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Abstract

Antiretroviral therapy (ART) in pregnancy has dramatically reduced HIV vertical transmis-

sion rates. Consequently, there is a growing number of children that are HIV exposed unin-

fected (CHEUs). Studies suggest that CHEUs exposed in utero to ART may experience

developmental delays compared to their peers. We investigated the effects of in utero ART

exposure on perinatal neurodevelopment in mice, through assessment of developmental

milestones. Developmental milestone tests (parallel to reflex testing in human infants) are

reflective of brain maturity and useful in predicting later behavioral outcomes. We hypothe-

sized that ART in pregnancy alters the in utero environment and thereby alters developmen-

tal milestone outcomes in pups. Throughout pregnancy, dams were treated with boosted-

atazanavir combined with either abacavir/lamivudine (ATV/r/ABC/3TC), or tenofovir/emtrici-

tabine (ATV/r/TDF/FTC), or water as control. Pups were assessed daily for general somatic

growth and on a battery of tests for primitive reflexes including surface-righting, negative-

geotaxis, cliff-aversion, rooting, ear-twitch, auditory-reflex, forelimb-grasp, air-righting,

behaviors in the neonatal open field, and olfactory test. In utero exposure to either ART regi-

men delayed somatic growth in offspring and evoked significant delays in the development

of negative geotaxis, cliff-aversion, and ear-twitch reflexes. Exposure to ATV/r/ABC/3TC

was also associated with olfactory deficits in male and forelimb grasp deficits in female

pups. To explore whether delays persisted into adulthood we assessed performance in the

open field test. We observed no significant differences between treatment arm for males. In

females, ATV/r/TDF/FTC exposure was associated with lower total distance travelled and

less ambulatory time in the centre, while ATV/r/ABC/3TC exposure was associated with

higher resting times compared to controls. In utero PI-based ART exposure delays the

appearance of primitive reflexes that involve vestibular and sensory-motor pathways in a

mouse model. Our findings suggest that ART could be disrupting the normal progress/matu-

ration of the underlying neurocircuits and encourage further investigation for underlying

mechanisms.
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Introduction

The use of ART in pregnancy has enabled a radical reduction in HIV vertical transmission [1].

Consequently, there is now a large and rapidly increasing number of children that are HIV-

exposed uninfected (CHEUs). The number of CHEUs exposed in utero to ART is estimated at

over 10 million globally and is increasing by 1.5 million each year [2]. In Canada, CHEUs

under 12 years of age number at 2,500 and the population is growing by 200–300 annually [2].

Although most CHEUs are in good health, concerns remain about the effects of in utero expo-

sure to ARTs for which, pregnancy-relevant safety/toxicity data are limited. Observational

cohort studies suggest that CHEUs may be at increased risk of adverse health outcomes includ-

ing higher incidence of pre-term birth and growth restriction [3], poorer early-life height and

weight growth outcomes [4], increased morbidity and mortality in the first year of life [5],

increased susceptibility to infection [6, 7], language and cognitive delays [8, 9], retention of

primitive reflexes [10], and other neurological impairments [11, 12]. An observed decline in

IQ scores in CHEUs followed in a longitudinal study at 3.5 and 5.5 years of age suggested that

some of the negative effects of ART exposure, may not be visible in infancy but may emerge

over time [13]. Systematic reviewing of literature has identified delayed cognitive and execu-

tive developments in CHEUs [14, 15]. Delayed emergence of language, hearing, and lower

scores in socioemotional domains on the Bayley Scale III have been observed in several studies,

particularly in CHEUs exposed to protease inhibitor (PI)-based regimens [11, 12, 16]. Investi-

gating neurocognitive outcomes in CHEUs is challenging and results can be influenced by

confounding factors such like HIV disease severity, maternal mental health, and education

level, family environment and socioeconomic status [15, 17]. In fact, methodological short-

comings such as absence of appropriate control groups in many studies have rendered them

inconclusive. However, after careful adjustment for confounding factors, evidence suggests

that in utero ART (U-ART) exposure comprising of various classes of antiretrovirals are capa-

ble of delaying growth and neurocognitive development in CHEUs.

Delayed emergence of neurocognitive abilities generally indicates delayed growth/matura-

tion of the underlying neurocircuits [18]. For early prediction of disabilities that may emerge

later in life, it is important first and foremost to identify delays in the development of postnatal

milestones in newborns exposed to ART in utero. We hypothesized that ART in pregnancy

alters the in-utero environment for the developing fetal brain, which in turn leads to altered

developmental milestone outcomes in neonates. To test this hypothesis we used a mouse

model of in utero ART exposure and examined the effects of two nucleoside reverse transcrip-

tase inhibitor (NRTI) backbones abacavir plus lamivudine (ABC/3TC) and tenofovir diso-

proxil fumarate plus emtricitabine (TDF/FTC) in combination with the ritonavir-boosted PI

atazanavir (ATV/r), on somatic growth and primitive reflexes in mouse pups. Both these com-

bination regimens are recommended for use in pregnancy, and ATV/r exposure has been

linked to delayed language and socio-emotional development in CHEU cohort studies [11, 12,

16]. Using a mouse-model allowed us to examine the effects of U-ART in offspring in the

absence of maternal, environmental, and HIV-related confounders.

Materials and methods

Animals

C57BL/6J mice, 10 males, 50 females (Jackson Laboratories, USA) were used for breeding at 10

weeks of age (1 male × 2 females, per cage). Animals were maintained under standard labora-

tory conditions with ad-libitum access to food and water and 12 h light/dark cycle. All animal

experiments were performed with the approval of the Toronto Centre for Phenogenomics
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(TCP) Animal Care Committee, based on national guidelines of the Canadian Council for

Animal Care (CCAC).

Treatment of the dams

Female mice were trained for oral gavage (feeding needle size: 20Gx38 mm) with water for a

week prior to mating, to avoid losing pregnancy from gavage related stress. The morning after

mating (gestational day (GD) 0.5), plugged females were separated from males, randomly

assigned to one of the two treatment arms and administered either ABC/3TC+ATV/r (100/

50mg/kg/day + 50/16.6mg/kg/day) or TDF/FTC+ATV/r (33.3/50mg/kg/day + 50/16.6mg/kg/

day) by oral gavage, or control which received an equal volume of water. Drugs were acquired

by prescription, crushed, and suspended in sterile water. Dosing was determined through pre-

vious experiments [19] and is known to lead to peripheral drug levels equivalent to those seen

in pregnant women. On GD18, pregnant dams were separated into individual cages where

they delivered their litters. Upon delivery of litters (Postnatal day 0), dams stopped receiving

treatment. On P1 large litters were culled down to 6 pups/litter in order to maintain unifor-

mity in handling time during testing.

Pup handling

From postnatal day 1 (P1) onwards, pups were assessed daily for appearance of developmental

milestones as described by Hill et al, 2008 [20]. Dams were gently removed from their home

cages and held in a separate room while each litter was tested. Litters were removed from the

cages and placed in weighing boats, lined with tissue papers and were kept on heating pads to

ensure that pups retained their body temperatures. Pups in each litter were individually

weighed and measured for body length and visually examined for somatic developments:

appearance of fur, teeth, opening of eyes and pinna detachment. Each day (between 10:00–

15:00hrs), each pup was evaluated on a battery of tests that assessed reflex development and

attainment of milestones that were appropriate for their age (S1 Fig), by individuals blind to

treatment groups, working in pairs. After testing, pups were returned to their nests and

reunited with the dams. A total of 145 pups (83 males and 62 females) from 25 different litters

were tested for developmental milestones. Pups were allowed to grow into adulthood after

completion of the milestones study. At 2 months of age, animals were tested for activity in the

open field test (OFT).

Developmental milestone procedure

Surface righting (P1-P13): Pups were individually held on their backs (supine position), with

paws facing upwards. Time taken by pups to flip over onto their abdomens (acquire prone

position) were noted. Test was terminated if the pup failed to turn over within 30 seconds. Sur-

face righting was measured once daily until the pup could right itself in less than 1second for

two consecutive days. A mature response is expected between P8–P10 [21]. The human equiv-

alent of this test is the tonic labyrinthine reflex seen in babies between 0–6 months of age [22].

Negative geotaxis (P1-P14): Pups were individually placed on a wire mesh set at a 45˚ angle

with heads facing downwards. Time taken to turn around by 180˚ and move upwards was

recorded. Test was repeated daily until pups passed in <30s for two consecutive days. Mature

response in this test is expected by P3–P5 [20].

Cliff aversion (P1-P14): Pups were positioned on the edge of a small box with forepaws and

the snout hanging over the edge. Time taken to turn and crawl away from the edge was noted.

Test was repeated daily until pups passed in<30s for two consecutive days. Mature response

expected by P4–P5 [20, 23].
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Rooting (P1-P12): Pups were gently stroked with the twisted filament of a cotton tip appli-

cator along the side of the head. A positive response was noted if the pup moved its head

toward the filament. Test was repeated daily until pups responded correctly for two consecu-

tive days. Mature response in this test is expected by P4–P5 [20, 21]. The human equivalent of

this is the rooting reflex (for suckling) observed in babies between 0–4 months of age [24, 25]

Forelimb grasp (P4-P14): Pups were held with their forelimbs grasping a wire bar, while

hindlimbs were not in touch with any surface. Length of time pups were able to hold onto the

bar and remain suspended was noted. Test was repeated daily until pups were able to stay sus-

pended for a minimum of 1s for two consecutive days. Mature response expected by P8-P9

[20, 21]. The human equivalent for this is the palmar grasp reflex observed in babies between

0–5 months of age [25, 26]

Auditory startle (P7-P18): Pups were individually exposed to an acoustic stimulus (hand

clapping, 10 inches away from the pup). The first day on which pups responded with a quick

involuntary jump was noted. Mature response expected by P10-P14 [20]. The humans, startle

reflexes are observed between 0–5 months of age [26].

Ear twitch (P7-P15): The fine filament of a cotton tip applicator is gently brushed against

the tip of the pup’s ear. Positive responses were noted if pups responded by flattening their

ears. Test was repeated daily until pups responded correctly for two consecutive days. Mature

response expected by P9–P10 [20].

Open field traversal (P8-P21): Tests straight line walking in pups, as opposed to pivoting.

Each pup was placed at the centre of a circular arena (diameter = 13cm). Latency to move out

of the arena was recorded. Test was repeated daily until pups walked out of the arena in <30s

for two consecutive days. A mature response in this test is expected by P10-P13 [27].

Air righting (P8-P21): Pups were held on their backs (with four paws turning upwards),

10cm above a cotton pad, and released. Reflex was considered mature when the pup turned its

body during the fall and landed on its paws. Test was repeated daily until pups landed on all

four paws for two consecutive days. Mature response in this test is expected by P10-P12 [20].

Olfaction (the homing test): On P11, individual pups were transferred to a test cage layered

two-third with clean and one-third with soiled bedding from the home-cage. The pup was

placed in the middle of the chamber and allowed to wander. Homing was considered success-

ful if the pup moved over and stayed in the portion of the cage that contained soiled home-

cage bedding within 2.5 mins [21].

Open field test in adulthood

Control and U-ART animals (n = 12–17 per group, per sex) were tested for general activity and

anxiety-like behavior in the open field using Activity Monitor (Med Associates Inc, Fairfax,

USA). Horizontal and vertical activity of mice were monitored by photo-beam channels in the

open field (40 × 40 × 40 cm), for a period of 15 mins. A centre (20 x 20 x 20 cm) and a periphery

were demarcated virtually within the open filed arena using the Activity Monitor software. Auto-

mated tracking was used to score time spent and distance moved in the centre and in the periph-

ery of the arena, vertical (rearing) activity, resting time and speed of movement of the mice.

Statistical analysis

An N = 83 male and N = 62 female pups from 6–10 different litters were assessed per arm for

all developmental milestone tests. Data are presented as means with standard errors. All analy-

ses were performed stratified by sex. Using a mixed-effects model that included treatment as a

fixed effect and litter as a random effect, we explored associations between developmental out-

comes and treatment accounting for litter effects. Differences in weight and length were
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assessed for each day, stratified by sex, accounting for litter effects as above. Differences in the

homing test were examined using chi-square test. An N = 12–17 per sex per arm were used in

the OFT. Statistical difference in the OFT were assessed using one way ANOVA with Bonfer-

roni multiple comparison test. A p<0.05 was deemed significant. STATA v.13.0 (StataCorp

Ltd., USA) and Prism v.5 were used for all analyses. All raw data are provided in S1 Data.

Results

We assessed pups daily for physical growth parameters and on a battery of tests for primitive

reflexes including surface-righting, negative-geotaxis, cliff-aversion, rooting, ear-twitch, audi-

tory-reflex, forelimb-grasp and air-righting, and for behaviors in the neonatal open field, and

olfactory test. Given the fact that key developmental milestones are conserved between differ-

ent mammalian species [28, 29], we have provided a comparison of the major neurodevelop-

mental events in mice and humans in Fig 1 along with the timeline of our treatments and tests,

for better contextualization of the study presented here.

Mortality

Since increased mortality in the first year of life has been observed with CHEUs we first exam-

ined pup survival in the post-natal period [2]. We observed no mortality in the control group,

with all pups surviving for the entirety of the experiment. In the ATV/r/ABC/3TC group we

observed a 3% mortality rate (2 of 66 pups, 2 of 9 litters with at least one mortality) and in the

ATV/r/TDF/FTC groups we observed a 6.4% mortality rate (5 of 78 pups, 4 of 10 litters with at

least one mortality). The mortality rate did not differ significantly between groups (p = 0.14 by

χ2 test). All pup death occurred on P0, with no pup loss observed after P0 in any group.

Somatic development

Somatic development was assessed in control and U-ART pups by measuring body weights,

body lengths, and visual inspection for detachment of pinna, the appearance of fur, opening of

eyes, and eruption of incisors.

Pups exposed in utero to ATV/r/ABC/3TC and ATV/r/TDF/FTC showed significantly

lower birth weights as compared to controls (Fig 2A–2C). Weights of male pups exposed to

ATV/r/ABC/3TC were lower than that of controls on P1 (p = 0.002). Similarly, weights of

male pups exposed to ATV/r/TDF/FTC were significantly lower than that of controls on P1

(p = 0.001) and P2 (p = 0.019) (Fig 2A). Weights of female pups exposed to ATV/r/ABC/3TC

or ATV/r/TDF/FTC were significantly lower than that of controls on P1 (p = 0.001, p<0.0001

respectively) and P2 (p = 0.05, p = 0.039 respectively) (Fig 2C). U-ART pup body weights in

both sexes reached control levels by P3 (Fig 2B and 2D).

No remarkable difference in body length was observed between groups in male pups

exposed to either treatment regimens (Fig 2E). Body lengths of female pups exposed to ATV/r/

ABC/3TC were significantly lower than that of controls from P1 (p = 0.03) till P5 (p = 0.043)

(Fig 2F). Body length did not differ in females exposed to ATV/r/TDF/FTC compared to con-

trol (Fig 2F).

In C57BL/6 mice, the expected timeline for detachment of pinna is P3-P4, for appearance

of fur is P6-P7, for eruption of incisors is P10-P12 and for opening of the eyes is P11-P13 [30],

and this coincided with findings in our control group. Delay in detachment of pinna was

observed in the ATV/r/ABC/3TC exposed female pups (p = 0.004) and the ATV/r/TDF/FTC

exposed male (p<0.0001) and female (p = 0.002) pups (Fig 3A). No significant differences

were observed between treatment groups in appearance of fur (Fig 3B), opening of eyes (Fig

3C), and incisors eruption (Fig 3D).
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Taken together, our results show that U-ART pups are born small for gestational age and

have delayed somatic growth during the first two postnatal days. U-ART pups managed to

catch-up with the controls in measures of somatic growth around P3. A slight delay in pinna

detachment was observed but generally, somatic development milestones in U-ART pups were

similar to controls.

Development of primitive reflexes

We assessed the development of neurological reflexes in U-ART and control pups. In utero
exposure to ATV/r/ABC/3TC and ATV/r/TDF/FTC delayed the emergence of negative-

Fig 1. Comparative timelines of neurodevelopment and reflex maturation in mice and humans. Shown is the timeline for major

neurodevelopmental events and reflex maturation in mice (A) and in humans (B) and a schematic representation for the experimental design

in mice (A). Pregnant dams received ART from embryonic day 0.5 to E20 (till birth of pups). Developmental milestones were assessed in pups

daily from P1 to P21. Being altricial in nature, a considerable amount of neurodevelopment occurs in mice pups postnatally. Timing of

neurogenesis, maturation and migration of neuronal processes have been depicted using shaded rectangles for both species. Postnatal days on

which mature responses are normally expected for specific reflex tests in mice have been shown with pointers in (A). Comparable reflexes in

human infants and the timing for maturation and disappearance of these reflexes have been shown in (B).

https://doi.org/10.1371/journal.pone.0242513.g001
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geotaxis and cliff-aversion reflexes in male and female pups (Fig 4A and 4B). Mature responses

are expected in these tests normally by P4 and P5 respectively [20, 23], as seen in our control

group. In most U-ART pups, mature responses were not observed before P6. In utero exposure

to ATV/r/ABC/3TC delayed emergence of negative-geotaxis in male pups approximately by 2

days (p = 0.01) and in females by 2.5 days (p = 0.001) (Fig 4A). Similarly, exposure to ATV/r/

TDF/FTC delayed the appearance of negative-geotaxis in male pups approximately by 2 days

(p = 0.008) and in females by 2.5 days (p = 0.001) (Fig 4A). In utero exposure to ATV/r/ABC/

3TC delayed emergence of cliff-aversion in males (p = 0.012) and females (p = 0.004)

Fig 2. Pups exposed in-utero to ART are born small and weigh less for gestational age. Pup weight and length were assessed daily from postnatal

day 1–21. Weight for the first 5 day is shown in (A) for males and (C) for females. Weight for the entire course is shown in (B) for males and (D) for

females. Length is shown in (E) for males and (F) for females. Data are mean ± SEM (n = 11–34 pups/group). A mixed effects model was used to

examine differences at each day between control and treatment arms (fixed effect) accounting for litter effects (random effect). �p<0.05 vs. control.

ATV/r, ritonavir-boosted atazanavir; ABC, abacavir; 3TC, lamivudine; TDF, tenofovir; FTC, emtricitabine; CTRL, control.

https://doi.org/10.1371/journal.pone.0242513.g002
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approximately by 2 days (Fig 4B). Similarly, in utero exposure to ATV/r/TDF/FTC delayed the

appearance of cliff-aversion in both males (p = 0.012) and females (p = 0.004) approximately

by 2 days (Fig 4B).

Development of rooting, a tactile reflex, was delayed selectively in the male pups exposed in
utero to ATV/r/ABC/3TC (p = 0.023) or ATV/r/TDF/FTC (p = 0.017) approximately by a day (Fig

4C). In female pups, rooting was unaffected by exposure to either treatment regimens (Fig 4C).

Development of ear twitch, another tactile reflex, was also delayed in the male pups exposed

to ATV/r/TDF/FTC (p = 0.001) and in females exposed to ATV/r/ABC/3TC (p = 0.028) as

well as ATV/r/TDF/FTC (p = 0.001) (Fig 4D) by 1–1.5 days.

In utero exposure to ATV/r/ABC/3TC delayed the development of forelimb grasp reflex,

selectively in females (p = 0.002) approximately by a day (Fig 4E). Forelimb grasp was not

affected in males exposed to either treatment regimen.

Performance in the homing test, an olfaction test, was poorer than control in U-ART males,

although only male pups exposed to ATV/r/ABC/3TC reached significance (p = 0.01) (Fig 4F).

A few primitive reflexes were unaltered by U-ART. No significant differences were noted

between treatment groups for the appearance of surface-righting, auditory-reflex, air-righting,

and straight-line walking, assessed by open field traversal test (Fig 5).

Fig 3. In-utero exposure to ART delays somatic development. Postnatal day of pinna detachment (A), fur appearance (B), eye opening (C),

incisor eruption (D) for male and female pups exposed in-utero to control (CTRL, white bars), ATV/r/ABC/3TC (light grey bars), or ATV/r/TDF/

FTC (dark grey bars). Data are mean ± SEM (n = 11–34 pups/group). A mixed effects model was used to examine differences between control and

treatment arms (fixed effect) accounting for litter effects (random effect) stratified by sex. �p<0.05 compared to control males. $p<0.05 compared to

control females. ATV/r, ritonavir-boosted atazanavir; ABC, abacavir; 3TC, lamivudine; TDF, tenofovir; FTC, emtricitabine; CTRL, control.

https://doi.org/10.1371/journal.pone.0242513.g003
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Taken together, our results show that U-ART regimens induced delays in the development

of certain primitive reflexes, especially the ones that are reflective of sensory-motor, tactile,

and neuro-muscular developments of the nervous system. A summary of the findings is shown

in Table 1.

Fig 4. In-utero exposure to ART delays development of certain primitive reflexes. Postnatal day of successful acquisition of negative geotaxis

reflex (A), cliff aversion reflex (B), rooting reflex (C), ear twitch reflex (D), and forelimb grasp reflex (E) for male and female pups exposed in-

utero to control (CTRL, white bars), ATV/r/ABC/3TC (light grey bars), or ATV/r/TDF/FTC (dark grey bars). Data are mean ± SEM (n = 11–34

pups/group). A mixed effects model was used to examine differences between control and treatment arms (fixed effect) accounting for litter

effects (random effect) stratified by sex. �p<0.05 compared to control males. $p<0.05 compared to control females. Percentage of pups that

successfully completed or failed the olfaction homing test on postnatal day 11 is shown in (F). � p<0.05 vs. control by chi-squared test. ATV/r,

ritonavir-boosted atazanavir; ABC, abacavir; 3TC, lamivudine; TDF, tenofovir; FTC, emtricitabine; CTRL, control.

https://doi.org/10.1371/journal.pone.0242513.g004
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Behavioural performance in adulthood on the OFT

To investigate the consequences of delayed milestones development in adulthood, we tested mice

for general activity, exploration, speed of locomotion, and anxiety-like behavior in the OFT. Our

results showed no significant differences between treatment arms for speed, total distance

moved, distance and ambulatory time in the centre and the peripheral zones of the arena, and

rearing and resting (Fig 6A–6H) in males. In females, no significant differences were noted

between treatment groups for speed of locomotion (Fig 6A) and rearing (vertical counts) (Fig

6G). Differences were observed in total distance moved in the entire arena (p = 0.03) (Fig 6B), in

the centre (p = 0.06) (Fig 6C) and in the periphery (p = 0.04) (Fig 6D), ambulatory time spent in

the centre (p = 0.03) (Fig 6E) and in periphery (p = 0.07) (Fig 6F) for females. After correcting for

multiple comparisons, the ATV/r/TDF/FTC exposed females demonstrated significantly lower

total distance travelled and less ambulatory time in the centre compared to controls. Differences

were also observed in resting time in females (p = 0.03, Fig 6H), with significantly higher resting

times observed in the ATV/r/ABC/3TC exposed females compared to controls.

Discussion

We have shown here for the first time that gestational exposure to PI-based antiretroviral regi-

mens delays somatic growth and the appearance of primitive reflexes in mouse pups. Pups of

Fig 5. In-utero exposure to ART does not disrupt the development of every primitive reflex. Postnatal day of successful acquisition of surface

righting reflex (A), auditory reflex (B), air righting reflex (C), and open field traversal (D) for male and female pups exposed in-utero to control

(CTRL, white bars), ATV/r/ABC/3TC (light grey bars), or ATV/r/TDF/FTC (dark grey bars). Data are mean ± SEM (n = 11–34 pups/group). A

mixed effects model was used to examine differences between control and treatment arms (fixed effect) accounting for litter effects (random

effect) stratified by sex. No statistically significant differences were observed. ATV/r, ritonavir-boosted atazanavir; ABC, abacavir; 3TC,

lamivudine; TDF, tenofovir; FTC, emtricitabine; CTRL, control.

https://doi.org/10.1371/journal.pone.0242513.g005
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either sex, exposed to ATV/r/ABC/3TC, and ATV/r/ TDF/FTC exhibited lower birth weights,

body lengths, and delays in the appearance of negative-geotaxis and cliff-aversion reflexes.

Exposure to either regimen delayed the appearance of rooting reflex in the male pups. Expo-

sure to ATV/r/ABC/3TC alone delayed appearance of the olfactory reflex in males and fore-

limb grasp in female pups. Exposure to ATV/r/TDF/FTC delayed outer ear detachment and

ear-twitch response in both sexes. Surface-righting, air-righting, auditory-reflex, and open

field traversal were unaffected by either regimen. The appearance of fur, eyes, and incisors

were also not affected by in utero exposure to either regimen.

In our study, we treated pregnant dams with clinically relevant doses of ATV/r/ABC/3TC

and ATV/r/TDF/FTC from GD 0.5 till delivery; a time window that approximately corre-

sponds to gestational weeks (GW) 1–24 in humans [28, 29]. Perturbations of the in utero envi-

ronment during the first trimester of pregnancy are known to have life-long impacts on

offspring brain and behavior [31]. First-trimester exposure to PI-based ARTs have indeed

been associated with higher incidences of abnormalities related to growth [32], sensory [33]

and neurocognitive behaviors [34] in CHEUs.

Key developmental events that mark this critical period are conserved in mammals. This

allows translation of early neurodevelopmental milestones between species (Fig 1). For

instance, developmental milestones such as neurulation begins on GD9–9.5 in mice and

GD24-28 in humans. Neurogenesis, gliogenesis, synaptogenesis, and myelination continue

postnatally in both species. At P10 the rodent brain is comparable to that of a term infant and

by P20, it corresponds to that of a human, 2–3 years old [28]. Certain developmental processes

such as maturation of specific neuronal regions can be temporally correlated to the appearance

/ disappearance of primitive reflexes in neonates [35]. For example, cortical inhibition of the

brain stem around 3 months of age is known to correspond to the disappearance of palmer

grasp in babies, a reflex similar to forelimb grasp in rodents and non-human primates [36, 37].

Owing to the conservation of developmental events, the age at which certain behaviors occur

in rodents can be mapped onto that of humans.

Table 1. Summary of differences in developmental milestone findings for each ART regimen compared to control.

Days delay vs. control ATV/r/ABC/3TC ATV/r/TDF/FTC

Male Female Male Female

Negative geotaxis 2 days delay 2.5 days delay 2 days delay 2.5 days delay

Cliff aversion 2 days delay 2 days delay 2 days delay 2 days delay

Rooting 1 day delay No delay 1 day delay No delay

Outer ear opening No delay 0.5 day delay 0.5 day delay 0.5 day delay

Ear twitch No delay 1 day delay 1.5 days delay 1.5 days delay

Forelimb grasp No delay 1 day delay No delay No delay

Surface righting No delay No delay No delay No delay

Air righting No delay No delay No delay No delay

Auditory reflex No delay No delay No delay No delay

Open field traversal No delay No delay No delay No delay

Eyes opening No delay No delay No delay No delay

Incisors eruption No delay No delay No delay No delay

Fur appearance No delay No delay No delay No delay

Olfaction Deficit present No deficit No deficit No deficit

ATV/r, ritonavir-boosted atazanavir; ABC, abacavir; 3TC, lamivudine; TDF, tenofovir; FTC, emtricitabine.

https://doi.org/10.1371/journal.pone.0242513.t001
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Mice exposed to ATV/r/ABC/3TC and ATV/r/ TDF/FTC were born with significantly

lower birth weight and length compared to controls. These signs of retarded somatic growth,

Fig 6. In-utero exposure to ART alters behaviour in the open field test in adulthood. Speed of locomotion (A), total distance

moved (B), distance moved in the centre of the arena (C), distance moved in the periphery (D), ambulatory time in the centre of the

arena (E), ambulatory time in the periphery (F), rearing time (G), and resting time (H) for male and female mice exposed in-utero to

control (CTRL, white bars), ATV/r/ABC/3TC (light grey bars), or ATV/r/TDF/FTC (dark grey bars). Data are mean ± SEM (n = 12–

17 mice/group). One-way ANOVA with Bonferroni multiple comparisons tests was used to examine differences between control and

treatment arms for each sex. $ indicates p<0.05 compared to control females. ATV/r, ritonavir-boosted atazanavir; ABC, abacavir;

3TC, lamivudine; TDF, tenofovir; FTC, emtricitabine; CTRL, control.

https://doi.org/10.1371/journal.pone.0242513.g006
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however, lasted only till P3. Our results corroborate clinical findings that have shown HEU

infants to have significantly lower body weights and lengths at birth [3, 4], with catch up

growth by 6 months of age [4], although some studies have shown persistent growth defects in

CHEUs [31]. Differences in the type of ART exposure and socioeconomic factors may explain

these differences. Slower postnatal growth was also seen previously in CD1 mice exposed to

AZT and 3TC [38]. Low birth weight or being born small for gestational age (SGA) may be

indicators of altered in utero environments and/or placental insufficiencies [39]. Maternal

treatment with ARTs could influence the fetus directly (mitochondrial and neuronal toxicity)

[40, 41], or indirectly (altered maternal hormonal systems and placental environment) [42]

and thereby regulate growth. Growth restricted and pre-term infants are known to have higher

predispositions for neurobehavioral and intellectual disabilities related to learning, cognition,

and socialization [43]. CHEUs, having higher incidences of SGA, are also known to have

worse neurocognitive outcomes when compared to unexposed children [3, 44].

A small dip in the body weights of control pups, both males and females were observed

transiently at P3, although a concomitant decline in body length was not observed in these

pups. It is possible that the transient weight loss (thinning, but not stunting) may have

occurred due to insufficient feeding/nursing/hydration of these pups on that day.

Our data suggest that reflex ontogeny is disrupted in pups exposed in utero to ATV/r/ABC/

3TC and ATV/r/TDF/FTC. We assessed sensory-motor reflex development in our pups by

testing for surface-righting, air-righting, negative-geotaxis, and cliff-aversion. We observed

delays in negative-geotaxis and cliff-aversion with U-ART, but no delays in the righting

reflexes. A mature response in all four of these tests requires coordination between the vestibu-

lar system, muscles, and spine, but surface-righting, negative-geotaxis, and cliff-aversion addi-

tionally require inputs of tactile sensations via whiskers to the somatosensory cortex [45]. For

surface-righting, pups utilize sensory information from proprioceptive-tactile sources as well

as from vestibular sources. For air-righting on the other hand, pups are dependent primarily

on their vestibular systems [46]. The difference in timing of maturation of surface (P8) versus

air-righting (P11) reflexes is reflective of the relative difference in the maturation of tactile ver-

sus the vestibular systems [46]. Both types of righting reflexes, negative-geotaxis and cliff-aver-

sion, require the concurrent development of strength and coordination, and a delay in

appearance of these reflexes could also indicate retarded muscular development and growth.

Our results showed no effect of U-ART on either type of righting reflex. Interestingly, both

U-ART regimens delayed the appearance of negative-geotaxis and cliff-aversion; reflexes that

are dependent partly on tactile inputs to the somatosensory neural pathways [45].

Somatosensory pathway maturation was also assessed via testing for rooting reflex. Rooting,

a response to tactile stimulation of the skin and whiskers on the snout was delayed by both reg-

imens, albeit only in the male pups. Although it is difficult to pinpoint why the regimens

affected the male offspring selectively for this reflex, one may speculate that the regimens

impacted the underlying neurocircuitry differently in the two sexes, by neurohormonal inter-

ferences at a critical developmental phase. Given that male placentas are more responsive to

changes in the maternal environment, such as maternal exposure to drugs [47], maternal ART

may have impacted the male fetuses differently from the females. Previous studies suggest sex

differences for the effects of gestational exposure to other NRTI regimens. In utero exposure of

CD1 mice to AZT [48], 3TC [49] and AZT+3TC [38] from GD10 to GD21 delayed emergence

of pole grasp reflex in males [48] and was associated with deficits in social interaction only in

females at P35 [38]. Corroborating these findings, we show here a delay in the emergence of

forelimb grasp selectively in female pups exposed to ATV/r/ABC/3TC treatment. Differences

between ours and previous findings could be due to differences in drug regimens, duration of

treatment, and strain of mice used. Collectively, the sex divergent effects of various U-ART
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regimens on several milestone tests strengthens the idea that U-ARTs can affect offspring neu-

rodevelopment based on offspring sex.

Further, we show that ATV/r/ABC/3TC exposure impairs olfaction in male pups in the

homing test. Failure in neonatal homing test is a hallmark for olfactory deficits in rodent mod-

els of autism spectrum disorder [50, 51]. In fact, impaired olfaction is considered a vulnerabil-

ity marker for several psychiatric disorders including autism, schizophrenia and depression

[52]. Because of the vast network and direct connectivity of the olfactory tract to various brain

regions including the entorhinal cortex, the hippocampus, and the amygdala, a variety of vital

activities such as feeding, reproduction, social behavior and memory rely on the sense of smell

and are intricately interlinked. The olfactory system is also closely linked to the immune sys-

tem [53]. An early impairment in olfaction could be a tell-tale sign for more deficits in other

neuro-behavioral areas in the future. A significant increase in the odds for an autism spectrum

diagnosis in CHEUs compared to unexposed children was reported in a retrospective study in

British Columbia Canada, although an association with U-ART exposure was not observed

[54].

ATV/r/ABC/3TC and ATV/r/TDF/FTC had mutually exclusive effects on some of the mile-

stones tested. For example, concurrent delays in the opening of the outer ear and the emer-

gence of ear-twitch responses were observed in the ATV/r/TDF/FTC group only. These effects

were not observed in the ATV/r/ABC/3TC exposed group. Since ATV/r was common to both

regimens, we speculate that differences in the effects of the two regimens may have risen due

to differences in the composition of the NRTI backbones. Although ABC, 3TC, TDF, and FTC

are all nucleos(t)ide analogs, they are different molecular entities. These viral reverse transcrip-

tase inhibitors are known to interrupt mtDNA replication through host mitochondrial DNA-

polymerase-γ (mtDNA-pol-γ) binding. Most of the clinical manifestations of NRTI toxicities

resemble mitochondrial diseases resulting from mutations in mtDNA [55, 56]. Neurological

disorders associated with mitochondrial dysfunction have been reported in CHEUs exposed to

NRTIs [57–60]. Differences in pharmacokinetics and the binding affinities of the different

NRTIs to mtDNA-pol-γ [61] may explain the differences observed in their effects on the mile-

stones tested.

We further showed that consequences of prenatal exposure to ART persist beyond postnatal

ages, into adulthood. Exposure to ATV/r/TDF/FTC lowered the levels of exploration and

activity in the open field in female mice. Resting or idle time was also found to be higher in

females exposed to ATV/r/ABC/3TC. Although not anxiety-like, the behavioral phenotype evi-

dent in U-ART females was one of lowered overall exploration of the arena and increased rest-

ing/ idling. Decreased exploration in the OFT has been linked to abnormalities in

neurotransmitter systems that regulate locomotion [62, 63], motivation and stress response

[64], such as the dopaminergic, cholinergic and serotonergic systems and brain areas like the

hippocampus [64], striatum and cortex [62, 63]. One previous study, testing AZT+3TC

exposed CD1 mice on OFT in adulthood, had shown increased rearing and no changes in gen-

eral locomotion [65]. Our results show that U-ART is not without consequences on behavior

in adulthood, although the observed defects are minor. Further investigation into the long-

term effects of U-ART on brain and behavior is merited.

There are several strengths to our study. We have identified the adverse effects of U-ART

on early development, in the absence of clinical and socioeconomic confounding factors. Drug

levels used in our study, mimic levels seen in pregnant women. Considering sex as a variable

in all our investigations, we have highlighted the sex divergent effects of U-ART. The limita-

tions of our study include the lack of HIV infection in the dams, which is not reflective of the

clinical scenario. HIV infection can also alter the in utero environment and thus likely modifies

the effects on perinatal ART exposure in CHEUs. Further, in our model, we only expose the
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pups to ART in utero, a time window that maps to GW1-24 in humans. While this time period

encompasses fetal neurogenesis and migration it does not encompass the degree of maturation

that occurs in human pregnancy. Thus, our results may underestimate the clinical impact.

Conclusions

The major novel finding in our study is that mice exposed in utero to ATV/r/ABC/3TC and

ATV/r/TDF/FTC exhibit delays in the development of milestones, particularly in reflexes that

require the ability for dynamic postural adjustments, muscular strength and are dependent on

whisker based tactile stimulation of somatosensory pathways. These findings are potentially

indicative of disrupted underlying neurocircuitry. The rate of maturation in mice during the

first postnatal month being 150 times that of humans [66], our work suggests that even minor

delays in mouse reflex developments, when extrapolated onto the human timescale, could

translate into weeks or months of delay. Clinical studies have associated in utero exposure of

AZT, 3TC, and nevirapine to retention (delayed disappearance) of primitive reflexes in

CHEUs by several months [10]. Our work, therefore, highlights the need for investigating the

persistence and the etiology of the effects of U-ART, for better understanding of the spectrum

of health issues that may affect CHEUs, and for better optimization of perinatal anti-HIV

regimens.

Supporting information

S1 Fig. Example of a data sheet for recording observations for the assessments of develop-
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9. Le Doaré K, Bland R, Newell ML. Neurodevelopment in children born to HIV-infected mothers by infec-

tion and treatment status. Pediatrics. 2012; 130(5):e1326–e1344. https://doi.org/10.1542/peds.2012-

0405 PMID: 23118140

10. Noguera A, Fortuny C, Muñoz-Almagro C, et al. Hyperlactatemia in human immunodeficiency virus-

uninfected infants who are exposed to antiretrovirals. Pediatrics. 2004; 114(5):e598–e603. https://doi.

org/10.1542/peds.2004-0955 PMID: 15492359

11. Williams PL, Crain MJ, Yildirim C, et al. Congenital anomalies and in utero antiretroviral exposure in

human immunodeficiency virus-exposed uninfected infants. JAMA Pediatr. 2015; 169(1):48–55. https://

doi.org/10.1001/jamapediatrics.2014.1889 PMID: 25383770

12. Caniglia EC, Patel K, Huo Y, et al. Atazanavir exposure in utero and neurodevelopment in infants: a

comparative safety study. AIDS. 2016; 30(8):1267–1278. https://doi.org/10.1097/QAD.

0000000000001052 PMID: 26867136

13. Smith ML, Puka K, Sehra R, Read SE, Bitnun A. Longitudinal development of cognitive, visuomotor and

adaptive behavior skills in HIV uninfected children, aged 3–5 years of age, exposed pre- and perinatally

to anti-retroviral medications. AIDS Care. 2017; 29(10):1302–1308. https://doi.org/10.1080/09540121.

2017.1325436 PMID: 28482682

14. Sherr L, Cluver LD, Betancourt TS, Kellerman SE, Richter LM, Desmond C. Evidence of impact: health,

psychological and social effects of adult HIV on children. AIDS. 2014; 28 Suppl 3:S251–S259. https://

doi.org/10.1097/QAD.0000000000000327 PMID: 24991898

15. McHenry MS, McAteer CI, Oyungu E, et al. Neurodevelopment in young children born to HIV-infected

mothers: A meta-analysis. Pediatrics. 2018; 141(2):e20172888. https://doi.org/10.1542/peds.2017-

2888 PMID: 29374109

16. Sirois PA, Huo Y, Williams PL, et al. Safety of perinatal exposure to antiretroviral medications: develop-

mental outcomes in infants. Pediatr Infect Dis J. 2013; 32(6):648–655. https://doi.org/10.1097/INF.

0b013e318284129a PMID: 23340561

17. Walker SP, Wachs TD, Grantham-McGregor S, et al. Inequality in early childhood: risk and protective

factors for early child development. Lancet. 2011; 378(9799):1325–1338. https://doi.org/10.1016/

S0140-6736(11)60555-2 PMID: 21944375

18. Melillo R. Primitive reflexes and their relationship to delayed cortical maturation, underconnectivity and

functional disconnection in childhood neurobehavioral disorders. Funct Neurol Rehabil Ergon. 2011; 1

(2):279–314.

19. Kala S, Watson B, Zhang JG, et al. Improving the clinical relevance of a mouse pregnancy model of

antiretroviral toxicity; a pharmacokinetic dosing-optimization study of current HIV antiretroviral regi-

mens. Antiviral Res. 2018; 159:45–54. https://doi.org/10.1016/j.antiviral.2018.09.008 PMID: 30236532

20. Hill JM, Lim MA, Stone MM. Developmental Milestones in the Newborn Mouse. In: Gozes I, ed. Neuro-

peptide Techniques. Totowa: Humana Press; 2008:131–149.

PLOS ONE In utero ART exposure and developmental delays

PLOS ONE | https://doi.org/10.1371/journal.pone.0242513 November 19, 2020 16 / 19

https://doi.org/10.1097/COH.0000000000000300
https://doi.org/10.1097/COH.0000000000000300
http://www.ncbi.nlm.nih.gov/pubmed/27716731
https://doi.org/10.1186/1471-2393-14-7
http://www.ncbi.nlm.nih.gov/pubmed/24397463
https://doi.org/10.1097/QAI.0b013e3181ffa4f5
http://www.ncbi.nlm.nih.gov/pubmed/21124227
https://doi.org/10.3389/fimmu.2016.00164
https://doi.org/10.3389/fimmu.2016.00164
http://www.ncbi.nlm.nih.gov/pubmed/27199989
https://doi.org/10.3389/fimmu.2016.00310
http://www.ncbi.nlm.nih.gov/pubmed/27594857
https://doi.org/10.1111/cei.12251
http://www.ncbi.nlm.nih.gov/pubmed/24325737
https://doi.org/10.1097/INF.0b013e31829b80ee
http://www.ncbi.nlm.nih.gov/pubmed/24067563
https://doi.org/10.1542/peds.2012-0405
https://doi.org/10.1542/peds.2012-0405
http://www.ncbi.nlm.nih.gov/pubmed/23118140
https://doi.org/10.1542/peds.2004-0955
https://doi.org/10.1542/peds.2004-0955
http://www.ncbi.nlm.nih.gov/pubmed/15492359
https://doi.org/10.1001/jamapediatrics.2014.1889
https://doi.org/10.1001/jamapediatrics.2014.1889
http://www.ncbi.nlm.nih.gov/pubmed/25383770
https://doi.org/10.1097/QAD.0000000000001052
https://doi.org/10.1097/QAD.0000000000001052
http://www.ncbi.nlm.nih.gov/pubmed/26867136
https://doi.org/10.1080/09540121.2017.1325436
https://doi.org/10.1080/09540121.2017.1325436
http://www.ncbi.nlm.nih.gov/pubmed/28482682
https://doi.org/10.1097/QAD.0000000000000327
https://doi.org/10.1097/QAD.0000000000000327
http://www.ncbi.nlm.nih.gov/pubmed/24991898
https://doi.org/10.1542/peds.2017-2888
https://doi.org/10.1542/peds.2017-2888
http://www.ncbi.nlm.nih.gov/pubmed/29374109
https://doi.org/10.1097/INF.0b013e318284129a
https://doi.org/10.1097/INF.0b013e318284129a
http://www.ncbi.nlm.nih.gov/pubmed/23340561
https://doi.org/10.1016/S0140-6736%2811%2960555-2
https://doi.org/10.1016/S0140-6736%2811%2960555-2
http://www.ncbi.nlm.nih.gov/pubmed/21944375
https://doi.org/10.1016/j.antiviral.2018.09.008
http://www.ncbi.nlm.nih.gov/pubmed/30236532
https://doi.org/10.1371/journal.pone.0242513


21. Lim MA, Stack CM, Cuasay K, et al. Regardless of genotype, offspring of VIP-deficient female mice

exhibit developmental delays and deficits in social behavior. Int J Dev Neurosci. 2008; 26(5):423–434.

https://doi.org/10.1016/j.ijdevneu.2008.03.002 PMID: 18423945

22. Shelov SP, Altmann TR, eds. Caring for your baby and young child. American Academy of Pediatrics;

2009.

23. Schambra UB, Goldsmith J, Nunley K, Liu Y, Harirforoosh S, Schambra HM. Low and moderate prena-

tal ethanol exposures of mice during gastrulation or neurulation delays neurobehavioral development.

Neurotoxicol Teratol. 2015; 51:1–11. https://doi.org/10.1016/j.ntt.2015.07.003 PMID: 26171567

24. Dodd SX. Factors Influencing fine and gross motor development among children 24 months of age:

results from the All Our Families Study (electronic thesis). University of Calgary, Calgary, AB. 2007.

https://doi.org/10.11575/PRISM/26147

25. Dosman CF, Andrews D, Goulden KJ. Evidence-based milestone ages as a framework for develop-

mental surveillance. Paediatr Child Health. 2012; 17(10):561–568. https://doi.org/10.1093/pch/17.10.

561 PMID: 24294064

26. Futagi Y, Toribe Y, Suzuki Y. The grasp reflex and moro reflex in infants: hierarchy of primitive reflex

responses. Int J Pediatr. 2012; 2012:191562. https://doi.org/10.1155/2012/191562 PMID: 22778756

27. Dehorter N, Michel FJ, Marissal T, et al. Onset of Pup Locomotion Coincides with Loss of NR2C/D-

Mediated Cortico-Striatal EPSCs and Dampening of Striatal Network Immature Activity. Front Cell Neu-

rosci. 2011; 5:24. https://doi.org/10.3389/fncel.2011.00024 PMID: 22125512

28. Semple BD, Blomgren K, Gimlin K, Ferriero DM, Noble-Haeusslein LJ. Brain development in rodents

and humans: Identifying benchmarks of maturation and vulnerability to injury across species. Prog Neu-

robiol. 2013;106–107:1-16. https://doi.org/10.1016/j.pneurobio.2013.08.005 PMID: 24012715

29. Chen VS, Morrison JP, Southwell MF, Foley JF, Bolon B, Elmore SA. Histology atlas of the developing

prenatal and postnatal mouse central nervous system, with emphasis on prenatal days E7.5 to E18.5.

Toxicol Pathol. 2017; 45(6):705–744. https://doi.org/10.1177/0192623317728134 PMID: 28891434

30. Jackson Laboratories. JAX®mice pup appearance by age. www.jax.org.
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