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Abstract
Humans and wildlife are exposed to environmental pollutants that have been shown to interfere
with the thyroid hormone system and thus may affect brain development. Our goal was to expose
pregnant rats to propylthiouracil (PTU) to measure the effects of a goitrogen on white matter
development in offspring using magnetic resonance imaging (MRI) and volumetric analysis. We
exposed pregnant Sprague Dawley (SD) rats to 3 or 10 ppm PTU from gestation day 7 (GD7) until
postnatal day 25 (P25) to determine the effects on white matter (WM), gray matter (GM), and
hippocampus volumes in offspring. We sacrificed offspring at P25 but continued the life of some
offspring to P90 to measure persistent effects in adult animals. P25 offspring exposed to 10 ppm
PTU displayed lowered levels of triiodothyronine (T3) and thyroxine (T4); cerebral WM, GM, and
total brain volumes were significantly lower than the volumes in control animals. P90 adults
exposed to 10 ppm PTU displayed normal T3 levels but lowered T4 levels; WM, GM, total brain,
and hippocampal volumes were significantly lower than the volumes in control adults. Both P25
and P90 rats exposed to 10 ppm PTU displayed significant reductions in percent WM as well as
heterotopias in the corpus callosum. Exposure to 3 ppm PTU did not produce any significant
effects. These results suggest that MRI coupled with volumetric analysis is a powerful tool in
assessing the effects of thyroid hormone disruption on white matter development and brain
structure. This approach holds great promise in assessing neurotoxicity of xenobiotics in humans
and wildlife.
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1. INTRODUCTION
Thyroid hormones (TH) are critical in neurodevelopment (Gilbert and Zoeller 2010; Zoeller,
2002). They influence multiple processes including granule cell proliferation, neuronal
migration, synaptogenesis, gliogenesis, and myelination (Howdeshell, 2002).
Developmental hypothyroidism has been shown to selectively reduce the number of
myelinated axons in the rat brain without affecting the total number of axons (Berbel et al.,
1994; Guadano-Ferraz et al., 1994). Reductions in myelination caused by developmental TH
deficiencies have been associated with various neurological symptoms including cognitive
deficits, sensory loss, and motor impairments (Gilbert and Zoeller 2010; Zoeller, 2002).

Magnetic resonance imaging (MRI) is an excellent tool to study myelination. MRI offers a
non-invasive (i.e., can image live specimens) and non-destructive method of acquiring a
permanent archive of external and internal brain structure data (Montie et al., 2008, 2009).
This technique allows thin virtual sections of the entire brain to be acquired where
histological processing is not possible or practical. MRI provides excellent contrast between
white matter (WM) and gray matter (GM), and when coupled with image analysis
techniques, can be used to accurately determine brain volumes (Montie et al., 2008, 2009).
MRI has been used to measure the volume of the hippocampus in rats and humans that were
hypothyroid during development (Hasegawa et al., 2010; Wheeler et al., 2011). However,
MRI and volumetric techniques have not been used to assess the effects of thyroid hormone
disruption on WM volume. Given the known effects of developmental hypothyroidism on
myelination, MRI and volumetric analysis has the potential to provide new insight on the
effects of thyroid hormone disrupting chemicals (e.g., polychlorinated biphenyls (PCBs),
brominated flame retardants (PBDEs), Triclosan) on myelination.

The overall goal of this study was to use MRI and volumetric analysis to investigate the
effects of thyroid hormone disruption on WM development. Our specific objectives were to:
(a) induce hypothyroidism during gestation and lactation in rat dams using propylthiouracil
(PTU) as a model goitrogen to produce hypothyroid offspring; (b) sacrifice offspring at
weaning (P25) and image brains to determine WM, GM, and hippocampus volumes (i.e., ex
vivo imaging); (c) terminate PTU exposure at P25 and allow remaining offspring to recover
thyroid function and mature to adulthood (P90); sacrifice these adults and image brains ex
vivo to determine brain volumes from adults; (d) image some adults live (i.e., in vivo
imaging) to determine WM, GM, and hippocampus volumes. Evaluation of brain structure
in adult offspring following cessation of dosing at weaning allowed us to determine if
changes in brain structure were persistent. This approach can serve as the basis for future
studies using non-invasive, in vivo MR imaging to study the persistent effects of
environmental pollutants on brain development in humans and wildlife.

2. MATERIALS AND METHODS
2.1 Animals and Experimental Treatment

Animal experiments were conducted at the University of South Florida (USF; St. Petersburg
FL) with approval by the USF Institutional Animal Care and Use Committee (IACUC),
permit #R3486. Timed pregnant Sprague Dawley (SD) rat dams (Harlan Laboratories,
Indianapolis, IN) arrived at our facilities at gestation day 5 (GD5), defined as 5 days after
insemination. Rats were housed in individual plastic cages with woodchip bedding, 12 hour
light/dark cycles, and food/water provided ad libitum. Rat dams were randomly assigned to
three treatment groups: control (n = 8), 3 ppm 6-propyl-2-thiouracil (PTU; Sigma Aldrich
Corp., St. Louis, MO) (n = 8), or 10 ppm PTU (n = 8) in drinking water. Dosing began at
GD7 and continued until weaning of offspring on P25. At P5, pups were culled to ten for
each litter (approximately 5 males and 5 females). Each week, dams were weighed
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individually, while male and female pups were grouped and weighed separately by litter. On
P25, offspring were weaned, and dams were weighed and anesthetized under 3–5%
isoflurane gas followed by intraperitoneal injections of 50 mg/kg ketamine and 5 mg/kg
xylazine; blood was collected by heart stick to measure serum T3 and T4 concentrations. At
the same time, 46 P25 male offspring (14 control offspring from 7 litters; 16 3 ppm
offspring from 8 litters; 16 10 ppm offspring from 8 litters; a maximum of two offspring per
litter for each treatment) were weighed individually, anesthetized, and had blood collected in
a similar fashion. Offspring were then perfused with 1× phosphate-buffered saline (PBS)
followed by 10% buffered formalin phosphate (Fisher Scientific Inc., Hampton, NH). Brains
of these P25 offspring were removed from the skull and stored in formalin for ex vivo
imaging. Two male offspring from each litter were housed in pairs and placed on control
drinking water until sacrifice on P90; food and water were provided ad libitum. Rats were
weighed individually at weekly intervals. At P90, 42 of the 46 animals were anesthetized
and had blood collected by heart stick to measure T3 and T4 levels. These rats were then
perfused and had brains removed as previously described. Four P90 adults (2 control, 2 10
ppm PTU) were allowed to live to P93 for in vivo imaging. After the completion of in vivo
MRI, blood was collected for TH measurements and brains were perfused and removed for
ex vivo MR imaging.

2.2 T3 and T4 assay
Blood collected by heart stick from dams, offspring (P25), and adults (P90 and P93) was
allowed to clot on ice for a minimum of 30 min. Serum was separated via centrifugation of
clotted samples and stored at −80°C for analyses by radioimmunoassay (Diagnostic
Products Corp., Los Angeles, CA). All samples for total T4 and total T3 measurements were
run in duplicate and the intra- and inter- assay variations were below 10%. The lowest
calibrator run for T3 was 10 ng/dL and for T4 5 ng/mL. Based on greater than 95% specific
binding, the sensitivity of the radioimmunoassay for total T4 was 5 ng/ml. Results below
this limit of quantification were recorded at 5 ng/ml for statistical purposes.

2.3 Magnetic Resonance Imaging Acquisition
MR imaging of excised P25 and P90 brains (i.e., ex vivo imaging) and live anesthetized P93
rats (i.e., in vivo imaging) was performed at the Advanced Magnetic Resonance Imaging
and Spectroscopy (AMRIS) facility of the McKnight Brain Institute at the University of
Florida (Gainesville, FL). MRI measurements were completed on ex vivo brains (N = 41: n
= 7, control P25 offspring; n = 5, 3 ppm P25 offspring; n = 8, 10 ppm P25 offspring; n = 8,
control P90 adults; n = 6, 3 ppm P90 adults; n = 7, 10 ppm P90 adults) that exhibited
minimal excision and perfusion damage. Excised brain MR images were acquired at 750
MHz on a Bruker 17.6 Tesla 89 mm vertical bore imaging spectrometer (Bruker Corp,
Billerica, MA) with a 20 mm birdcage coil (M2M Imaging Corp., Cleveland, OH). Before
imaging, excised brains were placed in PBS for approximately 24–48 hours to remove free
fixative. Then, brains were placed in a 20 mm NMR tube (model 20PP, Wilmad-LabGlass,
Vineland, NJ) in Fluorinert (3M Corp, St. Paul, MN). P25 and P90 ex vivo MR images were
acquired using a three-dimensional gradient echo sequence with the following parameters:
recovery time of 150 ms, echo time of 15 ms, 2 averages, and acquisition matrix 300 × 150
× 200 with isotropic resolution of 80 μm. Each three-dimensional image acquisition
required 140 minutes.

For in vivo imaging of P93 adults (n = 4; 2 control and 2 10 ppm), rats were anesthetized
with 4 % Isoflurane in O2 at 2.0 L/min followed by subcutaneous injections of 0.8 mg
Xylazine, dissolved in 2 mL of lactated Ringers solution (Hospira, Lake Forrest, IL). The
Ringer’s solution was provided to maintain the physical condition of the rats during the
extended MRI scans. Each rat was placed in a supine position, in a custom made MRI
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compatible stereotaxic frame and cradle, to allow repeatable positioning and to prevent
motion artifacts. Anesthesia was maintained during imaging with 1.5 – 2.0 % Isoflurane in
O2 at 1 L/min. Respiration was monitored and maintained at less than 50 breaths/min by
adjusting the Isoflurane. Physiological temperature was monitored using a rectal probe and
maintained using an air flow heater (SA Instruments, Stony Brook, NY). In vivo MR images
of these P93 adults were acquired with spin echo sequences at 470 MHz using a 11.1 Tesla
40 cm horizontal bore imaging spectrometer (Bruker Corp, Billerica, MA) using a custom
linear transmit-receive surface coil. All images were acquired with a field-of-view of 27 mm
× 21 mm in a matrix of 180 × 140 and 59 slices of 500 μm slice thickness with 4 signal
averages. Spin density images were acquired using a recovery time of 7000 ms and echo
time of 10 ms in a total acquisition time of 65.3 mins. T2-weighted images were acquired
with a recovery time of 7000 ms and echo time of 45 ms in a total acquisition time of 65.3
mins. After completion of in vivo imaging, brains of these rats were then excised and
imaged ex vivo using the methods previously described. Following MRI, select brains were
sectioned coronally at 50 μm with a vibratome, transferred to slides, and stained with cresyl
violet.

2.4 Volumetric Image Analysis
Volumetric analysis of MRI data sets was performed using AMIRA 5.3.3 (Mercury
Computer Systems, San Diego CA) and followed the same procedures as described
previously (Montie et al., 2008, 2009). For WM and GM volumes, brains (N = 45; 41 ex
vivo, 4 in vivo) were segmented (i.e., the process of assigning pixels to a material that
represents a particular brain structure) visually based on the contrast between white and gray
matter. Segmentations were performed in the coronal plane beginning at the forceps minor
corpus callosum and ending at the posterior end of the hippocampus. The total brain was not
analyzed because of excision damage to the olfactory bulbs and cerebellum in some animals.
The ventricles were collapsed in most ex vivo brains and were not segmented. Heterotopias
(i.e., a structural deformity where abnormal clusters of neurons appear within the corpus
callosum) were segmented as GM and not WM. These deformities were also segmented
individually. Percent white matter of the cerebral hemispheres was calculated for each
specimen by dividing the volume of cerebral WM by the total segmented volume. Percent
hippocampus was calculated by dividing the volume of the hippocampus by the total
segmented volume. Percentages of total volumes were used to describe changes in WM and
hippocampus that were caused by selective reductions of these structures, as opposed to a
reduction in total brain volume. Brains were segmented by six independent analysts who
were randomly assigned brains to process and who remained blind to the treatment
condition. High inter-rater reliability was demonstrated by having the six analysts segment
the same brain (see Supplemental Material, Table 1).

2.5 Statistical Analysis
Statistical calculations were completed using SYSTAT version 11.00.01 (SYSTAT
Software, Richmond, CA). Repeated measures ANOVAs (α = 0.05) were performed to
examine the effect of PTU exposure on body weight of the dams, P25 offspring, and P90
adults. One-way ANOVAs (α = 0.05) were performed to determine the effect of PTU
exposure on T3 and T4 levels, brain volumes (total, WM, GM, hippocampus), and
percentages of WM and hippocampal tissue. ANOVA assumptions of homogeneity of
variances were examined and fulfilled these assumptions. If a significant effect was
discovered, pair-wise comparisons were conducted using the Tukey-Kramer post-hoc test.
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3. RESULTS
3.1 Effects of PTU Exposure on Body Weight

PTU exposure had no significant effect on weights of treated dams during gestation or
lactation (Fig. 1A). Body weights of offspring exposed to 10 ppm PTU were significantly
lower than the weights of control and 3 ppm dosed offspring (P < 0.05; Fig. 1B). Weights of
rats from P33 to P90 that were exposed to 10 ppm PTU from GD7 to P25 were significantly
lower than weights of control animals and adults previously exposed to 3 ppm PTU (P <
0.05; Fig. 1C).

3.2 Effects of PTU Exposure on Serum TH Concentrations
PTU exposure did not have any significant effect on serum T3 concentrations in dams (Fig.
1D). Exposure did lower serum T4 concentrations significantly in dams exposed to 10 ppm
PTU (P < 0.05); 3 ppm exposure had no significant effect (Fig. 1E). The concentrations of
T3 and T4 in P25 offspring exposed to 10 ppm PTU were significantly lower than the levels
of control offspring (P < 0.05; Fig. 1D, E); 3 ppm exposure had no significant effect. Earlier
exposure to PTU did not affect the concentrations of T3 in P90 adults (Fig. 1D), but in the
rats that were imaged ex vivo, exposure to 10 ppm PTU did alter the concentration of T4 (P
< 0.05; Fig. 1E). However, this result is likely due to a sampling error because when TH
values of all exposed rats were included in statistical analysis, including animals that were
not imaged, circulating T4 levels were not different from the levels in control animals (P <
0.05) (see Supplemental Material, Figure 1).

3.3 Effects of PTU exposure on brains of offspring
Ex vivo MR images of P25 offspring exposed to 10 ppm PTU revealed a decrease in size
and an increase in signal intensity of major WM bodies, such as the corpus callosum and
anterior commissure, when compared to control offspring (Fig. 2A, B). This difference was
maintained to adulthood (i.e., the P90 adults) despite termination of treatment at P25 (Fig.
2C, D). These effects were also seen in T2-weighted in vivo images of P93 adults previously
exposed to 10 ppm PTU (Fig. 2E, F).

Three-dimensional (3D) reconstructions of P25 pup brains exposed to 10 ppm PTU showed
a reduction in total brain volume and a global loss of WM when compared to control
animals (Fig. 3A vs. Fig. 3B). 3D reconstructions of P90 adult rat brains previously exposed
to 10 ppm PTU also showed a reduction of total brain volume and a global loss of WM
when compared to control animals (Fig. 3C vs. Fig. 3D). However, 3D reconstructions did
illustrate some brain recovery, as indicated by the gain of WM (Fig. 3D vs. 3B).

Cerebral WM, cerebral GM, and total cerebral volumes derived from ex vivo MR images of
P25 offspring exposed to 10 ppm were significantly lower than the volumes of control and 3
ppm exposed offspring (P < 0.01; Table 1). PTU exposure did not affect the hippocampus
volumes of P25 offspring (Table 1). Percent volume of WM of offspring exposed to 10 ppm
PTU was significantly lower than the percentages of the control and 3 ppm exposed
offspring (P < 0.001; Table 1). Percent volume of hippocampus was not significantly
affected by PTU exposure (Table 1). Cerebral WM, cerebral GM, total cerebral, and
hippocampal volumes of P90 adults previously exposed to 10 ppm PTU were significantly
lower than the volumes of control animals and rats previously exposed to 3 ppm PTU (P <
0.01; Table 1). Percent WM of P90 adults previously exposed to 10 ppm PTU was
significantly lower than percent WM of control adults (P < 0.001; Table 1). Percent
hippocampus in P90 adults was not significantly impacted by prior PTU exposure (Table 1).
Volumes derived from in vivo images of the P93 adults treated with 10 ppm PTU were
similar to the volumes derived from ex vivo images of the same animals. In both cases, WM
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volume and percent WM were reduced (See Supplemental Material, Table 2). However, the
image quality in vivo was poor compared to the quality of the ex vivo images. This
difference resulted from reduced magnet strength (11.1 vs. 17.6 T).

Heterotopias in the corpus callosum were identified in five of the eight P25 offspring
exposed to 10 ppm PTU but in none of the control or 3 ppm exposed offspring (Table 2; Fig.
4A–D). Heterotopias were also identified in six of the seven P90 adults exposed to 10 ppm
from GD7 to P25 but in none of the control rats or in P90 adults previously exposed to 3
ppm PTU (Table 2; Fig. 4E–H). Heterotopias were also identified in the in vivo MR images
of the P93 adults previously exposed to 10 ppm but not in the control P93 adults (Fig. 4I–L).
Verification of the presence of the heterotopia in imaged brains was ascertained by histology
and cresyl violet staining (Fig. 4).

4. DISCUSSION
4.1 Developmental PTU exposure

The main finding of the present study was that TH disruption affected WM volume and
brain structure, which could be measured using MRI and volumetric analysis. Dams exposed
to 10 ppm PTU displayed lowered T4 levels compared to the levels of control animals, a
result consistent with previous studies (Gilbert and Sui, 2006; Goodman and Gilbert, 2007).
In dams, the reduction in TH synthesis decreased TH availability during gestation, a time
during development when the fetus is dependent on maternal T4 (Gilbert and Zoeller, 2010;
Morreale de Escobar et al., 2004; Zoeller and Rovet, 2004). Exposure to PTU during nursing
lowered T3 and T4 levels in P25 offspring exposed to 10 ppm PTU. P25 offspring exposed
to 10 ppm PTU also had lowered body weights and developmental delays (i.e., craniofacial
defects and impaired motor movements), symptoms consistent with developmental TH
deficiency (as reviewed in Gilbert and Zoeller, 2010). P25 offspring exposed to 3 ppm PTU
displayed normal TH levels, a result which was not observed in previous studies of thyroid
hormone disruption with PTU (e.g., Gilbert and Sui, 2006; Goodman and Gilbert, 2007;
Sharlin et al., 2008; Shibutani et al., 2009). These differences may be due to the strain of rats
used in these experiments (Harlan Sprague Dawley vs. Long Evans vs. Charles River
Sprague Dawley).

Significant reductions in WM, GM, and total cerebral volumes, as well as a reduction in the
percent WM, was observed in P25 offspring exposed to 10 ppm PTU. Previous histological
studies have shown that TH reductions can specifically decrease myelination without
affecting the number of axons in the rat brain (Berbel et al., 1994; Guadano-Ferraz et al.,
1994). In our study, volumetric reductions in WM in offspring exposed to 10 ppm PTU
likely reflect a decrease in myelin and an increase in signal intensity, which was most likely
due to an increase in the water content in those areas expected to be occupied by myelin.
P25 offspring exposed to 3 ppm PTU did not exhibit reductions in serum hormones nor did
they have lower WM or GM volumes. PTU exposure did not significantly affect
hippocampal volume or percent hippocampus in P25 offspring at either dose level, a result
supported by a previous volumetric study with methimazole, another goitrogen (Hasegawa
et al., 2010).

Gray matter heterotopias (i.e., a structural deformity where abnormal clusters of neurons
appear within the corpus callosum) were observed in P25 offspring exposed to 10 ppm PTU.
Heterotopias have been identified histologically in rats developmentally exposed to PTU and
methimazole (Goodman and Gilbert, 2007; Shibutani et al., 2009). The formation of
heterotopias in TH deficient rats may arise from neuronal migration errors, as TH deficiency
alters radial glial cell development (Auso et al., 2004; Goodman and Gilbert, 2007). While
heterotopias were observed in only five of the eight 10 ppm PTU dosed P25 offspring in our

Powell et al. Page 6

Neurotoxicology. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



study, it is possible that small heterotopias were not detectable using MRI. Heterotopias
were not observed in any of the 3 ppm PTU exposed animals, a finding that may be related
to the potentially small size or absence of heterotopias, as this dose of PTU, in our hands,
did not lower serum hormones in dams or offspring. Goodman and Gilbert (2007) have
detected heterotopias histologically in Long Evans rats exposed to 2, 3 and 10 ppm PTU,
dose levels that were accompanied by significant reductions in serum T4. Shibutani et al.
(2009) did not detect any heterotopias in rats exposed to 3 ppm and 12 ppm PTU despite
significant reductions in T4. However, both studies used different exposure periods
(Goodman and Gilbert, GD6 to P30; Shibutani et al., GD10 to P20) and different rat strains
than our study, which may account for discrepancies in findings. To the best of our
knowledge this is the first study to identify PTU exposure induced heterotopias in live
animals.

4.2 Long-term effects of PTU exposure
To determine if structural changes observed in offspring exposed to PTU during gestation
and lactation were permanent, dosing was halted at P25 to give the thyroid hormone system
an opportunity to return to a euthyroid state. General appearance of P90 adult offspring
previously exposed to 10 ppm PTU was normal despite significant deficits in body weight
(30%). T3 and T4 levels in adults returned to control levels (See Fig. 1D, E and
Supplemental Material, Figure 1).

A reduction in WM, GM, and total cerebral volumes, as well as a reduction in the percent
WM, was observed in adults previously exposed to 10 ppm PTU. However, some recovery
of WM volume between P25 and P90 occurred in the 10 ppm exposed offspring, as
measured by the increase in the percentage of WM. In the control animals, the percent WM
increased from 10.03% at P25 to 15.77% at P90, while in the 10 ppm rats, the percent WM
increased from 6.82% at P25 to 13.82% at P90. An interesting observation was that the
increase in percent WM of rats previously exposed to 10 ppm PTU was greater than the
increase in control animals (7% vs. 5.7%). It may be possible that myelination occurred at
an accelerated rate after the return to euthyroid conditions, as a result of recovery from
developmental delays originally induced by PTU exposure.

Hippocampus volume was significantly lower in adults previously exposed to 10 ppm PTU
as compared to volumes in adults that were never exposed to PTU. This observation is most
likely a consequence of lower total brain volumes in exposed rats, since the percent
hippocampus was comparable between control and PTU-exposed rats. The presence of
heterotopia seen in vivo and ex vivo in P90 brains exposed to 10 ppm PTU indicates there is
no resolution of these malformations associated with the return to euthyroid conditions, an
observation consistent with previous reports (Goodman and Gilbert, 2007).

4.3 Future Implications
The detection of reductions in WM volume and the presence of heterotopias in adult rats
previously exposed to PTU demonstrate the ability of MRI and volumetric analysis to reveal
irreversible alterations in brain structure caused by developmental TH disruption. In vivo
imaging is particularly useful in that live imaging allows for noninvasive and repeated
measures of the same animal over time. This approach could be readily applied to examine
the effects of a TH disrupter across critical developmental windows and in particular brain
regions where TH is specifically required. While the resolution of the in vivo 11.1 T
imaging used in this study was not as clear as the resolution in the ex vivo 17.6 T imaging,
advancements in imaging technology will soon allow for the acquisition of higher resolution
in vivo images. For example, since the completion of this study, the development of a
headcoil for imaging live rats at 17.6 T was initiated at University of Florida Gainesville.
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In the present study, we have shown that MRI and volumetric analysis are excellent tools for
examining the effects of thyroid hormone disruption on brain structure with specific regard
to myelination. Incorporation of MRI approaches will aid in our understanding of the
neurotoxicity of several environmental pollutants that affect the thyroid system and thus
possibly brain development in humans and wildlife populations (e.g., PCBs, PBDEs, and
Triclosan) (Costa and Giordano, 2007; Kuriyama et al., 2007; Paul et al., 2010; Sharlin et
al., 2006; Zoeller et al., 2002). The ability to detect WM reductions and brain structure
abnormalities in rats that were caused by developmental TH disruption, but as adults show
normal thyroid hormone levels, may be particularly relevant to epidemiological studies. It is
possible that humans and wildlife that have been exposed to TH disruptors during
development may exhibit normal TH levels at adulthood but harbor long-lasting changes in
brain structure. The application of MRI and volumetric analysis, along with other MRI
technologies such as diffusion weighted imaging for fiber tract analysis, may be extremely
helpful in detecting these abnormalities in live animals and humans.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Postnatal Day 25 (P25) rats exposed to 10 ppm propylthiouracil (PTU) had
lowered levels of T3 and T4 thyroid hormones.

• P90 adult rats previously exposed to 10 ppm PTU displayed normal T3 levels
but lowered T4 levels.

• Both P25 and P90 rats exposed to 10 ppm PTU displayed reductions in white
matter volume (WM) and percent WM.

• Heterotopias of the corpus callosum were identified in magnetic resonance
images of P25 and P90 rats exposed to 10 ppm PTU.
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Figure 1.
Weight and thyroid hormones of imaged rats exposed to propylthiouracil (PTU) from GD7
to P25. (A) Weights of dams from the first day of PTU exposure at gestation day 7 (GD7)
until postnatal day 25 (P25). (B) Weights of P25 offspring and (C) weights of P90 adults.
Note significant reductions in weight of offspring and adults exposed to 10 ppm PTU. (D)
Average T3 concentrations of dams, P25 offspring, and P90 adults exposed to PTU. (E)
Average T4 concentrations of dams, P25 offspring, and P90 adults exposed to PTU. Values
that share the same letter are not significantly different from each other (P > 0.05); error bars
show standard deviation. Note reduced T3 and T4 levels in offspring exposed to 10 ppm
PTU and a recovery in T3 and near recovery in T4 levels in P90 adults previously exposed
to 10 ppm PTU. Seven of eight dams and five of five P25 offspring exposed to 10 ppm PTU
had T4 values below the minimum detection level.
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Figure 2.
Representative examples of ex vivo and in vivo magnetic resonance images of rats exposed
to propylthiouracil (PTU) from GD7 to P25. (A) Ex vivo MR images of a control P25 pup
and (B) a P25 pup exposed to 10 ppm PTU. (C) Ex vivo MR images of a control P90 adult
and (D) a P90 adult exposed to 10 ppm PTU from GD7 to P25. (E) In vivo MR images of a
live control P93 adult and (F) a live P93 adult exposed to 10 ppm PTU from GD7 to P25.
The locations of the sections are approximately equivalent. Note the increased signal
intensity (i.e. brighter WM tracts) and decreased size of the corpus callosum (cc) and
anterior commissure (ac) in the rats exposed to 10 ppm PTU. While in vivo images have
reduced image quality, a reduction in size of the cc and ac are still evident in the 10 ppm
exposed rats.
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Figure 3.
Representative examples of three-dimensional reconstructions of brains of P25 offspring and
P90 adults exposed to propylthiouracil (PTU) from GD7 to P25. (A) Sagittal views of a
control P25 pup and (B) a P25 pup exposed to 10 ppm PTU. (C) Sagittal views of a control
P90 adult and a (D) P90 adult exposed to PTU from GD7 to P25. Yellow = white matter;
translucent red = gray matter; green = hippocampus. Note the global loss of white matter as
well as a reduction in total brain size in both the P25 pup and P90 adult exposed to 10 ppm
PTU.
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Figure 4.
Heterotopias observed in ex vivo MR images, in vivo MR images, and histological sections
of rats exposed to 10 ppm propylthiouracil (PTU) from GD7 to P25. (A, B) Ex vivo MR
images and (C, D) histological sections of the same P25 rat exposed to 10 ppm PTU. (E, F)
Ex vivo MR images and (G, H) histological sections of the same P90 rat exposed to 10 ppm
PTU. (I, J) In vivo MR images of a live P93 rat exposed to 10 ppm PTU and (K, L) and
corresponding histological sections of the same animal. Slides were stained with cresyl
violet. White and black boxes show magnified areas; heterotopias are indicated by white and
black arrows. The locations of the MRI slices and histological sections are approximately
equivalent.
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Table 1

Average Brain Volumes (mm3) from Ex Vivo MRI of Rats Exposed to Propylthiouracil (PTU)

P25 Control 3 ppm PTU 10 ppm PTU

WM 89.25 ± 11.11a 101.66 ± 10.23a 54.18 ± 9.63b

GM 798.94 ± 38.83a 831.61 ± 21.00a 740.3 ± 34.80b

Total 888.19 ± 46.06a 933.28 ± 21.39a 794.48 ± 36.44b

Hippocampus 66.85 ± 5.20ab 70.99 ± 2.18a 61.85 ± 4.65b

%WM 10.03 ± 0.98a 10.89 ± 1.06a 6.82 ± 1.16b

%Hippocampus 7.52 ± 0.31a 7.61 ± 0.08a 7.78 ± 0.44a

P90 Control 3 ppm PTU 10 ppm PTU

WM 183.37 ± 14.61a 178.87 ± 9.50a 139.23 ± 10.79b

GM 978.35 ± 22.98a 1018.1 ± 17.07a 868.29 ± 41.73b

Total 1161.72 ± 32.83a 1196.97 ± 12.28a 1007.52 ± 46.58b

Hippocampus 90.86 ± 4.13a 93.2 ± 2.83a 79.84 ± 5.18b

%WM 15.77 ± 0.95a 14.95 ± 0.85ab 13.82 ± 0.90b

%Hippocampus 7.82 ± 0.19a 7.79 ± 0.23a 7.92 ± 0.35a

WM = White Matter; GM = Gray Matter; Total = Total Segmented Volume; %WM = Percent White Matter; % Hippocampus = Percent
Hippocampus. Values that share the same letter are not significantly different from each other (i.e., P > 0.05)
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