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anti-TNIFR1 1:250 (Santa Cruz Biotechnology), goat anti-TNIR2
1:250 (Santa Cruz Biotechnology), mouse anti-NaKATPase
1:10,000 (Abcam), and mouse anti-GAPDH 1:10,000 (Abcam).
Primary antibodies were tagged with an appropriate horseradish
peroxidase-conjugated secondary antibody, diluted in 5% non-fat
milk at 1:10,000, and detected using the ECL-plus Western kit
(GE Healthcare). Protein levels were quantified using a Storm 860
molecular imager.

Immunohistochemistry

Some hippocampal slices processed for electrophysiologic
recordings were subsequently used for immunohistochemical
labeling of microglia (with Iba-1) and astrocytes (with GFAP).
Slices were fixed in 4% paraformaldehyde overnight, preserved in
sucrose buffer, and further cut to 50 mM thickness using a freezing
microtome. Sections were mounted on gelatin-coated slides and
baked in an oven at 37UC for one week. Slices were rehydrated
through a series of ethanol washes to water before heat-induced
antigen retrieval (Diva Decloaking solution from Biocare Medical)
was performed.

For Iba-1 labeling, slide-mounted sections were first blocked for
1 hr at room temperature with phosphate buffer saline (PBS)
containing 10% donkey serum and then incubated overnight at
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4uC with primary antibody, 1:500 rabbit anti-Iba-1 (Wako) in
PBS. Slides were washed three times with PBS and incubated for
2 h at room temperature with the secondary antibody, Alexa Fluor
594 1:500 donkey anti-rabbit (Jackson Immunoresearch Labora-
tories, Inc) diluted in blocking buffer. After rinsing three times with
PBS, sections were dehydrated, via a series of ethanol washes,
rinsed in 100% xylene and coverslipped with Prolong gold ant-
fading mounting reagent (Invitrogen). Cell fluorescence was
imaged with an inverted epifluorescence confocal microscope
(DMIRE-2, Leica).

For GFAP labeling, slide-mounted sections were first blocked
for 1 h at room temperature with Tris buffered saline (TBS)
containing 15% horse serum and then incubated overnight at 4uC
with primary antibody, 1:50 mouse monoclonal anti-GFAP (Cell
Signaling Technology Inc) in TBS. Slides were washed three times
with TBS and incubated for 2 h at room temperature with the
secondary antibody, 1:200 biotinylated horse anti-mouse (Vector
Laboratories, Inc) diluted in TBS. Sections were rinsed three times
with TBS and then incubated in ABC reagent (Vectastain ABC
Standard Kit, Vector Laboratories, Inc) for 1 h before being
developed with Nova Red, and then finally dehydrated, washed in
100% xylene, and coverslipped with mounting medium (Richard-
Allen Scientific). Sections were imaged with a Nikon Eclipse E800.

Figure 2. XPro1595 alters Iba-1 levels. XPro1595 (0.08 mg/kg/day) was administered to the hippocampus over a six week period using Alzet
osmotic pumps. Immunolabeling revealed a reduction in inflammatory phenotype in microglia (4, Iba-1) and, to a lesser extent, in astrocytes (D,
GFAP) of XPro1595 treated aged rats. CA1=CA1 stratum pyramidaleRepresentative Western blots and mean 6 SEM protein levels are for Iba-1 (B
and g and GFAP (Eand A in hippocampal fractions of vehicle and XPro1595-treated rats. b-actin and GAPDH served as loading controls for Iba-1 and
GFAP, respectively. Results revealed a marked, significant reduction in Iba-1 protein levels (* p<<0.05) and a smaller, nonsignificant reduction in GFAP

levels in the XPro1595 group (p=0.45).
doi:10.1371/journal.pone.0038170.g002
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Statistics

Student’s t-test, with significance set at p<<0.05, was used to
analyze Western blot protein levels, and cell-attached patch
“zipper” L-VSCC current density. Repeated-measures analysis of
variance (rm-ANOVA), with significance set at p<<0.05, was used
to analyze spatial learning in the Morris Water Maze, and the
extent of synaptic depression following the delivery of 1 Hz
stimulation. Z-test, with significance set at p<<0.05, was used to
analyze the 3-parameter sigmoidal functions that were fit to the
fiber excitability and synaptic strength curves.

Results

Increased TNFR1/TNFR2 ratio during aging

TNF levels increase in the hippocampus during aging [2,3,4],
but little is known about the relative expression levels of TNFRs,
which play fundamental roles in determining the physiologic
outcome of elevated TNF [29]. To investigate TNIR levels,
hippocampal membrane fractions were prepared from six young
(6 month) and ten aged (22 month) male rats for Western blot
analysis of TNFR1 and TNFR2 (Figure 1A and 1B). The results
revealed a dramatic and significant drop (~70%) in membrane
TNFR2 levels in aged rats (p<<0.05), while TNFR1 levels were
relatively unaffected by age (p=0.67). Accordingly, the ratio of
TNFR1 to total TNFR exhibited a significant increase in the aged
group suggesting that overall TNFR availability in aged rat
hippocampus favors TNFR1 signaling.

XPro1595 reduces signs of microglial activation in aged
rats

To determine the extent to which TNF/TNFR1 signaling
contributes to key brain aging biomarkers, we next treated aged
rats with the novel biologic XPro1595, manufactured by Xencor.
XProl595 specifically targets and inactivates soluble TNF
(solTNF) trimers, but does not disrupt the function of transmem-
brane TNF (tmTNF) [15,16]. As TNFR1 exhibits high affinity to
solI'NF, whereas TNFR2 shows greater affinity for tmTNF
[17,30], XProl1595 essentially acts as a selective inhibitor of
TNFR1 signaling [1,15,16]. XPro1595 was infused bilaterally into
the hippocampus of aged rats for six weeks using Alzet osmotic
pumps. Drug concentration and delivery rate (0.08 mg/kg/day)
was based on published work showing efficacy of a similar Xencor
construct in an intact rat model of Parkinson’s disease [19] and our
pilot studies.

In models of Parkinson’s disease, XProl595 (or similar
constructs) strongly suppressed signs of neuroinflammation,
including the activation of microglia [19]. To determine the
extent to which TNF/TNFR1 signaling drives neuroinflammation
during normal aging, we labeled hippocampal sections prepared
from vehicle- and XPro1595-treated (n =10, n= 10, respectively)
rats for the presence of Iba-1 (marker for microglial activation) or
GFAP (marker for astrocyte activation). Western blots were also
used to quantitatively assess levels of these proteins in hippocampal
homogenates. As shown in Figure 2A, Iba-1-labeled microglia
appeared less ramified in the hippocampus of XProl595-treated
rats. Consistent with this observation, XPro1595 treatment was
associated with a significant reduction ($<<0.05) in hippocampal
Ibal-protein levels as determined by Western Blot (Figure 2B, 2C).
A similar trend was observed for GFAP (Figure 2D-2F), though
differences between vehicle- and XProl595-treated rats in
Western analyses did not reach statistical significance (p= 0.45).
Thus, similar to that shown in Parkinson’s disease models,
XProl595 also appears to exert anti-neuroinflammatory actions
during aging.
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XPro1595 accelerates behavioral acquisition, reduces
age-related susceptibility to long-term depression, and
increases expression of GIUR1 protein

Elevated levels of pro-inflammatory cytokines, including TNF,
have been suggested to negatively impact cognition and synaptic
plasticity in aging and age-related neurodegenerative disease
[6,10,31,32,33]. To investigate the extent to which TNF blockade
via hippocampal XPro1595 infusion (0.08 mg/kg/day) influences
cognitive status during aging, drug- and vehicle-treated (n=11,
n =13, respectively) rats were trained on the spatial version of the
Morris Water Maze. As shown in Figure 3A, both groups of
animals learned the task by block six ($<<0.01). However, rats
treated for six weeks with XPro1595 exhibited significantly faster
acquisition rates (p<<0.05) than the wvehicle treated group,
suggesting that blockade of solTNF signaling improves learning
during aging.

Behavioral deficits in aged rats are associated with changes in
synaptic strength [34] and susceptibility to induction of long-term
depression (L'TD) [35]. To determine if TNF/TNFR1 signaling
modulates synaptic strength parameters and LTD, XProl1595
(n=10) or vehicle (n=8) was delivered intraventricularly to aged
rats continuously (0.08 mg/kg/day) across a four week period
using micro-osmotic pumps. Field potentials in CAl stratum
radiatum of CAl were recorded in response to electrical stimulation
of CA3 Schaffer collaterals as described previously [36,37]. For
each slice, an input/output curve was constructed from nine
stimulus intensity levels. Fiber excitability (z.e. FV amplitude vs.
stimulus intensity, not shown) and synaptic strength (i.e. EPSP
slope amplitude vs I'V amplitude, Figure 3B) data were fitted with
a three-parameter sigmoidal function and compared across groups
as described [38]. Results indicated no difference in slope or half-
maximal amplitude in the synaptic strength curve, but XPro1595-
treated rats did show a slight increase in the maximal EPSP
amplitude (Figure 3B; 2=2.17), in the absence of a significant
effect on FV amplitude (not shown). In addition to synaptic
strength, measures of paired pulse-facilitation (PPF) were also
relatively insensitive to XProl595 (Figure 3C), suggesting that
TNF signaling does not appreciably alter excitation-neurotrans-
mitter release coupling in aged rats.

LTD was induced in CAl using low frequency stimulation
(1 Hz, 900 pulses) and data were analyzed using two-way repeated
measures ANOVA (Figure 3D and 3E). EPSP slope magnitudes
measured 60 min after 1 Hz trains were significantly reduced
relative to baseline in the vehicle treated aged group ($<<0.05),
similar to previous findings [35,36,39,40]. Alternatively, slices
from XProl595 treated animals showed nearly no depression
(about 3%) 60 min after 1 Hz stimulation, suggesting that TNF/
TNFRI1 signaling is permissive for LTD induction during aging.

In addition to functional synaptic measures, we also used
Western blot to assess glutamate receptor protein levels in
membrane fractions from vehicle and XProl395-treated rats.
Protein markers included the AMPA receptor subunits GluR1 and
GluR2, and the NMDA receptor subunits NR1, NR2A, and
NR2B (Figure 4A). Nearly all of the glutamate receptor subunits
investigated were Insensitive to blockade of TNF/TNFRI
signaling (Figure 4A and 4B). The exception was GluR1, which
showed strikingly higher membrane levels in XProl595-treated
aged rats (~71% increase, p<<0.05).

XPro1595 reduces L-VSCC activity in aged rats
Age-related alterations in short and long-lasting forms of

synaptic plasticity appear to be strongly linked to the activity of

L-VSCCs [37,41], which is increased in CAl pyramidal neurons
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