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Abstract
Background—Maternal infection with influenza and other pathogens during pregnancy has been
associated with increased risk for schizophrenia and neurodevelopmental disorders. In rodent
studies, maternal inflammatory responses to influenza affect fetal brain development. However, to
verify the relevance of these findings to humans, research is needed in a primate species with more
advanced prenatal corticogenesis.

Methods—Twelve pregnant rhesus monkeys were infected with influenza, A/Sydney/5/97
(H3N2), 1 month before term (early third trimester) and compared with 7 control pregnancies.
Nasal swabs and blood samples confirmed viral shedding and immune activation. Structural
magnetic resonance imaging was conducted at 1 year; behavioral development and cortisol
reactivity were also assessed.

Results—Maternal infections were mild and self-limiting. At birth, maternally derived influenza-
specific immunoglobulin G was present in the neonate, but there was no evidence of direct viral
exposure. Birth weight and gestation length were not affected, nor were infant neuromotor,
behavioral, and endocrine responses. However, magnetic resonance imaging analyses revealed
significant reductions in cortical gray matter in flu-exposed animals. Regional analyses indicated
the largest gray matter reductions occurred bilaterally in cingulate and parietal areas; white matter
was also reduced significantly in the parietal lobe.

Conclusions—Influenza infection during pregnancy affects neural development in the monkey,
reducing gray matter throughout most of the cortex and decreasing white matter in parietal cortex.
These brain alterations are likely to be permanent, given that they were still present at the monkey-
equivalent of older childhood and thus might increase the likelihood of later behavioral pathology.
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Physical and psychological challenges to maternal wellbeing during pregnancy can
adversely affect fetal brain development, increasing the risk for behavioral and psychiatric
disorders. In addition to the known effects of many drugs and environmental toxicants, viral
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and bacterial infections are among the natural factors thought to pose some risk to the
expectant mother and developing baby. Mounting evidence from both animal and human
studies has specifically implicated influenza infection as one viral pathogen of potential
concern on the basis of increased risk for neuropsychiatric diseases such as schizophrenia
(1–6). It has been estimated that approximately 11% of pregnant women are infected with
influenza at some point during gestation (7). However, the full consequences for brain and
behavioral development have been difficult to ascertain empirically due to variation in strain
virulence, differential effects induced by gestational timing of infection, and the long delay
until first clinical diagnosis in the offspring. One case/control study of adults with
schizophrenia born between 1959 and 1966 used banked serum samples to detect the
presence of maternal antibody against influenza during pregnancy and concluded that
infection posed a four-fold to seven-fold increase in risk (8). This significant effect was
found primarily during the first half of pregnancy, but reports on other cohorts born during
different years, especially after the major pandemic in 1957, suggest that the risks from
infection might be as pronounced in the second and third trimesters (5,9,10).

Concerns from human studies have been corroborated by infection experiments in rodents,
which demonstrated that off-spring from influenza-exposed pregnancies manifest many
neural abnormalities (11), including decreased cortical thickness and smaller hippocampal
volumes (12,13). Microarray analyses of brains from exposed mice indicate that the
decreased corticogenesis is associated with both up- and downregulation of genes for
structural proteins, including reelin and others important for neuronal migration,
synaptogenesis, and gliogenesis (14,15). In addition, monoamine neurotransmitter levels are
altered, including decreased serotonin in the hippocampus, nucleus accumbens, and lateral
globus pallidus as well as increased dopamine in prefrontal cortex and lateral globus pallidus
(16). Behavioral abnormalities have been found in tests of emotionality and sensory-motor
integration, including poorer adaptation to acoustical startle in prepulse inhibition paradigms
(6,17). However, directly extrapolating these results to humans is difficult because rodent
pups are quite immature at birth, especially with regard to brain development (18). When
compared with a human fetus in the third trimester, the equivalent maturational point
actually occurs postnatally (19). Thus, it is critical to investigate the neural impact of
maternal infection in a primate that has greater cortical maturation during the prenatal
period. Many infection-induced effects on the developing cortex in humans are likely due to
a derailing of the extensive pruning and apoptosis that takes place after neurons are initially
overproduced in the fetal brain and to a curtailing of the ongoing dendritogenesis and
synaptogenesis (20).

Influenza is a zoonotic virus capable of infecting many species, including birds and farm
animals, but it is important to appreciate that the nature of the infection and symptom
severity varies markedly. In mice, ferrets, and pigs, influenza infection early in pregnancy
often results in miscarriage or in some fetal loss, typically evident by a reduced litter size
(21,22). Virulent strains of influenza can sometimes have this lethal effect in humans as
well, especially if there is a secondary bacterial pneumonia (23), although the primary
concern for most pregnancies would be the impact on viable offspring. Recent reports of
abnormal brain development in mouse models have mostly used a neurovirulent strain of
influenza, A/NWS/33 (H1N1), which results in a potent infection (12,14). Thus, in addition
to employing a monkey model, it was important to determine whether similar neural effects
are evident after maternal infections with the less pathogenic influenza strains that have
circulated among humans in recent years. Beyond these issues of viral strain and
comparability of fetal maturation, the similarity of placental functioning in the monkey is of
importance. Because influenza infections are restricted largely to the airways, most
investigators believe that the adverse effects on fetal development are mediated either by
disruptions of placental physiology or increased cytokine activity in the fetal compartment.
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Only a few influenza strains have ever been found to transfer across the placenta and possess
the neurotropism needed to directly infect fetal neural tissues (24,25). However, concerns
have been raised about the transfer of maternal antibody into the fetal compartment, which
was monitored in this study.

The rhesus monkey meets the criteria listed in the preceding text: 1) it was possible to infect
the female monkeys with a human-derived H3N2 strain; 2) similar to humans, this species
has a hemochorial placenta with greater penetrance and vascular permeability, enabling
intimate communication between maternal and fetal physiology (26–30); and 3) it gives
birth to one infant at a time with advanced brain maturation (18,31,32). Our focus was on
the latter half of pregnancy when the maternal inflammatory response in gravid women is
actually larger, as evinced by greater release of tumor necrosis factor after stimulating their
leukocytes with endotoxin (33). Our primary goal was to determine whether infection at this
point in pregnancy would result in persistent brain alterations large enough to be visualized
via neuroimaging.

Methods and Materials
Subjects and Housing

Nineteen mother and infant pairs of rhesus monkeys (Macaca mulatta) at the Harlow
Primate Laboratory were evaluated. Healthy, multiparous adult females (5–15 years old)
were time-mated with single sires to generate infants: 12 experimental (n = 7 males) and 7
control (n = 3 males). Pregnant dams remained undisturbed with the exception of a 2-week
quarantine period during the infection phase. Control mothers received the same handling
procedures but received saline intranasally instead of virus.

Virus Generation and Viral Infection
Embryonated chicken eggs were inoculated with stock virus (A/Sydney/5/97 (H3N2)) in
phosphate-buffered saline with antibiotics. Virus generation was confirmed by
hemagglutinin assay and viral titer quantified in Egg Infectious Dose units (EID50). During
week 17 of their 24-week pregnancy, gravid females were immobilized briefly with
ketamine hydrochloride (10 mg/kg intramuscular [IM]) and exposed intranasally to either 1
× 107 EID50 via 1-mL infusion of a virus-containing phosphate-buffered saline solution or to
1 mL saline (sham infection).

Confirmation of Viral Infection
Maternal infection was verified with three measures: presence of virus in nasal secretions
and serum levels of neopterin and virus-specific antibody. Specifically, the virus in nasal
secretions was quantified on Days 3, 7, and 14. A sterile Dacron swab was inserted into each
nostril and then into transport media. Viral titer was determined by inoculating embryonated
eggs (EID50/mL). Systemic inflammatory activity was assessed by measuring neopterin on
Days 3 and 7 with an enzyme-linked immunosorbent assay (American Lab Products, Salem,
New Hampshire). Antibody increases on Day 14 and at term further confirmed immune
activation specific to influenza. Virus-specific immunoglobulin G (IgG) and
immunoglobulin M (IgM) were determined by enzyme-linked immunosorbent assay
(Diagnostic Automation, Calabasas, California). Briefly, sera were diluted 1:100 and 100 μL
pipetted into microtiter plates coated with immobilized A/Sydney antigen. After 1-hour
incubation, anti-human-IgG or IgM peroxidase conjugate was added, and bound antibody
reacted with tetramethylbenzidine. Color was quantified spectrophotometrically at 450-nm
wavelength (Dynatech, Chantilly, Virginia). Optical densities were expressed in arbitrary
units (U/mL) relative to control subjects. Presence of IgM would indicate placental transfer
of virus and a primary immune response by the fetus.
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Infant Measures
Neonatal Behavior and Neuromotor Assessment—Behavioral maturation,
attentional processes, and neuromotor reflexes were determined at 2 weeks of age with a
standardized test battery. Infants were scored on 18 elements grouped into four categories:
Orientation, Motor Maturity, Motor Activity, and Temperament (34). Previous studies have
shown this test detects the effects of prenatal exposure to maternal stress or alcohol (35).

Mother–Infant Observations—Infants were observed (1–4 months) with their mothers
in their home cages for three 5-min periods/week, scoring interactions on a laptop computer.
Important measures reflective of the development of independence and infant emotionality
included time spent on the mother, maternal retrieval and rejection, infant vocalizations, and
initiation of environmental exploration (36). See Table S1 in Supplement 1 for Behavioral
Ethogram.

Cortisol Measurements—Infants were weaned from the mother by 7 months and then
housed in social groups of 6–8 juveniles (equivalent to mid-childhood in humans). At
approximately 18 months, six blood samples (<1 mL) were collected across a 1-week period
to determine whether adrenal activity differed. Samples were collected within 2 min and
included: Day 1 Basal—at 3:00 pm in their home cage; Day 3 Acute Stress—at 4:00 pm, 1
hour after relocating a pair to an unfamiliar room; Day 5 Acclimation—at 8:00 AM and 3:00
PM to assess diurnal rhythm and adjustment to novel housing conditions; Day 7
Dexamethasone Suppression Test (DST)—at 8:00 AM and 3:00 PM on the day after
dexamethasone sodium phosphate (.25 mg/kg, IM at 2000 (Day 6). Cortisol was determined
in duplicate via iodinated radioimmunoassay (DiaSorin, Stillwater, Minnesota).

Brain Scan Procedures and Magnetic Resonance Methods
At approximately 1 year of age, (equivalent to 5–7 years in humans), magnetic resonance
imaging (MRI) scans were conducted at the Waisman Laboratory for Brain Imaging and
Behavior. Imaging was performed on a GE Signa 3-T scanner (Milwaukee, Wisconsin) with
high-resolution coronal three-dimensional, Inversion-Recovery–Prepped, fast spoiled
gradient recalled sequences for T1- and T2-weighted scans across the entire cranium. See
Supplement 1 for imaging parameters. Scans were aligned with a three-plane localizer.
Monkeys were immobilized with ketamine (10 mg/kg IM) and medatomidine (50 μg/kg IM)
for the 1-hour scan. A stereotaxic platform within an 18-cm diameter quadrature extremity
coil ensured identical orientation. Minimal head tilt or yaw was verified by visualizing
sagittal and coronal images.

Image Processing and Analysis
An unbiased structural atlas created specifically for juvenile rhesus brains served as the
standardized template for determining probabilistic tissue maps, lobar parcellations, and
subcortical structures (for atlas construction see Styner et al. [37]). This information was
then applied to each subject's structural image via affine, followed by deformable
registration. The affinely transformed probabilistic tissue maps were employed for a joint
T1- and T2-based tissue segmentation of gray matter (GM), white matter (WM), and
cerebrospinal fluid. Parcelled lobar and sub-cortical structure segmentations were calculated
via the deformable registration to determine whether brain effects were global or regionally
selective (Figure 1). Volumetric measurements of tissue, lobar regions, and subcortical
structures were extracted automatically from the segmentations. Briefly, the goals were: 1)
quantification of overall brain size and cortical GM and WM, 2) quantifying GM and WM
within parcelled regions, and 3) determination of subcortical structures and lateral ventricle
volumes. The automatic methods were validated against expert segmentations (38).
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Statistical Analysis
Group differences were determined with between and repeated measures of analyses of
variance, corrected with Green-house-Geisser when appropriate. Prenatal Condition and
Infant Sex were included as between factors with the exception of mother–infant behavior
where the absence of gender differences precluded the need to consider gender. Analyses of
MRI data included cortical regions (prefrontal, frontal, cingulate, insula [for GM only],
parietal, temporal [divided into auditory, visual, and limbic regions], and occipital) and
hemispheres (left and right) as repeated measures. The GM and WM data were analyzed in
two stages—with and without correcting for intracranial volume (ICV) (i.e., values divided
by ICV).

Results
Influenza Infection

All 12 gravid dams exposed intranasally to influenza showed evidence of infection (Figures
2A–2C). Viral shedding in nasal secretions was assessed for 2 weeks, but the self-limiting
infection resolved on average by Day 7. Systemic activation was indicated by increased
neopterin in many but not all females on Days 3 and 7. Significant increases in virus-
specific IgM and IgG were seen in the mothers at 2 weeks, and elevated antibody was still
present at birth. Newborn infants also had virus-specific antibody in their blood, although
only IgG—not the IgM class— indicating the antibody was maternal and transplacentally
derived. This interpretation was supported by a high correlation between influenza-specific
IgG levels in maternal and neonatal blood (r = .90) (Figure 2C). The absence of IgM in the
neonate supported the conclusion that virus had not reached the fetal compartment and
elicited a primary response (data not shown).

Infant Measures
All 19 infants were born naturally, and maternal infections did not affect gestation lengths or
birth weights (Table 1). When tested at 2 weeks of age, infants from the influenza condition
were similar to control subjects on Temperament, Motor Maturity, and Motor Activity
measures, with the exception that Virus-exposed males performed more poorly than Control
males on the Orientation subscale (p = .012). Test items comprising the latter subscale
included attention (e.g., duration of looking, distractibility) and ability to orient to visual and
auditory stimuli.

Mother–Infant Behavior
Mother–infant interactions from 1 to 4 months indicated that offspring from influenza-
exposed pregnancies spent significantly less time in contact with their mothers [F(1,17) =
5.05, p = .04] and were more likely to move off the mother and explore the cage at an earlier
age (Table 1). This earlier autonomy was accompanied by some signs of arousal, including
an increased likelihood of vocalizing.

Hypothalamic-Pituitary-Adrenal Responses
Analysis of basal and stress-induced cortisol indicated no significant group differences when
tested at 1.5 years of age. However, cortisol responses reflected the expected reactions to
experimental conditions (e.g., associated with arousal, diurnal decline, and Dex
suppression). Changes in cortisol were significant across the week of sampling [F(5,85) =
54.45, p < .0001]. Relocation to an unfamiliar room elicited a significant elevation from
basal levels (p < .0001), and afternoon cortisol remained elevated 2 days later (p < .0001).
Compared with the Acclimation morning, Dex was effective in reducing adrenal secretion
on the following morning (p < .0001). However, there was not a significant effect of
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prenatal virus exposure on any of these measures (Table 1). Similar basal and stress levels
were found, and a comparable moderate suppression of cortisol was seen after Dex
administration.

Neuroimaging
Global Brain Measures—Animals from virus-exposed pregnancies tended to have a
reduced ICV (4.4% smaller; p = .086) with significantly less total GM (5.6%; p = .028) and
cortical GM (6.2%; p = .029; Table 2). After controlling for ICV, reductions in cortical GM
remained significant (p = .031). They also had less total WM (3.6%), although this
difference did not reach statistical significance (p = .091). After controlling for ICV, there
were significant reductions of cerebellar WM in offspring from virus-exposed pregnancies
(p = .038). Overall the amount of cerebro-spinal fluid was also lower in these monkeys, in
keeping with their smaller brain size, whereas the lateral ventricles revealed the opposite
trend toward enlargement but clearly evident only in a subset of virus-exposed animals (p = .
28, after controlling for ICV).

Cortical Volumes—Analyses of regional cortical volumes indicated that, before ICV
correction, monkeys from virus-exposed pregnancies had less GM in prefrontal (bilateral),
frontal (right), cingulate (bilateral), insula (right), parietal (bilateral), and temporal-auditory
regions (bilateral). After correcting for the smaller total brain size, significant differences
remained in the cingulate and parietal areas, whereas decreases in other regions were not
greater than the general reduction in overall brain size (Figure 3, Table 3). Significant
differences in WM were restricted primarily to the parietal lobes and the left temporal-
auditory region before ICV corrections. The WM volume in the left parietal region remained
significantly smaller after accounting for ICV. Interestingly, after correcting for ICV,
cingulate WM was proportionally greater bilaterally in animals from virus-exposed
pregnancies.

Subcortical Regions—Virus-exposed offspring had significantly smaller amygdalae (p
= .04) than control subjects in both the right and left hemispheres but in analyses of
uncorrected data only. No group differences were observed for the hippocampus and
striatum (Table S2 in Supplement 1).

Associations Between Influenza Severity and Brain Alterations
Brain regions that were still significantly different after ICV correction were analyzed with
respect to the magnitude of the mothers' antibody responses. Significant negative
correlations were found for the cingulate (left r = −.64, p = .027; right r = −.73, p = .007).
Because enlarged lateral ventricles are characteristic of the structural neuropathology
observed with schizophrenia, we also assessed the relationship between ventricular volume
and IgG. Correlational analyses for the 12 virus-exposed animals indicated that the size of
their lateral ventricles was associated with the mothers' antibody response (left r = .67, p = .
017; right r = .75, p = .005). Enlargement of the lateral ventricles was similarly correlated
with influenza IgG in neonatal blood. However, the association with amount of viral
shedding on Day 3 was only a statistical trend (r = .53, p = .077), and the maternal neopterin
response on Day 3 was not predictive.

Discussion
Our results indicate that, even in the absence of an effect on gestation length and birth
weight, prenatal infection can significantly reduce overall brain size, especially the amount
of GM in the young monkey. These alterations are likely to persist, given that the reduced
volumes were evident at a stage equivalent to late-childhood in humans, when the monkey
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brain is nearly 80% of adult size (38). It is possible that the observed structural differences
and loss of brain volume would manifest later in development as behavioral impairments.
Common diathesis models proposed in humans highlight an emergent vulnerability for
psychopathology during adolescence, following the onset of puberty (39,40). In many
prenatal infection studies with rats, behavioral abnormalities are also reported to first emerge
after puberty in adulthood (6,11,17). The peripubertal period could therefore provide a
window of opportunity for pharmacological interventions (41). Our findings support both
epidemiological research in humans (8,42,43) and studies on prenatal infection in rodents
(13,15), although ours is the first to investigate influenza during pregnancy in a primate
species. The larger brain size of this species enables the use of in vivo neuroimaging to
evaluate the monkey's brain development, which has important translational relevance.

The nature and extent of the brain volume reductions seen in the monkey bore most in
common with the structural abnormalities frequently found in schizophrenia. This includes
reduced total brain and cortical GM volumes, ventricular enlargement, and regional
decreases in frontal cortex and temporal-limbic structures (44–51). These structural
differences have been reported to be present at first episode and have been recently shown in
longitudinal MRI studies to precede the onset of clinical symptoms (52,53). Support that the
neural differences are antecedent is also evident in studies on adolescents and young adults
at genetic risk for schizophrenia, who have smaller prefrontal lobe volumes (54) and
reduced GM in right frontal, cingulate, temporal, and right parietal lobes (55). Mothers with
schizophrenia were also found to gestate fetuses with larger lateral ventricles, providing the
earliest etiologic evidence that brain development might already be abnormal during the
fetal period (56).

Offspring from the influenza condition evinced a reduction in total brain volume (4.4%);
therefore, all regional analyses were also analyzed with respect to ICV, which revealed
whether regional volumes were differentially affected. After ICV-correction, the extent of
the reduction in regional GM was less pronounced, but volume decreases were still evident
in the frontal (right, approximately 3%) and parietal lobes (approximately 5%) and the
cingulate gyrus (approximately 7%). Given the late gestational timing of the infection, it is
understandable that reductions were less pronounced in the occipital lobe, which matures
early in the fetal monkey (57).

The effects on WM were less pervasive than on GM. Regional analyses revealed the most
significant volume loss occurred in the parietal lobe, both before and after ICV-correction
(approximately 8% and approximately 5%, respectively). In contrast, cingulate WM was
significantly increased in virus-exposed animals, both before and after ICV-correction
(approximately 6% and approximately 13%, respectively). The increase in cingulate WM
was of equal magnitude to the reduction of GM in this region. Few studies have
systematically examined WM in the cingulate of individuals with schizophrenia. However,
two recent articles reported a decrease in GM accompanied by increased WM in the
cingulate (58,59). It might also be that more sophisticated MR approaches, such as diffusion
tension imaging, are required to detect other subtle impairments in WM integrity (60–62).

The 8% enlargement of the monkeys' lateral ventricles was not statistically significant, but
considerable individual variation was evident in the influenza-exposed group. Differences in
the maternal response to infection likely mediated the differential impact on ventricular
volume given that there was a significant correlation between ventricular size and amount of
antibody present in both the mother and newborn infant. Viral shedding and elevated
neopterin persisted for <1 week, although antibody titers were still increased at term, 6
weeks after infection. Virus-specific maternal IgG was also actively transferred into the fetal
compartment, in keeping with the high placental transfer of maternal IgG in primates (28).
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Despite the large brain effects, early behavioral functioning was similar to control subjects
and, there were no overt differences in stress reactivity. One of the few behavioral
differences seen in the flu-exposed offspring was a more rapid autonomy from the mother
by 4 months of age, an effect that has also been observed in monkeys generated from
psychologically stressed or iron-deficient pregnancies (63). The reason for this precocious
behavior is not known, but it supports our conclusion that physical growth and general
maturation were not slowed by the viral infection. Further examination of their emotional
reactivity under more arousing conditions and in response to drug challenges as they mature
through the pubertal transition might reveal that the reduced cortical volume had more
consequential behavioral effects.

Species differences in the extent of behavioral findings might also reflect the virulence of
the influenza strain employed: a more moderate infection induced by A/Sydney (H3N2)
versus the neurovirulent A/NWS/33 (H1N1) used in most recent rodent projects. This point
is important to consider when interpreting findings from human studies assessing the risks
posed by different strains, such as after the 1957 or current H1N1 pandemic (5,10,42,64). In
rodent models, the extent of the behavioral impact is also usually associated with the
magnitude of the pathogenic challenge, with larger effects provoked by administration of
endotoxin to the pregnant female than after viral infections (65).

In keeping with the normalcy of the monkeys' physical appearance and behavior, their
hypothalamic-pituitary-adrenocortical responses to stress and to Dex were not perturbed.
This finding of normal cortisol activity differs from rodent findings of greater stress
reactivity after prenatal infection and altered hypothalamic-pituitary-adrenocortical
regulation after endotoxin administration (66,67). The absence of a difference in cortisol
also supports our view that the brain effects were specific to the viral infection. In contrast,
prenatal stress manipulations can elevate the infant monkey's emotional reactivity and
adrenal responses to Dex and decrease the size of its hippocampus (68). To rule out
nonspecific effects due to maternal disturbance during the infection phase, our control
animals received the same handling procedures except for the flu exposure (i.e., sham
infections).

Because influenza infections vary so much across strains and species, it is important to
consider the degree of immune activation and potential lethality (69). Rodent models
provide the most compelling evidence for the role of maternal cytokines in mediating the
effects on neurodevelopment. However, because mice are not a natural host for influenza
(70), brain-adapted, neurovirulent strains are often used, which sometimes results in fetal or
maternal loss (13,14). In contrast, when infecting monkeys, it was possible to use a less-
virulent strain derived from human patients (71,72) and to assess a moderate, self-limiting
infection that more closely mirrors human illness.

Although the precise mechanisms derailing brain development have yet to be identified, it is
clear that the fetus need not be directly exposed to the virus. Instead, secondary mediators
generated by the maternal immune response have been implicated. Proinflammatory
cytokines, such as interleukin-6, can affect placental functioning, transfer to the amniotic
fluid, and enter fetal circulation (73). Placentally generated cytokines can in turn provoke
cytokine synthesis by the fetus (4,74), and these soluble substances and circulating
leukocytes readily permeate the immature blood–brain barrier and central nervous system
(75,76).

In summary, the monkey offers a valuable model with translational relevance for assessing
the impact of prenatal infection on brain development. The large effects on the brain, in the
absence of more pronounced behavioral or hormone differences, suggests that it will be
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important to assess the affected animals under challenging conditions or after the second
period of neuronal pruning and cortical thinning at puberty, when psychological
disturbances become more manifest in adolescent humans. Future research also needs to
delineate the impact of viral exposure at earlier points in pregnancy and to assess the
benefits of prior maternal immunization against influenza to lessen the neural sequelae of
infection.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Illustration of the parcellation of cortical areas used for regional analysis of gray matter and
white matter volumes in infant monkeys from control and influenza virus-exposed
pregnancies.
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Figure 2.
Local and systemic measures confirming infection with influenza virus. (A) Viral shedding
confirmed by nasal swabs from flu-exposed mothers. (B) Systemic reaction evident by
increased neopterin levels at 3–7 days after exposure to influenza. (C) Significant
correlation between the levels of flu-specific antibody (immunoglobulin G [IgG] class)
found in virus-exposed mothers and their neonates at 2–3 days after birth.
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Figure 3.
To illustrate the magnitude of the cortical effects of prenatal infection, Figure 3 portrays
how much smaller the gray matter volumes were in monkeys from flu-exposed pregnancies
relative to controls. Regional reductions ranging from 4–7% reached statistical significance
(*p < .05), with more modest decrements evident in the posterior cortex, including occipital
lobe and the temporal-limbic area.
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Table 1

Minimal Difference in Physical Growth, Neonatal Maturation, and Adrenal Activity in Control and Influenza
Virus-Exposed Infants

Measure Control Mean ± SE Influenza Mean ± SE p

Gestation Length (days) 171 ± 1 169 ±2 .48

Birth Weight (g) 496 ± 37 529 ± 16 .46

NAS (0–2)

 Temperament 1.06 ± .08 1.01 ± .06 .36

 Orient 1.26 ± .15 1.11 ± .11 .27a

 Motor activity 1.03 ± .13 .93 ± .10 .28

 Motor activity 1.12 ± .12 .98 ± .09 .45

Infant Independence (% of time)

 Month 1 4 ± 3 8 ± 2 .31

 Month 2 16 ± 5 26 ± 4 .14

 Month 3 25 ± 5 41 ± 4 .03a

Cortisol Levels (μg/dL)

 Basal 35 ± 5 29 ± 2 .14

 Stress 78 ± 3 69 ± 5 .28

 Acclimation AM 57 ± 5 58 ± 4 .73

 Acclimation PM 46 ± 3 43 ± 2 .25

 DST AM 38 ± 8 35 ± 6 .76

 DST PM 29 ± 5 23 ± 4 .51

Analysis of variance of the neurobehavioral assessment scale (NAS) showed a condition × gender interaction (p = .003) on the Orientation
subscale. Follow-up tests showed that virus-exposed males scored lower than control males on this measure (p = .012). Control n = 7, Influenza n =
12.

DST, Dexamethasone Suppression Test.

a
Significant p values below .05.
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