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Abstract

Treatment of pregnant seropositive women and their neonates with the nucleoside analogs (reverse transcriptase inhibitors) zidovudine
(AZT), lamivudine (3TC) and their combination has become a standard of care in industrialized countries to prevent transmission of the HIV-
1 virus. Animal studies indicated limited but significant behavioral changes in AZT or 3TC-prenatally exposed offspring, whereas data on the
potential neurobehavioral outcomes of AZT + 3TC combination are still lacking. The aim of the present study was to assess in mice prenatally
exposed to AZT +3TC the functional state of cholinergic muscarinic neuroregulation at adulthood. Pregnant CD-1 mice received per orem
twice daily AZT +3TC (160 and 500 mg/kg, respectively) or vehicle solution (NaCl 0.9%) from gestational day (GD) 10 to delivery (GD 19).
Locomotor activity, exploratory behavior and responsiveness to the muscarinic cholinergic blocker scopolamine (2 mg/kg) were analyzed at
adulthood (PND 70) in offspring of both sexes in an open field test. Results indicated that prenatal AZT +3TC exposure does not influence
responsiveness to the muscarinic cholinergic antagonist as measured by analysis of the drug’s effects on locomotor and exploratory activity
and different behavioral items. However, AZT + 3TC-treated mice displayed higher frequency of rearing, and lower frequency and duration
of self-grooming behavior, consistent with an effect on dopaminergic neurotransmission. However, this would need confirmatory

experiments. © 2000 Elsevier Science Inc. All rights reserved.
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1. Introduction

Mother-to-child transmission near the time of birth is the
primary route of HIV-1 infection among infants and young
children worldwide. In 1994, the Pediatric AIDS Clinical
Trials Group (PACTG) protocol 076 demonstrated that the
risk of mother-to-child transmission could be reduced by
nearly 70% following treatment of seropositive pregnant
women and their newborns with zidovudine (AZT) [15,43].
Thus, since 1994, the prophylactic regimen with AZT has
been incorporated into general clinical practice in USA and
Europe, and this has successfully decreased transmission
rate from 25% to 6—9%. In industrialized countries standard
protocols of care for pregnant seropositive women and their
newborns always include AZT, more often alone or in
combination with other antiretroviral nucleoside analogs,
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mainly lamivudine (3TC) [13,19,20,22,28,32,35]. Despite
the dramatic increase in the prenatal use of antiretroviral
drugs, in particular of AZT, that has occurred, information
about the long-term consequences of these agents on the
fetus is limited.

Toxic effects of chronic treatment with AZT and other
nucleoside analogs are well documented both in humans
and laboratory animals. They include bone marrow toxicity,
myopathies and peripheral neuropathies as well as effects on
the reproductive and immune system [7,31]. Mitochondrial
toxicity is reportedly responsible for most of the adverse
effects of antiretroviral nucleoside analogs, since these
agents can interfere with mitochondrial replication and
function [7].

As for the effects of developmental exposure to antire-
trovirals, data mostly concern the effects of AZT mono-
therapy in animal models [4,21,23,34,42,52], whereas little
data are available regarding the pharmacokinetics and safety
of antiretroviral agents other than AZT during gestation. In
children, observational studies have not revealed excess

0091-3057/00/$ — see front matter © 2000 Elsevier Science Inc. All rights reserved.

PII: S0091-3057(00)00386-5



512 G. Calamandrei et al. / Pharmacology, Biochemistry and Behavior 67 (2000) 511-517

malformations or major abnormalities after prenatal AZT
exposure [16]. Yet, AZT induces in prenatally treated new-
borns a marked though transient anemia, likely caused by
blocking the maturation and survival of early erythroblasts.
3TC has been reported to have a lower toxicity than AZT
[13]. A very recent report has found alterations in brain
morphology, neurological anomalies and evidence of mito-
chondrial disorders in some children prenatally exposed to
AZT or AZT/3TC combination [6]. This last finding raised
serious concern on the potential long-term outcome of
prenatal antiretroviral therapy, indicating the central nervous
system as one of the possible targets for the adverse effects
of these agents. Indeed, limited though significant effects on
neurodevelopment have been reported in a number of
studies carried out in rodents and non-human primates
[3,8-12,24,36,39,45].

Specifically, we have found that prenatal AZT exposure
impaired acquisition of a passive avoidance task in weanling
mice, and altered intraspecific aggressive behavior at adult-
hood [9,10,39]. Prenatal exposure to 3TC affected response
decrement pattern in a locomotor activity test in weanlings,
while altering social behavior in juvenile mice [11,12]. A
limited effect on responsiveness to amphetamine has been
reported in preweaning female rats following prenatal ex-
posure to AZT [3]. Mice prenatally exposed to 3TC showed
some slight alterations in open field behavior, and enhanced
sensitivity to the muscarinic blocking agent scopolamine as
for sniffing behavior [11]. On the basis of these results, it is
hard to identify the specific neuronal targets of these agents
in the developing nervous system. Yet, some of the beha-
vioral endpoints altered by either AZT or 3TC alone, namely
response inhibition, habituation and arousal levels, are
deemed to be partially under cholinergic control. The aim
of the present study was thus to assess in mice prenatally
exposed to AZT +3TC combination the functional state of
cholinergic muscarinic neuroregulations at adulthood. Lo-
comotor activity, exploratory behavior and responsiveness
to the muscarinic cholinergic blocker scopolamine were
analyzed at adulthood (PND 70) by an open field test.

2. Methods
2.1. Animals and breeding procedures

Male and female mice of an outbred Swiss-derived strain
(CD-1), weighing 30—35 and 25-27 g, respectively, were
purchased from a commercial breeder (Charles River, Calco,
Italy). Upon arrival at the laboratory, the animals were
housed in an air-conditioned room (temperature 21+1°C,
relative humidity 60+ 10%) with lights on from 20.00 to
08.00 h. Adult virgin males and females were housed in
same sex pairs in 33 x 13 x 14 cm Plexiglas boxes with a
metal top and sawdust as bedding. Pellet food (Enriched
standard diet purchased from Mucedola, Settimo Milanese,
Italy) and tap water were continuously available. After 3

weeks of acclimatization, breeding pairs were formed.
Females were inspected daily for the presence of the vaginal
plug (pregnancy day 0). On gestational day (GD) 10 the
studs were removed and 18 females were randomly assigned
either to control or to AZT +3TC treatment group (N=9 in
each treatment group). The experimental protocol was
approved by the Italian Ministry of Health, in compliance
with the European Communities Council Directive of 24
November 1986 (86/609/EEC).

2.2. Prenatal treatment

AZT and 3TC (both provided by Glaxo Wellcome
Research and Development, Middlesex, England) were
dissolved in 0.9% NaCl solution. Pregnant CD-1 mice were
treated per os twice daily (between 08.00 and 09.00 h and
19.00 and 20.00 h) from GD 10 to delivery (GD 19) with
either AZT+3TC (160 and 500 mg/kg dose, respectively)
or saline vehicle. Doses, time and route of administration
were chosen on the basis of our previous studies, referring
to the human therapeutic range and taking into account
interspecific differences [9-12,25,38,51]. Specifically, to
assess the behavioral effects of the combined treatment we
chose the two highest AZT and 3TC doses inducing mild
but significant alterations of different behavioral endpoints,
without overt toxic effects on postnatal growth [9—12]. At
birth, all litters were fostered to untreated dams of the same
strain that had given birth to healthy litters within 24 h. Data
on reproductive performance such as gestation length, litter
size, sex ratio and offspring viability were also collected,
and they did not evidence any significant treatment effects.
However, AZT +3TC-treated animals showed significant
reduction of body weight at birth (about 18%), but such a
weight difference was fully recovered by adulthood, when
the present experiment was performed. From birth to PND
35 offspring were subjected to a number of behavioral tests
that are the subject of another study. In this respect, special
care was taken to assign animals with the same testing
history to the open-field test at adulthood (see in particular
Ref. [2], p. 313, for a discussion on the potential interactions
between handling and prenatal treatments). Thus, due to the
complexity of the experimental design aimed at controlling
within-litter variability, it was not possible to perform a
multi-dose experiment. The scopolamine dose was selected
according to previous experiments carried out in our labora-
tory [1,2], which showed that it was the most effective in
inducing hyperkinesis and impaired habituation in CD-1
mouse strain.

2.3. Open-field and scopolamine challenge

On PND 70, four subjects (two males and two females)
from each of nine litters in each prenatal treatment group
(vehicle and AZT +3TC) were assigned to either scopola-
mine or saline treatment. Both sexes were equally repre-
sented in each final group (N=9), namely vehicle/saline,
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vehicle/scopolamine, AZT +3TC/saline and AZT+3TC/
scopolamine. Mice were weighed and injected intraperito-
neally (i.p.) with either 2.0 mg/kg of scopolamine hydro-
bromide (United States Chemical, Cleveland, OH) or an
equal volume of 0.9% NaCl solution.

Fifteen minutes after injection, individual mice were
transferred from the home cage to an open field arena
(35 x 35 cm) made of black Plexiglas with a white bottom
subdivided by black lines into 7 x 7 cm squares. The test
started by placing the animal at the center of the arena. The
behavior of the animals was then observed and videotaped
for 15 min under red light. Immediately after each test, the
apparatus was thoroughly cleaned with cotton pad wetted
with 70% ethanol. Recordings were scored by an observer
blind to the treatment received by each animal, and the
following behavioral categories were analyzed by ‘““The
Observer” (Noldus, Wageningen 6700, the Netherlands),
a software package for collection and analysis of data [33]:
frequency of Crossing (crossing the squares boundaries
with both forepaws), frequency and duration of Rearing,
Wall-Rearing, Grooming (rubbing the body with paws or
mouth and rubbing the head with paws) and Immobility,
frequency of Sniffing (placing the nose against ceiling, wall
or floor).

Immediately after the 15-min period, a stimulus object (a
35-mm black cartridge box) was placed in the middle of the
arena for 5 additional min [1]. During this last observational
period the latency to make the first contact with the stimulus
object and the number of contacts with it were also scored.

2.4. Statistical analysis

Parametric analysis of variance (ANOVA) was applied to
open-field data (first 15 min of observation), considering
prenatal treatment as between-litter factor, sex as within-
litter factor, and scopolamine challenge as within-litter and
within-sex factor. Kruskal—Wallis analysis of variance was
used to evaluate the main effect of prenatal treatment, the
prenatal treatment by sex interaction, the prenatal treatment
by scopolamine challenge interaction, and the three-way
interaction on latency to approach the novel object. Wilcox-
on test was also applied to evaluate the main effect of
scopolamine and the main effect of the sex within each
prenatal treatment group.

Post hoc comparisons after parametric results were
performed by Tukey’s HSD test and, where appropriate,
were also used in the absence of significant ANOVA results
[49]. In the case of non-parametric results post hoc compar-
isons were done using the Mann—Whitney U-test with
Bonferroni’s correction.

3. Results

Fig. 1 shows the frequency of the different behavioral
items analyzed during the 15-min open field test, while

durations of these items as well as latency to approach
the novel object in the last 5 min of the test are shown
in Table 1.

AZT +3TC treatment failed to affect frequency of cross-
ing, frequency and duration of wall rearing, frequency and
duration of immobility and frequency of sniffing behavior.
A main significant effect of the prenatal treatment was
instead found on open rearing and grooming frequency,
AZT +3TC-treated animals showing enhanced rearing
[f(1,16)=6.48, P<.05] and less self-grooming behavior
when compared to vehicle controls [ f(1,16)=7.29, P<.05].

As for the effects of scopolamine, scopolamine-treated
mice were markedly more active than saline controls
[f(1,16)=9.34, P<.01], and showed increased wall rearing
frequency [ f(1,16)=34.53, P<.001]. On the contrary, sco-
polamine significantly decreased frequency and duration of
open rearing [ f(1,16)=172.38, P<.001; f(1,16)=108.9,
P<.001, respectively], grooming [ f(1,16)=14.18, P<.001;
f(1,16)=24.44, P<.001, respectively], immobility behavior
[f(1,16)=30.44, P<.001; f(1,16)=15.15, P<.01, respec-
tively]. The effect of scopolamine on sniffing behavior just
missed statistical significance [ f(1,16)=3.94, P=.06], sco-
polamine-injected animals displaying more sniffing beha-
vior than saline controls.

The two-way interaction between prenatal treatment and
scopolamine challenge was not significant for any of the
behavioral items considered, and just missed statistical
significance for rearing frequency [ f(1,16)=4.1, P=.06].

Time blocks were significant for crossing [ /(2,32)=6.62,
P<.01], wall rearing [f(2,32)=6.15, P<.01 for frequency;
F(2,32)=8.79, P<.001 for duration], open rearing
[f(2,32)=7.01, P<.01 for frequency; f(2,32)=24.35,
P<.001 for duration], grooming duration [f(2,32)=20.51,
P<.0001], crossing, wall and open rearing decreasing over
time whereas grooming duration increased.

The interaction between challenge and time blocks
(repeated measures) was significant for crossing [f(2,32)=
16.72, P<.001], wall rearing [f(2,32)=28.81, P<.001],
rearing [ (2,32)="7.67, P<.01; f(2,32)=23.32, P<.001 for
frequency and duration, respectively] grooming [f(2,32)=
3.75, P<.05; f(2,32)=16.91, P<.001 for frequency and
duration, respectively] and immobility [f(2,32)=4.08,
P<.05; f(2,32)=5.34, P<.05, for frequency and duration,
respectively]. The response decrement pattern observed in
saline-injected animals for crossing, wall and open rearing
and immobility, was disrupted in scopolamine-injected
animals over the 15 min of the test. Frequency and duration
of grooming, that increased over time in saline-injected
mice, decreased in scopolamine-injected mice over the 15
min of the test.

The three-way interaction among scopolamine challenge,
time blocks and prenatal treatment was significant only for
sniffing frequency [f(2,32)=4.47, P<.05]. In AZT +3TC-
treated mice, scopolamine failed to enhance sniffing beha-
vior in the second and third time blocks (P’s <.05 after post
hoc comparisons).
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Fig. 1. Frequencies (mean + S.E.M.) of different behavioral items over the 5-min blocks of a 15-min open field test by mice prenatally treated with vehicle or
AZT + 3TC solution, and receiving an intraperitoneal injection of either saline or scopolamine (2 mg/kg) solution 15 min prior to the beginning of the test. Bars
on the right represent the mean frequencies (+ S.E.M.) during the entire test. * Significant effect (P <.05) of the prenatal treatment, either as a main factor or as

a two- or three-way interaction.

Neither a main effect of sex nor any interaction of sex
with the other variables was found on any of the behavioral
items considered.

Latency to approach the novel object was not signifi-
cantly affected by prenatal treatment (see Table 1), though
AZT +3TC-treated mice tended to contact the novel object

Table 1
Duration(s) of selected behavioral items during a 20-min open-field test

faster than vehicle-treated controls. A main effect of scopo-
lamine was found, scopolamine-injected animals approach-
ing and contacting the object significantly faster than saline
controls (P<.05), and this effect was more marked in
AZT +3TC- than in vehicle-treated animals. Time spent in
contact with the object was not affected by the cholinergic

Prenatal treatment

Behavioral items Postnatal treatment Vehicle AZT+3TC
Wall rearing * saline 56.41 (£5.5) 72.70 (+£3.54)
scopolamine 73.15 (+£7.45) 74.48 (£9.17)
Rearing saline 42.55 (£3.34) 56.85 (+£25.91)
scopolamine 1.67 (£0.45) 2.41 (£0.54)
Immobility * saline 2591 (£7.21) 15.74 (+£3.28)
scopolamine 1.70 (£0.47) 5.85 (£2.94)
Self-grooming * saline 38.07 (£8.17) 31.33 (+£6.17)
scopolamine 11.37 (£0.75) 8.57 (£1.34)
Sniffing saline 12.39 (£3.07) 13.11 (£1.57)
scopolamine 14.07 (£ 1.55) 13.20 (+£1.93)
Latency to contact object * saline 80.89 (£21.77) 57.5 (£16.71)
scopolamine 40.61 (£14.7) 21.94 (£5.63)

Data are means (+ S.E.M.). Total duration was averaged over the three 5-min blocks. N=9 in each treatment group. No main effect of prenatal treatment

was found.
* Indicates significant effect of scopolamine (P <.01).
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antagonist. The interaction between prenatal treatment and
scopolamine challenge was not significant. Neither a main
effect of sex was found, nor any interaction of sex with
prenatal treatment or scopolamine challenge.

4. Discussion

Our findings clearly show that prenatal exposure to the
combination of two widely used nucleoside analog antire-
trovirals, namely AZT and 3TC, fails to influence locomotor
behavior and responsiveness to the cholinergic antagonist
scopolamine in adult mice of the CD-1 strain, when tested in
a conventional open field test. Mice exposed prenatally to
AZT+3TC combination showed a habituation profile in
locomotor activity comparable to controls; moreover, sco-
polamine affected this same habituation response in both
vehicle- and AZT + 3TC-treated mice. We are well aware of
the limitations of the use of a single dose in a behavioral
study like the present one: specifically, it is possible that the
administration of low or intermediate doses of scopolamine
would have revealed significant group differences in com-
bination- and vehicle-treated animals. However, as far as the
2 mg/kg dose of scopolamine is concerned, the present
results are suggestive of a normal development of those
neural circuitries modulating habituation and response in-
hibition (mainly cholinergic), which mediate the behavioral
effects of muscarinic receptor blockade [5,17,37].

Whereas responding to the muscarinic antagonist was not
altered by the prenatal treatment, mice exposed to
AZT+3TC combination show alterations in two behavioral
items, namely rearing and self-grooming. Rearing frequency
was indeed markedly enhanced in AZT +3TC-treated ani-
mals receiving saline. Unlike locomotion, rearing behavior
is considered to reflect not only exploratory activity, but also
emotionality levels associated to alertness when exploring a
novel environment. Self-grooming frequency was decreased
in AZT +3TC-treated mice in comparison to vehicle con-
trols. Self grooming is considered to be a specific rodent
behavioral response to stressful situations, as an increase in
grooming behavior is normally observed in response to
situations associated to a novel set of stimuli [27,48]. In
accordance with our present results, a still in progress
experiment carried out in our laboratory shows that adult
mice prenatally treated with 160 mg/kg AZT (same dose as
in the present study) displayed higher rearing frequency and
reduced self-grooming behavior in a modified open-field
with objects. Since in a previous study we found that
prenatal exposure to 500 mg/kg 3TC did not affect these
same behavioral items at adulthood [11], it is likely that the
effects we observed are attributable to AZT rather than
to 3TC.

Applewhite-Black et al. [3] have suggested that prenatal
exposure to AZT might affect the development of dopami-
nergic system. Specifically, they reported enhanced sensi-
tivity to the hyperactivating effect of amphetamine in female

offspring tested in an automated activity apparatus at the
preweaning stage. Our present findings would support a
dopaminergic involvement in the behavioral effects of AZT.
As a matter of fact, much evidence suggests a dopaminergic
regulation for both rearing and grooming behaviors. Open
rearing is increased in rats and mice by administration of
amphetamine [40], D1 receptor agonists [18] and alteration
of rearing behavior has been reported in mice overexpres-
sing [18] or lacking [14] the D1 receptor gene. Novelty-
induced grooming is decreased by administration of dopa-
minergic antagonists, such as haloperidol, as well as by
lesions of brain dopaminergic pathways [26,44]. Moreover,
grooming, and in particular intense grooming, is used as a
reliable behavioral index of D1-like receptor function, since
the expression of this behavior is heightened by all D1-like
agonists examined [46,47]. In addition, reduction of groom-
ing occurrence following exposure to a novel environment
has been observed in transgenic mice lacking the D1A
receptor gene [50].

In a previous study from our laboratory, mice prenatally
treated with 500 mg/kg 3TC (same dose as the one used in
the present experiment) exhibited normal responsiveness to
scopolamine as for the hyperkinetic effects of this agent, but
they displayed enhanced sniffing behavior following sco-
polamine administration [11]. This latter finding led us to
suggest an imbalance between cholinergic and dopaminer-
gic regulations in 3TC-treated animals, since scopolamine-
induced stereotyped sniffing might result from a facilitatory
effects of the antimuscarinic agent on dopaminergic neuro-
transmission [29,30,41]. Such enhancement of a typical
scopolamine effect was no more present in AZT +3TC-
exposed animals: on the contrary, scopolamine failed to
increase sniffing behavior throughout the duration of the test
in combination-treated animals. A possible explanation for
this discrepancy might be found when considering that the
AZT effects on dopaminergic function had interfered with
the 3TC-induced enhancement of scopolamine effects on
sniffing. Yet, in the absence of data on sensitivity to
scopolamine in animals treated with AZT alone, final
conclusions on the specific functional targets of these two
antiretroviral drugs cannot be drawn. Furthermore, though a
gross disturbance of cholinergic muscarinic neurotransmis-
sion can be excluded on the basis of the present findings,
however an influence on cholinergic nicotinic subsystem —
known to interact with dopaminergic system in the control
of arousal levels and motor behavior — cannot be ruled out
as yet.

We have recently examined the neurobehavioral effects
of prenatal administration of AZT+3TC combination in
preweaning and juvenile mice (Venerosi et al., 2000, sub-
mitted for publication). In the absence of effects on mater-
nal reproductive performance, treated pups showed
significant reduction of body weight gain (recovered by
the juvenile stage), and delayed maturation of placing and
grasping reflexes and pole grasping response. On the
whole, it appears that the combination of AZT and 3TC
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has more marked effects on reflex development and somatic
growth than either drug alone [9,12]. While it cannot be
excluded that the significant retardation in body growth
may have indirectly influenced the maturation of some
sensorimotor reflexes in the early developmental phase,
we hypothesize that the alteration in rearing and grooming
behavior at adulthood reflects specific effects on CNS
development. As a matter of fact, enhanced rearing and
reduced grooming frequency are also observed in animals
prenatally treated with AZT alone (Calamandrei et al., in
preparation), that do not present marked weight differences
from controls at birth.

In the light of the introduction into clinical practice of
antiretroviral combinations to be administered to vulner-
able individuals such as pregnant women and neonates,
further studies should be carried out in animals to assess
the potential long-term outcomes of prenatal multiple
antiretroviral therapy, as well as to identify the neuronal
populations sensitive to the effects of nucleoside analogs.
To date, even though a dopaminergic hypothesis for some
of the behavioral effects of these agents (in particular of
AZT) appears to be an attractive one, it has to be supported
by more focussed experiments assessing the responsiveness
to selected dopaminergic agonists and antagonists in ani-
mals pre- and postnatally exposed to either AZT, 3TC or
their combination.

Acknowledgments

This work was supported by IX Project on AIDS of the
Italian Ministry of Health (grant no. 30B/A). We warmly
thank Glaxo Wellcome for the generous gift of zidovudine
and lamivudine, and Dr. David Tweats for critical reading of
the manuscript.

References

[1] Alleva E, Bignami G. Development of mouse activity, stimulus reac-
tivity, habituation and response to amphetamine and scopolamine.
Physiol Behav 1985;34:519-23.

[2] Alleva E, Bignami G. Prenatal benzodiazepine effects in mice: post-

natal behavioural development, response to drug challenges and adult

discrimination learning. Neurotoxicology 1986;7:303—18.

AppleWhite-Black LE, Dow-Edwards D, Minkoff HL. Neurobeha-

vioural and pregnancy effects of prenatal zidovudine exposure in

Sprague—Dawley rats: preliminary findings. Neurotoxicol Teratol

1998;20:251-8.

Ayers KM, Torrey CE, Reynolds DJ. A transplacental carcinogenicity

bioassay in CD-1 mice with zidovudine. Fundam Appl Toxicol

1997;38:195-8.

[5] Bignami G, Michalek H. Cholinergic mechanisms and aversively mo-

tivated behaviors. In: Anisman A, Bignami G, editors. Psychophar-

macology of aversively motivated behaviors. New York: Plenum,

1978. pp. 173-255.

Blanche S, Tardieu M, Rustin P, Slama A, Barret B, Firtion G, Ciraru-

Vigneron N, Lacroix C, Rouzioux C, Mandelbrot L, Desguerre I,

Rotig A, Mayaux MJ, Delfraissy JF. Persistent mitochondrial dysfunc-

3

[t}

[4

=

[6

)

tion and perinatal exposure to antiretroviral nucleoside analogues.

Lancet 1999;354:1084-9.

Brinkman K, Hadewych JM, Burger DM, Smetink JAM, Koopmans

PP. Adverse effects of reverse transcriptase inhibitors: mitochondrial

toxicity as common pathway. AIDS 1998;12:1735—-44.

Busidan Y, Dow-Edwards D. Neurobehavioral effects of perinatal

AZT exposure in Sprague—Dawley adult rats. Neurotoxicol Teratol

1999;21:359-63.

Calamandrei G, Venerosi A, Branchi I, Alleva E. Effects of prenatal

zidovudine treatment on learning and memory capacities of preweanl-

ing and young adult mice. Neurotoxicology 1999;20:17-26.

Calamandrei G, Venerosi A, Branchi I, Chiarotti F, Verdina A,

Bucci F, Alleva E. Effects of prenatal AZT on mouse neurobeha-

vioral development and passive avoidance learning. Neurotoxicol

Teratol 1999;21:29-40.

[11] Calamandrei G, Venerosi A, Branchi I, Valanzano A, Alleva E.
Prenatal exposure to anti-HIV drugs: long-term neurobehavioural
effects of lamivudine (3TC) in CD-1 mice. Neurotoxicol Teratol,
2000 (in press).

[12] Calamandrei G, Venerosi A, Branchi I, Valanzano A, Puopolo M,

Alleva E. Neurobehavioral effects of prenatal lamivudine (3TC) ex-

posure in preweaning mice. Neurotoxicol Teratol 1999;21:365—73.

CDC. Public Health Service task force recommendations for the use of

antiretroviral drugs in pregnant women infected with HIV-1 for ma-

ternal health and for reducing perinatal transmission in the United

States. Morb Mortal Wkly Rep 1998;47:1-28.

Clifford JJ, Tighe O, Croke DT, Sibley DR, Drago J, Waddington JL.

Topographical evaluation of the phenotype of spontaneous behaviour

in mice with targeted gene deletion of the DIA dopamine receptor:

paradoxical elevation of grooming syntax. Neuropharmacology
1998;37:1595-602.

Connor EM, Sperling RS, Gelber R, Kiselev P, Scott G, O’Sulli-

van MJ, VanDyke R, Bey M, Shearer W, Jacobson RL, Jimenez E,

O’Neill E, Bazin B, Delfraissy JF, Culnane M, Coombs R, Elkins M,

Moye J, Stratton P, Balsley J. Reduction of maternal—infant transmis-

sion of human immunodeficiency virus type 1 with zidovudine treat-

ment. N Engl ] Med 1994;331:1173-80.

Culnane M, Fowler M, Lee SS, McSherry G, Brady M, O’Donnell K,

Mofenson L, Gortmaker SL, Shapiro DE, Scott G, Jimenez E,

Moore EC, Diaz C, Flynn PM, Cunningham B, Oleske J. Lack of

long-term effects of in utero exposure to zidovudine among unin-

fected children born to HIV-infected women. Pediatric AIDS Clin-
ical Trials Group Protocol 219/076 Teams. JAMA 1999;28:151-7.

[17] Day J, Dasmsa G, Fibiger HC. Cholinergic activity in the rat hip-
pocampus, cortex and striatum correlates with locomotor activity: an
in vivo microdialysis study. Pharmacol Biochem Behav 1991;38:
723-9.

[18] Dracheva S, Xu M, Kelley KA, Haroutunian V, Holstein GR,

Haun S, Silverstein JH, Sealfon SC. Paradoxical locomotor beha-

vior of dopamine DI receptor transgenic mice. Exp Neurol

1999;157:169—79.

Eriksen N, Helfgott A, Doyle M. Combination antiretroviral therapy

for the treatment of HIV infection in pregnant women: safety profiles

in women and newborns. 5th Conference on Retrovirus and Oppor-

tunistic Infections. Chicago, February 1998. (abstract 235).

European Collaborative Study. Therapeutic and other interventions to

reduce the risk of mother-to-child transmission of HIV-1 in Europe. Br

J Obstet Gynaecol 1998;105:704-9.

[21] Gogu SR, Beckman BS, Agrawar KC. Amelioration of zidovudine-
induced fetal toxicity in pregnant mice. Antimicrob Agent Chemother
1992;36:2320-74.

[22] Gray G, Mclntyre J. Recent therapeutic advances in preventing
mother-to-child transmission of HIV-1. Int AIDS Soc Newsl, 1999.
pp. 128-10.

[23] Greene JA, Ayers KM, Tucker WE, de Miranda P. Nonclinical toxi-
cology studies with zidovudine: reproductive toxicity studies in rats
and rabbits. Fundam Appl Toxicol 1996;32:140-7.

[7

—

[8

—

[9

[}

[10

[t}

[13

—

[14

=

[15

[t}

[16

=

[19

[}

120

=



G. Calamandrei et al. / Pharmacology, Biochemistry and Behavior 67 (2000) 511-517 517

[24] Ha JC, Nobisch C, Abkowitz JL, Conrad SH, Mottet NK, Rup-
penthal GC, Robinette R, Sackett GP, Unadkat JD. Fetal infant
and maternal toxicity of zidovudine (azidothymidine) administered
throughout pregnancy in Macaca nemestrina. J Acquired Immune
Defic Syndr 1998;18:27—38.

[25] Hussey EK, Donn KH, Daniel MJ, Hall ST, Harker AJ, Evans GL.
Interspecies scaling and pharmacokinetics parameters of 3TC in hu-
mans. J Clin Pharmacol 1994;34:975-7.

[26] Isaacson RL, Hannigan JH, Brakkee JH, Gispen WH. The time course
of excessive grooming after neuropeptide administration. Brain Res
Bull 1983;11:289—-93.

[27] Jolles J, Rompa-Barendregt J, Gispen WH. Novelty and grooming
behavior in the rat. Behav Neural Biol 1979;25:563—-72.

[28] Katlama C, Ingrand D, Loveday C, Clumeck N, Mallolas J, Staszews-
ki S, Johnson M, Hill AM, Pearce G, McDade H. Safety and efficacy
of lamivudine-zidovudine combination therapy in antiretroviral-naive
patients. JAMA 1996;276:118-25.

[29] Mabry PD, Campbell BA. Cholinergic-monoaminergic interactions

during ontogenesis. In: Butcher LL, editor. Cholinergic-monoaminer-

gic interactions. New York: Academic Press, 1978. pp. 257—70.

Mathur A, Shandarin A, LaViolette SR, Parker J, Yeomans JS. Loco-

motion and stereotypy induced by scopolamine: contributions of mus-

carinic receptors near the pedunculopontine tegmental nucleus. Brain

Res 1987;775:144-55.

[31] Minkoff H, Augernbraun M. Antiretroviral therapy for pregnant wo-
men. Am J Obstet Gynecol 1997;176:478—89.

[32] Moodley J, Moodley D, Pillay K, Coovadia H, Saba J, van Leeuwen R,
Goodwin C, Harrigan PR, Moore KH, Johnson M, Stone C, Plumb R,
Johnson MA. Pharmacokinetics and antiretroviral activity of lamivu-
dine alone and when coadministered with zidovudine in human im-
munodeficiency virus type l-infected pregnant women and their
oftspring. J Infect Dis 1998;178:1327-33.

[33] Noldus LPJJ. The Observer: a software system for collection and

analysis of observational data. Behav Res Methods Instrum Comput

1991;23:415-29.

Olivero OA, Anderson LM, Diwan BA, Haines DC, Harbaugh SW,

Moskal TJ, Jones AB, Rice JM, Riggs CW, Logsdon D, Yuspa SH,

Poirier MC. Transplacental effects of 3"-azido-2’, 3’-dideoxythymidine

(AZT): tumorigenicity in mice and genotoxicity in mice and monkeys.

J Natl Cancer Inst 1997;89:1602—38.

[35] Paediatric European Network for Treatment of AIDS (PENTA). A

randomized double-blind trial of the addition of lamivudine or match-

ing placebo to current nucleoside analogue reverse transcriptase in-
hibitor therapy in HIV-infected children: the PENTA-4 trial. AIDS
1998;12:151-60.

Petykd Z, Lénad L, Stimegi B, Hajnal A, Csete B, Faludi B, Jando G.

Learning disturbances in offspring of zidovudine (AZT) treated rats.

Neurobiology 1997;5:83-5.

Pintor A, Alleva E, Michalek H. Postnatal maturation of brain choli-

nergic systems in the precocial murid Acomys cahirinus: comparison

with the altricial rat. Int J Dev Neurosci 1986;4:375-82.

[30

=

[34

[}

[36

=

—
[O8)
~

—

[38] Rajagopalan P, Moore LE, Schinazi RF, Boudinot FD. Pharmacoki-
netics of (—)-b-L-2'3'-dideoxy-3'-thiacytine in rats. Pharm Sci
1996;2:133-6.

[39] Rondinini C, Venerosi A, Branchi I, Calamandrei G, Alleva E. Long-
term effects of prenatal 3’-azido-3'-deoxythymidine (AZT) exposure
on intermale aggressive behaviour of mice. Psychopharmacology
1999;107:1-7.

[40] Russell KH, Giordano M, Sanberg PR. Amphetamine-induced on- and

off-wall rearing in adult laboratory rats. Pharmacol Biochem Behav

1987;26:7-10.

Shannon HE, Peters SC. A comparison of the effects of cholinergic

and dopaminergic agents on scopolamine-induced hyperactivity in

mice. J Pharmacol Exp Ther 1990;255:549-53.

[42] Sikka CS, Gogu SR, Agrawal KC. Effect of zidovudine (AZT) on

reproductive and hematopoietic system in the male rat. Biochem Phar-

macol 1991;42:1293-7.

Sperling RS, Stratton P, O’Sullivan MJ, Boyer P, Watts DH, Lambert JS,

Hammill H, Livingston EG, Gloeb DJ, Minkoff H, Fox HE. A survey of

zidovudine use in pregnant women with human immunodeficiency

virus infection. N Engl J Med 1992;326:857—61.

Springer JE, Isaacson RL, Ryan JP, Hannigan JH. Dopamine depletion

in nucleus accumbens reduces neuropeptide-induced excessive

grooming. Life Sci 1983;33:207—11.

[45] Taylor L, Gorman JM, Givon L. The effect of prepartum zidovudine
administration on the physical and behavioural development of mice.
Pediatr AIDS HIV Infect: Fetus Adolesc 1992;3:308—12.

[46] Waddington JL, Daly SA, Downes RP, Deveney AM, McCauley PG,

O’Boyle KM. Behavioural pharmacology of ‘D1-like’ dopamine re-

ceptors: further subtyping, new pharmacological probes and interac-

tions with ‘D2-like’ receptors. Prog Neuro-Psychopharmacol Biol

Psychiatry 1995;19:811-31.

Watchel SR, Brooderson RJ, White FJ. Parametric and pharmacolo-

gical analyses of the enhanced grooming response elicited by the D-1

dopamine receptor agonist SK&F 38393 in the rat. Psychopharmacol-

ogy 1992;109:41-8.

Wiegant VM, Zwiers H, Gispen WH. ACTH-induced excessive

grooming involves brain dopamine. Eur J Pharmacol 1977;41:343 5.

Wilcox RR. New statistical procedures for the social sciences. Modern

solutions to basic problems. Hillsdale, NY: Lawrence Erlbaum, 1987.

[50] Xu M, Xiu-Ti H, Cooper DC, Moratalla R, Graybiel AM, White FJ,

Tonegawa S. Elimination of cocaine-induced hyperactivity and dopa-

mine-mediated neurophysiological effects in dopamine D1 receptor

mutant mice. Cell 1994;79:945-55.

Yuen GJ, Morris DM, Mydlow PK, Haidar S, Hall ST, Hussey EK.

Pharmacokinetics, absolute bioavailability and absorption characteris-

tics of lamivudine. J Clin Pharmacol 1995;35:1174—80.

[52] Zhang Z, Diwan BA, Anderson LM, Logsdon D, Olivero OA,
Haines DC, Rice JM, Yuspa SH, Poirier MC. Skin tumorigenesis
and Ki-ras and Ha-ras mutations in tumors from adult mice exposed
in utero to 3’-azido-2'3"-dideoxythymidine. Mol Carcinog 1998;23:
45-51.

[41

—

[43

[t}

[44

=

[47

—

[48

=

[49

—

[51

—



