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Varied duration of congenital hypothyroidism potentiates
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Abstract
The behavior of five groups of rats (seven rats per group) made hypothyroid for varying lengths of time and one group of seven
normal control rats was assessed under forced alternation fixed-ratio (FR1, FR3, FR5 and FR10), alternating lever cyclic-ratio
(ALCR) and progressive-ratio (PR3) schedules of reinforcement. Hypothyroidism was produced by adding methimazole (MMI)
to the drinking water of pregnant dams from embryonic day E16 to postnatal day P25. Four groups were given replacement
thyroxine (T4) injections beginning at specific time points (P1, P7, P13, and P19). There were no differences in behavioral
performance between control and experimental groups under the FR schedule, which indicates that the animals’ sensorimotor
abilities were intact. Under the forced ALCR schedule, all groups reached criteria similarly. However, under the choice lever
ALCR schedule, control animals and those which received T4 replacement from early on (P1, P7, P13 groups) performed well and
all had reached criteria by 11 sessions. In contrast, animals which did not receive any T4 replacement or received it late (P19
group) took longer to reach criteria and 5/14 animals had not reached criteria at all by 20 sessions. This deterioration in
performance was paralleled by an increase in perseverative behavior as evidenced by an increased frequency of pressing the wrong
lever when alternation of lever was required. This suggests that congenital hypothyroidism results in increased perseveration
leading to a decrease in learning when a discrimination between correct and incorrect operanda is made available. © 2000 Elsevier
Science Ireland Ltd. All rights reserved.
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1. Introduction
Congenital hypothyroidism in humans results in significant deficits in mental abilities, neurological functions, and metabolic processes (Glorieux and
LaVecchio, 1983; Stein et al., 1991; DeLong, 1993;
Goldey et al., 1995). It has been proposed that individ* Corresponding author. Tel.: +1-612-725-2282; fax: + 1-612-7252291.
E-mail address: omega@maroon.tc.umn.edu (A.P. Georgopoulos)

uals affected by congenital hypothyroidism can be
loosely divided into two groups (Boyages, 1993; Boyages and Halpern, 1993; DeLong, 1993): those presenting with neurological features such as mental
retardation, motor impairments and deafness as a result
of prenatal hypothyroidism, and those presenting with
altered metabolism as a result of postnatal hypothyroidism (Hetzel et al., 1988; Fuggle et al., 1991; Kooistra et al., 1994; Sher et al., 1998).
The fact that thyroid hormone influences brain development postnatally in the rat makes it an attractive
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animal model for the human condition of congenital
hypothyroidism since experimental manipulations can
be conducted during approximately the first three postnatal weeks without interventions in utero. Congenital
hypothyroidism in rats is most typically produced
through the administration of an antithyroid drug such
as propyl-thiouracil or methimazole (MMI) (Cooper,
1984; Cooper et al., 1984) during the perinatal period,
since rodent dendrite maturation and synaptogenesis
occur primarily during postnatal development (Jacobson, 1991). MMI is a potent reversible antithyroid drug
which acts by inhibiting the incorporation of iodine
into the thyroid hormone precursor protein thyroglobulin (Cooper, 1984).
In a recent study (Mac Nabb et al., Brain Res., in
press) detrimental effects of unopposed MMI administration throughout the first 25 postnatal days on alternating lever cyclic-ratio (ALCR) behavior were
detrimental. In the present study, MMI was administered to dams of the experimental groups, along with
thyroxine (T4) replacement in several groups beginning
at different postnatal days to investigate the effects of
perinatal hypothyroidism on certain behavioral tasks.
Specifically, one was interested to determine the effect
of T4 replacement therapy on performance, and, if so,
at which day of initiation. For that purpose, the alternating cyclic-ratio schedule was used in both a forced
lever and choice lever configuration. The alternating
cyclic-ratio schedule has been previously utilized to
determine the effects of low doses of atropine sulfate
(Weldon et al., 1996), and to evaluate subtle behavioral
changes following injection of aggregated b-amyloid
into rat hippocampus (O’Hare et al., 1999). This behavioral task provided the opportunity to assess perseverative behavior in various groups of animals, and,
possibly, associate it with performance.

2. Materials and methods

2.1. Animals
Experimentally naive Wistar rats were used. The
parents consisted of two males and six females (Harlan:
Madison, WI). The six dams were assigned randomly to
the following six different treatments, one dam per
treatment: (1) control (no treatment); (2) treatment with
MMI without T4 replacement; (3) treatment with MMI
and T4 replacement starting at P1; (4) treatment with
MMI and T4 replacement starting at P7; (5) treatment
with MMI and T4 replacement starting at P13; and (6)
treatment with MMI and T4 replacement starting at
P19. For the MMI-treated groups, MMI (0.025%;
Sigma, St. Louis, MO) was added to the drinking water
of the dams beginning at E16 and ending at P25; this
way, each dam received approximately 7.5 mg MMI

daily. T4 replacement (0.02 mg/g BW) was administered
to the pups via daily injections subcutaneously. The
antithyroid effects of MMI were produced prenatally
via the placenta which MMI crosses, and postnatally
through the milk to which MMI is distributed (Weller
et al., 1996). This protocol and dosage of MMI administration is typically used for the production of congenitally hypothyroid rats (Comer and Norton, 1982; Rice
and Millan, 1986; Sack et al., 1995).
Seven male pups per dam were selected randomly
from each litter. Therefore, 42 rats were made available
for behavioral testing which began when they were
100–120 days old. At the onset of behavioral training
rats were maintained at 85% of free-feeding body
weights and housed individually with water continuously available in the home cage. The temperature in
the vivarium was maintained at 23°C under a 12 h
light/12 h dark cycle (lights on at 07:00 h).

2.2. Apparatus
Six two-lever Med Associates rat test chambers
(model ENV-007, Med Associates, Georgia, VT), enclosed in sound attenuating compartments, were employed. The reinforcer was one 45 mg food pellet
(F0021, Bioserv, Frenchtown, NJ), which was delivered
into a tray situated midway between the levers. A Med
Associates computer, programmed in MED-PC computer language, controlled the experiment and collected
data.

2.3. Beha6ioral training
Sessions were conducted daily between the third and
ninth hour of the 12-h light cycle, and the daily allocation of food was given approximately 15 min after the
session. Animals were initially trained to respond alternately between both levers under continuous reinforcement, i.e. one response per reinforcer (fixed-ratio 1 or
FR1), with the active lever being extended into the
chamber and the inactive lever being retracted. The
criterion for moving through successive stages of training was the delivery of 100 reinforcers in 20 min. In this
way, animals were trained under FR1, FR3, FR5 and
FR10 (ten responses per reinforcement).
When they successfully completed 3 consecutive days
of obtaining 100 reinforcers under FR10, training under an arithmetic ALCR was begun. This schedule
comprised an ascending, followed by a descending,
sequence cycle of FR response requirements (3, 6, 9, 12,
15, 18, 21, 21, 18, 15, 12, 9, 6, 3) for each reinforcer.
The animals were required to switch response levers
after each FR was completed. Cycles of increasing, then
decreasing, response requirements were presented six
times during each session. Initially, all cycles were
forced, meaning that only the active lever was extended
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whereas the inactive lever was retracted. To reach
criteria, animals were required to finish all six cycles
of the ALCR within a 40-min period of time for ten
consecutive sessions. Thereafter, the animals were
trained for 20 sessions on a choice lever ALCR schedule in which both levers were extended and the animal had to choose the correct lever pressing pattern
in order to receive reward within a 40 min time span.
Data for each session were collected at the end of 40
min or at the completion of all six cycles.
When testing finished under the ALCR schedules,
animals were trained on a progressive-ratio 3 schedule
(PR3) for 2 days before moving to a PR5 schedule to
assess their motivation for food reinforcement
(Hodos, 1961; Hodos and Kalman, 1963; Jones et al.,
1995). In this schedule, only the left lever was extended and the third (or fifth) lever press was reinforced. The number of responses required to obtain a
reinforcer was increased by three (PR3) or five (PR5)
lever presses for each successive reinforcer. The session continued until 5 min elapsed without reinforcement, or the animal spent 3 h in the chamber. The
number of responses emitted to get the last reinforcer
was considered the break point, representing the maximum amount of work a subject would expend for
one 45 mg reinforcer. Data were collected at the end
of each session, and all of the animals completed 20
sessions on the PR5 schedule. The performance of
each animal was noted and a session average for each
group was calculated from these individual performances. The grand average of the performance during
the last five sessions in each group was calculated and
used as a covariate in the Cox proportional hazards
model (see below).

2.4. Assessment of thyroid status
At the completion of behavioral testing, triiodothy-

Fig. 1. Survival plot analysis of hypothyroid and control groups
success in reaching criteria on the choice alternating cyclic-ratio
schedule.
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ronine (T3) levels were assayed. Serum was collected
from each rat and assayed by the Minnesota Diagnostic Laboratory (St. Paul, MN) using a Coat-a-Count
total T3 radioimmunoassay kit (Diagnostic Products,
Los Angeles, CA).

2.5. Data analysis
Standard display and statistical methods were used
to plot and analyze the data (Snedecor and Cochran,
1989). In addition, because animals were trained to
specific criteria, the effect of treatment on performance was analyzed using survival analysis
(Kalbfleisch and Prentice, 1980; Cox and Oakes,
1984). The effects of covariates (i.e. perseveration and
motivation) were assessed using Cox’s proportional
hazard model (Cox, 1972). The programs 1L and 2L
of the commercially available statistical package
BMDP/Dynamic (BMDP Statistical Software, Los
Angeles, CA, 1992) were used for this analysis.

3. Results

3.1. General
At the beginning of the behavioral testing period,
the weight (mean9S.D.) of the MMI group was 3549
34.9 g, MMI + T4 at P19 was 359 9 15.9 g,
MMI+ T4 at P13 was 388916.2 g, MMI+ T4 at P7
was 3769 26.9 g, MMI+T4 at P1 was 392928.3 g,
and the control group was 5079 21.1 g. All groups
were maintained throughout the behavioral testing at
85% of their original adult body weight.

3.2. Beha6ior
Under the forced ALCR schedule, when only one
lever was available to press at a given time, all of the
animals in each group completed the schedule within
the allotted time for ten consecutive sessions.
However, when the animals were trained on the
choice ALCR schedule, differences were observed
among the treatment groups. As shown in Fig. 1,
there was a gradation in performance of the groups
to reach criteria, with the groups having been hypothyroid for the least amount of time completing the
criteria in fewer sessions than the groups which were
hypothyroid for longer periods of time. There was
also an obvious grouping consisting of the control,
MMI+ T4 at P1, P7, and P13 groups and of the
MMI+ T4 at P19 and the MMI groups. The difference in performance between these two groups was
statistically highly significant (P=0.0007, Mantel–
Cox test, survival analysis).
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Fig. 2. Linear plot of the average group perseverations as a function of the session. For each session, averages of a given group’s number of
incorrect responses were divided by the number of incorrect approaches and plotted.

Group averaged data indicated a relationship between perseverations and the length of hypothyroidism, as shown in Fig. 2. Animals hypothyroid for
longer periods also made more errors in lever pressing
than animals hypothyroid for shorter durations. The
amount of perseverative behavior was a significant covariate in the differences seen in the choice ALCR
schedule survival plot (P= 0.0017, Cox proportional
hazards model). A strong linear correlation between
perseverance and day at which T4 treatment began is
shown in Fig. 3.
Finally, there were no significant differences in performance during any of the FR training schedules
(Mantel–Cox test, data not shown). Also, there were
no significant differences among the two groups with
respect to the PR schedule (motivation; see Section 2
above) used as a covariate in the survival analysis
above (Cox proportional hazards model).

3.3. Thyroid status
Thyroid status was assessed by calculating the ratio
of whole T3/BW. None of the MMI-treated groups
(with or without T4 replacement therapy) were hypothyroid, as compared to the control group.

4. Discussion
Previous studies of congenital hypothyroidism in the
rat have focused on spatial recognition, navigation, or
motor tasks. In general, these studies have documented
a decrease in the ability of perinatally hypothyroid
animals to learn and habituate to maze tests, and an
increase in spontaneous activity (Morgan and Einon,
1976; Comer and Norton, 1982, 1985; Tamasy et al.,
1986; Rice et al., 1987; Akaike et al., 1991; Weller et al.,
1996). This increase in spontaneous activity in transiently hypothyroid rats, as compared to control animals, may be due to the fact that control animals
habituate to their test surroundings after a few trials,
while hypothyroid rats maintain the same level of exploratory and spontaneous movement over time
(Comer and Norton, 1985).
Previous experiments involving lever pressing tasks
have focused either on adult onset hypothyroidism
(Fundaro et al., 1985; Rial et al., 1987; Fundaro, 1989)
or on simple FR schedules (Davenport and Hennies,
1976; Schalock et al., 1979) in which either no differences were found between groups (Schalock et al.,
1979), or hyperactivity was indicated in the perinatally
hypothyroid group (Davenport and Hennies, 1976).
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In the present study, operant behavior was investigated based on memory-type functions of ‘choice’ or
switching rules. Throughout a series of FR schedules
(FR1, FR3, FR5 and FR10) the performance of the
any of the hypothyroid groups did not differ significantly from that of the control group. This indicated
that there was no motor impairment and that all animals could learn to press the available lever. Additionally, all groups performed similarly under the forced
ALCR schedule. A common feature of both schedules
(FR and forced ALCR) is that there is no choice in
pressing the lever as only one lever is presented at a
time. Now, under the choice ALCR schedule, significant differences were observed among groups, both in
terms of the animals’ ability to reach criteria, and in the
amount of their perseveration. The duration of the
hypothyroid state directly influenced both the number
of sessions taken to reach criteria in the choice ALCR
schedule, and the number of perseverations by a given
group.
The results of this study suggest that congenital
hypothyroidism does not affect motor activity or motivation. Similarly, circulating T3 levels, as assessed by
serum T3 assay, were also unaffected. However, perinatal hypothyroidism did affect learning. Successful performance on the ALCR schedule at minimum requires
the motor ability to press, the motivation to press, and
the ability to remember/know to switch levers after
receiving a reward. The perinatally hypothyroid rats in
this study had normal motor abilities and motivation
levels, but they were severely impaired in the execution
of the ALCR schedule.
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Thyroid hormone has been associated with the regulation of neural differentiation processes such as dendritic arborization, synaptogenesis and myelination
(Ipina and Ruiz-Marcos, 1986; Ipina et al., 1987; Rodriguez-Pena et al., 1993; Oppenheimer and Schwartz,
1997). Earlier work in humans and in rats has indicated
that there is a critical window during which replacement thyroxine can ameliorate the damage resulting
from hypothyroidism during brain development (DeLong, 1993; Kooistra et al., 1994; Weller et al., 1996).
In humans, this window has been roughly localized to
the third trimester of gestation and continuing in to the
early postnatal period (Raiti and Newns, 1971; DeLong, 1993; Kooistra et al., 1994). In the rat, the
sensitive period has been defined from shortly prior to
birth until the end of the third week postnatal (Morreale de Escobar and Escobar del Rey, 1983; Nathaniel
et al., 1988; Weller et al., 1996; Oppenheimer and
Schwartz, 1997), which coincides with the period of
neuronal arborization and maturation in the cerebral
cortex (Morreale de Escobar and Escobar del Rey,
1983; Oppenheimer and Schwartz, 1997). The results
concur and localize the critical time to occur between
P13 and P19. During this window, the animals cease to
benefit substantially by T4 replacement treatment with
reference to the choice behavioral task. It is interesting
that a similar window was identified in a study of the
number of spines in pyramidal cells in the visual cortex
of rats thyroidectomized at P10: if the rats were given
T4 replacement beginning at P12, spines developed
normally, whereas if the T4 replacement was started at
P20, pyramidal spines developed abnormally as as-

Fig. 3. Plot of the amount of perseverance as a function of day when thyroxine (T4) replacement was initiated.
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sessed both from the number and their distribution
along the apical dendritic shafts (Ruiz-Marcos et al.,
1979).
Finally, the cortical areas the damage of which might
be reflected in the results obtained could be hypothesized on. First, it is reasonable to assume that the
damage is widespread in the cortex, as it has been
found in areas other than the visual cortex (Calikoglu
et al., 1996). Second, the task used in this study involved choice between two alternatives. Now, it is a
landmark deficit of frontal lobe lesions that human
subjects tend to persevere when the reward rule changes
in a choice task (Grant and Berg, 1948; Owen et al.,
1993). A similar deficit has been identified in monkeys
with lesions of specific regions of the prefrontal cortex
located around the principal sulcus. Such lesions, as
well as lesions in the basal ganglia, result in deficits in
delayed response and delayed alternation tasks (Divac,
1971, 1972; Fuster, 1981). Since the MMI-treated rats
in this study also perseverated in the ALCR choice
task, it was hypothesized that their deficit might similarly reflect frontal lobe damage. Of course, additional
experiments using morphological, biochemical, and
other approaches are needed to test this hypothesis
more completely.

Acknowledgements
This work was supported by the American Legion
Brain Sciences Chair (APG), the Department of Veteran Affairs, Merit Review (JC), and a grant from the
Alzheimer’s Association (JC).

References
Akaike, M., Kato, N., Ohno, H., Kobayashi, T., 1991. Hyperactivity
and spatial maze learning impairment of adult rats with temporary neonatal hypothyroidism. Neurotoxicol. Teratol. 13, 317 –
322.
Boyages, S.C., 1993. Clinical review 49: iodine deficiency disorders. J.
Clin. Endocrinol. Metab. 77, 587–591.
Boyages, S.C., Halpern, J.P., 1993. Endemic cretinism: toward a
unifying hypothesis. Thyroid 3, 59–69.
Calikoglu, A.S., Gutierrez-Ospina, G., D’Ercole, A.J., 1996. Congenital hypothyroidism delays the formation and retards the growth
of the mouse primary somatic sensory cortex (S1). Neurosci. Lett.
213, 132 – 136.
Comer, C.P., Norton, S., 1982. Effects of perinatal methimazole
exposure on a developmental test battery for neurobehavioral
toxicity in rats. Toxicol. Appl. Pharmacol. 63, 133–141.
Comer, C.P., Norton, S., 1985. Behavioral consequences of perinatal
hypothyroidism in postnatal and adult rats. Pharmacol. Biochem.
Behav. 22, 605 – 611.
Cooper, D.S., 1984. Antithyroid drugs. N. Engl. J. Med. 311, 1353 –
1362.
Cooper, D.S., Kieffer, J.D., Saxe, V., Mover, H., Maloof, F., Ridgway, E.C., 1984. Methimazole pharmacology in the rat: studies

using a newly developed radioimmunoassay for methimazole.
Endocrinology 114, 786 – 793.
Cox, D.R., 1972. Regression models and life tables. J. R. Stat. Soc.
34 (Series B), 187 – 220.
Cox, D.R., Oakes, D., 1984. Analysis of Survival Data. Chapman
and Hall, London.
Davenport, J.W., Hennies, R.S., 1976. Perinatal hypothyroidism in
rats: persistent motivational and metabolic effects. Dev. Psychobiol. 9, 67 – 82.
DeLong, G.R., 1993. Effects of nutrition on brain development in
humans. Am. J. Clin. Nutr. 57, 286S – 290S.
Divac, I., 1971. Frontal lobe system and spatial reversal in the rat.
Neuropsychologia 9, 175 – 183.
Divac, I., 1972. Delayed alternation in cats with lesions of the
prefrontal cortex and the caudate nucleus. Physiol. Behav. 8,
519 – 522.
Fuggle, P.W., Grant, D.B., Smith, I., Murphy, G., 1991. Intelligence,
motor skills and behaviour at 5 years in early-treated congenital
hypothyroidism. Eur. J. Pediatr. 150, 570 – 574.
Fundaro, A., 1989. Behavioral modifications in relation to hypothyroidism and hyperthyroidism in adult rats. Prog. Neuropsychopharm. Biol. Psychiatry 13, 927 – 940.
Fundaro, A., Molinengo, L., Cassone, M.C., 1985. The transition
from a fixed-ratio to a fixed interval schedule of reinforcement in
hypo and hyperthyroid rats. Pharmacol. Res. Commun. 17, 463–
470.
Fuster, J.M., 1981. Prefontal cortex in motor control. In: Handbook
of Physiology: The Nervous System II. American Physiological
Society, Bethesda, MD, pp. 1149 – 1178.
Glorieux, J., LaVecchio, F.A., 1983. Psychological and neurological
development in congenital hypothyroidism. In: Dussault, J.H.,
Walker, P. (Eds.), Congenital Hypothyroidism. Marcel Dekker,
New York, pp. 411 – 430.
Goldey, E.S., Kehn, L.S., Rehnberg, G.L., Crofton, K.M., 1995.
Effects of developmental hypothyroidism on auditory and motor
function in the rat. Toxicol. Appl. Pharmacol. 135, 67 –76.
Grant, D.A., Berg, E.A., 1948. A behavioral analysis of degree of
reinforcement and ease of shifting to new responses in a Weightype card-sorting problem. J. Exp. Psychol. 38, 404 – 411.
Hetzel, B.S., Chavadej, J., Potter, B.J., 1988. The brain in iodine
deficiency. Neuropath. Appl. Neurobiol. 14, 93 – 104.
Hodos, W., 1961. Progressive ratio as a measure of reward strength.
Science 134, 943 – 944.
Hodos, W., Kalman, G., 1963. Effects of increment size and reinforcer volume on progressive ratio performance. J. Exp. Anal.
Behav. 6, 387 – 392.
Ipina, S.L., Ruiz-Marcos, A., 1986. Dendritic structure alterations
induced by hypothyroidism in pyramidal neurons of the rat visual
cortex. Brain Res. 394, 61 – 67.
Ipina, S.L., Ruiz-Marcos, A., Escobar del Rey, F., Morreale de
Escobar, G., 1987. Pyramidal cortical cell morphology studied by
multivariate analysis: effects of neonatal thyroidectomy, ageing
and thyroxine-substitution therapy. Brain Res. 465, 219–229.
Jacobson, M., 1991. Developmental Neurobiology, 3rd edition.
Plenum Press, New York.
Jones, C.A., LeSage, M., Sundby, S., Poling, A., 1995. Effects of
cocaine in pigeons responding under a progressive ratio schedule
of food delivery. Pharmacol. Biochem. Behav. 50, 527 – 531.
Kalbfleisch, J.D., Prentice, R.L., 1980. The Statistical Analysis of
Failure Time Data. Wiley, New York.
Kooistra, L., Laane, C., Vulsma, T., Schellekens, J.M., van der
Meere, J.J., Kalverboer, A.F., 1994. Motor and cognitive development in children with congenital hypothyroidism: a long-term
evaluation of the effects of neonatal treatment [see comments]. J.
Pediatr. 124, 903 – 909.
Morgan, M.J., Einon, D.F., 1976. Activity and exploration in thyroid-deficient and socially-isolated rats. Physiol. Behav. 16, 107–
110.

C. MacNabb et al. / Neuroscience Research 36 (2000) 121–127
Morreale de Escobar, G., Escobar del Rey, F., 1983. Thyroid hormone and the developing brain. In: Dussault, J.H., Walker, P.
(Eds.), Congenital Hypothyroidism. Marcel Dekker, New York,
pp. 85 – 126.
Nathaniel, E.J., Nathaniel, D.R., Nathaniel, L.M., Burt, S., Panfili,
F., 1988. Effect of thyroxine replacement therapy on the growth
patterns of body, brain, and cerebellum in the neonatal hypothyroid rat. Exp. Neurol. 101, 1–16.
O’Hare, E., Weldon, D.T., Mantyh, P.W., Ghilardi, J.R., Finke,
M.P., Kuskowski, M.A., Maggio, J.E., Shephard, R.A., Cleary,
J., 1999. Delayed behavioral effects following intrahippocampal
injection of aggregated AB(1 – 42). Brain Res. 815, 1–10.
Oppenheimer, J.H., Schwartz, H.L., 1997. Molecular basis of thyroid
hormone-dependent brain development. Endocrine Rev. 18, 462 –
475.
Owen, A.M., Roberts, A.C., Hodges, J.R., Summers, B.A., Polkey,
C.E., Robbins, T.W., 1993. Contrasting mechanisms of impaired
attentional set-shifting in patients with frontal lobe damage or
Parkinson’s disease. Brain 116, 1159–1175.
Raiti, S., Newns, G.H., 1971. Cretinism: early diagnosis and its
relation to mental prognosis. Arch. Dis. Child. 46, 692–694.
Rial, R.V., Tur, J.A., Palmer, A.M., Tur, J., 1987. Altered responsiveness to ambiental stimuli in altered thyroidal states. Physiol.
Behav. 41, 119 – 123.
Rice, S.A., Millan, D.P., 1986. Validation of a developmental swimming test using Swiss Webster mice perinatally treated with
methimazole. Neurobehav. Tox. Teratol. 8, 69–75.
Rice, S.A., Millan, D.P., West, J.A., 1987. The behavioral effects of
perinatal methimazole administration in Swiss Webster mice.
Fundam. Appl. Toxicol. 8, 531–540.
Rodriguez-Pena, A., Ibarrola, N., Iniguez, M.A., Munoz, A., Bernal,
J., 1993. Neonatal hypothyroidism affects the timely expression of

.

127

myelin-associated glycoprotein in the rat brain. J. Clin. Invest. 91,
812 – 818.
Ruiz-Marcos, A., Sanchez-Toscano, F., Escobar del Rey, F., Morreale de Escobar, G., 1979. Severe hypothyroidism and the maturation of the rat cerebral cortex. Brain Res. 162, 315 – 329.
Sack, J., Weller, A., Rigler, O., Rozin, A., 1995. A simple model for
studying the correction of in utero hypothyroidism in the rat.
Pediatr. Res. 37, 497 – 501.
Schalock, R.L., Brown, W.J., Smith, R.L., 1979. Long-term effects of
propylthiouracil-induced neonatal hypothyroidism. Dev. Psychobiol. 12, 187 – 199.
Sher, E.S., Xu, X.M., Adams, P.M., Craft, C.M., Stein, S.A., 1998.
The effects of thyroid hormone level and action in developing
brain: are these targets for the actions of polychlorinated
biphenyls and dioxins? Toxicol. Ind. Health 14, 121 – 158.
Snedecor, G.W., Cochran, W.G., 1989. Statistical Methods, 8th
edition. Iowa State University Press, Ames, Iowa.
Stein, S.A., Adams, P.M., Shanklin, D.R., Mihailoff, G.A., Palnitkar,
M.B., 1991. Thyroid hormone control of brain and motor development: molecular, neuroanatomical, and behavioral studies.
Adv. Exp. Med. Biol. 299, 47 – 105.
Tamasy, V., Meisami, E., Du, J.Z., Timiras, P.S., 1986. Exploratory
behavior, learning ability, and thyroid hormonal responses to
stress in female rats rehabilitating from postnatal hypothyroidism.
Dev. Psychobiol. 19, 537 – 553.
Weldon, D.T., O’Hare, E., Kuskowski, M.A., Cleary, J., Mach, J.R.
Jr, 1996. Alternating lever cyclic-ratio schedule analysis of the
effects of atropine sulfate. Pharmacol. Biochem. Behav. 54, 753–
757.
Weller, A., Rozin, A., Rigler, O., Sack, J., 1996. Neurobehavioral
development of neonatal rats after in-utero hypothyroxinemia:
efficacy of prenatal thyroxine treatment. Early Hum. Dev. 46,
63 – 76.

.

