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Abstract

Resistance to thyroid hormone (RTH) is
a human syndrome mapped to the thyroid
receptor b (TRb) gene on chromosome 3,
representing a mutation of the ligand-
binding domain of the TRb gene. The
syndrome is characterized by reduced tissue
responsiveness to thyroid hormone and
elevated serum levels of thyroid hormones.
A common behavioral phenotype associated
with RTH is attention deficit hyperactivity
disorder (ADHD). To test the hypothesis that
RTH produces attention deficits and/or
hyperactivity, transgenic mice expressing a
mutant TRb gene were generated. The
present experiment tested RTH transgenic
mice from the PV kindred on behavioral
tasks relevant to the primary features of
ADHD: hyperactivity, sustained attention
(vigilance), learning, and impulsivity. Male
transgenic mice showed elevated locomotor
activity in an open field compared to male
wild-type littermate controls. Both male and
female transgenic mice exhibited impaired
learning of an autoshaping task, compared
to wild-type controls. On a vigilance task in
an operant chamber, there were no

differences between transgenics and
controls on the proportion of hits, response
latency, or duration of stimulus tolerated.
On an operant go/no-go task measuring
sustained attention and impulsivity, there
were no differences between controls and
transgenics. These results indicate that
transgenic mice bearing a mutant human
TRb gene demonstrate several behavioral
characteristics of ADHD and may serve a
valuable heuristic role in elucidating
possible candidate genes in converging
pathways for other causes of ADHD.

Introduction

Resistance to thyroid hormone (RTH) is a heri-
table human condition defined by normal or el-
evated levels of thyroid-stimulating hormone (TSH)
in the presence of high levels of serum triiodothy-
ronine (T3) and thyroxine (T4), and resistance of
pituitary or peripheral tissues to the actions of thy-
roid hormone (Refetoff et al. 1967, 1983, 1993;
Refetoff 1982). RTH is linked to mutations in exons
9 and 10 of the human thyroid hormone b recep-
tor gene (TRb), which codes proteins in the T3-
binding domain of the b1 subtype (TRb1) of the
thyroid hormone receptor (Parilla et al. 1991; Usala
et al. 1991; Mixson et al. 1992; Takeda et al. 1992).
Although mechanisms vary across kindred, these
mutations typically decrease binding affinity of the4Corresponding author.
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TRb1 receptor for T3 (Parilla et al. 1991; Takeda et
al. 1992; Cheng 1995).

The phenotypic expression of RTH varies
widely, with the degree of affliction ranging from
subclinical to incapacitating (Auchus and Fuqua
1994; Jameson 1994; Usala 1994). Depending on
whether pituitary or peripheral tissues are more
greatly affected, patients with RTH may display
symptoms of hyperthyroidism or hypothyroidism
(Weintraub et al. 1981). A common symptom of
RTH is attention deficit with hyperactivity disorder
(ADHD; Hauser et al. 1993; Brucker-Davis et al.
1995; Stein et al. 1995; Matochik et al. 1996). In
two studies, 50%–70% of RTH patients met the di-
agnostic criteria for ADHD (Hauser et al. 1993;
Brucker-Davis et al. 1995), with the incidence in
males ∼50% higher than in females. This is striking
compared to an incidence of ADHD of 2%–5% in
the population as a whole (Barkley 1981; Zametkin
and Rapoport 1987). Patients with ADHD exhibit
hyperactivity, inattention, learning deficits, and im-
pulsivity (Barkley 1981, 1982, 1997; Woodard and
Lansdown 1988; Barkley et al. 1992; Stein et al.
1995). On tasks measuring sustained attention and
impulsivity, e.g., the go/no-go or continuous per-
formance tasks which require subjects to respond
under a given set of conditions and to refrain from
responding under different conditions, perfor-
mance of ADHD subjects is characterized by
slower reaction times and fewer hits (inattention)
as well as more false alarms (impulsivity) (Zahn et
al. 1980, 1991; Sergeant and Scholten 1983, 1985;
O’Dougherty et al. 1984; Tarnowski et al. 1986;
Woodard and Lansdown 1988; Casey et al. 1997).

Knockout mice lacking the TRb gene exhibit
elevated TSH and free and total T3 and T4, but
normal behavior (Forrest et al. 1996). Transgenic
mice bearing the human PV mutant TRb gene
have been developed recently (Wong et al. 1997).
The PV mutant TRb1 was derived from a patient
with severe RTH characterized by short stature,
low weight, impaired learning, and ADHD, but no
hearing loss (Parilla et al. 1991; Mixson et al. 1992;
Wong et al. 1997). RTH transgenic mice exhibit
increased circulating levels of free and total T4 and
inappropriately normal levels of TSH, weight loss,
and impaired growth. The mice were not hyperac-
tive but exhibited an attenuated response to meth-
ylphenidate, a dopaminergic agonist, on open field
activity. Whereas these phenotypes are consistent
with those seen in RTH patients, additional experi-
ments are necessary to evaluate the potential to
use the RTH transgenic mice as a model for inves-

tigating the causal mechanisms of ADHD. In the
present experiment, we tested PV RTH transgenic
mice and their wild-type littermates on behavioral
tasks designed to assess processes impaired in
ADHD: activity, attention, learning, and impulsiv-
ity.

Materials and Methods

SUBJECTS

Mutant PV TRb1 cDNA was constructed as
described previously (Meier et al. 1992) and was
subcloned into the HindIII site of the human b-
actin construct (BAP.2; gift of S. Goff, Columbia
University, New York, NY). The injection of the
purified ClaI fragment and preparation of trans-
genic mice were done according to the procedures
of Hogan and Lacy (1986). Founders on a CD-1
background were analyzed by HindIII restriction
digestion of tail DNA to release the 1.4-kb trans-
gene, followed by Southern analysis as described
previously (Wong et al. 1997). The ratio of endog-
enous to mutant TRb1 was ∼30:1 in both brain
and white adipose tissue (Wong et al. 1997). Mice
exhibited elevated free and total T4 and inappro-
priately normal TSH (Wong et al. 1997). RTH mu-
tant mice appeared grossly normal in body struc-
ture and appearance of fur. Subjects used
for behavioral testing were 22 experimentally na-
ive mice, 10 RTH transgenic (4 male, 6 female)
and 12 wild-type littermate controls (5 male, 7
female), 20 weeks old at the start of behavioral
testing. Mice were housed in tub cages in groups of
two or three, separated by gender. On ad libitum
food and water, there was no overall difference
in the body weights between the transgenic and
control mice, F(1,18) = 4.02, P = 0.0602. How-
ever, there was a significant difference between
males and females, F(1,18) = 55.43,P < P <
0.0001, and a significant genotype × gender inter-
action, F(1,18) = 5.57, P < 0.0298. Specifically,
male transgenic mice [mean ± S.E.M. (g):
30.6 ± 1.9] weighed significantly more than male
wild types (26.1 ± 1.6), t(8) = 2.84, P = 0.0110.
There were no differences between female trans-
genic and wild-type mice (transgenics, 20.4 ± 0.4;
wild types, 20.8 ± 0.3). At the start of operant train-
ing, mice were maintained at ∼85% of their free-
feeding weight by postsession feedings. Water was
freely available in their home cages. The vivarium
was maintained on an artificial 12/12-hr light/dark
cycle, with lights on at 6 a.m. All procedures were
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approved by the NIMH Animal Care and Use Com-
mittee, and followed the NIH Guidelines, ‘‘Using
Animals in Intramural Research.’’

APPARATUS

Exploratory locomotor activity was measured
in an open field measuring 45 × 45 cm. The bot-
tom of the open field was covered with a light layer
of bedding material. A Digiscan analyzer [model
RXYZCM(8) Omnitech Electronics, Columbus,
OH] automatically recorded and analyzed the loco-
motor activity. The apparatus contained eight pho-
tocells in each horizontal direction ∼1 cm above
the floor of the open field. An additional row of
eight photocell beams was located 4 cm above one
of the horizontal rows, to measure vertical activity.

Operant testing was conducted in two identi-
cal operant chambers (MED Associates, Lafayette,
IN). Each chamber was equipped with two re-
sponse levers on the front wall and a single re-
sponse lever on the rear wall. Only one lever in
each chamber was operational during the experi-
mental sessions. A stimulus lamp was located ∼2
cm above each of the three levers. A house light
was located near the top of the rear wall to provide
a source of low-level illumination. A recessed well
was located on the front wall, 1 cm above the grid
floor and an equal distance from each lever. Sweet
food pellets weighing 20 mg each (Formula P, P.J.
Noyes Company, Lancets, NH) were delivered
through a tube to the food cup at appropriate in-
tervals. The operant chambers were controlled by
a DOS-based microcomputer running MED-PC soft-
ware (MED Associates, Lafayette, IN). A sonalert
was situated behind the front wall for the delivery
of an 80-dB, 1900-Hz tone. The software controlled
the contingencies and collected data from the ex-
perimental sessions.

MEASURES OF MOTOR ACTIVITY
AND COORDINATION

OPEN-FIELD ACTIVITY

Each mouse was placed in the open field for 90
min. Scores were obtained at 5-min intervals and
analyzed for horizontal and vertical activity. Be-
cause food restriction was required for the operant
lever-press tasks, and food restriction may affect
activity levels required for operant tasks (Challet et
al. 1996), mice were retested in the open field after
24 hr of food restriction. The open-field testing

under food restriction was performed in an identi-
cal manner as the prerestriction open-field testing.

ROTOROD

The ability to maintain balance on a rotating
cylinder was measured with a standard rotorod ap-
paratus. The cylinder was 10.0 cm in diameter and
was covered with a coarse black paper. Mice were
confined to a section of the cylinder 22.0 cm long
by Plexiglas dividers. Each mouse was placed on
the cylinder, which was rotating at 6 rpm. Latency
to fall off the rotating cylinder was measured. Mice
that fell in less than 10 sec were given a second
trial. Mice that did not fall during the 60-sec trial
period were removed and given a score of 60 sec.

WIRE HANG

The ability to hang upside down from a wire
screen was tested using a modified wire cover to a
rat tub cage. The wire bars were 1 mm in diameter
and spaced 1 cm apart. A rectangular area of the
screen was taped off to confine the mice to a
10 × 18 cm section of the screen. After mice were
placed on the screen, it was waved gently in the air
three times to force them to grip the wires. The
screen was then immediately turned upside down,
70 cm above a large rodent housing cage, and la-
tency to fall into the tub cage was measured. Mice
that fell in less than 10 sec were given a second
trial. Mice that did not fall during the 60-sec trial
period were removed and given a score of 60 sec.

OPERANT TESTING

There were three distinct phases of operant
testing: autoshaping, simple reaction time, and go/
no-go tasks. Operant sessions were typically con-
ducted 5 days per week.

AUTOSHAPING

In the first phase of operant testing, animals
learned to press a lever under computer-controlled
contingencies. Each session started with the illumi-
nation of the house light, which remained lit for
the duration of the session. At the beginning of
each trial, a cue lamp was illuminated. Pressing the
lever below the cue lamp resulted in the immedi-
ate delivery of a reinforcer (food pellet) and extin-
guished the cue lamp. If the lever was not pressed
after 8 sec, the cue lamp was extinguished and a
food pellet was delivered simultaneously. For half
the mice, the active lever was always the left lever
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on the front wall; for the other half the active lever
was always the right lever on the front wall. The
goal of training was to teach the mice to press the
lever to receive a food pellet before the 8 sec had
elapsed (i.e., while the cue lamp was illuminated).
Lever presses while the cue lamp was extinguished
carried no scheduled consequences. Environmen-
tal contingencies were controlled by an autoshap-
ing computer program. Each session consisted of
40 trials, with an intertrial interval ranging from 15
sec to 3 min (mean 45 sec). Training sessions were
conducted 5 days per week until all subjects met a
criterion of earning 10 or more reinforcers during
a single session. A reinforcer was defined as a food
pellet earned by pressing the lever while the cue
lamp was illuminated. The primary dependent
measure was reinforcers earned per session, taken
as an index of learning to press the lever for food.

SIMPLE REACTION TIME

After mice met the criterion (10 reinforcers/
session) on the autoshaping program, reaction-
time training commenced using a procedure modi-
fied from McGaughy and Sarter (1995a). The reac-
tion-time task measures latency to respond to the
target stimulus, and is used commonly to assess
attention in humans (Zahn et al. 1980, 1991; Pang
et al. 1992; Douglas and Perry 1994) and animals
(Dudchenko et al. 1992; Muir et al. 1992; Pang et
al. 1992, 1993; Steckler and Sahgal 1995). Each trial
began with a foreperiod ranging from 9 to 24 sec in
3-sec increments (mean 15 sec), randomized
across trials. At the end of the foreperiod the cue
lamp was illuminated for 3 sec. A response during
the 3-sec illumination period was classified as a hit
and resulted in the delivery of a reinforcer and
extinguishing of the cue lamp. After reinforcer de-
livery, the house light remained lit for 3 sec to
allow the subject to see and consume the food
pellet, after which time the house light was extin-
guished and the 10-sec intertrial interval (ITI) was
initiated. If the mouse failed to press the lever dur-
ing the 3-sec stimulus duration, no food pellet was
delivered and the cue lamp and house light were
extinguished immediately. Such a trial was classi-
fied as a miss. The cue lamp and house light re-
mained unlit for the duration of the ITI. Each daily
session consisted of 40 trials or 40 min, whichever
came first, with the constraint that a trial in
progress after 40 min had elapsed was allowed to
finish before the termination of the session. A re-
sponse during the foreperiod reset the foreperiod,

so that an animal was required to refrain from re-
sponding for the entire duration of the foreperiod
before the cue lamp was illuminated. No discrete
environmental cue signaled the resetting of the
foreperiod. Responses made during the last 3 sec
of the foreperiod were classified as prestimulus re-
sets. Environmental events in the operant cham-
bers were identical for prestimulus resets as for
other resets, but prestimulus resets were treated
differently in the data analysis (see below). Ses-
sions were conducted using a 3-sec stimulus dura-
tion until subjects reached a criterion whereby a
hit occurred on at least 80% of the trials and a
prestimulus reset occurred on not more than 25%
of the trials. Upon reaching this criterion, the
stimulus duration was shortened progressively to
0.25 sec. An animal was required to meet the per-
formance criterion of ù80% hits and ø25% pre-
stimulus resets to move to the next level.

Upon reaching a stimulus duration at which
asymptotic performance was below criterion level,
the stimulus duration was changed to 3 sec and
allowed to restabilize. On all trials regardless of
stimulus duration, subjects had 3 sec during which
to earn a reinforcer, beginning with stimulus onset.
For trials on which the stimulus duration was
shorter than 3 sec, the lever remained active after
stimulus offset for the amount of time needed to
make a 3-sec interval. Principal measures of inter-
est were response latency, hits (percentage of trials
on which a reinforcer was earned), and prestimu-
lus resets (percentage of trials on which a pre-
stimulus reset occurred). Other measures exam-
ined include number of prestimulus resets per trial,
number of trials completed, session duration, post-
miss burst rate (rate of responding during the 3 sec
of ITI immediately following a miss), and lever-
press rates during the ITI and foreperiod.

GO/NO-GO TASK

The go/no-go task is a variation of the signal-
detection paradigm that is used commonly to as-
sesses both sustained attention (vigilance) and im-
pulsivity in humans (Zahn et al. 1980, 1991) and
animals (McGaughy and Sarter 1995a,b; McGaughy
et al. 1996, 1997). After performance was restabi-
lized on the simple reaction-time task with a 3-sec
stimulus duration, the go/no-go contingencies
were introduced. On the go/no-go version of the
task, half of the trials were identical to those in the
simple reaction time task with a 3-sec stimulus du-
ration. These trials comprised the go condition.
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The other half of the trials comprised the no-go
condition. The no-go trials were identical to the go
trials with two exceptions. First, an 80-dB tone was
initiated coincident with cue lamp onset on the
no-go trials. Both stimuli terminated after 3 sec.
Second, a reinforcer was earned by refraining from
responding during the compound stimulus dura-
tion. Any response during the light/tone combina-
tion resulted in no reinforcer and the immediate
extinguishing of the cue and house lamps and ter-
mination of the tone. As on the go trials, the house
light remained illuminated for 3 sec following re-
inforcer delivery on the no-go trials to allow the
mouse to find and eat the food pellet. In addition to
the variables examined in the simple reaction time
task, a signal detection analysis was used to analyze
responding on the go/no-go task. Signal detection
measures included probability of a hit [p(hit); per-
centage of trials in which the lever was pressed in
the presence of the light only] and probability of a
false alarm [p(FA); percentage of trials on which
the lever was pressed in the presence of the light/
tone compound]. In addition, sensitivity (SI) and
response-bias (RI) indices were used as nonpara-
metric analogs to the signal-detection parameters
of discrimination and bias (Grier 1971; McGaughy
and Sarter 1995a), using the following formulas: SI =
[p(hit) − p(FA)]/[2*(p(hit) + p(FA))] − [p(hit) + p(FA)]2

and RI = [p(hit) + p(FA) − 1]/[1 − (p(hit) − p(FA))2].

STATISTICAL ANALYSIS

Group comparisons were conducted using
analysis of variance (ANOVA). Within-subject com-
parisons were made using two- and three-factor

repeated measures ANOVAs. Planned follow-up
comparisons and post-hoc analyses were made us-
ing repeated-measures ANOVAs and Bonferroni-
corrected t-tests. All hypothesis testing was two-
tailed.

Results

OPEN-FIELD ACTIVITY

Male RTH transgenic mice were significantly
more active than male wild types (Fig. 1). Re-
peated-measures ANOVA for horizontal activity
showed a significant decrease in activity for all
mice over the course of the 90-min session,
F(17,306) = 51.78, P < 0.0001, indicating that
animals habituated over time. There was a signifi-
cant main effect for genotype, F(1,18) = 5.23,
P = 0.035. There was no main effect for
gender, F(1,18) = 2.06, P = 0.168 but a sig-
nificant genotype × gender interaction, F(1,18) = 5.17,
P = 0.036. Post-hoc analysis of the genotype × gender
interaction indicated that male transgenic mice
were significantly more active than the male wild-
type controls, t(7) = 3.62, P = 0.009. Female trans-
genic mice were not significantly different than the
female wild-type controls, t(11) = 0.01, P = 0.993.

There was a significant decrease in vertical
activity for all mice with repeated measure-
ment, F(17,306) = 8.06, P < 0.0001, indicating
that rearing behavior habituated over time
(Fig.1). There was no significant main effect for
genotype, F(1,18) = 2.12, P = 0.163, or gender,
F(1,18) = 0.12, P = 0.739, but there was a signifi-
cant genotype × gender interaction, F(1,18) = 6.24,

Figure 1: Open-field activity in RTH
transgenic mice (n = 6 female; n = 4
male; l) and wild-type littermate con-
trols (n= 7 female; n = 5 male; s). Hori-
zontal and vertical beam breaks were
tallied every 5 min for 90 min. (A) Hori-
zontal activity of female mice; (B) hori-
zontal activity of male mice; (C) ver-
tical activity of female mice; (D) vertical
activity of male mice. Male transgenic
mice were significantly more active than
male controls, on both horizontal and
vertical activity. Data are presented as
mean ± S.E.M.
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P = 0.022. Post-hoc analyses of the genotype × gender
interaction indicated that male RTH transgenic
mice reared significantly more than the male wild-
type controls, t(7) = 4.42, P = 0.003. Female trans-
genic mice were not significantly more active
than the female wild-type controls, t(11) = 0.68,
P = 0.508.

ROTOROD/WIRE HANG

There was no significant difference in rotorod
performance between the two groups of mice
[F(1,20) = 2.53, P = 0.127]. On the wire-hang task,
none of the mice of either genotype fell off the
wire screen; thus all mice received the maximal
score of 60 sec.

AUTOSHAPING

All the mice reached the performance crite-
rion on the autoshaping task by the 15th session
(Fig. 2). Repeated-measures ANOVA revealed a
significant effect for number of reinforcers
earned over 15 sessions, indicating that overall
performance of all mice improved during the
course of training, F(14,280) = 41.53, P < 0.0001.
There were no overall significant differences
between genotype, F(1,18) = 4.04, P = 0.060,
or gender, F(1,18) = 1.47, P = 0.241, and no sig-
nificant genotype × gender interaction, F(1,
18) = 0.57, P = 0.458. However, there was a signifi-
cant session × genotype interaction, F(14,280) = 2.24,
P = 0.0069, indicating that the RTH transgenic mice
were significantly slower to learn to press the lever for

food compared to the wild-type mice (Fig. 2). Interac-
tions for session × gender, F(14,280) = 0.74, P = 0.739,
and session × genotype × gender, F(14,280) = 0.53,
P = 0.650, were not significant, indicating that the
learning impairment was observed in both male
and female transgenic mice.

SIMPLE REACTION TIME

After 34 sessions, all mice were performing at
an asymptotic level at the 3-sec stimulus duration.
The data from the last three sessions of asymptotic
performance were averaged to provide a single
score per measure per subject. At asymptote, there
were no differences on any of the performance
measures between the two genotypes (Table 1). Of
22 two subjects, 18 (8 transgenic and 10 controls)
reached criterion-level performance at the 3-sec
stimulus duration, and stimulus durations were re-
duced progressively for those subjects. The stimu-
lus durations were reduced progressively until
asymptotic performance was no longer at cri-
terion level. The last stimulus duration at which
criterion-level performance was achieved was con-
sidered the shortest stimulus tolerated. There was
no difference in the shortest stimulus tolerated be-
tween transgenics (1.19 ± 0.40) and wild types
(1.25 ± 0.35), F(1,18) = 0.01, P = 0.908.

GO/NO-GO

Mice completed 12 sessions on the go/no-go
task. The data from the last three sessions of as-
ymptotic performance were averaged to provide a
single score per measure per subject. There were
no differences on any of the performance measures
between the two genotypes (Table 2). Response
latencies were significantly shorter for false alarms
than for hits among both groups, t(20) = 6.22,
P < 0.0001, suggesting that tone on the no-go trials
was responsible for evoking more rapid responses
than on trials presenting only a light stimulus. In-
troduction of the no-go contingencies did not im-
mediately disturb performance on the go trials in
either genotype (Fig. 3). However, by the 12th go/
no-go session p(hit) was significantly lower than
during the three go sessions immediately preced-
ing introduction of the no-go trials, t(20) = 3.15,
P = 0.006.

OPEN-FIELD ACTIVITY IN FOOD-RESTRICTED MICE

Because food restriction can affect exploratory
activity in rodents (Challet et al. 1996) and food

Figure 2: Reinforcers earned on a lever-press au-
toshaping task for RTH transgenic (n = 10; l) and wild-
type (n = 12; s) mice. Subjects received 40 trials per
day on the autoshaping program, for 15 days. Trans-
genic mice learned the lever-press task significantly
slower than wild-type controls. Data are presented as
mean ± S.E.M.
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restriction was required for the operant tasks,
open-field activity was retested in food-restricted
mice to ensure that unusual activity levels did
not affect performance in the operant chambers.
After 24 hr of food restriction, there was a sig-
nificant decrease in horizontal activity over the
90-min session for all mice, F(17,306) = 17.08,
P < 0.0001, indicating that animals habituated
over time in a normal manner. There was no main
effect for genotype, F(1,18) = 1.86, P = 0.190,
or gender, F(1,18) = 0.15, P = 0.708, and no
genotype × gender interaction, F(1,18) = 0.56,
P = 0.464. There were significant horizontal
activity × gender, F(17,306) = 3.07, P < 0.0001,
and horizontal activity × genotype × gender inter-
actions, F(17,306) = 2.98, P < 0.0001. The hori-
zontal activity × genotype interaction was not sig-
nificant, F(17,306) = 1.60, P = 0.063. Post-hoc analysis
of the horizontal activity × genotype × gender in-

teraction indicated that male RTH transgenic mice
habituated significantly more quickly than the male
wild-type controls, F(17,119) = 2.28, P = 0.005.
Analysis of the horizontal activity of male mice by
genotype showed that the male transgenic mice
exhibited significantly reduced activity under food
restriction, compared to free-feeding activity lev-
els, F(1,3) = 12.38, P = 0.039. Differences between
ad lib feeding and food-restricted activity levels in
wild-type mice were not significant, F(1,4) = 1.03,
P = 0.368. Female transgenic mice habituated
more slowly than the female wild-type controls,
F(17,187) = 1.82, P = 0.028 (Fig. 4).

On vertical activity after food restriction, there
was a significant decrease in activity with repeated
measurement, F(17,306) = 5.06, P < 0.0001, indi-
cating that rearing behavior habituated over time
(Fig. 4). There was a significant main effect for
genotype, F(1,18) = 6.46, P = 0.021, and a signifi-

Table 2: Performance measures on the go/no-go task

Measure Wild type RTH transgenic F P

Trials completed 36.82 ± 2.11 29.81 ± 4.88 2.25 0.153
Session duration 31.46 ± 2.18 33.54 ± 3.29 0.31 0.588
p(hit) 0.64 ± 0.07 0.57 ± 0.13 0.24 0.631
p(FA) 0.24 ± 0.05 0.31 ± 0.14 0.33 0.575
Response latency (hit) 1.33 ± 0.06 1.30 ± 0.11 0.06 0.817
Response latency (FA) 0.93 ± 0.08 0.80 ± 0.15 0.67 0.426
ITI response rate 1.92 ± 0.47 2.93 ± 1.20 0.82 0.379
Resets per trial 3.64 ± 0.68 5.66 ± 1.64 1.72 0.209
Prestimulus reset trials (%) 21.64 ± 4.48 25.67 ± 8.31 0.22 0.647
Burst rate (miss) 9.71 ± 1.38 6.16 ± 1.46 2.90 0.108
Burst rate (FA) 4.50 ± 0.97 4.84 ± 1.55 0.04 0.848
Response index −0.11 ± 0.22 −0.16 ± 0.24 0.04 0.837
Sensitivity index 0.49 ± 0.07 0.39 ± 0.12 0.53 0.476

Table 1: Performance measures on the simple reaction time task

Measure Wild type RTH transgenic F P

Trials completed 37.58 ± 2.39 39.76 ± 0.24 0.52 0.482
Session duration 30.24 ± 1.57 29.89 ± 1.43 0.02 0.879
p(hit) 0.77 ± 0.04 0.84 ± 0.06 1.01 0.331
p(prestimulus reset) 0.14 ± 0.03 0.12 ± 0.06 0.31 0.583
Resets per trial 2.19 ± 0.69 1.65 ± 0.38 0.22 0.644
Prestimulus reset trials (%) 14.63 ± 3.33 12.14 ± 1.68 0.32 0.581
Response latency (hit) 1.28 ± 0.05 1.24 ± 0.07 0.31 0.586
ITI response rate 0.98 ± 0.25 1.19 ± 0.36 0.24 0.645
Burst rate (miss) 14.50 ± 2.75 14.28 ± 2.79 0.00 0.958
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cant genotype × gender interaction, F(1,18) = 5.46,
P = 0.031. The main effect for gender was not signifi-
cant, F(1,18) = 0.60, P = 0.450. There were signifi-
cant vertical activity × genotype, F(17,306) = 2.98,
P < 0.0001, and vertical activity × genotype × gender
interactions, F(17,306) = 2.24, P = 0.004. The verti-
cal activity × gender interaction was not significant,
F(17,306) = 1.36, P = 0.155. Post-hoc analyses indi-
cated that male RTH transgenic mice reared signifi-
cantly less than the male wild-type controls over-
all, t(7) = 2.84, P = 0.025, and habituated more
quickly during the 90-min session F(17,119) = 3.19,
P < 0.0001. Female transgenic mice were not signifi-
cantly different than the female wild-type controls,
t(11) = 0.68, P = 0.508.

Discussion

Male RTH transgenic mice exhibited signifi-
cant hyperactivity on measures of both horizontal
and vertical spontaneous exploratory activity.
Open-field activity of female transgenic mice was
not different from that of female wild-type con-
trols, for either horizontal or vertical movements.
This gender difference in activity is similar to ex-
pression of ADHD in human patients, in whom the
phenotype is more prevalent among males than
females (Trites et al. 1979; Berry et al. 1985). The
present results are also consistent with other ro-
dent models of ADHD that report hyperactivity.
For example, the spontaneously hypertensive rat
(SHR; Knardahl and Sagvolden 1979; Sagvolden et
al. 1993), neonatal rats injected with 6-hydroxydo-
pamine (6-OHDA; Luthman et al. 1989), and the
synaptosomal-associated protein–25 kD mutant
mouse (Hess et al. 1992) all exhibit hyperactivity,
although in some the increase in activity may be
confounded by head bobbing, cerebellar ataxia, or
hyperactivity consisting of repetitive rotations. In
the present experiment, the types of behavioral
activity exhibited by the transgenic mice were nor-
mal, and hyperactivity was not attributable to any
unusual locomotor patterns or peculiarities.

After 24 hr of food restriction, male RTH trans-
genic mice were significantly less active than
male controls. The unusual pattern of changes
after food restriction bears some resemblance to
the paradoxical response of ADHD patients to
dopaminergic agonists such as methylphenidate.
Under normal circumstances ADHD patients are

Figure 3: Probability of event for RTH transgenic
[n = 10; (d) hit; (l) FA] and wild-type [n = 12 (s) hit;
(L) FA] mice on the reaction-time (sessions −3 to −1)
and go/no-go (sessions 1–12) tasks. There were no dif-
ferences between groups on probability of a hit [p(hit)]
(circles) or probability of a false alarm [p(FA)] (dia-
monds). Data are presented as mean ± S.E.M.

Figure 4: Open-field activity in RTH
transgenic mice [(l) n = 6 female; n = 4
male] and wild-type controls [(s) n = 7
female; n = 5 male] after 24 hr of food
restriction. Horizontal and vertical beam
breaks were tallied every 5 min for 90
min. (A) Horizontal activity of female
mice; (B) horizontal activity of male mice;
(C) vertical activity of female mice; (D)
vertical activity of male mice. After the
first 10 min, food-restricted male trans-
genic mice were significantly less active
than male controls, on both horizontal
and vertical activity. Data are presented
as mean ± S.E.M.
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hyperactive; however, when treated with catechol-
aminergic agonists, they exhibit reduced activity
levels. The same treatment with catecholaminer-
gic agonists in normal humans results in in-
creased activity levels. RTH transgenic mice in a
previous study were found to have an attenuated
response to methylphenidate, compared to wild-
type controls (Wong et al. 1997). The postrestric-
tion hypoactivity of the male transgenic mice in
the present experiment was not attributable to sen-
sorimotor deficits, as they exhibited greater activ-
ity than controls in the first 5 min, and equivalent
activity during the second 5 min. A significant
gender × genotype × horizontal activity interac-
tion indicates that the male transgenics started the
open-field session significantly hyperactive com-
pared to controls, and were significantly hypoac-
tive by the end of the session. Whether the analo-
gous activity patterns observed after food restric-
tion are because of changes in the dopaminergic
system in RTH transgenic mice is not known. Fur-
ther exploration of these issues in RTH transgenic
mice may be of interest both for understanding the
neurochemistry of ADHD and for potential treat-
ments of the condition.

RTH transgenic mice, both males and females,
exhibited slower acquisition of a lever-press task
(Fig. 2). This learning deficit exhibited by the trans-
genic mice is analogous to moderate learning defi-
cits widely reported in ADHD patients (Barkley
1982; Woodard and Lansdown 1988; Stein et al.
1995). The fact that both male and female trans-
genic mice were impaired is consistent with re-
ports showing that both male and female ADHD
patients are learning impaired (Breen 1989; Horn
et al. 1989; Brown et al. 1991; Seidman et al. 1997).
The learning deficit in the present experiment was
not caused by hyperactivity, because these food-
restricted transgenic mice were not hyperactive
(Fig. 4). In addition, the learning deficit cannot be
attributed to hypoactivity in the male transgenic
mice because only the male mice were hypoactive
but both male and female transgenic mice showed
a learning impairment. The learning impairment is
apparently not attributable to grossly impaired at-
tention, as all indices of attentional function on
reaction-time and go/no-go tasks were normal
(Table 1). However, it remains possible that the
learning impairment may be caused by a mild at-
tentional deficit that adversely affects some com-
ponents of complex learning tasks but is not de-
tectable by the reaction-time or go/no-go tasks. Al-
ternatively, the learning impairment may reflect an

attentional deficit that was evident in the initial
exposure to the operant environment, but abated
with continued exposure and repeated practice
with the lever-press contingencies. The interpreta-
tion of a transient deficit is supported by the au-
toshaping data (Fig. 2), which show an initial delay
in acquisition followed by a learning rate equiva-
lent to that of the wild-type controls.

Neither male nor female transgenic mice ex-
hibited behaviors indicating impaired attention or
impulsivity, as measured by performance on the
simple reaction time and go/no-go tasks. Reaction
time, p(hit), and p(FA) were not significantly dif-
ferent between the wild-type and control mice. A
factor that must be considered in this analysis is the
reinforcer. On unreinforced reaction-time and go/
no-go experiments, ADHD subjects show slower
response latencies, fewer hits, and more false
alarms (Sergeant and Scholten 1983, 1985;
O’Dougherty et al. 1984; Tarnowski et al. 1986;
Woodard and Lansdown 1988). However, there is
evidence that use of reinforcers may interact with
performance on a reaction-time and go/no-go
tasks. Iaboni et al. (1995) used a procedure in
which ADHD subjects received a nickel for each
hit and took away a nickel for each false alarm.
Under these conditions ADHD subjects showed
identical p(hit) as control subjects, although p(FA)
remained significantly higher than controls. In a
related experiment, reaction times of ADHD sub-
jects were slower than normal controls under con-
ditions of partial reinforcement, but were not dif-
ferent when 100% of hits were reinforced (Douglas
and Parry 1994). In the animal analog used in the
present experiment, the task necessitated the use
of reinforcers to train the animals to press the le-
ver. This may have eliminated any differences that
may have existed in the absence of reinforcement.
Another factor that may have attenuated any differ-
ences between transgenics and wild types is food
restriction. The phenotypic expression of hyperac-
tivity in male transgenic mice was not seen after 24
hr of food restriction. It is possible that phenotypic
differences in attention or impulsivity were also
eliminated with the introduction of food restric-
tion. Taken as a whole, the differences between
human and animal versions of the attentional tasks,
specifically the use of food restriction and rein-
forcement, as well as extensive practice on the
lever-press task, may obscure the ability to observe
differences between transgenic and wild-type ani-
mals. If this is the case, task specifics may have to
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be modified in order to better evaluate attentional
abilities in RTH transgenic mice.

Previous studies in rodents and humans sug-
gest that the learning deficits displayed by RTH
transgenic mice are likely to be independent of the
attentional deficit. Several studies have reported
subnormal intelligence and academic achievement
in children with RTH that did not exhibit symp-
toms of ADHD (Weiss et al. 1994; Stein et al. 1995).
Similar to the learning deficits exhibited in both
male and female RTH transgenic mice, Stein et al.
(1995) reported learning deficits in both boys and
girls with RTH and without ADHD. There is also
neurobiological evidence to support the role of
thyroid hormone in the development of areas of
the brain associated with learning. In rats, T3 re-
ceptors increase 40-fold in number from gesta-
tional day 19 to postnatal day 10, a period during
which many brain areas, including the hippocam-
pus, are still developing (Strait et al. 1990). Gould
and Butcher (1989) showed that both hyperthy-
roidism and hypothyroidism in rat pups reduced
significantly the size and number of cholinergic
neurons in the nucleus basalis magnocellularis, the
cholinergic cell bodies that project to the cortex.
Although the neuroanatomical mechanism for ab-
normalities in human RTH patients is not known,
impaired T3 receptor binding during development
could result in abnormalities in axonal routing,
neuronal proliferation and migration, and the regu-
lation of genes during critical periods (Hauser et al.
1993). Any of these mechanisms could result in
damage to brain structures that are critical for op-
timal learning. As with all conventional transgen-
ics, the RTH behavioral phenotype may result from
disruption of normal brain development or from
differences in protein levels during adulthood.

Interestingly, body weights were higher in
male RTH transgenics than in male wild-type con-
trols in the present experiment. This is in contrast
to a previous report describing reduced body
weight in RTH transgenic mice compared to con-
trols (Wong et al. 1997). Although the phenotype
of reduced body weight in the transgenic mice is
consistent with that of the human condition, there
is evidence to suggest that reduced body weight is
not related directly to thyroid abnormalities. First,
in the human RTH phenotype there is variability
with respect to weight, with weight loss being re-
ported in <30% of the subjects (Hauser et al. 1993;
Brucker-Davis et al. 1995). In addition, Wong et al.
(1997)reported that body weights of RTH trans-
genic mice were not correlated with free or total

T4 levels; T3 and TSH levels were normal in their
mice. The weight gain in the present experiment,
then, represents an unusual phenotype that may be
the result of interactions of the TRb transgene with
other genes in the specific CD-1 parental breeders
used in the present study. Similarly, the differences
in baseline activity between the present study and
Wong et al. may be related to background genes in
the specific parental breeders of the outbred CD-1
strain. Further studies using multiple TRb muta-
tions in inbred strains are needed to better under-
stand the contribution of the PV RTH transgene to
body weight and exploratory activity, and possible
interactions with background genes (Banbury Con-
ference on Genetic Background in Mice 1997;
Crawley et al. 1997).

In conclusion, male transgenic mice harboring
the human PV mutant TRb gene exhibited signifi-
cant hyperactivity, consistent with human ADHD.
Male and female transgenic mice exhibited a mod-
erate learning deficit compared to wild-type con-
trols, again consistent with ADHD. Measures of sus-
tained attention and impulsivity were normal in
RTH transgenic mice. These results are intriguing
from several perspectives. This is the first report of
the use of mice on tasks such as reaction time and
go/no-go, and demonstrates that complex lever-
press tasks can be used with mice to elucidate
subtle behavioral phenotypes in transgenic or
knockout mice. Second, the present study shows
dramatic interactions between the behavioral phe-
notype governed by the transgene and imposed
conditions such as food restriction. Third, this is
the first molecularly defined model of ADHD; al-
though the mechanism is not well understood, the
RTH transgenic mouse model provides a useful
tool for investigating multiple genes in diverse bio-
chemical pathways relevant to the etiology of
ADHD. Finally, these results represent a partial be-
havioral analog of the human RTH condition, with
respect to the functional relations across species as
well as the gender-specificity of the hyperactivity
in ADHD, and a good starting point from which to
explore further the behavioral phenotype of trans-
genic mice bearing the RTH mutant TRb1 recep-
tor.
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