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Neurologic impairment in HIV-1-associated dementia (HAD) and other neuroinflammatory diseases cor-
relates with injury to dendrites and synapses, but how such injury occurs is not known. We hypothesized that
neuroinflammation makes dendrites susceptible to excitotoxic injury following synaptic activity. We report
that platelet-activating factor, an inflammatory phospholipid that mediates synaptic plasticity and neurotoxic-
ity and is dramatically elevated in the brain during HAD, promotes dendrite injury following elevated synaptic
activity and can replicate HIV-1-associated dendritic pathology. In hippocampal slices exposed to a stable
platelet-activating factor analogue, tetanic stimulation that normally induces long-term synaptic potentiation
instead promoted development of calcium- and caspase-dependent dendritic beading. Chemical precondition-
ing with diazoxide, a mitochondrial ATP-sensitive potassium channel agonist, prevented dendritic beading
and restored long-term potentiation. In contrast to models invoking excessive glutamate release, these results
suggest that physiologic synaptic activity may trigger excitotoxic dendritic injury during chronic neuroinflam-
mation. Furthermore, preconditioning may represent a novel therapeutic strategy for preventing excitotoxic

injury while preserving physiologic plasticity.

Introduction
Neurologic impairment in patients with HIV-1-associated dementia
(HAD) correlates well with injury to dendrites and synapses (1) but
poorly with neuronal loss (2, 3). Similar results have been found in
Alzheimer disease (4, 5), and dendritic injury in both diseases is char-
acterized by focal swelling or beading, loss of spines, and reductions
in overall dendritic and synaptic areas (6-9). Consequently, synaptic
protection represents an area of considerable therapeutic interest.
Denderites can undergo extensive localized damage even when the
neuron survives (10-13) but have a remarkable capacity for recov-
ery. In vitro exposure to sublethal excitotoxic stimuli can cause
dendritic beading (10, 14, 15), retraction of spines (16), and loss
of synaptic transmission (17) that can all recover after washout
of the excitotoxin. Beaded neurites can recover in vivo following
B-amyloid clearance in a murine model for Alzheimer disease (18),
and dendritic beading and recovery parallel the onset and remis-
sion of reversible neurologic deficits in experimental autoimmune
encephalitis (19) and a model for noise-induced hearing loss (20).
Thus, dendrite injury may underlie the significant reversible com-
ponent of HAD (21, 22) and may underlie a potential for revers-
ibility in other neurodegenerative diseases.

Nonstandard abbreviations used: Ac-DEVD-CHO, N-acetyl-Asp-Glu-Val-Asp alde-
hyde; aCSF, artificial cerebrospinal fluid; BAPTA, 1,2-bis(2-aminophenoxy)ethane-
N,N,N',N'-tetraacetic acid; cPAF, carbamyl PAF; EPSP, excitatory postsynaptic
potential; HAD, HIV-1-associated dementia; HFS, high-frequency stimulation; Karp,
ATP-sensitive potassium channel; LTP, long-term potentiation; MAP2, microtubule-
associated protein-2; NMDA, N-methyl-D-aspartate; NPPB, 5-nitro-2-(3-phenylpro-
pylamino) benzoic acid; PAF, platelet-activating factor; PAF-R, PAF receptor.
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How HIV-1 causes dendritic injury is not well understood.
HIV-1 infects neurons rarely, if at all, but predominantly infects
macrophages and microglia in the brain and triggers release of
inflammatory mediators including HIV-1 Tat and gp120, proin-
flammatory cytokines, arachidonic acid metabolites, and plate-
let-activating factor (PAF) (23). These functionally-diverse toxins
appear to act on neurons via pathways that converge on elevated
PAF signaling (24) and subsequent N-methyl-D-aspartate (NMDA)
receptor-mediated excitotoxicity (25).

PAF (1-O-alkyl-2-O-acetyl-sn-glycero-3-phosphocholine) is
a phospholipid inflammatory mediator that plays both physi-
ologic and pathologic roles in the brain. Produced by neurons
in response to NMDA receptor activation (26), PAF increases
glutamate release from presynaptic terminals (27) and can
participate in long-term potentiation (LTP) of synaptic trans-
mission (28, 29) as well as learning and memory (30, 31). PAF
brain concentrations are dramatically increased in HAD (32)
and other insults (33, 34) and are associated with neurotoxic-
ity. PAF has been shown to mediate NMDA excitotoxicity (35),
and high concentrations can kill neurons in an NMDA recep-
tor-dependent manner (32, 36).

Because PAF can augment excitatory synaptic transmission as
well as promote excitotoxicity, we hypothesized that elevated levels
of PAF in HAD would increase neuronal vulnerability to excito-
toxic dendritic injury following elevated synaptic activity. Here we
report that carbamyl PAF (cPAF), a nonhydrolyzable PAF analog
chosen because PAF is rapidly inactivated by tissue acetylhydro-
lases (37), promoted dendritic beading and failure of LTP in a cal-
cium- and caspase-dependent manner following high-frequency
synaptic stimulation in hippocampal slices. Pretreatment with
the mitochondrial ATP-sensitive potassium channel (Karp) agonist
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Figure 1

cPAF reproduces dendritic pathology of HAD. (A) Golgi-stained neurons in brain tissue from patients
with HAD show focal swellings and fewer dendritic spines than those from HIV-1 seropositive con-
trols without neurologic disease. (B) Dendrites in dissociated hippocampal cultures developed
similar focal swellings and decreased numbers of spines after prolonged exposure to cPAF. (C)
Lower-magnification images (left, middle columns) show dendritic beading (arrows) accompanied by
sprouting of filopodia (arrowheads) with preservation of dendrite branches in cPAF-treated cultures
and minimal change in dendrite morphology in vehicle-treated cultures. Higher-power images from
the same cells (right column) show dendritic spine numbers maintained in a control dendrite and
loss of spines in a cPAF-treated dendrite. (D) Of cPAF-treated neurons, 56% developed dendritic
beading while none of the vehicle-treated cells did (n = 17, P < 0.05). (E) Numbers of dendritic
spines decreased by 45% + 5% with cPAF treatment and remained stable in control neurons (n = 10,

P < 0.0001). Scale bars: 20 um.

diazoxide prevented beading and restored LTP. We propose that
during HIV-1 infection of the brain, elevated PAF signaling may
put neurons at risk for activity-dependent dendritic injury, thereby
disrupting synaptic function. This has significant implications for
the understanding and treatment of HAD.

Results

cPAF exposure leads to dendritic beading and spine loss. Because in vitro
studies have implicated PAF as a common downstream media-
tor for the actions of diverse neurotoxins in HAD (24), we tested
whether exposure to elevated PAF signaling can recapitulate the
dendritic injury seen in HAD. Golgi-stained cortical neurons in
tissue from patients with HAD (n = 5) showed focal swellings, or
beading, and very few spines, while those in tissue from HIV-1
seropositive patients without neurologic disease (n = 5) had many
spines and no beading (Figure 1A). This is consistent with previous
studies of HAD neuropathology (7).
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Dendrites in dissociated
hippocampal cultures developed
nearly identical pathology during
a 60-hour exposure to a sublethal
(130 nM) dose of cPAF (Figure 1B).
We studied hippocampal neurons
in vitro because hippocampal
dendrites are injured in HAD
(6) and PAF effects on synaptic
function and excitotoxicity have
been well studied in these model
systems. We transfected neurons

E 100 in 3- to 4-week-old cultures with
S sol red or yellow fluorescent proteins
3 P<0.05 (mRFP or EYFP) and compared
ﬁ 60} images of the same cells taken
2 g

g 401 before and after cPAF exposure.
2 50l While dendritic arbors remained
N grossly intact, maintaining simi-

lar branching and projection pat-
terns (Figure 1C), cPAF exposure
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12 - led to dendritic beading and loss

© 1.0 = of dendritic spines. Small focal

§ 3 0.8f swellings developed along den-
gﬁ 0.6f P<O—'_E0001 dritic shafts in 56% of serially
o <04 imaged cPAF-exposed cells while
< C\OD, 0.2} no beading developed in control
0 cells (Figure 1D, n = 17 cells from

Vehicle cPAF 4 cultures; P < 0.05). Numbers of

dendritic spines remained sta-
ble in control cells (6.2% + 4.1%
increase over 60 hours) but
decreased by 45.1% + 5.0% with
cPAF exposure (Figure 1E, n = 10
cells from 4 cultures; P < 0.0001).
Most spines in these cultures were
short and mushroom shaped
at baseline, but disruption of
mature spines in cPAF-treated
cells was often accompanied by
the appearance of longer spines
and filopodia (Figure 1, B and C).
Treatment with 130 nM cPAF did
not lead to death of any of the cells that we imaged or decrease
overall neuronal survival in cultures as assessed by Hoechst and
propidium iodide staining (80.2% + 4.3% cPAF vs. 79.0% + 2.3%
vehicle control, n = 3 cultures; P =0.77).

Immunohistochemical staining from cortical tissue from
patients with HAD and dendritic injury (Figure 2A) demonstrated
increased expression of PAF receptor (PAF-R) on neuronal cell
bodies and dendrites compared with HIV-1 seropositive controls
(Figure 2, B and C). Coimmunostaining for microtubule-associ-
ated protein-2 (MAP2), a marker for dendrites and neuronal cell
bodies, showed PAF-R expression on nearly all dendrites in both
HAD and control tissue. Nonneuronal cells expressing PAF-R
were also present in both conditions, consistent with previous
studies (38), and PAF-R staining was eliminated by preincubation
with a PAF-R-derived peptide antigen (Supplemental Figure 1;
supplemental material available online with this article;
doi:10.1172/JCI25444DS1), corroborating the specificity of PAF-R
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immunohistochemistry in this tissue. While MAP2-positive den-
drites were markedly reduced in HAD, as reported previously (1),
PAF-R expression appeared to be increased on remaining den-
drites and cell bodies and was dramatically increased on beaded
dendrites (Figure 2C) compared with controls. The widespread
dendritic expression of PAF-R is consistent with a role for PAF in
synaptic plasticity and excitotoxic injury. In addition to elevations
in brain PAF concentration (32), increased PAF-R expression may
further contribute to dendritic vulnerability in HAD.

cPAF increases vulnerability to rapid dendritic beading following
elevated synaptic activity. Next we asked whether cPAF increases
dendrites’ vulnerability to injury from synaptic activity. Because
modulating spontaneous activity for 60 hours altered dendrite
morphology in preliminary experiments and confounded cPAF
effects (data not shown), we tested this by measuring dendritic
beading in cultured neurons after stimulating acute neurotrans-
mitter release via depolarizing pulses of KCIl. Control neurons
showed no change in dendrite morphology following 3 1-second
pulses of KCl, a stimulus that causes NMDA receptor-dependent
synaptic potentiation in dissociated cultures (39), but rapidly
developed beading throughout their dendritic arbors (Figure 3A)
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Figure 2

Dendritic injury and neuronal PAF-R expression in HAD. In corti-
cal tissue from patients with HAD (A), dendritic beading and spine
loss in Golgi-stained neurons is associated with (B) strong PAF-R
immunohistochemical staining on dendrites and neuronal cell bodies
identified by coimmunostaining for MAP2. HAD tissue shows fewer
MAP2-positive dendritic branches compared with tissue from HIV-1
seropositive controls while PAF-R expression on the remaining den-
drites and cell bodies is increased. (C) Higher-power field shows
intense PAF-R expression on beaded dendrites in HAD compared with
control dendrites. Scale bars: 20 um.

following S-second pulses that evoked stronger and more pro-
longed depolarization (Figure 3C). Acute (20 to 90 minutes)
exposure to 130 nM cPAF lowered the threshold for dendritic
beading so that 90% of imaged cells beaded in response to 3
1-second KClI pulses (Figure 3, B and D, n = 40 cells from 9 cul-
tures; P < 0.0001 vs. control). Beading was prevented by gluta-
mate receptor antagonists CNQX (10 uM) and AP-5 (50 uM)
(1-second KCl pulses, n = 42 cells from 9 cultures; P < 0.0001 vs.
cPAF), indicating that it resulted from KCl-induced glutamate
release and not from depolarization alone.

Increased vulnerability of cPAF-exposed dendrites was
blocked by pretreatment with the PAF-R antagonist BN52021
(10 uM); no cells developed beading after 1-second KCI pulses
(n =38 cells from 9 cultures; P < 0.0001 vs. cPAF alone), and 86%
beaded after 5-second pulses (Figure 3D), similar to controls.
Beading in both cPAF- and vehicle-exposed cultures developed
rapidly (appearing within 10 seconds of the stimulus), began to
recover within 1 to 2 minutes, and was fully resolved after S to
10 minutes in all imaged cells. Rapid recovery of KCl-induced
beading was prevented by application of 5-nitro-2-(3-phenyl-
propylamino) benzoic acid (NPPB) (100 uM) (Figure 3E, n =6
cells), a Cl- channel blocker that inhibits volume-sensitive
anion channels opened in response to neuronal swelling (40).
This suggests that KCl-induced beading reflects acute dendritic
swelling without lasting excitotoxicity.

cPAF promotes dendritic beading and failure of LTP in hippocampal
slices. We next tested whether cPAF might disrupt synaptic plas-
ticity by increasing vulnerability to activity-dependent dendrit-
ic injury in hippocampal slices. We measured dendritic beading
and potentiation of excitatory postsynaptic potentials (EPSPs)
in individual CA1 pyramidal cells in acute rat hippocampal
slices following high-frequency stimulation (HFS) of Schaf-
fer collateral afferents. We recorded EPSPs by whole-cell patch
clamp and injected Alexa Fluor 568 hydrazide via the record-
ing pipette for simultaneous dendrite imaging. In slice experi-
ments, we used a higher (1 uM) dose of cPAF that, consistent
with previous studies (27, 29), was sufficient to augment excit-
atory transmission (data not shown) but was nontoxic to neu-
rons in our slices; exposure to 1 uM cPAF for up to 7 hours did
not affect baseline membrane potential (-63 + 3.6 mV cPAF,
n =357 cells, vs. -63 + 3.4 mV vehicle, n = 39 cells; P=0.99) or the
ability to fire action potentials.

In control slices, HFS (3 1-second pulses, 100 Hz trains, 20
seconds apart) elicited a robust, long-lasting potentiation of
excitatory synaptic transmission (Figure 4D); the rising slope
of the postsynaptic potential increased 2.5-fold over baseline
values following HFS (2.66 + 0.44 from 40 to 50 minutes, n = 13
slices from 13 animals; P < 0.001) and showed no decrement for
Volume 115 3187

Number 11~ November 2005



research article

A

Baseline —» 3 x 1 s KCIl—»3 x5 s KCI —» Recovery

Vehicle

W
O

Baseline—» 3 x 1 s KClI

d
o
o
o

@
o

60

40

20

% Neurons beade

0
cPAF
BN52021

%
L

3x5sKCl

3x1sKCl

-
o
o

nNn A O ®©
o O O o

% Neurons beaded m

e
3x5sKCl Time (min)

Figure 3

cPAF increases vulnerability to dendritic swelling following synaptic activ-
ity. (A) In control cultures, synaptic activity due to 1-second depolarizing
pulses of KCI elicited no change in dendrite morphology while 5-second
pulses triggered beading throughout the dendritic arbor, which recovered
within 10 minutes. (B) In cPAF-exposed cells, 1-second pulses caused
rapid dendritic beading. (C) Membrane potential recordings show bursts
of action potentials and stronger, more prolonged depolarization elicited
by 5-second (white) versus 1-second (black) KCI stimulation. (D) cPAF
lowered the threshold for activity-induced dendritic beading, leading to
beading in 90% of neurons following 1-second KCI pulses that caused
no beading in control neurons. PAF-R antagonist BN52021 blocked the
increase in vulnerability. (E) Rapid recovery of dendritic beading is pre-
vented by NPPB, an inhibitor of regulatory volume decrease in swollen
neurons. *P < 0.001. Scale bars: 20 um.

the duration of the recording period (50 minutes). No vehicle-
treated cells developed dendritic beading or other apparent
changes in dendrite morphology during the recording session
(Figure 4, A and B).

In contrast, exposure to 1 uM cPAF for 20 to 60 minutes prior
to the recording session led to dendritic beading following HFS
in 57% of recorded neurons (Figure 4, A and B, n = 19 slices from
17 animals; P < 0.001 vs. vehicle). HFS-induced dendritic beading
was associated with a failure of synaptic potentiation (Figure 4D):
cPAF-exposed neurons that beaded showed no potentiation of
EPSPs following HFS (0.84 + 0.12 relative to baseline from 40
to 50 minutes, n = 11; P < 0.01 vs. vehicle). On the other hand,
cPAF-exposed cells that did not develop dendritic beading did
undergo a long-lasting potentiation (1.60 + 0.26 relative to base-
line from 40 to 50 minutes, »n = 8; P < 0.05) although of a smaller
magnitude than vehicle-treated cells. While exogenous PAF
application has been proposed to occlude LTP in some experi-
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mental paradigms (28), this result indicates that 1 uM cPAF
at most partially occluded LTP in our experiments. Further-
more, EPSP potentiation was significantly different at all time
points after HFS between cPAF-exposed cells that beaded and
those that did not (P < 0.05), strongly suggesting that failure
of potentiation was a result of synaptic injury associated with
dendritic beading.

Dendritic beading in cPAF-exposed slices was largely pre-
vented by structurally distinct PAF-R antagonists (Figure 4B);
rates of beading following HFS in cPAF-exposed neurons were
reduced to 14% by coapplication of PAF analog CV-3988 (10 uM;
n =7 slices from 3 animals; P < 0.05 vs. cPAF alone) and to 10%
by the structurally unrelated antagonist BN52021 (2 uM; » = 10
slices from S animals; P < 0.05 vs. cPAF alone). PAF-R antago-
nists did not restore LTP in cPAF-exposed slices (Supplemental
Figure 2); EPSP recordings demonstrated a small potentiation
in BNS52021-treated slices (1.29 + 0.05 relative to baseline from
40 to 50 minutes; P < 0.05) and no significant potentiation in
CV-3988-treated slices (1.07 + 0.13 relative to baseline from 40
to 50 minutes; P=0.55).

cPAF-exposed neurons were depolarized for similar durations
(693 £ 296 ms cPAF, n =22, vs. 750 + 283 ms vehicle, n = 15;
P = 0.56) and to similar extents (31.8 £ 11.9 mV cPAF vs.
27.8+5.6 mVvehicle; P=0.19) as controls during HFS (Figure 4C),
suggesting no gross differences in glutamate receptor activa-
tion between conditions.

In cPAF-exposed cells, HFS-induced dendritic beading
appeared after a delay, typically of 15-35 minutes, and often
became more prominent throughout the recording session
(Figure 5). Beading developed at discrete locations and did
not appear to disrupt dendritic spines in the intervening areas
(Figures 4, Aand 5). We never observed recovery of HFS-induced
beading during the recording sessions (50 to 80 minutes after
HES) though all neurons in the study remained viable through-
out, maintaining negative membrane potentials and the abil-
ity to fire action potentials that overshot 0 mV. In addition, we
did not observe rapid dendritic swelling during or immediately
after HFS in any dendrites, and no cells developed beading in
the absence of HFS regardless of whether they were exposed to
cPAF for up to 5 hours or recorded in whole-cell mode for up to
90 minutes (data not shown).

Chemical preconditioning prevents calcium- and caspase-dependent
dendritic beading. The delayed, progressive, and long-lasting

appearance of beading following HFS led us to suspect a calcium-
mediated excitotoxic injury in the dendrites. We tested this by
including 5 mM 1,2-bis(2-aminophenoxy)ethane-N,N,N’ N'-tet-
raacetic acid (BAPTA) in the recording pipette to chelate calcium
in the postsynaptic cell of cPAF-exposed slices. BAPTA prevented
dendritic beading (Figure 6A, n = 6 slices from 2 animals; P < 0.05
vs. cPAF alone) and eliminated synaptic potentiation in all cells
(Figure 6B). We then tested whether HFS-induced beading requires
caspase activation in the postsynaptic cell by intracellular application
of N-acetyl-Asp-Glu-Val-Asp aldehyde (Ac-DEVD-CHO) (10 uM),
an inhibitor of caspase-3, -6, -7, -8, and -10, via the recording
pipette. Caspase inhibition prevented beading following HFS in
all cPAF-exposed slices (Figure 6A, n = 7 slices from 4 animals;
P <0.01 vs. cPAF alone), but failed to rescue LTP. After an initial
2-fold potentiation (Figure 6B, 1.97 + 0.28 relative to baseline from
0 to 10 minutes; P < 0.01) the EPSP slope gradually declined until
it was not different from baseline at 40 to 50 minutes after HFS
Volume 115 Number 11
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(1.22 £ 0.19 relative to baseline; P > 0.25). Because PAF has been
reported to increase functional coupling between NMDA recep-
tors and neuronal nitric oxide production (41), we tested whether
nitric oxide synthase inhibition by L-NAME (100 uM) could pre-
vent beading. This offered no protection compared with treatment
with cPAF alone (Figure 4B), with 57% of L-NAME-treated cells
(Figure 6A, n =7 slices from 3 animals) beading after HFS.

Finally, because HFS-induced dendritic beading appeared to
be calcium and caspase mediated, we tested whether diazoxide,
an agonist of Karp that has been shown to precondition neurons
against a variety of excitotoxic insults (42-44), could protect
against beading. Pretreatment with bath-applied diazoxide (30 uM)
for 40 to 60 minutes prior to HFS in cPAF-exposed slices prevented
dendritic beading (Figure 6A, n = 7 slices from 4 animals; P < 0.01
vs. cPAF alone), and largely preserved LTP. Potentiation of EPSP
slope appeared to be slightly blunted over the first 10 to 20 min-
utes following HFS but strengthened until a 2-fold potentiation
was maintained after 30 minutes (Figure 6B, 2.10 + 0.27 relative to
baseline from 40 to 50 minutes; P < 0.01 vs. baseline and P < 0.05
vs. all cPAF-exposed cells).

Discussion
We have shown that exposure to cPAF increases vulnerabil-

ity to dendritic injury, including beading and spine loss that
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Figure 4

cPAF replaces LTP with dendritic beading in hippocampal slices.
(A) Dendritic beading (arrows) in a cPAF-exposed CA1 pyramidal
neuron 45 minutes after high-frequency Schaffer collateral stimu-
lation (HFS) with no disruption of dendrite or spine morphology in
following HFS in vehicle-treated cells. (B) HFS elicited dendritic
beading in 11 of 19 cells from cPAF-treated slices and in 0 of 13
cells from vehicle-treated slices. *P < 0.001. PAF-R antagonists
BN52021 and CV-3988 reduced dendritic beading to 1 of 10 and
1 of 7 cells, respectively. **P < 0.05 vs. cPAF. (C) The amplitude
and duration of postsynaptic depolarization during HFS is unaffected
by cPAF exposure. (D) Excitatory synaptic transmission is strongly
potentiated following HFS in vehicle-treated slices (2.66 + 0.44—fold
relative to baseline at 40 to 50 minutes, n = 13, P < 0.001). In cPAF-
treated slices, cells that did not develop dendritic beading underwent
a smaller but significant potentiation (1.60 + 0.26 relative to base-
line, n = 8, P < 0.05) while EPSPs in cells whose dendrites did bead
were not potentiated at all (0.84 + 0.12 relative to baseline, n = 11,
P <0.01 vs. vehicle and P < 0.05 vs. cPAF-treated cells without den-
dritic beading). Representative EPSPs from vehicle-treated (upper
right) and beaded cPAF-treated cells (lower right) are averages of
10 consecutive traces recorded at baseline and 50 minutes after
HFS. Scale bars: 20 um.

mimic the dendritic pathology of HAD. This can disrupt syn-
aptic function by promoting calcium- and caspase-dependent
dendritic beading and failure of EPSP enhancement following
excitatory activity that normally induces LTP. These findings
suggest that in the presence of inflammatory mediators, physi-
ologic synaptic activity has the potential to trigger dendritic
injury and synaptic dysfunction. Thus, there may be an activity-
dependent component to neuronal injury in HAD and perhaps
other neurodegenerative diseases.

The time course and spatial distribution of dendritic bead-
ing in cPAF-exposed hippocampal slices (Figure 5) suggests a
different type of injury than that elicited by bath-applied KCI
(Figure 3) or by glutamate receptor agonists in previous studies
(14, 15, 17). KCl and bath-applied agonists trigger beading that
develops rapidly, affects nearly the entire dendritic arbor, and
begins to recover soon after stimulus washout. Rapid, reversible
beading has been shown to primarily reflect dendritic swelling
driven by large Na* and CI- influxes and independent of calcium
entry (14, 15). Consistent with this, we show that NPPB, a Cl-
channel blocker that inhibits volume-sensitive currents crucial
for reducing neuronal swelling (40), prevents rapid recovery of
KCl-induced beading. In contrast, beading following high-fre-
quency Schaffer collateral stimulation appears to reflect local
excitotoxic injury in the dendrites; it is delayed, long-lasting,
dependent on postsynaptic calcium and caspase activity, and
disrupts discrete dendritic regions while leaving the majority of
the arbor intact. We did not see acute dendritic swelling follow-
ing HFS; though bicuculline in the bath during EPSP recording
experiments could have attenuated acute swelling by reducing
Cl- influx (14), similar results were seen in slices stimulated
without bicuculline (data not shown).

It is likely that activation of a small subset of synapses by
Schaffer collateral stimulation, compared with widespread
activation by bath-applied stimuli, limits ion influxes and thus
avoids acute volume overload in the dendrites. This may have
important functional implications. Rapid Na*, Cl--dependent
swelling has been proposed to protect neurons from high levels
Volume 115 3189
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of extracellular glutamate during acute insults such as trauma
and ischemia; by transiently disrupting postsynaptic glutamate
signaling, dendritic swelling may attenuate calcium-mediated
excitotoxicity (17). In neuroinflammatory diseases such as HAD,
on the other hand, our data suggest that dendrites may become
vulnerable to localized excitotoxic damage in neighborhoods of
elevated synaptic activity, which may impair function in a rela-
tively synapse-specific manner.

Furthermore, we show that activity-dependent dendritic injury
shares overlapping mechanisms with activity-dependent plastic-
ity and suggest that interventions that prevent excitotoxic injury
at the expense of LTP likely have limited utility in treatment
of chronic neurodegenerative disease. Blockade of postsynaptic
calcium signaling prevented dendritic beading following HFS,
but because calcium is crucial for long-term plasticity (45),
this did not improve synaptic function in cPAF-exposed slices
(Figure 6). Likewise, caspase activity has been shown to be
required for hippocampal LTP (46), and its inhibition prevent-
ed beading but failed to restore LTP. PAF-R antagonism, which
inhibits LTP in some in vitro models but not in others (28, 29,
47), can impair hippocampal learning in vivo (31) and resulted
in diminished LTP in our experiments; it thus may face similar
limitations as a therapeutic strategy.

In contrast, pretreatment with diazoxide prevented dendritic
beading while preserving LTP in cPAF-exposed slices (Figure 6).
Diazoxide can precondition against insults including ischemia

Figure 6

Chemical preconditioning prevents calcium- and caspase-dependent
beading and restores LTP. (A) Rates of dendritic beading and (B)
EPSP potentiation following high-frequency Schaffer collateral stimu-
lation in hippocampal slices exposed to cPAF. Postsynaptic calcium
chelation by intracellularly applied BAPTA eliminated dendritic beading
as well as synaptic potentiation (n = 6). Postsynaptic inhibition of cas-
pase-3, -6, -7, -9, and -10 by intracellular Ac-DEVD-CHO (DEVD-CHO)
(10 uM) prevented dendritic beading but failed to restore a lasting
potentiation (n = 7) while nitric oxide synthase inhibitor L-NAME had
no effect on rates of dendritic beading compared with cPAF alone
(Figure 4). Pretreatment with the mitochondrial Karp agonist diazoxide
prevented dendritic beading and restored LTP in cPAF-exposed slices
(2.10 = 0.27—fold potentiation at 40 to 50 minutes, n = 7). *P < 0.01 vs.
cPAF alone (Figure 4).
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Figure 5

Activity-dependent dendritic beading is delayed, long lasting, and local.
Dendritic beading in a cPAF-exposed hippocampal slice developed
with a delay after HFS and progressed throughout the recording trial.
In addition, focal swellings were restricted to discrete regions along the
dendrite with no apparent disruption of dendrite and spine morphology
in intervening areas. Scale bars: 20 um.

and glutamate excitotoxicity (42-44) via mechanisms that
include acute and delayed effects on mitochondrial calcium
uptake, reactive oxygen species production, cytochrome c release,
and prosurvival gene expression (43, 44, 48) and has long-term
protective effects in a model of chronic cerebral hypoperfusion
(49). Diazoxide’s actions need further study, but these results
nevertheless raise the possibility that chemical preconditioning
may be an effective strategy for improving synaptic function
during chronic neuroinflammation.

Currently, use of antagonists such as memantine to inhibit exces-
sive NMDA receptor activation (50) is the best-studied strategy to
prevent excitotoxicity while preserving synaptic function in chron-
ic neurodegenerative disease (51). Preconditioning may represent
an alternate or complementary strategy that could be especially
valuable if, as our results suggest, similar patterns of NMDA recep-
tor activation can trigger either LTP or dendritic injury, depending
on the presence of inflammatory mediators.

Thus, our results demonstrate the utility of investigating
dendritic beading as a potential harbinger of failure of synaptic
transmission during inflammatory neurodegenerative disease.
Further investigation is necessary to validate whether neuropro-
tective agents that can preserve synaptic plasticity compromised
during dendritic beading may improve neurologic disease asso-
ciated with this type of injury.
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Methods

Golgi staining and immunohistochemistry. We studied paraformaldehyde-
fixed postmortem tissue obtained from HIV-1 seropositive patients who
had undergone comprehensive neuropsychological testing as previously
described (52). We compared tissue from the midfrontal cortex of patients
with no neuropsychological impairment (n = 5, postmortem interval 8 + 3
hours) and from patients with HAD (n = 5, postmortem interval 9 + 2
hours). Tissue blocks were trimmed to 2 mm?3, silver-impregnated with the
rapid Golgi method, and sectioned at 100 um as previously described (7).
For immunohistochemical analysis, we incubated 40-um vibratome sec-
tions overnight with antibodies against PAF-R (1:250; Cayman Chemical
Co.), detecting them with horseradish peroxidase and the Tyramide Signal
Amplification-Direct (Red) system (PerkinElmer) or diaminobenzidine,
followed in some studies by antibodies against MAP2 (1:100; Chemicon
International) detected with FITC-conjugated horse anti-mouse IgG
(1:75; Vector Laboratories). To control for nonspecific binding, we incu-
bated PAF-R antibody overnight with a PAF-R-derived blocking peptide
(1:20; Cayman Chemical Co.) prior to incubation with tissue sections. We
analyzed slide-mounted sections with laser scanning confocal microscopy
(MRC1024, Bio-Rad Laboratories). All sections were processed simultane-
ously, and experiments were repeated to assess reproducibility. Studies in
patients were conducted according to the Helsinki declaration and with
approval from the University of California San Diego Human Subjects
Review Board. All patients provided informed consent prior to inclusion
in the study and were identified by number, not name.

Primary hippocampal cultures and dendrite imaging. We prepared dis-
sociated hippocampal cultures from embryonic (E18) rats as previ-
ously described (53), plated on coverslips coated with poly-p-lysine and
mouse laminin (reagents from Sigma-Aldrich unless otherwise noted) in
Neurobasal plus B-27 media (Gibco; Invitrogen Corp.). After 1 week, 53 mM
NaCl was added (to match solutions for physiological experiments), and
antioxidants were removed from the media. Experiments were repeated
using cultures from multiple dissections. Care and use of animals in these
experiments was approved by the University of Rochester Committee on
Animal Resources and was compliant with NIH policies as well as New
York state and federal statutes.

At 20-24 days in vitro, we transfected neurons with EYFP (BD Biosci-
ences — Clontech) or mRFP-1 (kind gift of Roger Tsien, University of
California San Diego, La Jolla, California, USA) vectors driven by CMV
promoter in a 1:2 ratio with Lipofectamine 2000 (Invitrogen Corp.). We
captured serial fluorescence images of individual, live neurons (23-30
days in vitro) before and after exposure to 130 nM cPAF (BIOMOL) and/or
synaptic stimulation by KCl. For 60-hour exposure experiments,a 10 mM
stock solution of cPAF (in EtOH) or vehicle was diluted into culture
media. We measured neuronal survival by Hoechst nuclear staining and
propidium iodide exclusion.

For acute KCl stimulation experiments, we perfused coverslips in a cus-
tom-made chamber (200 ul) with bath solution (139.5 mM NaCl, 2.5 mM
KCl, 2 mM CaCl, 1 mM MgCl,, 24 mM glucose, 5 mM HEPES, 0.01 mM
glycine, pH 7.3) at 1 ml/min and exposed cultures to vehicle or cPAF for
20-90 minutes prior to stimulation. We locally applied KCI (90 mM) over
the entire dendritic arbor of EYFP- or mRFP-expressing neurons in 3 1- or
S-second pulses (10 seconds apart) using an 8-channel drug delivery sys-
tem (ALA Scientific Instruments). In some experiments we added BN52021
(BIOMOL) or CNQX and AP-S.

Imaging and LTP in acute hippocampal slices. We removed brains from 17- to
30-day-old male Sprague-Dawley rats anesthetized with ketamine (180 ug/g),
submerged them in ice-cold solution (125 mM NaCl, S mM KCl, 1.25 mM
NaH,POy4, 28 mM NaHCOj3, 0.5 mM CaCl,, 4 mM MgCl,, 25 mM bp-glu-
cose, 1 mM kynurenic acid, bubbled with 95% O,/5% CO,), and cut 250-um
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coronal slices using a vibroslice. Slices recovered in artificial cerebrospi-
nal fluid (aCSF) (125 mM NaCl, 2.5 mM KCl, 1.25 mM NaH,POy, 25 mM
NaHCO3, 2 mM CaCl,, 1 mM MgCl,, 25 mM D-glucose, bubbled with 95%
0,/5% CO,) for more than 90 minutes prior to experiments.

We transferred slices to a custom-made recording chamber perfused
(1 ml/min) with aCSF containing 1 uM cPAF or vehicle. We recorded
membrane potentials from CA1 pyramidal neurons via whole-cell patch
clamp, using 4-6 MQ electrodes (filled with 20 mM KCI, 130 mM potas-
sium gluconate, 0.5 mM EGTA, 10 mM HEPES, 2 mM MgS04, 2.5 mM
ATP,0.5 mM GTP, pH 7.3) and a Multiclamp 700A amplifier with pClamp
9 software (Axon Instruments). We stimulated afferents by constant
current pulses (200 us) via a bipolar stimulating electrode 50-200 um
away in the stratum radiatum. We included 10 uM bicuculline in the
aCSF to isolate EPSPs and adjusted stimulating intensity to elicit EPSPs
30% of maximal. After more than 10 minutes of test pulses (every 15 sec-
onds), we gave HFS (3 1-second pulses, 100 Hz trains, 20 seconds apart,
at test-pulse intensity), then resumed test pulses for S0 minutes or more.
In some experiments we included L-NAME, diazoxide (Alexis Biochemi-
cal Corp.), BN52021, or CV-3988 (BIOMOL) in the aCSF throughout
the recording or BAPTA or Ac-DEVD-CHO in the electrode solution. We
used rising EPSP slope instead of peak amplitude as an index of synap-
tic efficacy to avoid complication by action potentials evoked by some
EPSPs after HFS. We also quantified amplitude (maximal sustained
depolarization) and duration (at > 25% maximal amplitude) of depolar-
ization during HFS.

We collected fluorescent images of dendrites from recorded cells before
and after HFS, after allowing 30 uM Alexa Fluor 568 hydrazide (Invitrogen
Corp.) in the recording electrode to fill the cell for more than 20 minutes.
Using an external shutter to limit light exposure, we captured image frames
at multiple focal planes and combined optimally focused portions of these
frames to display a composite image.

Dendrite morphology. For in vitro experiments, we compared pre- and
post-exposure images of the same cells. We considered a neuron beaded if
its dendrites developed any focal swellings during the experiments (10, 14)
though multiple dendrites were typically involved. We determined chang-
es in spine number by counting spines on the same dendrites before and
after treatment.

Statistics. We analyzed differences in frequencies of dendritic beading by
%2 test and changes in dendritic spine number by paired 2-tailed Student’s ¢
test. We pooled EPSP slope data over 10-minute intervals and used 2-tailed
Student’s ¢ tests to compare between groups or time points. The signifi-

cance level for all tests was set at P < 0.0S5.
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