulation of the Wnt/β-catenin pathway in a mouse model.   

Our ex vivo analysis of thymocyte phenotype showed that prenatal Cd exposure 

increased the number of CD4+ and DN4+ cells, as well as the CD4+/CD8+ ratio.  Other 

studies that have examined the effect of direct in vitro Cd exposure on thymocyte 

phenotype, however, report a decrease in DP cells (Dong et al., 2001; Pathak and 

Khandelwal, 2007), an increase in DN cells (Pathak and Khandelwal, 2007), and a 

decrease in the CD4+/CD8+ ratio (Dong et al., 2001; Pathak and Khandelwal, 2007).  In 

those studies, primary thymocytes from 3-6 week old male Balb/c mice were exposed in 

vitro to various Cd concentrations (5-50 μM) for several time intervals (3-24 h).  

However, the relevance of these studies to the interpretation of those reported herein is 

questionable because of the differences in experimental design such as in vitro vs. in 

vivo exposure, Cd dose, length of exposure, mouse strain, and developmental stage of 

136



the exposed cells.  In addition, in vitro exposure would not account for possible effects 

on the thymic epithelium in addition to the thymocytes that as described below, could 

have a significant impact on the phenotype.  In our study, thymocytes are being 

exposed to an indirect, environmentally relevant concentration of Cd.  Although Cd was 

detected in pooled livers of the offspring, the level was close to the minimum level of 

detection, thus we believe that any possible direct Cd effect is minimal to nil.  The 

increased CD4+/CD8+ ratio observed in our study could have several consequences in 

cell-mediated immunity and T-cell host response to infection including an increased 

chance of developing autoimmune disease and allergies, as well as an increased 

susceptibility to viruses and tumor cells.   

Analysis of Shh signaling showed that prenatal Cd exposure dysregulates 

several components of this pathway (Figure 8A).  Shh is produced by thymic epithelial 

cells (TECs), while its receptor molecules Ptc and Smo are expressed by thymocytes  

(Outram et al., 2000), thus the decreased Shh signaling activity observed in the Shh-

Light 2 cell assay can be attributed to a down- regulation in signal transduction from the 

Shh-producing cells to the Shh-receiving cells (Figure 8A, top).  The downregulation of 

Shh target gene Wnt10b in the whole thymus further supports an inhibitory role of 

prenatal Cd exposure on Shh signaling from the epithelium.  Analysis of Shh protein in 

thymic lysates via western blot indicates that active Shh protein levels are unchanged.  

Several processing events must occur for proper secretion of the processed Shh (Shh-

Np).  Such events include: post-translation cleavage of the original 45 kDa protein along 

with cholesterol modification of the active 19 kDa fragment (Porter et al., 1995), 

palmitoylation of the N-terminal cysteine (Pepinsky et al., 1998), requirement of the 
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protein Dispatched for secretion (Burke et al., 1999), and multimerization of the Shh 

protein (Zeng et al., 2001). Since the antibody used in this study recognizes the 

cholesterol-modified form of Shh, it is unlikely that Cd affects this step of modification; 

however, any of the other steps may be altered following prenatal Cd exposure.        

Cells near the source of Shh secretion can modulate the range of the signal by 

upregulating their expression of Ptc, which can sequester Shh and thereby prevent it 

from spreading further (Chen and Struhl, 1996). Studies determining the expression 

pattern of Smo and the Gli genes suggest that the thymocytes responding to the Shh 

signal are DN cells and CD8+ cells (Outram et al., 2000).  In addition, analysis of Shh-/- 

thymi showed that Shh is necessary for efficient proliferation of DN thymocytes (Shah et 

al., 2004).  In our study, analysis of Shh target genes Ptc1 and Gli1 in Cd-treated 

offspring showed a significant upregulation of both genes in the DN and CD8+ cell 

population, while there was no difference in either gene in the DP and CD4+ cell 

populations (Figure 8A, bottom).   Based on our data, we hypothesized that in an 

environment where Shh signaling is decreased, DN and CD8+ cells may upregulate 

Ptc1 in order to sequester the limited signal.  Upregulation of Gli1 transcription indicates 

that Shh signaling is increased in the DN and CD8+ cell populations, despite the 

decreased Shh signal from the TECs and the unchanged protein level of Gli1 in the total 

thymocyte population.  Analysis of thymocyte phenotype showed a significant increase 

in the DN4 cell population as well as a trended increase in the DN3 cell population, 

thus, increased Shh signaling may contribute to increased proliferation of these cell 

populations.  The role that Shh signaling plays in single positive cells has not been well 

defined, however, one study showed that Shh signaling in developing thymocytes 
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influences TCR repertoire selection and differentiation from DP to SP cells (Rowbotham 

et al., 2007).  Specifically, in Shh-/- fetal thymic organ cultures, the CD4+/CD8+ ratio was 

increased, therefore, the decreased Shh signal from TECs in the present study is likely 

contributing to the increased CD4+/CD8+ ratio observed in prenatal Cd-treated offspring.  

In addition, the increased transcription of Ptc1 and Gli1 in CD8+ and no change in these 

genes in CD4+ cells may also contribute to the significantly increased CD4+/CD8+ ratio 

observed in thymocyte phenotype analysis.  

Analysis of Wnt/β-catenin signaling showed that prenatal Cd exposure 

dysregulates several components of this pathway (Figure 8B).  Wnt proteins begin as 

precursors containing an N-terminal hydrophobic signal peptide that directs the 

immature protein to the endoplasmic reticulum (ER).  In the ER, the signal peptide is 

cleaved by a protease and the Wnt protein is modified by the addition of sugars and 

lipids by the acyl-transferase porcupine (Tanaka, 2000).  This is required for proper 

secretion to occur.  The attachment of a palmitate moiety to a conserved cysteine 

residue on the Wnts, which converts them into hydrophobic proteins, is essential for 

their biological activity (Willert et al., 2003; Zhai et al., 2004).  Transport and secretion of 

the Wnt protein in secretory vesicles is controlled by the multi-pass transmembrane 

protein Wntless (Wls)/Evenness interrupted (Evi) (Ching and Nusse, 2006).  TECs are 

the main source of Wnt proteins in the thymus, while the Wnt receptor, Frizzled (Fz), is 

mostly found on thymocytes, which indicates a crosstalk between TECs and thymocytes 

(Pongracz et al., 2003).  In our study, we observed unchanged protein levels of Wnt10b 

in TECs (Figure 8B, top), along with decreased Wnt/β-catenin signaling in thymocytes 

as determined by increased cytoplasmic phospho-β-catenin and decreased nuclear 
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ABC (Figure 8B, bottom).  These findings suggest that prenatal Cd treatment is 

affecting the palmitoylation processing or secretion steps of Wnt in the epithelium.  The 

decrease in properly processed/secreted Wnt ligand would lead to degradation of β-

catenin in the cytoplasm, which is observed in prenatal Cd-treated offspring.  In 

addition, others have demonstrated that ABC enhances the generation of CD8+ cells 

from DP cells (Mulroy et al., 2003), thus decreased ABC may be responsible for the 

increased CD4+/CD8+ ratio we observed in prenatal Cd-treated offspring. 

Cd has been shown to be mitogenic and to influence the expression of genes, 

especially the cellular proto-oncogenes, also known as the immediate early response 

genes, that encode nuclear transcription factors and influence subsequent expression of 

other genes (Vogt and Bos, 1989).  Cd-induced accumulation of transcripts of c-fos, c-

jun, and c-myc has been reported in several cell types of animals and humans (Jin and 

Ringertz, 1990; Tang and Enger, 1993; Matsuoka and Call, 1995; Wang and 

Templeton, 1998; Achanzar et al., 2000; Joseph et al., 2001).  These genes are 

generally associated with cell proliferation, thus their induction indicates a mechanism 

by which Cd may promote the development of cancer.  In our study, c-fos was 

upregulated in DN, DP, and CD4+ cells, but was unaffected in CD8+ cells; c-myc was 

upregulated in DN and DP cells, but was unaffected in CD4+ and CD8+ cells; and c-jun 

was unaffected in all cell populations (Figure 8B, bottom).  In summation, a significant 

increase in at least one of these immediate early response genes was present in every 

thymocyte population analyzed except for the CD8+ population.  Interestingly, thymocyte 

phenotype analysis showed that this was the only population that had a trended 

decrease following prenatal Cd exposure.  Although c-fos, c-jun, and c-myc are known 
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Wnt/β-catenin target genes, it is unlikely that their upregulation is due to an increase in 

ABC levels since prenatal Cd exposure caused a decrease in ABC and an increase in 

phospho-β-catenin protein levels in total thymocytes when analyzed via western blot.   

β-catenin, together with DNA-binding T cell factor/lymphoid enhancer factor (TCF/LEF) 

family proteins, functions as a transcription factor to control Wnt target genes, thus, 

prenatal Cd exposure may be upregulating TCF/LEF or downregulating repressors such 

as Groucho/TLE which would result in upregulation of the proto-oncogenes.  It has also 

been demonstrated that overexpression of cellular proto-oncogenes by Cd is mediated 

by the elevation of intracellular levels of superoxide anion, hydrogen peroxide, and 

calcium (Joseph et al., 2001).   

In summary, we exposed pregnant mice to an environmentally relevant dose of 

Cd throughout pregnancy and analyzed the effects on thymocyte phenotype of the 

offspring.  We also examined the effect of prenatal Cd exposure on two signaling 

pathways necessary for proper thymocyte maturation.  We demonstrated that prenatal 

Cd exposure alters Shh and Wnt/β-catenin signaling resulting in aberrant thymocyte 

development.  It is likely that prenatal Cd exposure affects the processing and/or 

secretion of Shh and Wnt proteins in the thymic epithelium resulting in an attenuated 

signal in both pathways as demonstrated by a decrease in Gli:luciferase activity and a 

decrease in nuclear ABC levels.  The overall upregulation of immediate early response 

genes suggests that prenatal Cd also affects an intracellular component of the 

thymocyte independent of the effects on the thymic epithelium.   Although it is known 

that Shh and Wnt/β-catenin signaling influences fetal thymocyte development, the 

specific time points at which they play a role and the regulation of their components, as 
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well as their interaction with each other need further investigation.  In addition to the 

thymus, Hh and Wnt/β-catenin signaling is necessary for proper development of the 

kidney (Stark et al., 1994; Kang et al., 1997), bone (Gao et al., 2001; Gong et al., 2001; 

Loughlin et al., 2004), lung (Pepicelli et al., 1998; Tebar et al., 2001; Mucenski et al., 

2003; Okubo and Hogan, 2004), and prostate (Podlasek et al., 1999; Truica et al., 2000; 

Lamm et al., 2002; Mulholland et al., 2002; Chesire and Isaacs, 2003; Freestone et al., 

2003; Berman et al., 2004), all of which are target organs of Cd toxicity (Bernard, 2008).  

Due to Hh and Wnt/β-catenin signaling being highly conserved among organ systems, it 

is plausible that prenatal Cd exposure disrupts these pathways in other organs, 

resulting in developmental malformations, increased cell proliferation, and possibly 

cancer.   
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ABSTRACT 

Cadmium (Cd) is an environmental pollutant due to its widespread and continual 

use.  Cd is generally found in low concentrations in the environment, while its 

concentration in cigarette smoke is high.  Although evidence demonstrates that adult 

exposure to Cd causes changes in the immune system, there are limited reports in the 

literature of immunomodulatory effects of prenatal exposure to Cd.  This study was 

designed to investigate the effects of prenatal exposure to Cd on the immune system of 

the offspring.  Pregnant C57Bl/6 mice were exposed to an environmentally relevant 

dose of Cd (10 ppm) and the effects on the immune system of the offspring were 

assessed at two time points following birth (PND 14 and 49). Thymocyte and splenocyte 

phenotypes were analyzed by flow cytometry.  Cytokine production of splenic T cells 

was determined by ELISA.  Prenatal Cd exposure increased the number of double 

negative (DN; CD4-CD8-) thymocytes, specifically the DN1 subpopulation (CD44+  

CD25-), at PND 14 and 49.  In the spleen, prenatal Cd exposure decreased the number 

of macrophages in male offspring at both time points.  Cytokine analysis of splenic T 

cells demonstrated that prenatal Cd exposure decreased IL-2 and IL-4 production in 

female offspring at PND14. At PND49, IL-2 production remained decreased in Cd-

exposed females while IFN-γ production was decreased in both male and female Cd-

treated offspring.  These findings suggest that even a very low level of exposure to Cd 

during gestation can result in long term detrimental effects on the immune system of the 

offspring, and these effects are to some extent sex-specific.    

 

Key words: cadmium, prenatal exposure, thymocytes, splenocytes, cytokines  
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INTRODUCTION 

Cadmium (Cd) is a heavy metal that poses a hazard to human health due to its 

toxicity.  There is sufficient evidence in humans to classify Cd and Cd compounds as 

carcinogens based on epidemiological studies demonstrating a link between Cd and 

lung, and possibly prostate, cancer (IARC, 2004).  Exposure to the heavy metal and its 

compounds primarily occurs in workplaces such as mining, smelting, processing, and 

battery manufacturing, whereas non-occupational exposures come from various foods, 

contaminated water, and tobacco smoke.  Smokers generally have Cd blood levels 4-5 

times those of non-smokers (Elinder et al., 1976).   

Cd levels in the environment vary widely due to its ability to be transported 

through air, water, and soil. Humans normally absorb Cd into the body either by 

ingestion or inhalation (Lauwerys et al., 1986).  The daily intake is estimated to be 

approximately 10–50 µg, but can reach levels of 200–1000 µg in highly contaminated 

areas (Nordberg, 2006).  The average Cd intake from food generally varies between 8-

25 µg per day (Olsson et al., 2002), while a cigarette contains 1-2 µg.  Cd levels in soils, 

particularly areas in which phosphate fertilizers have been applied, can range from 10 to 

200 µg/g (Cook, 1995).  

As a result of humans not having an effective Cd elimination pathway, the 

biologic half-life of Cd in the body is estimated to be 15-20 years (Jin et al., 1998).  

Excessive Cd accumulation in the body often results in diseases such as kidney failure, 

respiratory disease, neurological disorders, and occasionally death (Waalkes et al., 

1992).  Although pharmacokinetic studies have demonstrated that Cd does not readily 

reach the fetus, it accumulates in high concentrations in the placenta (Piasek et al., 
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2001).  Teratological effects associated with Cd exposure reported for humans are 

limited; however, maternal exposure to environmental Cd, higher placental 

concentration (Loiacono et al., 1992), and/or fetal Cd exposure (Frery et al., 1993) has 

been associated with lower birth weights in humans.  Moreover, the teratological effects 

of Cd in rodents have been extensively documented (Hovland et al., 1999; Scott et al., 

2005; Minetti and Reale, 2006; Jacquillet et al., 2007).   

There have been numerous studies on the immunomodulatory effects of Cd in 

humans and experimental animals; however, the findings remain controversial 

(Descotes, 1992).  This conflict amongst findings may be attributed to varying doses, 

route of administration, length of Cd treatment, and sensitivity of immune systems 

between different animal species.  The thymus, the primary site of T-cell production, is a 

target organ of Cd-induced toxicity (Morselt et al., 1988).  Thymocytes mature through a 

series of stages defined by expression of cell surface markers CD4 and CD8.  The most 

immature thymocytes are CD4-CD8- double-negative (DN).  This population gives rise to 

CD4+CD8+ double-positive (DP) cells, which then give rise to mature CD4+CD8- single-

positive (SP) and CD4-CD8+ SP cells.  The DN population can be further subdivided in 

mice based on the expression of surface markers CD25 and CD44: CD44+CD25-(DN1) 

cells differentiate into CD44+CD25+(DN2) cells, which then develop into CD44-

CD25+(DN3) cells, which differentiate into the CD44-CD25-(DN4) population. Following 

Cd-treatment, damage to the thymus as well as changes in the proliferation rate of 

thymocytes in adult rats results (Morselt et al., 1988).    In adult mice, Dong (2001) 

observed a decrease in DP cells.  Pathak and Khandelwal (2007a) also demonstrated 

that Cd exposure decreased the DP population and increased the number of DN cells.  
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In vivo studies exposing adult male rats to varying concentrations of Cd (0-100 ppm) 

demonstrated that lower doses of Cd inhibited humoral and cellular immune responses, 

while higher concentrations had a stimulatory effect (Lafuente et al., 2004).   Analysis of 

oxidative stress and apoptosis showed that splenic cells appeared more susceptible 

than thymus cells to the adverse effects of Cd both in vitro (Pathak and Khandelwal, 

2006a; Pathak and Khandelwal, 2006b) and in vivo (Pathak and Khandelwal, 2007b).  

Despite the numerous studies demonstrating the effects of Cd on the adult 

immune system, there have been limited reports on the effect of Cd exposure during 

gestation on the immune system of the offspring.  We have previously shown that 

prenatal exposure to Cd affects thymocyte development of newborn (<12 h old) 

offspring (Hanson et al, unpublished). This study was designed to investigate the 

continued effects of prenatal exposure to Cd on the immune system of the offspring.  

Pregnant mice were exposed to an environmentally relevant dose of Cd (10 ppm) and 

the effects on the immune system of the offspring were assessed at two time points 

following birth [post-natal day (PND) 14 and 49] to evaluate the effects in relation to 

developmental stage.  In addition, whether the observed prenatal effects on the immune 

system were sex-specific was determined.             
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MATERIALS AND METHODS 

Breeding and Dosing Methodology 

  C57Bl/6 mice at 8-10 weeks of age were obtained from Hilltop Lab Animals, Inc. 

(Scottsdale, PA). The C57Bl/6 strain of mouse was used for these experiments due to 

its reported teratogenic susceptibility to Cd treatment (Hovland et al., 1999).  Mice were 

allowed to acclimate on site for at least one week.  Two females were placed in a cage 

with one male for 72 hours to maximize pregnancy rate.  Females were inspected for a 

vaginal plug and if present, this day was declared as gestational day 0.  Ten dams were 

used as controls, having free access to deionized distilled water (ddH20), while ten 

additional dams had free access to 10 ppm of Cd as CdCl2 (Sigma-Aldrich; St. Louis, 

MO) dissolved in ddH20.  The dose of 10 ppm was chosen because it is the greatest 

concentration that will elicit immunomodulatory effects in adult rodents without causing 

systemic effects (Lafuente et al., 2003).  Cd administration was stopped at birth.  At 

PND14 and 49, 3 offspring (at least 1 male and 1 female) selected from each of the 

litters were euthanized and thymi and spleens were removed.  Mice born from a 

different set of dams were euthanized at PND49 to ensure adequate sample size.  The 

PND14 time point was chosen to determine if any longer term effects of prenatal 

exposure to Cd were evident early in life and PND49 was chosen to assess the effects 

of prenatal Cd exposure at the mouse adult stage.  This time point would approximate a 

younger post-pubescent human which should have a fully developed robust immune 

response.  All offspring were weaned at PND21 and the dams were euthanized.      
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Tissue Isolation and Cell Preparation 

Thymi and spleens were harvested from euthanized mice and single cell 

suspensions prepared. The organs from each mouse were kept separate.  Red blood 

cells were lysed using an ammonium chloride lysis buffer.  Viable cells were 

enumerated using trypan blue and a hemacytometer. 

 

Cd load  

A group of dams whose litters were not used in the present study, but were 

dosed in the same manner, were euthanized following partuition to determine Cd load.  

To measure Cd content, kidney samples were dissolved in 2 ml of 70% nitric acid.  The 

acidified samples were neutralized in 5 ml of ddH20 and filtered through Whatman no.1 

paper.  Samples were then diluted to volume with ddH20 in a 25 ml volumetric flask.  Cd 

concentrations were measured using an inductively coupled plasma optical emission 

spectrometry (ICP-OES) (model P400 Perkin Elmer, Shelton, CT).  The minimum level 

of detection of the ICP-OES for Cd is 2.5 ppb.  The purpose of this assay was to 

determine how much Cd was retained in the kidneys of the dams to verify that the dams 

were consuming approximately equal amounts of water, and thus, Cd dosing was 

consistent between dams.   

 

Cell staining and flow cytometry 

  Single cell suspensions of thymocytes and splenocytes were prepared as 

described above.  Thymocytes were stained using combinations of the following 

fluorochrome directly conjugated antibodies: anti-CD45-biotin (eBioscience; San Diego, 
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CA), anti-streptavidin-Pacific Blue (Invitrogen; Carlsbad, CA), anti-CD44-PE-Cy5 

(eBioscience), anti-CD25-PE-Cy7 (eBioscience), anti-CD4-FITC (BD Biosciences 

Pharmingen; San Jose, CA), and anti-CD8-PE (BD Biosciences Pharmingen).  SP and DP 

cell subpopulations were identified using anti-CD4 and anti-CD8.  To identify the 

different DN subpopulations, anti-CD44 and anti-CD25 were determined on the CD4-

CD8- population.  Splenocytes were stained using combinations of the following directly 

conjugated Abs: anti-CD4-FITC (BD Biosciences Pharmingen), anti-CD8-PE (BD 

Biosciences Pharmingen), anti-F4/80-APC-Alexa Fluor 750 (eBioscience), anti-Gr1-

Alexa Fluor 700 (eBioscience), and anti-B220-PE-Cy5 (BD Biosciences Pharmingen). 

Cells (1 x 106) were stained using the following procedure: cells were washed with 

PBSAz (phosphate buffered saline containing 2% FBS and 0.2% sodium azide) and 

then incubated with whole rat and mouse IgG (Jackson ImmunoResearch, West Grove, 

PA) for 30 min on ice to block Fc receptors, followed by a PBSAz wash.  The cells were 

incubated for 30 min on ice with flourochrome labeled antibodies.  The cells were 

washed several times with PBSAz and fixed overnight at 4°C with 0.4% 

paraformaldehyde.  The paraformaldehyde was removed and cells resuspended in 

PBSAz.  Stained cells were analyzed using a FACSAria and FACSDiva software (BD 

Biosciences Pharmingen).  A total of 10,000 events were collected for each sample.  

  

Cytokine production       

The release of Interleukin-2 (IL-2), Interleukin 4 (IL-4), Interleukin 10 (IL-10), and 

Interferon-gamma (IFN-γ) in splenocytes at PND14 and PND49 was measured using 

the Mouse TH1/TH2 Ready-SET-Go! ELISA set (eBioscience).  Briefly, 1 x 106 cells/ml 
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in RPMI media (Mediatech Cellgro; Manassas, VA) supplemented with 10% FBS were 

seeded in 48-well plates and stimulated with anti-CD3 (10 µg/ml; eBioscience) and anti-

CD28 (10 µg/ml; eBioscience).  The culture supernatant was collected 24 h after the 

stimulation for the assessment of IL-2, and 72 h after the stimulation for the assessment 

of IL-4, IL-10, and IFN-γ.  The concentrations of the cytokines were assessed per 

manufacturer’s protocol.      

 

Statistical Analysis   

Results are expressed as mean ± S.E.M.  For Figure 1, a mean of the data from 

3 mice/litter was taken and used as the N=1 data for the corresponding dam.  For 

Figures 2-4, a mean of the data from 5-8 offspring/sex/treatment group/age group was 

taken.  Statistical analyses comparing the values for a particular cell population or 

cytokine concentration between Cd-exposed (single dose) and control offspring were 

performed using the t-test.  An alpha value of p≤0.05 was considered significant.  All 

experiments were repeated at least three times.   
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RESULTS 

Tissue Cd levels 

The average Cd concentration for the dams was 4.37±0.76 (SEM) µg/g kidney 

tissues, which demonstrates a low environmentally relevant exposure level that is 

consistent between dams.  Analysis of Cd levels in the offspring were attempted; 

however no Cd was detected in their kidneys, and liver Cd levels were slightly above 

the minimum level of detection for the ICP-OES (2.5 ppb) when livers from 3 offspring 

from Cd-treated dams were pooled.  Cd was not detected in the offspring from control 

dams.  This finding demonstrates that the offspring were exposed to Cd; however, 

transplacental transfer was very low.  

 

Effect of prenatal Cd exposure on thymocyte phenotype in PND14 and 49 offspring  

Thymocyte phenotype of representative offspring from each litter was measured 

by cell surface marker expression using flow cytometry. Total thymocyte number was 

not significantly different between Cd-treated and control offspring at PND14 (25.9±3.4 

x 107 vs. 23.0±3.0 x 107, respectively) or at PND49 (25.4±2.2 x 107 vs. 21.2±1.8 x 107, 

respectively).  At PND14, the number of DN cells was significantly increased in Cd-

treated offspring compared to the control offspring [1.95±0.28 x 107 vs. 1.34±0.20 x 107 

(p<0.05), respectively] (Figure 1A).  The significant increase in the DN population 

persisted until PND49 [Cd-treated offspring, 2.29±0.21 x 107 DN cells vs. control 

offspring, 1.80±0.12 x 107 DN cells (p<0.05)].  No other population of thymocytes was 

significantly altered at either day of analysis.   Analysis of subpopulations of the DN 

population at PND14 showed that Cd-treated offspring had significantly more DN1 cells 
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(4.86±0.97 x106) compared to control offspring (2.80±0.41 x 106) (p<0.05) (Figure 1B).  

The increase in DN1 cell number among Cd-treated offspring was still present at 

PND49 [Cd-treated, 9.93±0.90 x 106 vs. control, 7.72±0.53 x 106 (p<0.05)].  The DN2 

cell numbers also showed an increasing trend in Cd-treated offspring at PND14 and 49, 

though the difference was not significant (p<0.06).  There were no sex-specific effects 

on thymocyte phenotype observed in PND14 or PND49 offspring.  

 

Effect of prenatal Cd exposure on splenocyte phenotype in PND14 and 49 offspring 

Splenocyte phenotype of representative offspring from each litter was determined 

by flow cytometry using cell markers specific for CD4 and CD8 T cells, B cells, 

macrophages, and granulocytes.  Total splenocyte number was not significantly 

different between Cd-treated and control offspring (1.1±0.8 x 108 vs. 1.0±0.93 x 108, 

respectively).  The only cell type that showed a significant difference between the Cd-

treated offspring and control animals was macrophage (Figure 2).   Further, this 

difference only occurred in male offspring.  At PND14, Cd-treated males had 0.78±0.27 

x 107 macrophages while control offspring had 1.47±0.14x 107 (p<0.05) macrophages 

(Figure 2A).  The significant decrease in Cd-treated males was still present at PND49 

[(Cd-treated, 1.35±0.22 x 107 vs. control,   2.25±0.27 x107 (p<0.05)] (Figure 2B).  All 

other cell populations had no significant differences between the two treatment groups.   
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Effect of prenatal Cd exposure on spleen cell ex vivo cytokine production at PND14 and 

49  

 In order to determine the effects of prenatal Cd exposure on the immune 

response of offspring at PND14 and 49, production of IL-2, IL-4, IL-10, and IFN-γ by 

splenic T cells was measured following stimulation with anti-CD3/28.  At PND14, Cd-

treated females produced significantly less IL-2 than control females [Cd-treated, 

2.31±0.77 µg/ml vs. control, 7.40±1.41 µg/ml (p<0.01)] (Figure 3).  IL-4 production was 

also significantly decreased in Cd-treated females compared to control females [Cd-

treated, 202.42±7.15 pg/ml vs. control, 299.76±17.86 pg/ml (p<0.05)] (Figure 3).  Cd-

treated male offspring did not demonstrate any statistically significant difference in 

cytokine production at PND14, although IFN-γ was markedly decreased in Cd-treated 

male offspring (p<0.06).  At PND49, IL-2 production remained significantly decreased in 

Cd-treated females compared to control females [Cd-treated, 3.36±1.02 µg/ml vs. 

control, 8.21±1.22 µg/ml (p<0.05)] (Figure 4).  IFN-γ was significantly decreased in both 

Cd-treated males (Cd treated, 0.47±0.10 µg/ml vs. control, 12.52±2.48 µg/ml) and 

females (Cd-treated, 3.69±0.98 µg/ml vs. control, 9.29±2.54 µg/ml) compared to control 

animals (p<0.05) (Figure 4).  There were no differences in IL-10 or IL-4 production in 

either Cd-treated males or females at PND49.  In addition, the cytokines Interleukin-

12p70 (IL-12p70), Tumor Necrosis Factor-α (TNF-α), Monocyte Chemoattractant 

Protein-1 (MCP-1), and Interleukin-6 (IL-6) were measured but none of these cytokines 

showed any difference between the Cd-treated offspring and the controls (data not 

shown).  Taken together, cytokine production by prenatally Cd-treated female offspring 

is affected at an earlier developmental stage than their male counterparts.  In female 
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offspring at PND49, the data suggest that the Th1 cells (IL-2 and IFN-γ producing) are 

affected, while the Th2 cells (IL-10 and IL-4 producing) are not.  In the male offspring at 

the same time point, there was no effect on the IL-2, IL-4, or IL-10 production, yet IFN-γ 

was significantly decreased. 
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Figure 1.  Thymocyte phenotype of PND14 and 49 offspring.  Thymocytes were 

isolated from 14 and 49 day old mice that were exposed to 10 ppm Cd in utero.  Single 

cell suspensions were prepared for flow cytometry analysis by standard methods.  Each 

bar represents the mean ± SEM.  Data are representative of 3 experiments where N=4 

in each group  (A) Thymocyte phenotype was determined based on CD4 and CD8 cell 

surface expression.  (B) DN subpopulation phenotype was determined based on CD44 

and CD25 cell surface expression.  *p<0.05 
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Figure 2.  Splenocyte phenotype of PND14 and 49 offspring.  Spleen cells were 

isolated from 14 (A) and 49 (B) day old mice that were exposed to 10 ppm Cd in utero.  

Single cell suspensions were prepared for flow cytometry analysis by standard 

methods. Flow cytometric analysis was performed by staining splenocytes with anti-

CD4, anti-CD8, anti-B220 (B cells), anti-F4/80 (macrophages), and anti-Gr-1 

(granulocytes).  Each bar represents the mean ± SEM.  Data are representative of 3 

experiments where N=5-8 offspring/sex/treatment group/age group.  *p<0.01 
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Figure 3.  Cytokine expression of splenic T cells on PND14.  Spleen cells were 

isolated from 14 day old mice that were exposed to 10 ppm Cd in utero.  Cells were 

stimulated with anti-CD3/CD28 for 24h (IL-2) or 72h (IFN-γ, IL-10 and IL-4).  

Supernatants were analyzed for cytokine expression by ELISA kits.  Limit of detection: 

IL-2 (2 pg/ml), IFN-γ, (15 pg/ml), IL-10 (30 pg/ml), IL-4 (4 pg/ml).  Each bar represents 

the mean ± SEM.  Data are representative of 3 experiments where N=5-8 

offspring/sex/treatment group.  *p<0.05, **p<0.01 
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Figure 4.  Cytokine expression of splenic T cells on PND49.  Spleen cells were 

isolated from 49 day old mice that were exposed to 10 ppm Cd in utero.  Cells were 

stimulated with anti-CD3/CD28 for 24h (IL-2) or 72h (IFN-γ, IL-10 and IL-4).  

Supernatants were analyzed for cytokine expression by ELISA kits.  Limit of detection: 

IL-2 (2 pg/ml), IFN-γ, (15 pg/ml), IL-10 (30 pg/ml), IL-4 (4 pg/ml).  Each bar represents 

the mean ± SEM.  Data are representative of 3 experiments where N=5-8 

offspring/sex/treatment group.  *p<0.05 
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DISCUSSION 

 

Immunotoxicity after Cd exposure in adult animals is well documented; however, 

reports concerning the effect of Cd exposure during gestation on the immune system 

are limited.  We have previously demonstrated that prenatal Cd exposure alters 

thymocyte development in offspring at PND0 (Hanson et al, unpublished), while another 

study showed that proliferative responses of spleen cells to mitogens and activity of 

peritoneal macrophages were increased, and delayed type hypersensitivity to sheep red 

blood cells after immunization was decreased, in prenatal Cd-exposed offspring 

(Soukupova et al., 1991).  Due to organogenesis of the immune system occurring 

mostly at the prenatal, and to a lesser extent, at the early postnatal stage, the perinatal 

period is not only more sensitive to deleterious effects of immunotoxicants, but 

alterations in the immune system can result in persistent effects (Holladay and 

Smialowicz, 2000).  Exposure to toxic agents such as halogenated aromatic 

hydrocarbons (HAHs), polycyclic aromatic hydrocarbons (PAHs), hormonal substances, 

and heavy metals during the developmental period can result in a range of functional 

defects in adulthood, including suppression of the immune system (Blaylock et al., 

1992; Keil et al., 2008), hypersensitivity (Miller et al., 1998), and autoimmune disease 

(Snyder et al., 2000; Mustafa et al., 2008).  In vitro studies have demonstrated that Cd 

causes oxidative stress and apoptosis in adult mouse T- and B-cells (Pathak and 

Khandelwal, 2006b; Pathak and Khandelwal, 2006a), as well as macrophages (Kim and 

Sharma, 2006).  The thymus is an important primary lymphoid organ where successive 

stages of cell development and selection produce functionally competent T cells from 
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immature precursor cells.  Several in vivo studies demonstrated that adult exposure to 

Cd is able to cause significant weight decrease or atrophy of the thymus in mice using a 

wide range of doses (Borgman et al., 1986; Mackova et al., 1996; Liu et al., 1999).  In 

addition, in vitro studies have demonstrated that exposure to Cd results in apoptosis 

and phenotypic changes in thymocytes from adult mice (Dong et al., 2001; Pathak and 

Khandelwal, 2007a).  The present analysis of offspring thymocyte phenotype following 

prenatal Cd exposure demonstrates an increase in the DN population, which is in 

agreement with previous reports of Dong (2001) and Pathak (2007a). Examination of 

the four DN subpopulations demonstrates that the earliest stage in thymocyte 

development, DN1, was significantly increased after prenatal Cd exposure at both 

PND14 and 49.  We have previously shown a link between prenatal Cd exposure and 

dysregulation of the sonic hedgehog (Shh) and Wnt/β-catenin signaling pathways in the 

thymus at PND0 (Hanson et al, unpublished).  Both of these pathways are needed for 

differentiation of DN1 cells to DN2 cells, therefore a continued perturbation of these 

pathways at PND14 and 49 may be responsible for the altered thymocyte phenotype.     

In vitro and in vivo studies in adult mice have shown that splenocytes are more 

sensitive to Cd treatment than are thymocytes (Pathak and Khandelwal, 2006b; Pathak 

and Khandelwal, 2006a; Pathak and Khandelwal, 2007b).  Although we did not observe 

a significant decrease in the total number of splenocytes in prenatally Cd-treated 

offspring, an analysis of splenocyte phenotype demonstrated that the macrophage 

population was decreased in Cd-treated offspring.  More strikingly, this effect was only 

present in male offspring.  In vivo studies by others indicate that chronic Cd exposure 

alters the redox balance in adult male mice, inducing changes in lipid metabolism in 
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macrophages, ultimately leading to apoptosis (Ramirez and Gimenez, 2002).  In 

addition to being antigen presenting cells and phagocytes, macrophages can recognize 

tumor cells and induce cell death by releasing cytotoxic factors such as reactive oxygen 

and/or nitrogen intermediates, as well as cytokines; thus, the decrease in macrophage 

number in prenatal Cd-treated male offspring may increase susceptibility of males to 

tumor incidence. Further studies will have to be conducted to understand the 

mechanism of this cell type-, sex-specific effect.        

Since cytokines influence or control most immune responses, cytokine production by 

splenic T cells of offspring following prenatal Cd exposure was determined.  In vitro 

studies have suggested that Th1 type cytokines (IL-2, IFN-γ) are depressed to a higher 

degree than Th2 type cytokines (IL-10, IL-4) following Cd treatment (Krocova et al., 

2000; Hemdan et al., 2006; Pathak and Khandelwal, 2007a).  Studies demonstrating 

that a decrease in Shh signaling in peripheral CD4+ T cells down-regulates the 

synthesis of IL-2 and IFN-γ (Stewart et al., 2002) and that prenatal Cd exposure 

decreases Shh signaling in the thymus of offspring at PND0 (Hanson et al, 

unpublished), led to the hypothesis that Th1 cells in the spleen would be more sensitive 

to prenatal Cd exposure than Th2 cells.  Analysis at PND14 demonstrated that cytokine 

production (IL-2 and IL-4) was only decreased in females.  Analysis at PND49 revealed 

a dramatic Th1 type (IL-2 and IFN-γ) cytokine decrease by T cells from female offspring, 

as well as a decrease in IFN-γ secretion by T cells from male offspring.  The IL-4 levels 

at PND14 reached comparable levels to control females by PND49, thus this cytokine 

may be affected in early development but returns to normal levels as the immune 

system reaches maturity.  Mouse studies evaluating sex differences following Cd 
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exposure are sparse.  In humans, although no studies have been designed to 

investigate sex differences directly, related studies have shown that Cd-associated 

health effects are more frequent among women than men (Vahter et al., 2002).   This 

may be due to a higher Cd body burden in women, reflected as higher Cd levels in 

blood, urine, and kidney cortex (Vahter et al., 2007). The main reason for the higher 

body burden in women is increased intestinal absorption of dietary Cd at low iron stores 

(Akesson et al., 2002; Kippler et al., 2007).  Cd and iron compete with one another for 

transport into the mucosa cell via the divalent metal transporter 1 (DMT-1).  When a 

woman is pregnant, enterocytes have an increased DMT-1 density at the apical surface 

to increase absorption of micronutrients, thus Cd absorption is increased during 

pregnancy (Akesson et al., 2002; Vahter et al., 2007).  It has been reported that 90% of 

patients with Itai-Itai disease, the most severe form of chronic Cd intoxication in 

humans, were postmenopausal women (Jarup et al., 1998).  This is due to Cd’s ability 

to disrupt calcium homeostasis caused by estrogen depletion during menopause or 

following ovariectomy (Jarup et al., 1998).  Another reason for sex-differences in 

susceptibility to Cd-induced toxicity may be attributed to Cd having estrogenic effects 

(Garcia-Morales et al., 1994; Stoica et al., 2000; Sogawa et al., 2001; Choe et al., 2003; 

Johnson et al., 2003).  Following in utero exposure to Cd, female offspring experienced 

an earlier onset of puberty and an increase in the epithelial area and the number of 

terminal end buds in the mammary gland (Johnson et al., 2003). In addition, in vivo 

studies using adult female rats suggest that females may be at a greater risk than males 

for Cd-induced immunomodulation due to interactions between estrogen and Cd (Pillet 

et al., 2006).  Pathak and Khandelwal (Pathak and Khandelwal, 2007a) demonstrated 
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that IFN-γ is inhibited at a lower Cd concentration than IL-2 in adult male mice, so if 

female offspring have a higher body burden or are more sensitive to prenatal Cd 

treatment, then a higher dose of Cd may be necessary to elicit a decrease in IL-2 in 

male offspring, thus explaining the lack of effect on IL-2 production, but decreased IFN-γ 

production in male offspring in the present study.    

The immunomodulatory effects of prenatal Cd exposure observed in this study may 

provide insight as to why children of women who smoke during pregnancy have an 

increased risk for developing cancer later in life.  Several studies have indicated that 

smoking while pregnant increases the risk of certain types of childhood cancers, such 

as leukemias, lymphomas, and central nervous system tumors, in the prenatally 

exposed offspring (Filippini et al., 1994; Filippini et al., 2000; Schuz et al., 2001; Brooks 

et al., 2004). In the U.S., more than a million newborns are exposed to cigarette smoke 

during gestation (DHHS, 2000). A single cigarette typically contains 1-2 µg of Cd.  When 

burned, Cd is present at a level of 1,000-3,000 ppb in the smoke (ATSDR, 1999). 

Approximately 40 to 60% of the Cd inhaled from cigarette smoke is able to pass through 

the lungs and into the body (Sahmoun et al., 2005). This means that for each pack of 

cigarettes smoked, a person can absorb an additional 1-3 µg of Cd in addition to the 

amount taken in from other sources in one’s daily life.  Assuming that adult mice drink 

approximately 3 ml of water/day, the concentration of Cd being ingested by mice in the 

present experiment is nearly equivalent to the concentration of Cd that would be inhaled 

from smoking 1 pack of cigarettes/day.  A study in which pregnant mice were exposed 

to a low concentration of mainstream cigarette smoke throughout gestation increased 

the incidence and growth rate of EL-4 induced tumors in male offspring, as well as 
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reduced cytotoxic T lymphocyte activity in male offspring at 5 and 10 weeks after birth 

(Ng et al., 2006).   Ng et al. (2006) findings support epidemiologic data indicating that 

children of mothers who smoke during pregnancy have a greater risk of developing 

cancer later in life.  The decreased macrophage number, as well as decreased IFN-γ 

production in male offspring in the present study may explain the increased 

susceptibility to tumor incidence and growth in male offspring exposed to cigarette 

smoke in utero.    

In summary, we have demonstrated that prenatal exposure to environmentally 

relevant Cd levels causes persistent immunomodulatory effects in murine offspring.  

Thymocyte phenotype analysis determined that these effects are cell type-specific, 

whereas analysis of splenocyte phenotype demonstrates a cell type- and sex-specific 

effect.  The cytokine profiles suggest an effect on peripheral Th1 cells in females and to 

a lesser degree in males.  Others have noted different effects in the offspring of animals 

prenatally exposed to Cd, such as postaxial forelimb ectrodactyly (Scott et al., 2005), 

and delayed effects on renal function (Jacquillet et al., 2007) and sensorimotor 

developmental (Minetti and Reale, 2006), but this is the first report of such an effect on 

immune cell phenotype and function.  The decrease in Th1 type cytokine production in 

females and the decreases in IFN-γ production and macrophage cell number in males 

may lead to increased susceptibility of the offspring to infections and tumor growth. 

These findings suggest that even very low exposure to Cd during gestation may result 

in long term detrimental effects on the immune system of the offspring, possibly 

resulting in cancer at adulthood, thus reinforcing that exposure to Cd during pregnancy 

should be limited.     
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GENERAL DISCUSSION I 

The overall objective of this dissertation was to determine the effect of prenatal 

Cd exposure on the immune system.  Specifically, our experiments were designed to 

investigate the effect of prenatal Cd exposure on thymocyte development, and to 

determine if these effects were linked to dysregulation of the Shh and Wnt/β-catenin 

pathways in the thymus.  In addition, longer term effects of prenatal Cd on the immune 

system were investigated.  Studies demonstrating a dysregulation of Shh (Scott et al., 

2005) and Wnt/β-catenin (Thompson et al., 2008) signaling by prenatal Cd exposure, 

coupled with the requirement of Shh (Outram et al., 2000) and Wnt/β-catenin 

(Oosterwegel et al., 1991; Verbeek et al., 1995; Hattori et al., 1996; Ioannidis et al., 

2001) in thymocyte development, led to the overall hypothesis that prenatal Cd 

exposure dysregulates these signaling pathways in the thymus of the offspring, leading 

to changes in thymocyte phenotype, ultimately resulting in long term immunomodulatory 

effects.   

It is well established that Cd exposure in adults results in immunotoxic effects 

(Descotes, 1992); however, studies on the effect of prenatal Cd exposure on the 

immune system of offspring are limited (Soukupova et al., 1991).  In the U.S., more than 

a million newborns are exposed to cigarette smoke during gestation (DHHS, 2000).  

Cigarette smoke contains 1,000-3,000 ppb Cd.  Several studies have indicated that 

smoking while pregnant increases the risk of certain types of childhood cancers, such 

as leukemias, lymphomas, and central nervous system tumors, in the prenatally 

exposed offspring (Filippini et al., 1994; Filippini et al., 2000; Schuz et al., 2001; Brooks 

et al., 2004).  To an even greater extent, studies have linked maternal smoking with 
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respiratory disease, asthma and/or atopy in the offspring (Hu et al., 1997; Alati et al., 

2006; Jaakkola et al., 2006; Pattenden et al., 2006; Raherison et al., 2007), thus it is 

critical to elucidate Cd’s role in these immunomodulatory effects.  In this discussion, I 

will focus on the immunomodulatory effects of prenatal Cd exposure assessed at three 

developmental stages (PND0, 14, and 49) in murine offspring.  In addition, I will 

describe a mechanism for the observed effects on PND0, and hypothesize possible 

mechanisms for the cell type-, sex- specific effects observed on PND14 and 49.   

The focus of Chapter 2 of this dissertation addressed the effect of prenatal Cd 

exposure on thymocyte development in offspring at PND0.  We hypothesized that 

prenatal Cd exposure alters thymocyte development due to a dysregulation in Shh and 

Wnt/β-catenin signaling.  In order to understand how we arrived at this hypothesis, a 

brief review of the data leading up to this is required.   

The thymus is a target organ of Cd-induced toxicity.  Cd-treatment of adult rats 

results in damage to the thymus as well as changes to the proliferation rate of 

thymocytes (Morselt et al., 1988).  Several in vivo studies demonstrated that adult 

exposure to Cd is able to cause significant weight decrease or atrophy of the thymus in 

mice using a wide range of doses (Borgman et al., 1986; Mackova et al., 1996; Liu et 

al., 1999).  To our knowledge, there have been no studies that have examined the effect 

of in vivo Cd exposure on thymocyte phenotype.  Studies that have examined the effect 

of direct in vitro Cd exposure on thymocyte phenotype, however, report a decrease in 

DP cells (Dong et al., 2001; Pathak and Khandelwal, 2007), an increase in DN cells 

(Pathak and Khandelwal, 2007), and a decrease in the CD4+/CD8+ ratio (Dong et al., 

2001; Pathak and Khandelwal, 2007).   
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The Hedgehog (Hh) and Wnt family proteins act as morphogens during 

thymocyte development.  Shh signaling, is critical in the development of thymocytes and 

T-cell activation (Shah et al., 2004).   Shh proteins act as regulators at several stages of 

T-cell development in the thymus. Analysis of Shh-/- thymi showed that Shh is necessary 

for efficient proliferation of DN thymocytes (Shah et al., 2004).  One study analyzing 

Shh’s role in the development of SP cells, showed that Shh signaling in developing 

thymocytes influences TCR repertoire selection and differentiation from DP to SP cells 

(Rowbotham et al., 2007).  Specifically, in Shh-/- fetal thymic organ cultures, the 

CD4+/CD8+ ratio was increased.  In addition to Hh proteins, the Wnt family of 

glycoproteins is involved in regulating thymocyte maturation (Staal et al., 2001).  Wnt 

proteins are secreted morphogens that are involved in a variety of cell activities in 

development.  Wnt signals are transduced through at least three different signaling 

pathways; however, the canonical β-catenin/T-cell factor-lymphoid enhancer factor 

(TCF-LEF) primarily functions during thymocyte development.  Inhibition of the Wnt 

pathway results in reduced DN proliferation and differentiation, decreased DP survival 

(Verbeek et al., 1995; Okamura et al., 1998; Schilham et al., 1998), and decreased 

CD8+ generation (Mulroy et al., 2003).   

Several studies have shown that prenatal Cd exposure dysregulates Shh 

signaling (Scott et al., 2005; Yu et al., 2006) and adult Cd exposure dyregulates Wnt/β-

catenin signaling (Prozialeck et al., 2003; Thevenod et al., 2007; Thompson et al., 

2008).  Scott et al. (2005) demonstrated that administration of CdSO4 to C57Bl/6 mice 

at day 9.5 of gestation induces postaxial forelimb ectrodactyly in the offspring.  This 

development malformation was due to Cd disrupting Shh signaling in the mouse limb 
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bud.  Although Shh signaling was decreased as measured by Shh-Light 2 cells, Shh 

transcription and translation was not affected, which led Scott et al. (2005) to propose 

that prenatal Cd exposure affects the processing of Shh in the cells in which it is made.  

Yu et al. (2006) quantified in vivo changes in Shh expression during early development 

in a green fluorescence protein transgenic zebrafish line following Cd exposure.  The 

study showed that embryos affected by Cd-exposure demonstrated a down-regulation 

in Shh expression as determined by a decrease in the number of GFP-expressing cells 

measured by flow cytometry, and a decrease in expression of a downstream target of 

the Shh signaling pathway.   

Prozialeck et al. (2003) demonstrated that Cd exposure in adult male Sprague-

Dawley rats affects cadherin-dependent junctions in the proximal tubule epithelium, 

resulting in changes in localization of β-catenin.  Thevenod et al. (2007) followed up this 

study with data proving that Cd induces nuclear translocation of β-catenin in proximal 

tubular cells, using a rat renal proximal tubule cell model.  In addition, Thompson et al. 

(2008) demonstrated that Cd exposure induced nuclear translocation of β-catenin in 

peridermal and ectodermal cells when administered to post-gastrulation chick embryos.     

Based on the aforementioned data that demonstrates an effect of adult Cd 

exposure on thymocyte development, a requirement of Shh and Wnt/β-catenin signaling 

for proper thymocyte development, and an effect of Cd exposure on Shh and Wnt/β-

catenin signaling, we proposed to determine the effects of prenatal Cd exposure on 

thymocyte development, and to link those effects to a dysregulation in Shh and Wnt/β-

catenin signaling.  The data indicated that prenatal Cd exposure dysregulates two 

signaling pathways in the thymus, resulting in altered thymocyte development in murine 
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offspring at birth.  To determine effects on thymocyte development, thymocyte 

phenotype was analyzed by flow cytometry.  We showed that prenatal Cd exposure 

increased the DN4 subpopulation and the CD4+ cell population.  Further, a significant 

increase in CD4+ cells and a trended decrease in CD8+ cells resulted in an approximate 

10-fold increase in the CD4+/CD8+ ratio.  In contrast to our findings, Dong et al. and 

Pathak and Khandelwal (2007) showed that in vitro Cd exposure decreased the 

CD4+/CD8+ ratio, however, the relevance of these studies to the interpretation of those 

reported herein is questionable because of the differences in experimental design such 

as in vitro vs. in vivo exposure, Cd dose, length of exposure, mouse strain, and 

developmental stage of the exposed cells.  In addition, in vitro exposure would not 

account for possible effects on the thymic epithelium in addition to the thymocytes, 

which could have a significant impact on the phenotype.  In our study, thymocytes were 

exposed to an indirect, environmentally relevant concentration of Cd.  Although Cd was 

detected in pooled livers of the offspring, the level was close to the minimum level of 

detection, thus we believe that any possible direct Cd effect is minimal to nil. The 

increased CD4+/CD8+ ratio observed in our study could have several consequences in 

cell-mediated immunity and T-cell host response to infection in the offspring, including 

an increased chance of developing autoimmune disease and allergies, as well as an 

increased susceptibility to viruses and tumor cells.    

 To determine the mechanism for altered thymocyte development by prenatal Cd 

exposure, we analyzed several components of the Shh and Wnt/β-catenin pathways.  

Using the Gli:luciferase reporter cell line, Shh-Light 2, we observed an approximate 

24% decrease in Shh signaling in the Shh-producing TECs, although this was not due 
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to a decrease in Shh or Gli1 protein levels.  A decrease in mRNA level of Shh target 

gene Wnt10b in TECs further demonstrated a decrease in Shh signaling.  Analysis of 

Shh target genes, Ptc1 and Gli1 in Shh-receiving thymocytes, showed that prenatal Cd 

exposure increased expression of Shh target genes, Gli1 and Ptc1, in DN and CD8+ 

thymocytes, despite decreased Shh signaling in TECs.   Based on our data and findings 

of others that suggest cells near the source of Shh secretion can modulate the range of 

the signal by upregulating their expression of Ptc, which can sequester Shh and thereby 

prevent it from spreading further (Chen and Struhl, 1996), we hypothesized that in an 

environment where Shh signaling is decreased, DN and CD8+ cells may upregulate 

Ptc1 in order to sequester the limited signal, and this would contribute to the 

upregulation  of Gli1 transcription.  Analysis of thymocyte phenotype showed a 

significant increase in the DN4 cell population as well as a trended increase in the DN3 

cell population, thus, increased Shh signaling in the DN population may contribute to 

increased proliferation of these DN subpopulations.  The role that Shh signaling plays in 

single positive cells has not been well defined, however, one study showed that Shh 

signaling in developing thymocytes influences TCR repertoire selection and 

differentiation from DP to SP cells (Rowbotham et al., 2007).  Specifically, in Shh-/- fetal 

thymic organ cultures, the CD4+/CD8+ ratio was increased, therefore, the decreased 

Shh signal from TECs in the present study is likely contributing to the increased 

CD4+/CD8+ ratio observed in prenatal Cd-treated offspring.  In addition, the increased 

transcription of Ptc1 and Gli1 in CD8+ and no change in these genes in CD4+ cells may 

also contribute to the significantly increased CD4+/CD8+ ratio observed in thymocyte 

phenotype analysis.  
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Our data also showed that Wnt/β-catenin signaling was decreased in thymocytes 

as determined by an increase in phospho-β-catenin in the cytoplasm and a decrease in 

ABC in the nucleus; however, this decrease was not due to a decrease in Wnt10b 

protein level in the TECs.  Analysis of Wnt/β-catenin target genes, c-fos, c-jun, and c-

myc, showed that mRNA levels were affected differentially among thymocyte 

populations.  There was an overall upregulation of these genes in all of the thymocyte 

populations except the CD8+ population.  Interestingly, thymocyte phenotype analysis 

showed that this was the only population that had a trended decrease following prenatal 

Cd exposure.  Although c-fos, c-jun, and c-myc are known Wnt/β-catenin target genes, 

it is unlikely that their upregulation is due to an increase in ABC levels since prenatal Cd 

exposure caused a decrease in ABC and an increase in phospho-β-catenin protein 

levels in total thymocytes when analyzed.  There are many proteins that are involved in 

β-catenin regulation, such as the destruction complex in the cytoplasm and inhibitory 

proteins in the nucleus, therefore one or a combination of those proteins may be 

affected by prenatal Cd exposure and contributing to our observed results.   

Our data demonstrating the effect of prenatal Cd exposure on Shh and Wnt/β-

catenin signaling implies that prenatal Cd exposure affects the processing and/or 

secretion of Shh and Wnt proteins in the thymic epithelium resulting in an attenuated 

signal in both pathways.  In order for Shh and Wnt proteins to inititate proper signaling, 

they must go through a series of processing steps prior to secretion that involve multiple 

proteins.  Any one of these steps could be a target of Cd, thus, furthur investigation 

should be conducted in order to elucidate this mechanism.  Our results also imply that 

each thymocyte population responds uniquely to the decreased signals, as 
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demonstrated by varying target gene expression.  One hypothesis for the altered 

signaling in thymocytes is that prenatal Cd is affecting Zn levels. Studies have shown 

that detrimental fetal effects have been attributed to Cd affecting Zn transportation from 

dam to fetus by the inhibition of transport proteins, thus decreasing Zn concentration in 

the fetal liver and placenta (Sowa and Steibert, 1985; Baranska-Gachowska et al., 

1987).  However, a study that used the same dose of Cd (10 ppm), the same strain of 

mouse (C57Bl/6), and the same day of analysis (PND0) as the study in Chapter 2, 

demonstrated that prenatal Cd exposure increased the hepatic and renal Zn 

concentration in the offspring, suggesting that the Zn deficiency may not be the only 

explanation for the effect of prenatal Cd (Ishitobi and Watanabe, 2005).  To date, there 

have been no analyses of thymic Zn concentration following Cd exposure at any 

developmental stage.  There is a requirement for Zn in the Shh (Hall et al., 1995; 

Koebernick and Pieler, 2002) and Wnt/β-catenin (Chen et al., 2009) pathways, therefore 

if prenatal Cd is disrupting Zn homeostasis in the thymus, it is likely that these pathways 

would be affected.      

Another hypothesis for a mechanism that may contribute to Cd’s effect on Shh 

and Wnt/β-catenin signaling, involves activation of cellular protein kinases resulting in 

enhanced phosphorylation of transcription factors.  Kinases activated following 

exposure of cells to Cd include protein kinase C (Beyersmann et al., 1994; Yu et al., 

1997; Watkin et al., 2003), tyrosine kinase and casein kinase II (Saydam et al., 2002), 

stress activated protein kinase (Ding and Templeton, 2000), and the mitogen activated 

protein kinase family (LaRochelle et al., 2001).  In the Wnt/β-catenin pathway, CKI and 

GSK3β are responsible for phosphorylating β-catenin, thus targeting it for ubiquitination 
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and degradation.  Activation of these kinases would explain our findings of increased 

phospho-β-catenin in the cytoplasm and decreased active β-catenin in the nucleus of 

prenatal Cd-treated offspring.  In the Shh pathway, protein kinase A (PKA) is 

responsible for phosphorylating Gli 2/3, thus targeting them for proteolytic processing to 

their smaller, repressor form.  Activation of PKA would explain our finding of decreased 

transcription of Shh target gene, Wnt10b, in the thymus of prenatal-Cd treated offspring.  

Due to the combined complexity of each of the pathways and the reported effects of Cd 

on specific components of the pathways, a more global analysis of gene expression in 

each of the thymocyte populations should be undertaken so that the effect of prenatal 

Cd exposure on the Shh and Wnt/β-catenin pathways can be thoroughly elucidated.        

The focus of Chapter 3 of this dissertation addressed the effect of prenatal Cd 

exposure on postnatal immune cell development and function.  Due to organogenesis of 

the immune system occurring mostly at the prenatal, and to a lesser extent, at the early 

postnatal stage, the perinatal period is not only more sensitive to deleterious effects of 

immunotoxicants, but alterations in the immune system can result in persistent effects 

(Holladay and Smialowicz, 2000), therefore, we hypothesized that the effects on 

thymocyte development observed on PND0 would lead to continued effects on 

thymocyte and splenocyte development, as well as immune cell function at later 

developmental stages (PND14 and PND49).  The data indicated that even a very low 

level of exposure to Cd during gestation can result in long term detrimental effects on 

the immune system of the offspring, and these effects are to some extent sex-specific.  

Prenatal Cd exposure increased the number of double negative (DN; CD4-CD8-) 

thymocytes, specifically the DN1 subpopulation (CD44+CD25-), at PND14 and 49.  This 
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finding implies that prenatal Cd exposure has a continued effect on the thymus of 

exposed offspring.  Due to the low transplacental transfer of Cd (Piasek et al., 2001), it 

is unlikely that we are observing a continued direct effect of Cd, thus we consider the 

effect to be immunoteratogenic.  Analysis of splenocyte phenotype showed that prenatal 

Cd exposure decreased the number of macrophages, albeit only in males at PND14 

and 49.  This finding suggests that prenatal Cd exposure exerts a cell-type-, sex- 

specific effect in the spleen of exposed offspring.  Moreover, this is a persistent effect.  

In vivo studies by others indicate that chronic Cd exposure alters the redox balance in 

adult male mice, inducing changes in lipid metabolism in macrophages, ultimately 

leading to apoptosis (Ramirez and Gimenez, 2002).  In addition to being antigen 

presenting cells and phagocytes, macrophages can recognize tumor cells and induce 

cell death by releasing cytotoxic factors such as reactive oxygen and/or nitrogen 

intermediates, as well as cytokines; thus, the decrease in macrophage number in 

prenatal Cd-treated male offspring may increase susceptibility of males to tumor 

incidence.  An analysis of macrophage function in male offspring should be conducted 

as well as additional studies to understand the mechanism of this cell type-, sex-specific 

effect.   

Data on cytokine production on PND14 demonstrated that cytokine production 

(IL-2 and IL-4) was only decreased in females.  Analysis at PND49 showed a dramatic 

Th1 type (IL-2 and IFN-γ) cytokine decrease by T cells from female offspring, as well as 

a decrease in IFN-γ secretion by T cells from male offspring.    The IL-4 levels at PND14 

reached comparable levels to control females by PND49, thus this cytokine may be 

affected in early development but returns to normal levels as the immune system 
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reaches maturity.    In vitro studies have suggested that Th1 type cytokines (IL-2, IFN-γ) 

are depressed to a higher degree than Th2 type cytokines (IL-10, IL-4) following Cd 

treatment (Krocova et al., 2000; Hemdan et al., 2006; Pathak and Khandelwal, 2007), 

thus, our findings are to some extent, in support of the in vitro findings.  Mouse studies 

evaluating sex differences following Cd exposure are limited; however, in vivo studies 

using adult female rats suggest that females may be at a greater risk than males for Cd-

induced immunomodulation due to interactions between estrogen and Cd (Pillet et al., 

2006).  In addition, a finding that demonstrated Cd having a hierarchical effect on 

cytokine production in males may explain why males had decreased IFN-γ production 

but IL-2 was not affected.     Pathak and Khandelwal (2007) demonstrated that IFN-γ is 

inhibited at a lower Cd concentration than IL-2 in adult male mice, so if female offspring 

in our study have a higher body burden or are more sensitive to prenatal Cd treatment, 

then a higher dose of Cd may be necessary to elicit a decrease in IL-2 in male offspring.  

Based on the data detailed in Chapters 2 and 3 of this dissertation, and data 

demonstrating addition of neutralizing anti-Shh antibody to anti-CD3/CD28 stimulated 

CD4+ T cell cultures reduced IL-2 and IFN-γ production, but not IL-10 production 

(Stewart et al., 2002), we hypothesize that the changes in splenic T cell cytokine 

production are linked to changes in morphogen signaling.      

Since cytokines influence or control most immune responses, the decrease in 

Th1 cytokines caused by prenatal Cd exposure may increase the offspring’s 

susceptibility to bacterial and viral infections.  Adult Cd exposure has also been shown 

to decrease host resistance in mice caused by viruses [murine coxsakie B3 virus (Ilback 

et al., 1995; Glynn et al., 1998) and the enterovirus, encephalomyocarditis (Gainer, 
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1977)], bacteria [E.coli (Cook et al., 1975), Listeria monocytogenes (Simonyte et al., 

2003) and Mycobacterium bovis  (Bozelka and Burkholder, 1979)], and parasites 

[Hexamita muris (Exon et al., 1975)].  The decrease in Th1 type cytokine production in 

females and the decreases in IFN-γ production and macrophage cell number in males, 

in our study, may lead to increased susceptibility of the offspring to infections and tumor 

growth, therefore; examination of host resistance in offspring exposed prenatally to Cd 

will be an important area of analysis. 

In summary, data presented in this dissertation indicate that prenatal Cd 

exposure dysregulates two morphogen pathways required for proper thymocyte 

development, resulting in altered thymocyte phenotype in offspring on PND0.  Further, 

modifications in thymocyte phenotype remained present in offspring at the adult stage, 

in addition to changes in spleen cell phenotype and function.  These findings suggest 

that the defect caused by prenatal Cd exposure may be permanently encoded into the 

offspring and extends to secondary lymphoid organs.  Therefore, even very low 

exposure to Cd during gestation may result in long term detrimental effects on the 

immune system of the offspring, possibly resulting in susceptibility to infections and 

disease at adulthood, thus reinforcing that exposure to Cd during pregnancy should be 

limited.  The findings detailed in this dissertation are novel in that they are the first to: 1) 

demonstrate that prenatal exposure to Cd affects thymocyte development throughout 

post-natal development; 2) show that prenatal Cd dysregulates Wnt/β-catenin signaling 

in a mouse model, and 3) observe a sex-specific effect on immune cell phenotype and 

function following prenatal Cd exposure.  The data presented herein provide a 

mechanism for prenatal Cd’s effect on thymocyte development in offspring observed on 
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PND0.  This mechanism may be applicable to other detrimental effects of prenatal Cd 

exposure.  In addition to the thymus, Hh and Wnt/β-catenin signaling is necessary for 

proper development of the kidney (Stark et al., 1994; Kang et al., 1997), bone (Gao et 

al., 2001; Gong et al., 2001; Loughlin et al., 2004), lung (Pepicelli et al., 1998; Tebar et 

al., 2001; Mucenski et al., 2003; Okubo and Hogan, 2004), and prostate (Podlasek et 

al., 1999; Truica et al., 2000; Lamm et al., 2002; Mulholland et al., 2002; Chesire and 

Isaacs, 2003; Freestone et al., 2003; Berman et al., 2004), all of which are target organs 

of Cd toxicity (Bernard, 2008).  Due to Hh and Wnt/β-catenin signaling being highly 

conserved among organ systems, it is plausible that prenatal Cd exposure disrupts 

these pathways in other organs, resulting in developmental malformations, increased 

cell proliferation, and possibly cancer.       
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LITERATURE REVIEW II 

Propanil, or 3, 4-dichloropropionanilide (DCPA), is a post-emergent herbicide 

used predominately for weed control in rice and wheat production (Dahchour et al., 

1986).  In 2001, an estimate by the Environmental Protection Agency (EPA) ranked 

DCPA as the 17th most used pesticide in the U.S., as a result of 50-70% of all rice 

grown in the U.S. being treated with the chemical.  DCPA is used mostly in southern 

states along the Mississippi River and in some areas of California.  The half-life of 

DCPA in the environment is 1-3 days in soil and 2-3 days in water (Wauchope et al., 

1992).  Due to the short half-life and limited use of the herbicide, the majority of 

exposed individuals are applicators and residents living near treated fields.   

 Rice and wheat crops have high levels of acylamidase activity, thus they are 

resistant to DCPA’s herbicidal effects due to their ability to enzymatically detoxify the 

chemical, while weeds lacking this enzyme are killed (Still and Kuzirian, 1967; 

Matsunaka, 1968).  In humans and animals, the most common routes of exposure are 

inhalation, orbital, dermal, and to a lesser degree, oral.  Following absorption, DCPA is 

metabolized by acylamidase into the major metabolite 3,4-dichloroaniline (DCA) 

(Williams, 1966).  Other metabolites of DCPA include 2’hydroxypropanil and 

6’hydroxypropanil (McMillan et al., 1990).  DCA is then metabolized to 6-hydroxy-3, 4-

dichloroaniline and N-hydroxy-3, 4-dichloroaniline.  As a result of DCPA being readily 

metabolized, detection of DCPA in the blood of rats was detectable for approximately 48 

hours following exposure (Izmerov, 1984).   

 Studies have demonstrated that DCPA is not mutagenic (McMillan et al., 1988), 

carcinogenic (EPA, 2003), or toxic to reproduction (Ambrose et al., 1972).  Toxicity to 
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factory workers exposed to DCPA during its production and packaging has been 

reported (Morse et al., 1979).  Symptoms of toxicity include blurred vision, small pupils, 

chloracne, muscle weakness, fatigue, and increased salivation (Morse et al., 1979).  

Animals studies have shown that manifestations of acute propanil toxicity include 

central nervous system depression (Singleton and Murphy, 1973), methemaglobinemia 

(Singleton and Murphy, 1973), and liver damage (Santillo et al., 1995).   

 DCPA has been extensively described as an immunotoxicant on both primary 

and secondary immune organs.  Two studies have demonstrated DCPA’s myelotoxicity 

(Blyler et al., 1994; Malerba et al., 2002).  Following exposure to 200 mg/kg DCPA, 

myeloid stem cells were reduced as analyzed using ex vivo colony-forming assays from 

bone marrow of acutely exposed C57Bl/6 mice (Blyler et al., 1994).  Effects on early 

erythroid stem cells observed following in vitro exposure of human umbilical cord to 

DCPA supported the earlier report of myelotoxicity (Malerba et al., 2002).  Erythroid 

colony-forming units (CFU-E) and erythroid burst-forming units (BFU-E) had 50% of 

their growth inhibited by 234 and 441 µM DCPA, respectively (Malerba et al., 2002).  

Several studies have indicated that the thymus is a target of DCPA’s toxicity (Barnett 

and Gandy, 1989; Cuff et al., 1996).  In acutely exposed mice, thymic atrophy is 

observed approximately 2-4 days following exposure (Cuff et al., 1996).  This atrophy 

has been attributed to increased levels of glucocorticoids (Cuff et al., 1996; de la Rosa 

et al., 2005).  Following an intraperitoneal (i.p.) dose of 200 mg/kg, a reduction in thymic 

weight is present until 7 days following exposure (Barnett and Gandy, 1989), at which 

time the thymus has begun recovery from the atrophy (Cuff et al., 1996).  The thymus 

reaches full recovery after 14 days following exposure (Cuff et al., 1996).   In addition, in 
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vivo exposure to 200 mg/kg i.p. DCPA results in increased spleen weight  (Barnett and 

Gandy, 1989).     

Both innate and adaptive immunities are affected by DCPA exposure.  The 

innate immune system is comprised of cell types including monocytes, macrophages, 

polymorphonuclear  monocytes (PMN), and natural killer cells (NK), which serve as the 

first line of defense against invading pathogens.  Studies have demonstrated that DCPA 

affects NK cells (Barnett et al., 1992; Pruett et al., 2000) and macrophages (Xie et al., 

1997; Ustyugova et al., 2007) resulting in suppressed function of both cell types.  DCPA 

also affects macrophage cytokine production.  Thioglycollate-elicited macrophages from 

mice exposed in vivo by oral gavage to 400 mg/kg, or exposed in vitro to 33.3 µM DCPA 

had significantly decreased IL-6 and TNF-α production in response to LPS timulation 

(Xie et al., 1997).  Further, in vitro phagocytosis of Listeria monocytogenes bacteria by 

macrophages is decreased by DCPA exposure (Frost et al., 2001).  

 The adaptive immune system is comprised of B lymphocytes (B-cells) and T 

lymphocytes (T-cells).  The primary function of B-cells is to produce and secrete 

antibodies. CD4+ T cells are responsible for activating and regulating cell-mediated 

immune responses and the humoral immune response, while CD8+ T cells destroy 

infected or transformed cells, thus they are called cytotoxic T lymphocytes (CTLs).  

Analysis of B cells in the periphery following DCPA exposure showed that although 

DCPA does not affect the number of B cells (Salazar et al., 2005), it does suppress 

some B cell functions (Barnett and Gandy, 1989; Barnett et al., 1992).  In vivo exposure 

to 400 mg/kg DCPA suppresses splenic B cell proliferation following ex vivo stimulation 

with the B cell mitogen LPS (Barnett and Gandy, 1989).  Analysis of antibody response 
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to T-dependent (TD) and T-independent type 2 (TI-2) model antigens showed that 

DCPA affects these responses to a greater degree than B cell proliferation (Barnett and 

Gandy, 1989; Barnett et al., 1992).  DCPA has been demonstrated to decrease the TD 

antibody response to sheep red blood cells (SRBC) and the TI response to DNP-Ficoll 

(Barnett et al., 1992).       

Studies have demonstrated that DCPA exposure results in an overall decrease in 

T cell number at several developmental stages (Zhao et al., 1995).  Following exposure 

to 100 mg/kg DCPA, the number of all CD3+ (CD4+, CD8+, DP) and CD3- (DN) T cell 

populations in the thymus  were decreased (Zhao et al., 1995), with the DP population 

being the most sensitive (Cuff et al., 1996).  By day 7 after exposure, the percentage of 

cycling thymocyte populations returns to normal, suggesting that recovery from DCPA’s 

effect begins soon after exposure (Cuff et al., 1996).  T cell function is differentially 

affected by DCPA.  CTL function (Barnett et al., 1992) and cell mediated immune 

response to Listeria monocytogenes (Watson et al., 2000) were not affected by DCPA 

exposure.  However, splenic T cell cytokine production of IFN-γ, granulocyte-

macrophage colony-stimulating factor (GM-CSF), IL-2, and IL-6 were decreased in a 

dose-dependent manner following in vivo and in vitro exposure to DCPA and 

subsequent in vitro stimulation with concanavalin A (Zhao et al., 1998).  DCPA was also 

shown to suppress IL-2 production in the murine T cell lymphoma line, EL-4, and the 

human T cell lymphoma line, Jurkat (Zhao et al., 1999; Brundage et al., 2004).  DCPA 

exposure results in both a decrease in IL-2 transcription and an increase in degradation 

of IL-2 mRNA (Zhao et al., 1999).  The Jurkat cell line has exhibited a greater sensitivity 

to DCPA than murine T cells.  IL-2 mRNA levels were reduced by 77% 48 hours 
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following in vitro exposure to 5 µM DCPA (Brundage et al., 2004).  In addition, 50 µM 

DCPA reduced the binding of IL-2 transcription factor, AP-1, to the DNA following one 

hour of exposure (Brundage et al., 2004).  AP-1 is a heterodimer of two proteins, c-jun 

and c-fos.  DCPA exposure decreases phosphorylation as well as protein levels of c-jun 

following one hour of exposure, which implies a potential mechanism for decreased IL-2 

production (Brundage et al., 2004).  Analysis of electron-spin resonance showed that 

DCPA affects a small component of the cell membrane, but the way in which this 

disruption affects IL-2 production has yet to be elucidated (Brundage et al., 2003).  

Many intracellular signaling events inhibited by DCPA exposure have one or more 

calcium (Ca2+) dependent steps.  It was determined that DCPA exposure suppresses 

the normal elevated and sustained intracellular Ca2+([Ca2+]i) that follows internal store 

depletion in the human leukemic T cell line, Jurkat, and primary BALB/c mice T cells 

(Lewis et al., 2008).  This inhibition of Ca2+ influx is consistent with inhibition of the Ca2+ 

release-activated Ca2+ (CRAC) channel.  Recent findings suggest that DCPA inhibits 

CRAC channels by reducing the aggregation of the Ca2+ sensor, stromal interaction 

molecule 1 (STIM1)   (Lewis et al, unpublished data).  These data suggest that DCPA is 

a novel inhibitor of STIM-1 aggregation (Lewis et al, unpublished data). 

Although the immunotoxic effects of DCPA have been extensively studied, the 

way in which DCPA modulates intracellular functions leading to these effects is less 

understood.  In order to understand the mechanism of DCPA’s intracellular toxicity, it is 

necessary to determine whether the molecule actually transports into the cell.  The 

following study was conducted with the intent to resolve this issue.        
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