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The molecular mechanisms underlying learning and
memory impairment in patients with HIV-associated
neurological disease have remained unclear. Calci-
um/calmodulin-dependent kinase II (CaMKII) has key
roles in synaptic potentiation and memory storage in
neurons and also may have immunomodulatory func-
tions. To determine whether HIV and simian immu-
nodeficiency virus (SIV) induce alterations in CaMKII
expression and/or activation (autophosphorylation)
in the brain, we measured CaMKII alterations by
quantitative immunoblotting in both an in vitro HIV/
neuronal culture model and in vivo in an SIV-infected
macaque model of HIV-associated neurological dam-
age. Using primary rat hippocampal neuronal cul-
tures treated with culture supernatants harvested
from HIV-1-infected human monocyte-derived mac-
rophages (HIV/MDM), we found that CaMKII activa-
tion declined after exposure of neurons to HIV/MDM.
Consistent with our in vitro measurements, a signifi-
cant decrease in CaMKII activation was present in
both the hippocampus and frontal cortex of SIV-in-
fected macaques compared with uninfected animals.
In SIV-infected animals, total CaMKII expression in
the hippocampus correlated well with levels of syn-
aptophysin. Furthermore, CaMKII expression in both
the hippocampus and frontal cortex was inversely
correlated with viral load in the brain. These findings
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suggest that alterations in CaMKII may compromise
synaptic function in the early phases of chronic neuro-
degenerative processes induced by HIV. (4m J Pathol
2010, 176:2776-2784; DOI: 10.2353/ajpath.2010.090809)

More than 30 million people worldwide are infected with
the human immunodeficiency virus (HIV; World Health
Organization UNAIDS 2008). Although highly active anti-
retroviral therapies have dramatically improved survival
rates and health-related quality of life for patients, HIV-
associated neurocognitive disorders remain a significant
public health problem.” In the highly active antiretroviral
therapies era, the prevalence of less severe forms of HIV-
associated neurocognitive disorders has increased in indi-
viduals who are not immunosuppressed.?® Learning and
memory impairment is common in HIV-infected individuals
with estimates ranging from 40 to 60% of patients.*®
Synaptodendritic injury has emerged as a possible cause
of these deficits in HIV, as well as other neurodegenera-
tive diseases including Alzheimer disease, Parkinson dis-
ease, and schizophrenia.®=®

In particular, studies have implicated altered neuronal
synaptic transmission and plasticity changes in the hip-
pocampus as the mechanism underlying the cognitive
impairment observed in HIV patients. In a murine model
of HIV encephalitis (HIVE), for example, neuronal dam-
age in the hippocampus was associated with impaired
spatial learning.’ Neuropsychological tests in rhesus
monkeys infected with simian immunodeficiency virus
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(SIV) have demonstrated similar functional impairment
attributable to the hippocampus, consistent with psy-
chomotor and memory impairment observed in HIV-in-
fected humans.'" However, the mechanisms underlying
HIV-induced alterations in synaptic plasticity and long-
term potentiation (LTP), the synaptic mechanism of mem-
ory storage, in the hippocampus have not been defined.

Calcium/calmodulin-dependent kinase Il (CaMKIl) is
necessary for the induction of LTP in the hippocampus.
Once activated by calcium flux through the N-methyl-
D-aspartic acid (NMDA) channel, CaMKII initiates the
biochemical cascade that potentiates synaptic trans-
mission. The kinase functions as a molecular switch with
stable “on” (phosphorylated) and “off” (unphosphory-
lated) states, a mechanism that may underlie synaptic
potentiation and memory storage in neurons.’ In addi-
tion to serving as a transducer in LTP induction, CaMKII
is also responsible for the persistence of LTP, a crucial
aspect of memory.'3 Autophosphorylation of threonine 286
of CaMKIl is critical for persistent activation of CaMKIl as
mutation of this site eliminates phosphorylation and also
blocks LTP.™ This mutation also interferes with experi-
ence-dependent plasticity in vivo and with memory, dem-
onstrating an important consolidating role for CaMKII in
cognitive function.'® 17

Given the diverse roles that CaMKII plays in neuronal
development, maturation, and plasticity, changes in
CaMKII expression and activity may have significant im-
plications for the pathophysiology of HIV CNS disease. In
particular, HIV-induced alterations in neuronal CaMKI|
expression and activation may impair synaptodendritic
function in key brain regions. To determine whether HIV
induces alterations in neuronal CaMKIl expression and ac-
tivation in the hippocampus, we examined CNS CaMKII
alterations both in vitro and in vivo. Cultured rat hippocampal
neurons were treated with supernatants harvested from
HIV-infected human monocyte-derived macrophages, an
established in vitro model of HIV-induced neuronal damage,
to measure HIV-induced alterations in CaMKII protein in
neurons.'®'° We also studied CaMKI| alterations in the CNS
using an SlV/macaque model of HIV-associated neurolog-
ical damage. CaMKIl expression and activation were
measured in the hippocampus and frontal cortex of 12
rhesus macaques inoculated with the neurovirulent
clone SIV/17E-Fr and the immunosuppressive strain
SIV/DeltaB670. Synaptophysin expression, an estab-
lished marker of synaptic integrity, was measured in
SlV-infected macaques to determine whether CaMKI|
alterations are a molecular correlate of synaptic pathol-
ogy in HIV CNS disease. CNS viral replication and host
inflammatory responses were also evaluated to identify
factors that potentially mediate alterations in CNS
CaMKIl expression and activation.

Materials and Methods

Animals

This study evaluated 15 rhesus macaques (Macaca mu-
latta), including 12 that were intravenously inoculated
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with both SIV/DeltaB670 (50 AlDgy) and SIV/17E-Fr
(10,000 AID,,) as previously described.?°~22 Three ad-
ditional uninfected mock-inoculated (media alone) ma-
caques served as controls. The average ages of SIV-
infected and uninfected macaques were 11.2 years and
11.3 years, respectively. Animal survival (i.e., progres-
sion to AIDS) in the SIV-infected group varied—animals
that did not develop encephalitis survived an average of
334 days postinoculation, whereas macaques that did
develop encephalitis survived an average of 100 days
postinoculation. At time of euthanasia, animals were per-
fused with sterile saline to remove blood and blood-borne
leukocytes from the CNS vasculature. Brains were imme-
diately harvested, and samples were either immersion
fixed in STF (Streck, Omaha, NE) or rapidly frozen for
isolation of RNA and preparation of protein homogenates.
The animal procedures in this study were reviewed and
approved by the Johns Hopkins University Institutional
Animal Care and Use Committee in accordance with
Animal Welfare Act regulations and the USPHS Policy on
Humane Care and Use of Laboratory Animals.

Hematoxylin and eosin—-stained sections of frontal and
parietal cortex, basal ganglia, thalamus, midbrain, and
cerebellum from each animal were examined microscop-
ically in a blinded fashion by two pathologists (K.K. and
K.H.). SIV-infected macaques with encephalitis devel-
oped typical HIV/SIV CNS lesions consisting of multifocal
perivascular accumulations of SIV-laden macrophages
and multinucleated giant cells in white matter, basal gan-
glia, and thalamus. Animals with classic histopathological
lesions of HIV/SIV encephalitis (SIVE, n = 6 animals) were
designated as SIVE+. Animals that did not develop char-
acteristic lesions (n = 6 animals) were categorized as
SIVE—. CNS lesions were not present in the uninfected
macaques (n = 3 animals).

Immunohistochemical Staining

To identify cellular localization of CaMKII in macaque
brain, coronal sections of hippocampus were immunohis-
tochemically stained with a monoclonal antibody directed
against CaMKII protein (clone 6G9, 1:1000, Millipore,
Billerica, MA). Primary antibody against CD68 was used
as a marker of macrophage infiltration and microglial
activation in coronal sections including basal ganglia and
frontal cortex (1:2000, clone KP-1, DAKO, Carpinteria,
CA). For uniformity, all brain tissue sections were stained
using an automated immunostainer (Optimax Plus, Bio-
Genex, San Ramon, CA). Paraffin-embedded brain tissue
sections were deparaffinized and rehydrated. After rins-
ing in water, tissues were heated in a microwave in so-
dium citrate buffer (0.01 mol/L, pH 6.0) for 8 minutes to
retrieve antigen. Endogenous peroxidase was quenched
with 3% H,O, for 10 minutes, and then sections were
blocked with buffered casein for 10 minutes. Primary
antibody was applied to tissue sections for 60 minutes at
room temperature, the tissues were washed in buffer, and
then secondary biotinylated multilink antibody (Bio-
Genex) was added for 20 minutes. After washing,
streptavidin-horseradish peroxidase was applied for 20
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minutes, followed by diaminobenzidine tetrahydrochlo-
ride in buffer containing H,O, for 10 minutes. Sections
were then washed, dehydrated, and mounted. Control
experiments included omission of primary antibodies us-
ing the same staining protocol and were devoid of spe-
cific immunoreaction product.

Viral Load in Brain

To measure SIV RNA levels in the CNS, real-time RT-PCR
was performed on RNA isolated from basal ganglia. At
postmortem, samples were snap frozen in liquid nitrogen
for RNA isolation as previously described.”® RNA was
isolated from 50 mg of brain tissue using the RNA
STAT-60 Kit (Tel-Test “B”, Inc.) and an RNeasy MiniKit
(Qiagen, Valencia, CA). Quantitation of SIV RNA in ex-
tracted brain tissue was done with SIV gag region prim-
ers and probe. Real-time RT-PCR detected both cell-
associated full-length viral transcripts and genomic RNA
present in tissue-associated virions.

HIV/Neuronal Cell Cultures

Human monocyte-derived macrophages (MDM) were
isolated from healthy volunteers as previously de-
scribed.?® Cells were collected in accordance with pro-
tocols approved by the University of Pennsylvania Com-
mittee on Studies Involving Human Beings. Macrophages
were grown in six-well plates (1.25 X 10° cells per well)
for 7 days and then inoculated with equivalent amounts of
HIV-1 (100 ng of p24 per well). Infected cells were incu-
bated for 18 hours. The HIV-1 strain used, Jago, is a
macrophage-tropic isolate derived from the cerebrospi-
nal fluid from a patient with confirmed HIV-associated
dementia.'®23 Productive infection of macrophages was
confirmed by serial quantification of p24 antigen levels in
the culture supernatants over time. Supernatants were
used for application to neuronal cultures only when pro-
ductive infection was confirmed (p24 values between 100
to 400 pg/ml supernatant).

Primary rat hippocampal cultures were prepared from
embryonic day 15 Sprague-Dawley rat pups as previ-
ously described.?® Cells were plated at a density of 2 X
10° cells per 35-mm dish on glass coverslips. Neuronal
cultures were treated with HIV/MDM supernatants at a
final dilution of 1:10 at 37°C, 5% CO,. Cultures were
washed twice with cold PBS and lysed in ice-cold Lae-
mmli buffer (0.625 M Tris-HCI, pH 6.8, 2% SDS, and 10%
glycerol) at selected time points after exposure to super-
natants (5 minutes, 15 minutes, 30 minutes, 1 hour, and 4
hours) for CaMKII analysis. Neuronal cultures treated with
mock/MDM supernatants were used for control compar-
ison. An untreated neuronal culture lysate served as a
gel-to-gel standard.

Quantitative Western Blotting

To perform quantitative immunoblotting, hippocampus
and frontal cortex tissue samples from uninfected and
SIV-infected macaques were homogenized in 50 mmol/L

Tris, 150 mmol/L NaCl, 0.1% SDS, 1.0% NP-40, 0.5%
Na-desoxycholate, and dH,O. Homogenates were tritu-
rated 5 times through a 20-gauge needle and spun at
14,000 rpm for 20 minutes at 4°C. Protein concentration
in supernatants was quantitated at 1:1000 dilution with a
Bio-Rad Protein Assay kit, which is based on the Bradford
method and standard curve analysis.

Tissue homogenates were boiled for 3 minutes, and
equivalent amounts (30 ng) of sample were loaded
onto 10% Bis-Tris polyacrylamide gels and SDS-PAGE
was performed. Cell lysates from in vitro cultures were
prepared using the same protocol. Gels were blotted
onto Immunoblot polyvinylidene difluoride membranes
(Bio-Rad, Hercules, CA) and blocked in PBS and 5%
nonfat milk in PBS for 1 hour at room temperature. Pri-
mary antibodies included (1) pan-CaMKII polyclonal an-
tibody (1:1000, catalog #3362), (2) anti-phosphorylated
(Thr286) CaMKIl polyclonal antibody (1:1000, catalog
#3361), and (3) B-actin polyclonal antibody (1:10000,
catalog #4967; Cell Signaling Technology, Beverly, MA).
The P-CaMKII antibody detects endogenous levels of
CaMKIl only when phosphorylated at threonine 286, con-
sistent with CaMKII activation. The density of neuronal
synapses in the hippocampus was measured using a
monoclonal antibody against synaptophysin (1:5000, cat-
alog # IR776, DAKO) in immunoblots. Primary antibodies
were incubated overnight at room temperature in block-
ing solution. Membranes were washed four times in PBS
with 0.1% Tween-20 (PBS-Tween) and incubated in sec-
ondary antibody conjugated to HRP (125 ng/ml, Cell
Signaling Technology) in blocking solution for 1 hour at
room temperature. Membranes were washed six times with
PBS-Tween, developed in LumiGLO chemiluminescent
substrate (Cell Signaling Technology), and exposed to Ba-
sic Autorad film. For densitometric analysis, fims were
scanned into Adobe Photoshop (Adobe Systems, San Jose,
CA), and a fixed cursor area centered over each band was
assessed for pixel density, with normalization to B-actin
signal. To allow for comparison of measurements between
gels, a brain homogenate obtained from a control animal
was included on all gels. Serial dilutions of this sample,
ranging from 4 to 60 ug of protein, were also assessed
under the same conditions to ensure that all measurements
of CaMKIl and actin were within the linear range for mea-
surement as we have described previously.?

Statistical Analysis

All statistical inferences (P values) were calculated using
parametric methods. To determine whether exposure to
HIV-infected macrophages induced changes in CaMKI|
levels in hippocampal neurons, two replicate neuronal
lysates were harvested for each treatment group (mock-
exposed control and HIV-exposed) at five time points
posttreatment. To test for significant differences between
these two groups, we compared trends over time using a
linear regression model to calculate a P value for the
differences between the slopes (change over time) of the
mock and HIV groups. The slopes of linear regression
lines were compared using an interaction term between



change over time and group membership, a common
statistical method. For analysis of CNS CaMKIl levels in
macaques, mean total CaMKIl and activated CaMKI| lev-
els in three subsets of animals (uninfected, SIVE—,
SIVE+) were compared using one-way analysis of vari-
ance. Subsequent comparisons between any two of the
three groups used the Bonferroni method to adjust for
multiple comparisons. The Pearson correlation coefficient
was used to analyze the relationships between CaMKII
and synaptophysin protein expression, as well as CaMKiI|
expression and CNS viral load in SIV-infected animals. In
all analyses, statistical significance was defined as a P
value of less than 0.05.

Results

Treatment of Cultured Hippocampal Neurons
with Culture Supernatant from HIV-Infected
Macrophages Induces Early and Sustained
Loss of CaMKII Activation

To determine whether HIV-1 infection induces alterations in
CaMKII expression and/or activation in the hippocampus,
we first evaluated CaMKIl levels in an in vitro model of HIV
CNS disease. Cultures containing primary rat hippocampal
neurons were treated with cell culture supernatants har-
vested from HIV-1-infected monocyte-derived macro-
phages (HIV/MDM) as previously described.'®192% Neurons
treated with supernatants collected from mock-infected
macrophages were prepared for control comparison. Cells
were lysed at successive time points after exposure to
supernatants (5, 15, 30, 60, and 240 minutes posttreatment)
to obtain two replicate protein samples for measurements.
At each time point, levels of both total and activated (phos-
phorylated, Thr286) CaMKIl present were measured by
quantitative immunoblotting. CaMKII signal was normalized
to in-lane B-actin to control for potential variability in protein
loading for all measurements. To test for significant differ-
ences between mock and HIV-treated neuron cultures, we
compared CaMKIl trends over time using a linear regres-
sion model that enabled us to calculate P values for the
differences between the slopes (change over time) be-
tween mock and HIV supernatant groups. A 50-kDa band
corresponding to CaMKIl protein was present in cell ly-
sates. The level of total CaMKIl in neurons was not signifi-
cantly altered by the addition of cell culture supernatants
from HIV-infected macrophages at any time point posttreat-
ment (Figures 1 and 2A, P = 0.071). As the latest time point
at which neurons were lysed was 4 hours after addition of
HIV/MDM supernatants, changes in protein expression
were not expected.

Impaired calcium homeostasis has been demonstrated
in other models of excitotoxic neuronal degeneration.?*2°
As calcium dysregulation also may develop in HIV neuro-
toxicity, HIV-induced alterations of calcium signal transduc-
tion may occur relatively early in hippocampal neurons after
addition of HIV/MDM supernatants and would be reflected
by a decrease in CaMKI| activation. CaMKII activation, rep-
resented by the amount of phosphorylated CaMKIl in im-
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Figure 1. Treatment of primary neuron cultures with supernatant from
HIV-infected macrophages alters CaMKII activation. Western blots performed
on cell lysates of primary neuron cultures treated with HIV/MDM culture
supernatants demonstrated that activation of CaMKII (represented by phos-
phorylation of CaMKII = P-CaMKII) declined beginning 30 minutes post-
treatment and continuing to the 4-hour end point. In contrast, total CaMKII
levels did not differ over time. UT indicates untreated neuronal cultures.

B-actin

munoblots, began to decline 30 minutes after exposure to
HIV/MDM supernatants and decreased further from 30 min-
utes to 4 hours postexposure. (Figure 2B, P = 0.015). In
parallel, a significant decrease in the ratio of activated to
total CaMKII developed at 30 minutes and then decreased
further until the 4-hour end point after supernatant exposure
(Figure 2C; P = 0.016). These findings show that mediators
in supernatants from HIV-infected human macrophages in-
duced early and sustained inhibition of CaMKII activation in
cultured rat hippocampal neurons. In addition, the fraction
of the total CaMKIl pool that was activated significantly
declined over time after exposure to supernatants from
HIV-infected human macrophages.

CaMKIl Expression in Neurons of SIV-Infected
Macaques

Our in vitro measurements indicated that neuronal
CaMKIl may be an important mediator of synaptic injury
in the hippocampus. Although synaptic damage corre-
lates closely with the presence and severity of cognitive
impairment in HIV,?® the molecular and cellular correlates
of neurocognitive dysfunction have been difficult to char-
acterize in humans. To address this, we measured CNS
CaMKIl alterations in vivo using the SIV/macaque model.
We first evaluated sections of hippocampus from SIV-
infected rhesus macaques by immunostaining for CaMKII
and the macrophage marker CD68 to determine whether
neurons express high levels of CaMKIl in the CNS with the
development of SIV encephalitis. Rhesus macaques inoc-
ulated with SIV/17E-Fr and SIV/DeltaB670 with SIV enceph-
alitis (SIVE+) had multifocal perivascular accumulations of
CD68+ macrophages and multinucleated giant cells in the
hippocampus as well as basal ganglia and subcortical
white matter consistent with CNS lesions that develop in
SlIV-infected pigtailed macaques after inoculation with SIV/
17E-Fr and SIV/DeltaB670 (Figure 3, A and B).?? In the
hippocampus, CaMKII was highly expressed in neurons
(Figure 3, C and D) rather than microglia, infiltrating mac-
rophages, or multinucleated giant cells (Figure 3D). There-
fore, measurements of CaMKIl performed on brain homog-
enates from the hippocampus and the frontal cortex are
primarily representative of alterations in neuronal CaMKI|
levels rather than inflammatory or glial cells in the CNS.
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Figure 2. HIV induces early and sustained inhibition of CaMKII activation in hippocampal neurons. To measure CaMKII levels and activation via immunoblotting,
primary rat hippocampal neurons were lysed at successive time points after exposure to HIV(Jago)/MDM (triangles). Mock/MDM-exposed neurons (circles)
were prepared for control comparison at each time point. A: Total CaMKII was not altered in HIV/MDM-exposed neurons. B: In contrast, CaMKII activation
(autophosphorylation) began declining 30 minutes after exposure to HIV/MDM and continued to decrease until 4 hours postexposure (P = 0.015). C: The ratio
of active to total CaMKII also decreased beginning at 30 minutes postexposure and continuing to the 4-hour postexposure time point (P = 0.016).

SIV Infection Alters Hippocampal CaMKIl in Vivo

CaMKII expression and activation in the hippocampus of
SIV-infected macaques (uninfected, SIVE—, SIVE+) were
measured by SDS-PAGE and quantitative immunoblotting.
Total CaMKIl levels were increased in SIV-infected ma-
caques compared with uninfected controls, with highest
levels present in SIV-infected animals without encephalitis
(Figure 4A; P = 0.001). Although total CaMKIl levels were
lower in SIV-infected animals with encephalitis (P = 0.011)
compared with SIV-infected macaques that did not develop
encephalitis, the SIVE+ levels still remained significantly
higher than uninfected control animals (P = 0.017).

Consistent with our in vitro observations in neuronal
cultures, hippocampal CaMKIl activation significantly de-
creased in SIV-infected animals compared with controls
(Figure 4B). CaMKII activation was significantly reduced
in the SIVE— group (P = 0.048) versus controls. With the
development of SIVE, the decrease in CaMKII activation
was greater (Figure 4B; P = 0.001 versus uninfected
controls, P = 0.042 versus SIVE— group).

To determine how alterations in CaMKII activation and
expression were related, we compared the ratio of acti-
vated CaMKIl to the total CaMKII levels in the hippocam-
pus (Figure 4C). Although total CaMKIl increased in SIV-
infected animals, the ratio of activated to total CaMKII
declined in SIV-infected macaques compared with con-
trols (P < 0.001). These data indicate that SIV CNS
infection alters both CaMKIIl expression and activation
patterns in the hippocampus.

SIV-Induced CaMKIl Alterations in the Frontal
Cortex Parallel Hippocampal Changes

In addition to serving crucial roles in hippocampal neu-
ronal function, CaMKIl also modulates synaptic events
required for the consolidation of memory traces in cortical
networks.'” Although cortical synaptodendritic atrophy is
common in HIV, the specific causes of these progressive
degenerative effects remain unknown. CaMKI| alterations
may be the molecular basis for these deficits. To deter-

Figure 3. In SIV-infected rhesus macaques with
encephalitis, CaMKII is highly expressed in hip-
pocampal neurons. Rhesus macaques with SIV
encephalitis had multifocal perivascular accumula-
tions of macrophages (arrowhead) and multinu-
cleated giant cells (arrow; A, hematoxylin and
eosin stain). These macrophages (arrowhead)
and multinucleated giant cells (arrow) were im-
munopositive for the macrophage marker CD68
(brown, B). CaMKII immunoreactivity (brown) in
the hippocampus of macaques with encephalitis
was localized to neurons (C). In contrast, macro-
phage and multinucleated giant cell CaMKII immu-
nostaining (arrows) was minimal (D). Scale
bars = 50 um.
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Figure 4. CaMKII expression and activation is altered in both hippocampus and frontal cortex of SIV-infected macaques. Total CaMKII was increased in the
hippocampus of SIV-infected rhesus macaques (A). Although expression decreased in animals that developed encephalitis (SIVE+), total CaMKII remained
significantly higher in SIV-infected animals compared with uninfected controls. In contrast, CaMKII activation in hippocampus was inhibited by SIV infection (B).
Overall, in hippocampus, the ratio of active to total CaMKII declined in SIV-infected animals despite the increase in total CaMKII (C). Similar changes in CaMKII
expression and activation were identified in the frontal cortex of SIV-infected macaques. CaMKII expression was increased in SIV-infected animals but then
declined with the development of SIV encephalitis (D), whereas CaMKII activation decreased in SIV-infected animals with no significant change detected in the
SIVE+ subset (E). The P-CaMKII/CaMKII ratio in frontal cortex also deceased in SIV-infected macaques (F), indicating that SIV infection inhibits CaMKII activity

in both the hippocampus and frontal cortex of SIV-infected macaques.

mine whether SIV induced changes in cortical CaMKI|
levels, we measured CaMKIl expression and activation in
the frontal cortex of SlIV-infected macaques by SDS-
PAGE and quantitative immunoblotting.

Similar to our observations in the hippocampus, total
CaMKII was increased in the frontal cortex of SIV-infected
macaques compared with controls (Figure 4D), with highest
levels present in SIV-infected animals without encephalitis
(P < 0.001). Total CaMKII levels were lower in SIV-infected
animals with encephalitis (P = 0.009) compared with SIV-
infected macaques that did not develop encephalitis, but
the SIVE+ CaMKII levels remained significantly higher than
uninfected control animals (P = 0.003).

Although CaMKII activation was lower in SIV-infected
animals (Figure 4E), the decline in CaMKII activation was
not significant. However, the ratio of activated to total
CaMKII was significantly decreased in SIV-infected ma-
caques compared with uninfected controls (Figure 4F;
SIVE— versus controls, P = 0.001; SIVE+ versus con-
trols, P = 0.002). These data demonstrate that alterations in
CaMKIl expression and activation extend beyond the hip-
pocampus to the frontal cortex of SIV-infected macaques.

CaMKIl Alterations Are Associated with
Synaptophysin Loss in the Hippocampus

Measurement of synaptophysin, a calcium-binding synaptic
protein involved in neurotransmitter release, is useful for eval-
uating synaptic density as it reflects synaptic integrity.2”2° A
decrease in synaptophysin suggests synaptic damage and
has been associated with cognitive decline in several
chronic neurodegenerative diseases.>'3* We measured

synaptophysin expression by quantitative immunoblotting
to evaluate synaptic integrity in the hippocampus of SIV-
infected macaques. To examine the relationship between
CaMKIl and synaptophysin protein expression, we com-
pared total CaMKIl with synaptophysin levels in the hip-
pocampus. CaMKII expression was strongly correlated with
synaptophysin expression (Figure 5; r = 0.62, P = 0.042,
Pearson correlation coefficient). These data demon-
strate that SIV-induced alterations in CaMKIl expres-
sion are associated with decreased synaptic density in
the hippocampus.

1.0+
0.9 A
£
S 0.8
£ 0.7
S
0.64 r=0.62
p=0.042
05 T L} L ]
0 2 4 6 8
Synaptophysin/actin

Figure 5. Altered CaMKII expression was correlated with synaptophysin
loss in the hippocampus. We measured synaptophysin expression by quan-
titative immunoblotting to evaluate synaptic density in the hippocampus of
SIV-infected macaques. CaMKII expression was strongly correlated with
hippocampal synaptophysin levels (7 = 0.64, P = 0.040, Pearson correlation
coefficient). SIVE— animals represented by triangle symbols pointing up;
SIVE+ animals represented by triangles pointing down.
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r=-0.68
p=0.016 Figure 6. CaMKII protein expression levels
were correlated with viral load in the brain. In
both the hippocampus (A) and frontal cortex (B)
of SIV-infected macaques, the amount of CaMKII
expression was significantly inversely correlated
with CNS viral load (r = —0.77, P = 0.033 and
r = —0.68, P = 0.016 respectively; Pearson cor-
relation coefficient). SIVE— animals represented
by triangle symbols pointing up; SIVE+ animals
represented by triangles pointing down.
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CaMKIl Expression Is Inversely Correlated with
CNS SIV Replication

Our measurements of total CaMKII in the hippocampus
and frontal cortex suggested that CaMKIl expression in
SIV-infected animals decreased with progression of SIV
CNS disease. To examine the relationship between CaMKI|
expression and CNS viral replication, we compared levels
of total CaMKII in the hippocampus and frontal cortex with
levels of SIV RNA measured by real-time RT-PCR. Total
CaMKIl levels in both the hippocampus and the frontal
cortex were strongly inversely correlated with CNS SIV
RNA levels (Figure 6, A and B, P = 0.033, r = —0.77, in
the hippocampus; P = 0.016, r = —0.68, in the frontal
cortex; Pearson correlation coefficient). These data indi-
cate that CaMKIl expression in the hippocampus and
frontal cortex decreases with increasing CNS viral repli-
cation. Viral proteins such as gp120 or Tat may regulate
CaMKIl expression in neurons in conjunction with neuro-
toxic pro-inflammatory mediators.

Discussion

These studies demonstrated that SIV infection induced al-
terations in both CaMKII expression and activation in both
the hippocampus and the frontal cortex in the SIV/macaque
model of HIV-associated neurocognitive disorders. Using
an in vitro HIV/neuronal culture model, we observed that
decreased CaMKIl activation was an early and sustained
event, beginning within 30 minutes after hippocampal neu-
rons were treated with HIV/MDM supernatants. Al-
though significant neuronal loss was not observed in
this model during the time period examined (0 to 4
hours postexposure), injury to neuronal synapses may
still be substantial. Previous studies using this model
suggested that brain regions enriched in NMDA recep-
tors containing the NR2B subunit, such as the hippocam-
pus, are most susceptible to HIV-induced neuronal damage
and that calcium-activated neutral protease (calpain)-me-
diated cleavage of NR2B occurs in HIV infection.'®3°
Other studies have demonstrated in vitro that overactiva-
tion of the NMDA receptor inhibits CaMKIIl activity in
neurons.®® As the NR2B subunit is an important synaptic
binding partner and regulator of CaMKII,®” alterations in
CaMKII activation might thus arise from excitotoxic glu-
tamatergic stimulation.

These in vitro observations paralleled measurements
made in vivo using the SIV/macaque model, which dem-
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onstrated that CaMKIIl activation decreases in SIV-in-
fected animals. Loss of CaMKIl in the hippocampus cor-
responded with decreased synaptophysin expression in
SIV-infected animals. Combined with our in vitro observa-
tions, these data suggest that CaMKIl-associated synap-
tic injury caused by HIV develop early in infection and is
sustained.

We also show that CaMKIl expression increased in the
hippocampus of SIV-infected animals compared with un-
infected controls. CaMKIl levels were highest in SIV-
infected macaques without encephalitis, which may
represent a compensatory response to falling levels of
activated CaMKII. With onset of encephalitis, total CaMKI|
levels are lower, suggesting an inability to maintain CaMKII
levels in the face of abundant CNS viral replication and
substantial inflammation. The fraction of the total CaMKiI|
pool that was activated in the hippocampus decreased
with SIV infection, with the greatest decline occurring in
the animals with SIV encephalitis. Overall, these findings
demonstrate that the ability to sustain CaMKIl activation
is compromised with SIV infection despite increases in
total CaMKII levels. If SIV encephalitis develops, then
maintenance of CaMKIl activation becomes even more
difficult. Together, these findings indicate that CaMKII
alterations may be a molecular correlate of synaptic pa-
thology in SIV CNS disease.

Although we demonstrated a significant correlation be-
tween SIV RNA levels in the brain and total CaMKII, other
factors, including proinflammatory mediators produced
by activated macrophages in the brain, also may contrib-
ute to synaptic dysfunction. In HIV and SIV, the covariate
nature of macrophage activation and viral replication
make it very difficult to separate the effects of virus and
inflammatory mediators on neuronal function, especially
in studies based on relatively small groups of animals.

In addition to the hippocampus, we also evaluated
CaMKII alterations in the frontal cortex of SlIV-infected
macaques. CaMKIl is involved in cortical plasticity and
has been shown to have important functions in the con-
solidation of memories in cortical networks.?®3° Total
CaMKIl was increased in the cortex, whereas the ratio of
activated to total CaMKIl was significantly decreased. As
CaMKIlI protein is expressed more abundantly in the hip-
pocampus than in the cortex,'” loss of normal levels and
activation of this kinase may affect cortical plasticity more
severely. Our results suggest that alterations in cortical
CaMKIllI activity may be the molecular precursor of syn-



aptodendritic atrophy in the frontal cortex of HIV-infected
individuals.

CaMKII requires cycling between stable “up” (phos-
phorylated, active) and “down” (unphosphorylated, inac-
tive) states to fulfill its role in memory and long-term
neuronal changes.' Our results indicate that SIV infec-
tion in the brain disrupts the stability of this molecular
switch, perhaps through direct interaction of viral factors
with CaMKII. Indeed, previous studies have shown that
the Nef protein of HIV-1 binds directly to calcium-bound
calmodulin but the physiological significance of this in-
teraction has remained unclear.*® These measurements
demonstrate a potential functional consequence of viral
replication in the hippocampus and imply that a CaMKII-
mediated pathway may mediate the effects of HIV on
cognition.

These results are consistent with previous studies that
have highlighted an emerging role for CaMKII in neuro-
degenerative diseases. Studies have demonstrated in
vivo that a loss of CaMKII activity is correlated with neu-
ronal damage during ischemia.*'#? Other experiments
have used gene knockout mice lacking CaMKIl to pro-
vide evidence that disruption of this single protein kinase
results in damage to neuron dendrites following isch-
emia.*® Moreover, restoring CaMKI| activity in hippocampal
neurons by treatment with a chemical found in ginseng
roots, ginsenoside Rb1, protects and repairs neurons that
have been damaged by hypoxia.** In patients suffering
from schizophrenia and depression, CaMKIl gene expres-
sion has also been found to be significantly altered in the
hippocampus and frontal cortex.*®

Loss of synaptic function appears to underlie neuro-
logical deficits observed in patients with chronic neuro-
cognitive disorders like HIV-associated neurological dis-
ease and Alzheimer disease.*® Because synaptic injury
may occur long before neuron death and given that sur-
viving neurons have the capacity for synaptic repair lead-
ing to functional recovery, therapeutic interventions de-
signed to protect neuron synapses may have great
potential for preserving and/or improving neurological
function in HIV patients. Although previous studies have
shown that disruption of synaptic structure and function
occurs after glutamate excitotoxicity and neuroinflamma-
tion,”*” the molecular mechanisms underlying synaptic
injury in HIV-associated neurocognitive disorders and
similar disorders have remained unclear. We have shown
that CaMKII may be a novel mediator of synaptic injury in
HIV/SIV infection in the brain. Neuronal CaMKIl could be
an ideal therapeutic target for synaptic repair to improve
neurological function in HIV-associated cognitive dis-
ease. It will be important to evaluate CaMKIl expression and
activation in neurodegenerative diseases in addition to HIV
CNS disease because CaMKIll-mediated synaptic dysfunc-
tion may develop relatively early in the course of disease
progression and thus may be a therapeutic target.
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