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Lentivirus-infected nonhuman primates exhibit behavioral and neurological
pathology similar to human immunodeficiency virus (HIV)-infected humans
and offer a means to examine the effects of lentivirus infection while control-
ling for confounding factors inherent in human populations. The purpose of
this study was to examine cognitive and motor development in infant macaques
vertically infected with HIV-2,g7. Subjects were 20 infant pigtail macaques
(Macaca nemestrina); 8 controls born to uninfected dams, and 12 infants
whose dams had been inoculated and infected with HIV-22g; in the third
trimester of pregnancy. Eight of these pregnancies had undergone surgical pro-
cedures in the form of maternal amniotic catheters or maternal amniotic and
fetal carotid artery and jugular vein catheters. Data indicated that catheteri-
zation had little or no impact on behavioral development. Seven infants were
vertically infected (as measured by polymerase chain reaction (PCR) at birth)
and five were not infected (as measured by PCR and coculture on repeated test-
ing). Infected infants attained cognitive and motor milestones at significantly
later ages than controls. Uninfected infants, born to infected dams, attained de-
velopmental milestones at later ages than controls on all tasks, but this reached
statistical significance only for the Fine Motor Task. Attainment of milestones
was not correlated with viral dose, maternal CD4+ levels at parturition or in-
fant viral RNA levels at birth. Attainment of milestones was negatively corre-
lated with infants’ proportions of CD4+ lymphocytes at birth and significantly
correlated with proportions of CD4+ lymphocytes 2 weeks after birth, indicat-
ing poorer performance in those infants with a more rapid CD4+ depletion.
These cognitive and motor deficits closely resemble those observed in human
infants and children infected with HIV and indicate that HIV-2,g;—infected
infant macaques represent an excellent model of pediatric neuro-acquired im-
munodeficiency syndrome (neuroAIDS). Journal of NeuroVirology (2005) 11,
34—45.
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Introduction

The acquired immunodeficiency syndrome (AIDS)
pandemic continues to grow. Data from the World
Health Organization (WHO) indicate that as of the
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end of the year 2003, there were 46 million people
infected with human immunodeficiency virus (HIV).
Of these, 2.9 million were infants and children un-
der the age of 15. Central nervous system (CNS) in-
volvement due to HIV infection is especially preva-
lent in the children where the brain is a primary
site of HIV infection (Epstein, 1988). It is estimated
that 78% to 93% of infants and children infected
with HIV will show symptoms of neurological dys-
function (Belman, 1992; Belman et al, 1988; Epstein
et al, 1984; Schwarcz and Rutherford, 1989). In ad-
dition, the presence of encephalopathy in children is



associated with poor prognosis (Epstein et al, 1986;
Lobato et al, 1995; Pearson et al, 2000; Tovo et al,
1992). Encephalopathy may be the first indication of
HIV infection in up to 16% of children (Angelini
et al, 2000; Cooper et al, 1998; Scott et al, 1989;
Tovo et al, 1992), although neurological symptoms
are more likely to appear with advanced infection
(Lobato et al, 1995; Nozyce et al, 1994).

Infants and children infected with HIV often show
frank signs of cognitive and motor impairment. These
include developmental delay and/or loss of previ-
ously acquired developmental milestones, mental re-
tardation, and deficits of visual-spatial integrative
ability and memory (Belman et al, 1988; Boivin et al,
1995; Chase et al, 2000; Diamond, 1989; Diamond
etal, 1987, 1990; Drotar et al, 1997, 1999; Knight et al,
2000; Nozyce et al, 1994). Language abilities may
also be compromised (Belman et al, 1988; Coplan
et al, 1998), as well as both fine and gross motor
functioning (Boivin et al, 1995; Chase et al, 2000;
Knight et al, 2000). Motor impairments are the most
common symptom seen in infants and children and
vary from clumsiness and ataxia to rigidity, hypo-
tonicity, tremor, spasticity, cerebellar signs, hyperac-
tive deep tendon reflexes, and pyramidal tract signs
(Belman, 1990; Englund et al, 1996). HIV-infected in-
fants have also been shown to have problems with
attention and concentration, often associated with
hyperactivity or withdrawal (Lifschitz et al, 1989;
Moss et al, 1989, 1990), as well as deficits in so-
cial and emotional development (Englund et al, 1996;
Moss et al, 1996; Wolters et al, 1994). HIV-infected
infants often evince delay in acquisition of social
smile and children with HIV encephalopathy score
significantly higher on scales of depression, autism,
and irritability and are more apathetic and less so-
cial than controls (Belman, 1990; Moss et al, 1994).
Infants who were infected prenatally score lower
on measures of cognitive and motor performance
than do peri/postnatally infected infants (Smith et al,
2001).

Although HIV causes neurologic disease in both
adults and children, the manifestations of HIV-
associated neurologic disease differ between adults
and children in several important ways. Children
show much more rapid clinical presentation than
adults, who typically show a long latency from pri-
mary infection to neurologic symptoms (Mintz, 1994;
Price et al, 1988). Children also appear to harbor a
greater viral load in cerebrospinal fluid (CSF) than
adults (Pratt et al, 1996). Secondary infections in the
brain, common in adults, are rarely seen in the pe-
diatric population (Belman et al, 1988; Sharer et al,
1986), and seizures, cerebrovascular disease, and
stroke are also less common (Mintz, 1994). Thus, neu-
rologic symptoms in the young subject may represent
a better model of the specific effects of the virus on the
brain. It is also important to note that CNS disease in
adults represents the deterioration of a mature CNS,
whereas CNS disease in infants and children mani-

Primate pediatric neuroAIDS
JM Worlein et al 35

fests itself as impairment of growth of an immature
CNS. It has been hypothesized that the behavioral ef-
fects of HIV are much more devastating in children
due to the action of the virus on a developing nervous
system (Mintz, 1998).

Behavioral studies in human infants are con-
founded by maternal drug use, lack of prenatal care,
low socioeconomic status, and prolonged periods of
hospitalization and foster care, making the study of
neurobehavioral sequelae difficult (Coscia et al, 2001;
Mellins et al, 1994; Wilkins et al, 1990). These con-
founding factors, inherent in human studies, can be
avoided by using a nonhuman primate model. In ad-
dition, one can manipulate nonhuman primates in
ways not possible in human populations, enabling
controlled examination of mechanisms, effects, and
possible side effects of therapies. Nonhuman pri-
mates infected with SIV evince neuropathology sim-
ilar to that seen in humans (Eiden et al, 1993; Sharer
et al, 1997; Fox et al, 1997; Westmoreland, 1999).
Nonhuman primates infected with SIV also show im-
pairments in motor and cognitive performance, ab-
normalities in sensory- and motor-evoked responses,
and disruptions in circadian rhythms and motor
activity (Fox et al, 1996; Gold et al, 1998; Horn
et al, 1998; Marcario et al, 1999; Murray et al, 1992;
Prospero-Garcia, et al, 1996; Rausch et al, 1994a,
1994b, 1995; Raymond et al, 1999). Nonhuman pri-
mates are especially valuable for developmental stud-
ies as their brain develops in a manner similar to hu-
man infants but the developmental process is four
times faster, thus allowing developmental studies to
be compressed in time.

HIV-2,5; is a virus that has proven to be highly
pathogenic in macaques. Both adult and infant
Macaca nemestrina inoculated with HIV-2,4, rou-
tinely develop high virus loads and rapid CD4+ cell
depletion (to < 200 ul) within a few weeks post inoc-
ulation (Herz et al, 2002; Ho et al, 1996; Looney et al,
1998; McClure et al, 2000; Watson et al, 1997). HIV-
2,37 was developed from the culture supernatant of
the original isolate of human strain, HIV-2gy0, ob-
tained from Dr. Luc Montagnier at the Pasteur In-
stitute. In humans, although the clinical course of
HIV-2 is more prolonged when compared to HIV-1,
CNS involvement may be more prevalent (Lucas et al,
1993). The purpose of this study was to evaluate mo-
tor and cognitive sequelae in infant pigtail macaques
(M. nemestrina) vertically infected with HIV-2,5; and
to develop a nonhuman primate model of pediatric
neuroAIDS.

Results

Hematological data

Hematological data were collected from inoculated
dams and their infants. Blood samples were not avail-
able for one infected infant at birth and one nonin-
fected infant at 2 weeks after birth. Absolute numbers
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of CD4+ lymphocytes were also not available for one
infected infant at birth. Dams of HIV-infected infants
had lower proportions (6.6% versus 26%) and abso-
lute numbers (95 versus 259) of CD4+ cells at the
time of delivery although this did not reach statisti-
cal significance (P > .05). Infected infants (INFs) had
lower proportions and absoulte numbers of CD4+
lymphocytes than exposed but not infected infants
(EXPs) at birth (Figure 1A and B) and 2 weeks after
birth (Figure 1C and D). Differences were statisti-
cally significant for absolute numbers of CD4 lym-
phocytes at birth (P = .04) and were statistically sig-
nificant for both proportions (P = .02) and absolute
numbers (P = .01) at the 2-week sample. Mean pro-
portions of CD4+ lymphocytes for EXPs were within
the range of normal macaque infants, but INFs were
below this range (DeMaria et al, 2000; Terao et al,
1988).

Motor development

Plain reach: The analysis of variance (ANOVA) was
significant (P = .004) for the age that infants were
able to pick up a small brightly colored toy (Fig-
ure 2A). Post hoc analysis revealed that INFs were
significantly older than CONs (P = .001) when they
attained this motor milestone.

Fine motor task: The ANOVA was also significant
for the age that infants were able to pick up a small
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piece of fruit in a pincer grasp (P =.001). Post
hoc analysis revealed that both EPD’s (P = .01) and
INFs (P < .001) were significantly older than con-
trols when they attained this milestone (Figure 2B).
INF's were also significantly different from EPDs (P =
.04).

Cognitive development

Screen task: The ANOVA was significant (P = .01)
for the age infants were able to retrieve an object in the
No Hide condition for the Screen Task (Figure 3A).
Post hoc analysis revealed that INFs attained this de-
velopmental milestone at a significantly later age than
CONs (P =.003). EPDs were not significantly differ-
ent from either CONs or INFs. The ANOVA was also
significant (P = .004) for the age that infants were
able to recognize and retrieve an object partially hid-
den behind the opaque screen (Figure 3B). Post hoc
analysis showed that INFs attained this developmen-
tal milestone at significantly later ages than EPDs
(P =.04) and CONs (P =.001). Group effects were
similar for objects in the Full Hide condition (Fig-
ure 3C), although the overall ANOVA did not reach
statistical significance (P = .09).

Well task: The ANOVA was significant (P = .007)
for the age infants were able to retrieve an object in the
No Hide condition for the Well Task (Figure 3D). As
with the screen task post hoc analysis revealed that
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Figure 1 Proportion of CD4+ lymphocytes. (A) Means and standard errors of proportions of CD4+ lymphocytes for HIV2,,;-exposed
(EPD; n = 5) and HIV2,4,-infected (INF; n = 6) infants at birth. EPD infants had higher proportions of CD4+ lymphocytes at birth; however,
this difference was not statistically significant (P =.10). (B) Means and standard errors of absolute numbers of CD4+ lymphocytes at
birth. EPD (n = 5) infants had a significantly greater number of CD4+ lymphocytes than INF (n = 5) infants at birth (P = .04). (C) Means
and standard errors of proportions of CD4+ lymphocytes for HIV2,4,-exposed (EPD; n = 5) and HIV2,4,-infected (INF; n = 7) infants at
2 weeks of age. EPD infants had significantly more CD4+ lymphocytes (P = .02) than INF infants. (D) Means and standard errors of absolute
numbers of CD4+ lymphocytes at 2 weeks of age. EPD infants had significantly more CD4 lymphocytes (P = .001) than INF infants.
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Figure 2 Motor development Tasks. (A) Plain Reach: Days of age that macaque infants were able to pick up a small brightly colored
toy. Means and standard errors for control (CON; n = 8), HIV2,4,-exposed (EPD; n=5) and HIV2,,-infected (INF; n= 7) infants. The
overall ANOVA was significantly among groups (P = .004). Post hoc tests revealed that INFs were significantly different from CONs
(P = .001). (B) Fine Motor Task: Days of age that macaque infants were able to pick up a small piece of fruit in a pincer grasp. Means and
standard errors for control (CON; n = 5), HIV2,4,-exposed (EPD; n = 5) and HIV2,,;-infected (INF; n = 6) infants. The overall ANOVA was
significant among groups (P = .001). Post hoc tests indicated that INFs were significantly different from both CONs (P < .001) and EPDs
(P = .04). EPDs were also significantly different from CONs (P = .01).
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Figure 3 Cognitive development tasks: Screen Task. (A) No Hide: Days of age that macaque infants were able to retrieve a toy when
place on a platform with an opaque screen. Means and standard errors for control (CON; n = 8), HIV2,4,-exposed (EPD; n=5) and
HIV2,4;-infected (INF; n= 7) infants. The overall ANOVA was significant among groups (P = .01). Post HOC tests revealed that INFs
were significantly different from CONs (P = .003). (B) Partial Hide: Days of age that macaque infants were able to retrieve a toy when
it was partially obscured behind an opaque screen. Means and standard errors for control (CON; n = 8), HIV2,4,-exposed (EPD; n = 5)
and HIV2,,;-infected (INF; n = 7) infants. The overall ANOVA was significant among groups (p = .001). Post hoc tests revealed that INFs
were significantly different from both EPDs (P = .04) and CONs (P = .001). (C) Full Hide: Days of age that macaque infants were able to
retrieve a toy when it was fully hidden behind an opaque screen. Means and standard errors for control (CON; n = 8), HIV2,4,-exposed
(EPD; n = 5) and HIV2,,,-infected (INF; n = 7) infants. There was a trend for differences among groups; however, the overall ANOVA not
reach statistical significance (P = .09). Cognitive development task: Well Task (D) No Hide: Days of age that macaque infants were able to
retrieve a toy when it was placed in a shallow well. Means and standard errors for control (CON; n = 8), HIV2,4;,-exposed (EPD; n = 5) and
HIV2,4,-infected (INF; n = 7) infants. The overall ANOVA was significantly different among groups (P = .007). Post hoc tests revealed
that INFs were significantly different from CONs (P = .002). (E) Partial Hide: Days of age that macaque infants were able to retrieve a toy
placed in a shallow well and partially covered by an opaque lid. Means and standard errors for control (CON; n = 8), HIV2,,;,-exposed
(EPD; n = 5) and HIV2,,;-infected (INF; n = 7) infants. The overall ANOVA was significant among groups (P = .04). Post hoc tests revealed
that INFs were significantly different from CONs (P = .02). (F) Full Hide: Days of age that macaque infants were able to retrieve a toy
placed in a shallow well that was totally covered by an opaque lid. Means and standard errors for control (CON; n = 6), HIV2,,;,-exposed
(EPD; n = 5) and HIV2,4;-infected (INF; n = 6) infants. There was a trend for differences among groups, however, the overall ANOVA did
not reach statistical significance (P = .07).
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INFs were significantly older than CONs (P = .002)
when they attained this developmental milestone.
The ANOVA was also significant (P = .04) for the
Partial Hide condition (Figure 3E). Post hoc analysis
showed that INFs were significantly older than CONs
(P = .02) when they gained this cognitive milestone.
Results were similar for objects fully hidden in the
well (Figure 3F), although the ANOVA did not reach
statistical significance (P = .07). This may be in part
due to loss of power as three controls (planned eu-
thanasia) and one infected infant (clinical euthana-
sia) were lost prior to completing this task.

Correlational data

Spearman’s correlations (SYSTAT) were conducted
comparing cognitive and motor development against
lymphocyte and plasma viral RNA data obtained
from the dams and infected infants. Corrections were
not made for multiple correlations in this small sam-
ple. Analysis indicated that there were no consistent
patterns of correlations between maternal viral dose
or maternal CD4+ levels at birth and infant cogni-
tive and motor development (data not shown). There
was also no consistent pattern of correlations for in-
fant levels of viral RNA at birth and subsequent be-
havioral development (data not shown). What did
emerge were negative correlations for all cognitive
milestones and one motor milestone (Plain Reach)
with CD4+ proportions at birth. However these cor-
relations only reached statistical significance for one
measure (Full Hide Screen). Lower CD4+ propor-
tions correlated with longer times to attain cogni-
tive and motor milestones. These correlations be-
came stronger for most measures when related to
CD4+ proportions approximately 2 weeks after birth
(Table 1). These correlations were significant for all
phases of the Screen Task (No Hide, Partial Hide, and
Full Hide) and for two phases of the Well Task (No
Hide and Partial Hide).

Correlations among tasks
The two motor tasks (Plain Reach and Fine Mo-
tor Task) were not significantly correlated with each

Table 1 Correlation among proportions of CD4+ lymphocytes
and behavioral measures for HIV2,4,-infected macaque infants

CD4 % at Birth CD4 % at 2 weeks

Plain Reach —.371(n=6) —.464 (n=7)
Fine Motor Task .100 (n=5) —.600 (n=6)
No Hide Screen —.486 (n=6) —.857" (n=7)
Partial Hide Screen —.486 (n=6) —.857" (n=7)
Full Hide Screen —.886* (n=6) —.857" (n=7)
No Hide Well —.314 (n=16) —-.821" (n=7)
Partial Hide Well —.314 (n=16) —.8217" (n=7)
Full Hide Well —.300 (n=15) —.086 (n=6)

Note. Number of subjects for each correlation is noted in paren-
thesis.

*P <.05,"P < .01, Spearman rank-order coefficient one-sided
test.

Table 2 Correlation among cognitive tasks for HIV2,4,-infected
macaque infants

No Partial  Full No Partial Full

screen screen screen — well well well
Partial screen  1.00"
Full screen .679 .679
No well 964+ 964+ .607
Partial well 964" 964" .607 1.00"
Full well 0.00 0.00 .250 —-.179 —-.179

*P < .01, Spearman rank-order coefficient two-sided test.

other or any of the cognitive measures (P > .05).
There were several significant correlations among
cognitive tasks (Table 2). No Screen was significantly
correlated with Partial Screen, No Well, and Partial
Well. No Well was significantly correlated with Par-
tial Screen and Partial Well, and Partial Screen was
significantly correlated with Partial Well (P < .01).

Discussion

Data from this study clearly indicate that vertically
infected HIV-2,5; macaque infants show develop-
mental delays that are apparent from early stages of
development. Infected infants attained developmen-
tal milestones at later ages for most of the stages
of Object Concept. Many of these delays are quite
profound. Control infants attained the earliest cogni-
tive milestones (No Hide conditions for Screen and
Well) at approximately 11 months of age, whereas it
took infected infants nearly twice as long to attain
these milestones. In addition, infected infants were
delayed in their motor abilities attaining these mile-
stones at later ages than controls.

These deficits in cognitive and motor development
are similar to those seen in human infants infected
with HIV-1. For example, Chase et al (2000) found
deficits on the Bayley scales of mental (MDI) and psy-
chomotor (PDI) development in HIV-infected infants
as young as 4 months of age. Likewise, MacMillan
et al (2001) found deficits in the MDI and PDI at
4 months of age in HIV-infected infants and the
deficits became more pronounced by 24 months of
age. Belman et al (1996) reported deficits in both fine
and gross motor domains in human infants appear-
ing as early as 6 months of age, with fine motor skills
becoming progressively worse with age. The largest
differences among groups in this study appeared in
the two tests of motor development, Plain Reach and
Fine Motor Task. For both tests, HIV-2,5,—infected
infants were over twice the age of their uninfected
counterparts when they attained these motor mile-
stones. These data are consistent with those of HIV-
infected human infants whose motor development is
most strongly affected by viral infection (Drotar et al,
1997; Englund et al, 1996).

There were significant correlations among several
of the cognitive tasks. This is not surprising because



milestones measured in this study are usually at-
tained in a set developmental order. However, neither
of the motor tasks was significantly correlated with
any of the cognitive tasks. This disassociation of cog-
nitive and motor deficits is also seen in human HIV-
infected infants, with some infants having greater mo-
tor than cognitive impairment and others greater cog-
nitive than motor impairment (Belman, 2002).

It is interesting to note that infants exposed to virus
in utero, but remained HIV negative, attained de-
velopmental milestones at later ages than controls
on all motor and most cognitive tasks. These dif-
ferences reached statistical significance for the Fine
Motor Task. Exposed but not infected human infants
are commonly referred to as seroreverters. Although
several studies have found no developmental delays
in seroreverters (Aylward et al, 1992; Belman et al,
1996; Chase et al, 1995; Nozyce et al, 1994), perfor-
mance of seroreverters routinely falls between that
of infected infants and infants born to HIV-negative
mothers, especially for measures of motor develop-
ment (Boivin et al, 1995; Bruck et al, 2001; Drotar
et al, 1997; Pollack et al, 1996).

Some studies, however, have found significant de-
velopmental differences between seroreverters and
control infants born to HIV-negative mothers. For ex-
ample, Esposito et al (1999) found that seroreverter
children showed significantly poorer skills in verbal
recall and had more problems in social adjustment
and attention than children born to uninfected moth-
ers. Bruck et al (2001) reported mild neurological ab-
normalities in 40% of seroreverter infants. It has also
been shown that being born to a HIV-infected mother
can affect certain infant hematological and immuno-
logical parameters even though the infants are not
themselves infected (Chougnet et al, 2000; Clerici
etal, 2000; Gesner et al, 1994; Kuhn et al, 2001, 2002;
Nielsen et al, 2001). It is possible that behavioral dif-
ferences between seroreverters and controls are not
easily detectable in the human population due to the
wide variety of confounding factors (such as prenatal
drug use, etc.) that add to the variance of data ob-
tained. The possible enduring effects of being born to
an HIV-infected mother is of growing importance, as
drug therapies decrease the chances of infants being
born infected. The nonhuman primate model, which
exhibits similar behavioral development and is free
of maternal confounding factors, could provide an in-
dispensable means to develop therapeutic interven-
tions during pregnancy for the growing proportion of
HIV-exposed infants who remain virus free.

Lower proportions of CD4+ lymphocytes at birth
and shortly thereafter predicted poorer cognitive and
motor development. These data are in agreement
with Tardieu et al (1995) who found that CD4+
counts at an earlier time point predicted academic
performance at a later age. The fact that proportions of
CD4+ lymphocytes at 2 weeks were most predictive
of behavioral performance indicates that those in-
fants that depleted CD4+ lymphocytes more rapidly
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were more behaviorally impaired. Many studies in
human infants have documented the relationship
between lowered CD4+ counts and CNS involve-
ment (Brouwers et al, 1994, 1995, Englund et al,
1996). However this relationship is not always found
(Lindsey et al, 2000). In most human studies CD4+
decline is associated with clinical disease progres-
sion. In our HIV-2,5; model, CD4+ decline occurs
shortly after infection and prior to clinical disease.
The fact that cognitive impairment in this study was
associated with lower CD4+ proportions at birth and
2 weeks of age (prior to clinical disease), coupled with
data from human studies indicating that increases in
CD4+ counts were correlated with improvement in
neurocognitive measures during antiretroviral drug
therapy (Brouwers et al, 1994), gives credence to the
argument that lowered CD4+ levels are permissive to
CNS involvement. Correlations between CD4+ pro-
portions at birth and 2 weeks were weaker for the
Full Hide Well condition. This is not surprising be-
cause this cognitive milestone was attained at a later
age and more distant in time from the hematological
measures. Variability in disease progression could ac-
count for this difference.

Dams that gave birth to infected infants had lower
proportions and numbers of CD4+ lymphocytes at
parturition. This was not unexpected and has been
found in human mothers infected with HIV (Abrams
et al, 1995; Chase et al, 2000). However, maternal
CD4+ counts at parturition did not predict infant
behavioral development. This is not consistent with
data presented by Tardieu et al (2000), who found that
maternal CD4+ counts predicted encephalopathy in
their infants. It is possible that our study had insuf-
ficient power to detect potential differences, as the
sample in the Tardieu study was much larger (426 in-
fants). An alternate explanation is that since HIV-2,4;
causes such rapid and uniform CD4+ lymphocyte de-
pletion there was not enough variability in maternal
CD4+ counts to detect differences.

We found no effects of maternal viral dose on ma-
ternal CD4+ count at parturition or infant behavioral
development. This is not surprising as others have
reported that viral dose does not impact disease pro-
gression for HIV-2,4; and other macaque lentiviruses
(Hoterman et al, 2000; Looney et al, 1998). Looney
et al (1998) found that dose of HIV-2,5; was unre-
lated to disease progression and either study dose
(10° or 10?) caused a “prompt and profound” decline
in CD4+ lymphocytes. The present study also found
no effect of infant viral load at birth. Studies in human
infants have correlated plasma levels of HIV RNA
to behavioral deficits (Gurbindo et al, 1999; Pollack
et al, 1996). However, both of these studies had sub-
stantially more subjects. In addition, Gurbindo et al
(1999) found that other measures (lymphocyte levels)
had stronger prognostic value than plasma viral load.

Data from this study indicate that the HIV-2,4,—
infected infant macaque is an excellent animal model
of pediatric neuroAIDS. HIV-2,5,—infected macaque
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infants evinced delays in motor and cognitive devel-
opment that are similar to those seen in HIV-infected
infants and children. A considerable strength of the
HIV-2,4; is that it produces marked deficits in behav-
ioral development with little variation. Thus fewer
subjects are needed to detect statistically significant
differences. HIV-2,5; has also been shown to produce
neuropathology in macaque infants similar to what
is seen in HIV-infected human infants (Kinman et al,
2004). This nonhuman primate model can be used to
explore mechanisms of behavioral pathology associ-
ated with lentivirus infection and can also be used to
assess the efficacy of therapeutic drug regimens.

Materials and methods

Subjects were 20 infant pigtail macaques (Macaca
nemestrina), 8 controls and 12 experimental. Dams of
experimental infants were inoculated intravenously
with HIV-2,4; in the third trimester of pregnancy
(10TCIDso, n = 3; 103TCIDsg, n = 7; 10*TCIDso, n =
2). All inoculated females became infected (as mea-
sured by coculture and polymerase chain reaction
[PCR]). Seven infants born to infected dams were ver-
tically infected (as measured by PCR at birth) and
five infants were not infected. As described by Ho
et al (1996, 2001), eight inoculated dams had mater-
nal catheters implanted into their amniotic cavities in
the third trimester of pregnancy; in five pregnancies
the fetuses were also implanted with carotid artery
and jugular vein catheters. Four inoculated dams
had no surgical intervention. Dams of two infants
received triple drug combination therapy (AZT/DDI
[15 mg/kg] and INDV [25 mg/kg, po, tid]) while preg-
nant. Infants of these dams were HIV-2,4; negative
by both viral RNA and viral coculture on repeated
tests. All controls were born to dams that underwent
neither surgical interventions nor viral inoculation.

Infants were separated from their mothers at birth
and reared in the Washington National Primate Re-
search Center (WaNPRC) BSL 2/3 nursery per the
Infant Primate Research Laboratory (IPRL) protocol
(Ruppenthal and Sackett, 1992; Worlein et al, in
press). They were fed formula (Enfamil) according to
the IPRL schedule. They were also fed Purina mon-
key chow, ad libitum starting at 14 days of age. In-
fants were provided with a hanging cloth surrogate
to provide contact comfort. They were housed singly
in cages that allowed visual, auditory, and olfactory,
access to other infants. Infants were socialized with
similar-aged peers for 30 min a day, 5 days a week,
in a large glass-fronted cage (36 x 48 x 48 inches,
high) that contained ramps, chains, and toys. This
method of nursery rearing has been shown to produce
infants with normal behavioral repertoires (Worlein
and Sackett, 1997).

Object concept methods
This battery of tests measures the infant’s ability to
recognize that an object still exists after it disappears

/5]

Figure 4 Screen and Well testing apparatuses. A plexiglass block
with a moveable opaque screen was used for the Screen Tasks and
a plexiglass block with a shallow well that could be covered by an
opaque lid was used for the Well Tasks. Objects were placed either
in full view (No Hide), partially hidden behind the opaque screen
or partially covered by the opaque lid in the well (Partial Hide),
or fully hidden behind the opaque screen or totally covered by the
opaque lid in the well (Full Hide).

from direct view. These assessments are based on the
Piagetian theory of object permanence and represent
cognitive developmental milestones. They have suc-
cessfully been used to detect developmental delays
in nonhuman primate infants (Burbacher et al, 1986).
The testing apparatus consisted of a white plastic box
that had either a small screen in a groove allowing it
to be moved from side to side, or a well that could be
covered by a removable lid (Figure 4).

Infants were tested 3 days a week. Testing began
after the infants attained the Plain Reach motor mile-
stone (see below). Screen and Well apparatus were
alternated on consecutive days of testing. Two per-
sons were involved in the testing procedure. One held
the infant swaddled in a cloth diaper and the other
tested. Infants were allowed to interact with a stim-
ulus object (a small toy, or at later ages, a piece of
fruit), which was then taken from them and placed
on the apparatus in one of three types of conditions:
No Hide, the object was placed in full view on the ap-
paratus Partial Hide, the object was partially hidden
behind the screen or placed in the well and partially
covered by the lid; Full Hide, the object was placed
totally behind the screen or in the well totally cov-
ered by the lid. The infant was given 15 s to make
a response. Each session of testing consisted of 15
trials, 5 in each condition (No Hide, Partial Hide, or
Full Hide). Criterion is reached for a condition when
the animal touched or picked up the object on 8 out
of 10 trials over two successive sessions.

Motor development

Two tests of motor development were employed. The
first (Plain Reach) assessed the ability of the infant to
pick up a small brightly colored toy. Testing began
at 14 days of age. Infants were tested 3 days a week.
The infant was allowed to interact with a small toy
that was then placed on a platform in front of them.
Criterion was reached when the infant was success-
fully able to completely pick up the object on three
out of five trials. Fine motor development (Fine Mo-
tor Task) was assessed by the ability of the infant to
pick up small pieces of fruit between its thumb and
index finger in a pincer grasp. Animals were tested
three times weekly until they reached criterion of two



successful index finger/thumb pick ups out of five
trials.

Hematological assessment

All blood draws were performed under ketamine
sedation. Complete blood counts (CBC) and T-cell
subset determinations were performed on maternal
blood at the time of parturition and on infants at
the time of birth and at approximately 2 weeks
of age (range: 11 to 16 days). Viral RNA levels
were measured at birth by quantitative (QC) reverse
transcriptase—polymerase chain reaction (RT-PCR).

Virus

HIV-2,5; was developed from the culture supernatant
of the original isolate of human strain, HIV-2gy0, ob-
tained from Dr. Luc Montagnier at the Pasteur In-
stitute. After four passages in phytohemagglutinin
(PHA)-stimulated normal human peripheral blood
mononuclear cells (PBMGCs), a working stock of HIV-
2ggo was prepared and passed twice in M. nemest-
rina. A cell-free virus stock was established from
lymph node mononuclear cells collected at euthana-
sia from one of the second-passage macaques with
the clinical manifestations of AIDS (F89287) and co-
cultured with PHA-stimulated, CD8--depleted nor-
mal macaque PBMCs (McClure et al, 2000). This
stock, which contained 1 x 10° TCIDso/ml, was di-
luted in tissue culture medium for inoculation into
macaques.

Coculture methods

Frequency of virus-infected macaque PBMCs was de-
termined by coculture with human lymphoblasts pre-
pared by depleting normal human PBMCs of CD8"
cells and stimulating them for 3 days with 1 ug/ml
PHA and 20 IU/ml interleukin (IL)-2 in RPMI con-
taining 10% Nhuserum. Duplicate samples of five-
fold serially diluted macaque PBMCs in a fixed
volume (2 ml) were added to a constant 1 x 10° lym-
phoblasts in 24-well tissue culture plates. Plates were
incubated for 21 days with cultures being fed fresh
medium once every week. The presence of virus
in culture supernatants on days 14 and 21 was de-
tected using an HIV-2 p27 antigen capture assay kit
(Coulter Corp., Hialeah, FL) according to the manu-
facturer’s instructions. The number of HIV-2—infected
macaque PBMCs was estimated from the highest di-
lution of cells at which detectable HIV-2 antigen was
found.

Lymphocyte subsets

Fluorescence-labeled monoclonal antibodies to lym-
phocyte surface markers were used to quantitate lym-
phocyte subset populations, including CD2+, CD4+,
CD8+, CD20+, in maternal and infant blood using
a FACSTAR fluorescence activated cell sorter fitted
with an argon-ion laser operating at 488 nm. The
data were collected as list-mode files and analyzed on

Primate pediatric neuroAIDS
JM Worlein et al 41

Hewlett-Packard computers using BDIS-CONSORT
30 software.

Viral quantification

The number of copies/ml of viral RNA in plasma
were measured using a QC, internally controlled
RNA PCR. Total RNA in duplicate plasma samples
(200 pl each) was isolated by ultracentrifugation, fol-
lowed by digestion of the pellet with proteinase-K
in the presence of sodium dodecyl sulfate (SDS).
The RNA was then extracted from the mixture
with phenol:chloroform:iso-amyl alcohol, precipi-
tated with ethanol and pelleted in a microfuge. Con-
taminating DNA was removed by treatment with
DNase. Fourfold serial dilutions of the isolated RNA
were made in reverse transcriptase buffer contain-
ing 500 copies of a truncated (83-bp deletion) gag
RNA internal control that is recognized by the same
primers as HIV-2 RNA. Reverse transcriptase reaction
was performed in a Perkin Elmer 9600 thermocycler
for 15 min at 42°C. Immediately upon cooling, stan-
dard PCR reagents (0.15 uM primers and 2.5 units Taq
polymerase in PCR buffer containing 3.5 mM magne-
sium) were added and 45 cycles of heating and cool-
ing were performed as follows: 10 s at 95°C, 30 s at
60°C, and 30 s at 72°C before recycling to 95°C. Am-
plified RT-PCR products, stained with ethidium bro-
mide, were separated on agarose gels, illuminated at
254 nm, and photographed with a Kodak DC 120 dig-
ital camera (Eastman Kodak, Rochester, NY). The 83-
bp deletion in the internal control allows discrimina-
tion from HIV-2 RNA (254 bp versus 336 bp). HIV-2
RNA levels were calculated from the sample dilution
that gave a band intensity equivalent to that of the
internal control. Sensitivity of this assay is approxi-
mately 400 copies viral RNA/ml of plasma.

Statistical methods

Preliminary analysis indicated that the two infants
whose dams received drugs during pregnancy did
not differ from the other exposed but not infected
infants, therefore their data were collapsed for anal-
ysis. Because some dams and infants also underwent
catheterization in the prenatal period (for details of
surgical procedures see Ho et al, 1996), behavioral
data were examined to assess possible effects of such
interventions. Surgical intervention had little or no
effect on behavioral development so data were col-
lapsed for analysis. This yielded three groups: con-
trols (CON), the infants born to uninoculated dams;
exposed (EPD), uninfected infants born to inocu-
lated dams; infected (INF), infected infants born to
inoculated dams. Data were analyzed by a one-way
ANOVA, with group (CON, EPD, and INF) as the in-
dependent variable, using SYSTAT statistical soft-
ware. Post hoc planned comparisons (Fisher LSD)
were computed when the overall ANOVA reached
statistical significance.
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