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Abstract

Background: Lead (Pb) is an environmental factor has been suspected of contributing to the 

dementia including Alzheimer’s disease (AD). Our previous studies have shown that Pb exposure 

at the subtoxic dose increased brain levels of beta-amyloid (Aβ) and amyloid plaques, a 

pathological hallmark for AD, in amyloid precursor protein (APP) transgenic mice, and is 

hypothesized to inhibit Aβ clearance in the blood-cerebrospinal fluid (CSF) barrier. However, it 

remains unclear how different levels of Pb affect Aβ clearance in the whole blood-brain barrier 

system. This study was designed to investigate whether chronic exposure of Pb affected the 

permeability of the blood-brain barrier system by using the Dynamic Contrast-Enhanced 

Computerized Tomography (DCE-CT) method.

Methods: DEC-CT was used to investigate whether chronic exposure of toxic Pb affected the 

permeability of the real-time blood brain barrier system.

Results: Data showed that Pb exposure increased permeability surface area product, and also 

significantly induced brain perfusion. However, Pb exposure did not alter extracellular volumes or 

fractional blood volumes of mouse brain.

Conclusion: Our data suggest that Pb exposure at subtoxic and toxic levels directly targets the 

brain vasculature and damages the blood brain barrier system.

*Correspondences: Yansheng Du, Ph.D., Department of Neurology, School of Medicine, Indiana University, Indianapolis, IN 46202, 
Tel: 317-278-0220, Fax: 317-274-3587, ydu@iupui.edu.
Author Statement:
Huiying Gu: Conceptualization, Methodology, Validation, Formal analysis, Investigation, Writing - original draft. Paul R. Territo: 
Conceptualization, Investigation, Methodology, Formal analysis, Writing - review & editing. Scott A. Persohn: Investigation, 
Methodology. Amanda A. Bedwell: Investigation, Methodology. Kierra Eldridge: Investigation, Methodology. Rachael Speedy: 
Investigation, Methodology. Zhe Chen: Methodology. Wei Zheng: Conceptualization, Investigation, Supervision, Funding acquisition. 
Yansheng Du: Conceptualization, Investigation, Resources, Writing - review & editing, Supervision, Project administration, Funding 
acquisition.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

5. Conflict of interest statement
No conflict of interest to declare.

HHS Public Access
Author manuscript
J Trace Elem Med Biol. Author manuscript; available in PMC 2021 December 01.

Published in final edited form as:
J Trace Elem Med Biol. 2020 December ; 62: 126648. doi:10.1016/j.jtemb.2020.126648.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Lead; Alzheimer’s disease; beta amyloid; DCE-CT; permeability; APP transgenic mice

1. Introduction

Alzheimer’s disease (AD) is one of the most common causes of dementia over the age of 65 

years [1]. Aggregation of beta-amyloid (Aβ) in the brain extracellular space to form the 

insoluble plaques is a hallmark of AD [2], and aggregated Aβ can further stimulate 

hyperphosphorylation of tau leading to the formation of neurofibrillary tangles in nerve 

terminals [3]. In AD patients, Aβ is also found in the cerebrospinal fluid (CSF) circulating in 

brain ventricles, and in the interstitial fluid around neurons and glial cells [4–7]. We and 

others have shown the role of the blood brain barrier system in regulating brain Aβ 
homeostasis [8–11]. The blood brain barrier system includes two types of barriers that 

separate the blood circulation from brain functional structures, the blood-brain barrier 

(BBB) between blood and interstitial fluid as well as the blood-CSF barrier between blood 

and CSF. BBB leakage due to microvascular injury, thinning and discontinuities in the AD 

has been reported in literature [12]. In AD, disrupted BBB may cause the dysfunction of Aβ 
transport from brain to the peripheral circulation [13]. Additionally, choroid plexus may also 

be involved in AD etiology [14–16]. Studies have found that choroid plexus participates in 

brain amyloidosis and Aβ transport [14, 15, 17, 18]. Brain autopsies of AD patients reveal 

an extensive accumulation of Aβ plaques in the choroid plexus [19, 20].

Lead (Pb) is an environmental factor has been implicated in the development of AD and 

related dementias [21–24]. Since the blood brain barrier system is the identified target of Pb 

toxicity [25], it is quite possible that Pb toxicity may affect the critical processes in the blood 

brain barrier system that regulate Aβ transport and metabolism. Our previous studies have 

shown that Pb exposure at the subtoxic dose significantly increased brain levels of Aβ and 

amyloid plaques in an amyloid precursor protein (APP) transgenic mouse model, Tg-SwDI 

mice, a mouse model widely used to study AD and amyloid pathogenesis [26, 27], possibly 

by inhibiting Aβ clearance in the blood-CSF barrier [22, 28]. Despite these findings, it 

remains unclear how different levels of Pb affect Aβ transport in the whole blood-brain 

barrier system.

Dynamic Contrast-Enhanced Computerized Tomography (DCE-CT) is a medical imaging 

technology that utilizes trace quantity of a contrast agent and the Stewart-Hamilton indicator 

dilution approach [29] to mathematically determine tracer dynamics. Typically, an iodinated 

based tracer in injected into the subjects venous circulation, and serial 3D images at regular 

intervals are acquired, thus permitting mathematical modeling of cerebral blood volume and 

microvascular permeability changes in both animal and human brains [30, 31]. Moreover, 

this technique has been adapted for animal models to quantify cerebral blood flow and 

cerebral blood volume in brain tumor studies [32–35], where the DCE-CT contrast agent 

Isovue-370 was employed because of its high molecular weight, lack of cell permeation, and 

diffusion limitation across the vascular wall. These physiochemical properties, combined 

with the kinetic modeling permits the estimate of permeability surface area product, 
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delineation of cerebrovascular vessels, and underlying neural tissues, thus providing the 

dynamic information of blood supply in relation to the supporting tissue [33, 35, 36]. This 

technique has thus been widely used to evaluate permeability surface area product as a 

measure of blood brain barrier permeability in animal models [37–40]. Importantly, this 

approach can be applied in research and clinical studies for AD, since it can detect the real-

time blood brain barrier system permeability induced by extrinsic factors such as Pb. The 

current study seeks to investigate whether chronic exposure of toxic Pb affected the 

permeability of the real-time blood brain barrier system by using the above mentioned DCE-

CT approach.

2. Materials and Methods

Tg-SwDI mice [Jackson Laboratory, 22] were housed 3–5 per cage, fed ad libitum rodent 

chow (Envigo Teklad) and had free access to water. In all cases, mice were maintained in a 

12-h light/dark cycle, where the room was maintained at 23±2 °C (40% relative humidity). 

Tg-SwDI mice at the time of experimentation were 8 weeks old and were randomly 

allocated to one of four groups. The experimental dosing regime was originally designed as 

four-week treatments. However, since Pb at the highest dose caused significant toxicity, mice 

in the high dose group were administered with 100 mg/kg Pb-acetate (equivalent to Pb at 54 

mg/kg) by oral gavage once daily for 1 week. In contrast, mice in the low or medium dose 

groups were orally treated with 25 or 50 mg/kg Pb-acetate (equivalent to Pb at 13.5 or 27 

mg/kg) for 4 weeks. As a control group, mice were treated with Na-acetate (21mg/kg, an 

equivalent molar concentration of Pb-acetate at 100 mg/kg) since our studies showed there 

were no effects of Na-acetate at 21 mg/kg or less either on amyloid deposition or DEC-CT 

data. This dose regimen has been shown to produce a significant accumulation of Pb in mice 

brain, and is similar to those levels found in children [28]. All solutions were adjusted to pH 

7.2 prior to the oral gavage. Pb levels in brain tissues were quantified by a Varian 

SpectroAA-20 Plus GTA-96 flameless graphite furnace atomic absorption 

spectrophotometry analysis [22].

A clinical computerized tomography (CT) scanner (Philips Brilliance 128 iCT) was used to 

acquire data at 120×1sec, 50×2sec, and 10×10sec images using the following CT technique 

80kVp; 80mAs and 0.625 mm slice thickness. Scans were acquired using helical scanning 

with a 0mm step size. Image volumes and were reconstructed using filtered back-projection 

with a 70% Hamming cutoff filter, yielding 0.3×0.3×0.625 mm2 voxel sizes, the 

approximate resolution of the scanner. Prior to imaging, each mouse was induced with 5% 

isoflurane and maintained at1–1.5% isofluorane. The animal was positioned within the CT 

scanner, such that the field of view contained both the heart and brain. The scanner was 

initiated, and at the 5th frame (i.e. 5sec), each subject was infused with 0.2ml of Isovue-370 

(Bracco Diagnostics) at 3ml/min via remote infusion pump (PHD2000, Harvard Medical), 

followed by a saline flush to ensure complete contrast administration. Image volumes were 

continuously acquired without pausing. Reconstructed and calibrated CT images were 

imported into Analyze 12 (AnalyzeDirect, Stillwell KS) and all image volumes were 

registered to the first volume using a normalized entropy mutual information algorithm [41]. 

Using the image volume with peak contrast, images were segmented using a semi-automated 

thresholding technique to extract the whole brain volumes (Figure 1). To permit collection of 

Gu et al. Page 3

J Trace Elem Med Biol. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the arterial input function, the left ventricle was manually segmented, taking care not to 

include the septum or free wall of the myocardium. Post segmentation, time courses for both 

brain and AIF were extracted using ROITool (AnalyzeDirect, Stillwell KS) and stored for 

subsequent modeling.

In order to extract relevant physiological parameters from the transit of the iodinated radio-

opaque contrast agent, the following coupled linear differential tracer kinetic model 

equations (Figure 1) were applied:

dCp
dt (i, t) = PS(i) −Cp(i, t)Fbv(i) + Cb(i, t)

ve(i)
1 − Fbv(i) (1)

dCb
dt (i, t) = PS(i) CpFbv(i) − Cb(i, t)

ve(i)
1 − Fbv(i) (2)

CT(i) = Cp(i) + C(i)b (3)

F(i) = PS(i)
1 − ln(E(i))ve(i)ρ (4)

Where, i, t, Cp, Cb, CT, PS, ve, F, E, ρ, and Fbv are the subject, time, concentration of the 

tracer in the plasma, brain interstitial spaces, and total tracer concentration, permeability 

surface area product (ml/ml.min), volume of the extra vascular spaces (unitless), blood flow 

(ml/g.min), tissue extraction (unitless), tissue density (g/ml), and fractional volume of the 

blood vessels within each voxel (unitless), as previously described [42]. In all cases, model 

parameters were estimated via eNumerate (developed by Paul R. Territo) with the following 

characteristics: Levenberg-Marquardt parameter optimizer, trapezoidal-quadrature, uniform 

weighting, hematocrit of 0.42 [42], and a relative sum-of-squares convergence of 1e-12.

In all cases, statistical analysis was performed to compare data obtained from the Pb-treated 

group and the Na-treated control group using two tailed Student t-test with Bonferroni 

corrections for multiple comparisons, where significance was taken at the p<0.05 level.

3. Results and Discussion

In this study, we demonstrated the feasibility of a clinically translatable imaging method, 

DCECT, which allows noninvasive monitoring and quantifying the real-time cerebral 

regional blood flow, blood volume, and the blood brain barrier system permeability 

simultaneously. Fitting of the individual time courses to the operational model described by 

Figure 1 and Eqns. 1–4 showed a high degree of fit with an average R2 of 0.832 ± 0.026 (N 

= 44). Analysis of residual error (i.e. observed – model), showed minimal under/over fitting 

across time and treatment. Similarly, residual error analysis (i.e. frequency of residual errors) 

for all treatment groups were normally distributed, with an mean of −1.2 (range −0.6 to 

−1.8) Hounsfield units (HU), and full-width at half-max distribution of ± 3.5 HU units of 
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error, indicating that the model was appropriate to describe the individual time courses with 

minimal modeling bias. Quantitative surface area product is an imaging marker of the blood 

brain barrier system permeability [37].

After 2-week treatments, more than 20% of mice treated with 100 mg/kg died and 60% lost 

more than 20% of their initial weight. Thus, Tg-SwDI mice administrated with the high dose 

of Pb-acetate for only 1 week were analyzed in the DET-CT study. Additionally, Tg-SwDI 

mice treated with medium and low doses of Pb-acetate for four weeks did not significantly 

lose weight and were directly analyzed by DET-CT. The Pb level in control mice brain is 

0.05 ± 0.02 ug/g (n=9). 7-day exposure of Pb at 54 mg/kg produced a significant 

accumulation of 1.11 ± 0.10 ug/g Pb in mice brain (n=4). 4-week exposure of 27 mg/kg and 

13.5 mg/kg Pb increased Pb levels to 0.49 ± 0.05 μg/g (n=9) and 0.28 ± 0.09 ug/g (n=8) in 

mice brain.

We have found that both 7-day exposure of Pb at 54 mg/kg and 4-week chronic exposure at 

27 mg/kg significantly induced the permeability of the blood brain barrier system in Tg-

SwDI mice (Figure 2A), suggesting that chronic Pb exposure at toxic and subtoxic levels 

may directly injury the brain barrier system. Similar data were also observed in the 4-week 

imaging study, where very low dosage of Pb exposure at 13.5 mg/kg also had a similar trend. 

It appeared detrimental effects of chronic Pb at different doses on the blood brain barrier 

system were similar. Analysis of whole brain perfusion revealed that the medium and high 

Pb exposures resulted in significantly elevated tissue perfusion (Figure 2B), consistent with 

Pb disruption of the vascular integrity and a net loss of vasomotor tone [43]. Quantitative 

analysis of brain extracellular volume did not show a dose dependent change with exposure 

to Pb (Figure 2C), consistent with notion that the endothelial of the brain vasculature was 

not accompanied by loss of extracellular space [44, 45]. Similarly, estimates of fractional 

blood volumes, which describe the fraction of the signal in a given voxel (or region) which 

are occupied by blood, did show a trend towards decreasing with Pb dose (Figure 2D); 

however these changes were not statistically significant at the p<0.05 level. Our data suggest 

the blood brain barrier system is one of the vulnerable areas to Pb toxicity and even ‘current 

safe’ dosages of Pb (a reference children blood Pb level of 5 μg/dL in 2012) [46] could 

quickly disrupt their function that may together with other risk factors result in neuronal 

injury disorders including dementia by allowing blood contents to escape into the brain 

parenchyma via disrupted the blood brain barrier system [47]

Chronic Pb exposure has been shown to cause the structural damage in rats. In our previous 

study, Pb exposure in young rats induces an extensive extravascular staining of lanthanum 

nitrate, a known marker for BBB leakage, in brain parenchyma by the electron microscope, 

suggesting a leakage of cerebral vasculature [48]. Evidence in literature also demonstrates 

that Pb may directly damage the barrier structure so as to increase the permeability of the 

BBB; the endothelial bud appears to be particularly sensitive to Pb toxicity, resulting in Pb-

induced death of these buds [49–51]. On the other hand, many studies have also suggested 

that BBB breakdown is involved in AD development [47]. Our current in vivo study by real-

time imaging analysis provides the direct strong evidence that chronic low-dose Pb exposure 

can damage the blood brain barrier system in transgenic AD APP mice, which may 

contribute to the etiology of AD.
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Interestingly, we also found chronic Pb treatments induced brain perfusion in a similar way 

to the induction of brain barrier system permeability. Although cerebral hypoperfusion has 

been proposed to promote AD development and amyloid deposition [47, 52], high Aβ load 

has also been found to be associated with longitudinal hyperperfusion in certain brain areas 

[53]. Hyperperfusion found in certain brain areas including hippocampus of mild AD 

patients suggests possible compensatory effects from inflammation or other vasodilatory 

stimulus [54, 55]. Since inflammation may play a role in inducing both brain permeability 

and perfusion [56], it will be interesting to investigate whether inflammation plays a role in 

chronic Pb-induced the permeability of the blood brain barrier and brain perfusion in Tg-

SwDI mice.

The current study has the following limitations. First, we did not directly use Aβ as a trace 

marker. While the increased BBB permeability may presumably increase the leakage of 

blood-borne Aβ into the brain, the conclusion on Pb interaction with Aβ transport would 

become much stronger if the assay is done. A pertinent study is currently in progress. 

Second, DEC-CT offers the technical advantage in assessing the integrity of the blood brain 

barrier system; yet the question as to how Pb exposure specifically impairs the BBB or 

blood-CSF barrier cannot be addressed by current DEC-CT. Finally, mathematical models 

used in DEC-CT need to be further evaluated for their pathophysiological relevance.
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Figure 1. 
Representative CT images of the mouse brain and DEC-CT operational model diagram. (A) 

representative 3D rendering of a mouse brain and approximate slice location shown in 

panels B-D (black plane). (B) CT image prior to DCE injection, (C) CT image at peak 

contrast concentration, (D) region mask of mouse brain. (E) DCE-CT Operational Model 

Diagram. It describes the compartments and rate constants which describe the mass balance 

of IsoVue 370, which is a cell impermeant diffusion limited CT contrast agent. IsoVue 370 

(blue ellipse) introduced into the central blood compartment via tail vein (red ellipse) which 

distributes to the brain compartment (orange ellipse) and back to the central compartment 

based on the permeability surface area product.
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Figure 2. 
Tracer kinetic model analysis of permeability surface area product, brain tissue perfusion, 

extra cellular volume, and fractional blood volume. N=8 (Control, Na-acetate, four weeks), 9 

(low dose, four weeks), 8 (medium dose, four weeks), and 4 (high dose, one week). 

Statistical analysis was conducted to compare data obtained from the Pb-treated group at 

each dose and the Na-treated control group. Significance was taken at the p<0.05 (*). Data 

were presented at Mean±SEM.
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