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Long-Term Potentiation Is Impaired in Middle-Aged
Rats: Regional Specificity and Reversal by Adenosine
Receptor Antagonists
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Memory loss in humans begins early in adult life and progresses thereafter. It is not known whether these losses reflect the failure of
cellular processes that encode memory or disturbances in events that retrieve it. Here, we report that impairments in hippocampal
long-term potentiation (LTP), a form of synaptic plasticity associated with memory, are present by middle age in rats but only in select
portions of pyramidal cell dendritic trees. Specifically, LTP induced with theta-burst stimulation in basal dendrites of hippocampal field
CA1decayed rapidly in slices prepared from 7- to 10-month-old rats but not in slices from young adults. There were no evident age-related
differences in LTP in the apical dendrites. Both the adenosine A, receptor antagonist 8-cyclopentyl-1,3-dipropylxanthine and a positive
AMPA receptor modulator (ampakine) offset age-related LTP deficits. Adenosine produced greater depression of synaptic responses in
middle-aged versus young adult slices and in basal versus apical dendrites. These results were not associated with variations in A,
receptor densities and may instead reflect regional and age-related differences in adenosine clearance. Pertinent to this, briefapplications
of A, receptor antagonists immediately after theta stimulation fully restored LTP in middle-aged rats. We hypothesize that the build-up
of extracellular adenosine during theta activity persists into the postinduction period in the basal dendrites of middle-aged slices and
thereby activates the A, receptor-dependent LTP reversal effect. Regardless of the underlying mechanism, the present results provide a
candidate explanation for memory losses during normal aging and indicate that, with regard to plasticity, different segments of pyrami-

dal neurons age at different rates.
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Introduction

Memory losses in humans are not restricted to old age but instead
begin to emerge much earlier in life. One recent study found
progressively greater impairments across subjects from 30 to 90
years of age (Davis etal., 2003), whereas another reported a steady
decrease across multiple measures of memory in healthy adults
from age 20 forward (Park et al., 2003). Declines in memory from
young adulthood to middle age have also been described previ-
ously for rats (Deupree et al., 1993; Granger et al., 1996; Oler and
Markus, 1998; Ward et al., 1999; Meneses et al., 2004) and mon-
keys (Herndon et al., 1997; Sloane et al., 1997), suggesting that
this effect could be a general feature of mammalian brain. These
observations raise the question of whether long-term potentia-
tion (LTP), a form of synaptic plasticity widely regarded as a
substrate of memory encoding, also begins to deteriorate rela-
tively early in adult life.
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Several studies describe deficits in LTP in aged (~2 years)
rodents (Barnes, 1979; Barnes and McNaughton, 1985; Deupree
et al., 1993; Shankar et al., 1998). Other work indicates that this
does not hold across all conditions (Diana et al., 1994; Norris et
al., 1996) and that the presence and magnitude of deficits de-
pends on the stimulation patterns used to induce potentiation
(Moore et al., 1993; Lanahan et al., 1997; Watabe and O’Dell,
2003) and whether the animals were deficient in learning (Tom-
baugh et al., 2002). There appear to be no reports of impaired
LTP in middle-aged rodents. This could indicate that such defi-
cits are not present and that middle-age memory impairments
are attributable to factors other than a loss of synaptic plasticity.
However, the search for age-related changes in LTP has focused on
the dentate gyrus and CA1 stratum (str.) radiatum; it is not known
whether results from these areas can be generalized to other regions
of forebrain or even to other subfields of hippocampus.

Possibly relevant to this, there are clear differences between
hippocampal subregions with regard to properties of LTP. Poten-
tiation is more easily induced and greater in magnitude in the
basal dendrites (stratum oriens) compared with the apical den-
drites (stratum radiatum) of field CA1 (Capocchi et al., 1992;
Kaibara and Leung, 1993; Arai et al., 1994; Roth and Leung, 1995;
Leung and Shen, 1999; Kramar and Lynch, 2003). These within-
cell variations appear to be caused by reduced feedforward IPSPs
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during theta-burst responses and smaller burst afterhypolariza-
tions in the stratum oriens (Arai et al., 1994). The latter effect has
been traced to apical/basal differences in potassium channels
(Sah and Bekkers, 1996). More recent work has uncovered differ-
ences in LTP stabilization between the two dendritic domains:
apical dendritic potentiation becomes resistant to reversal within
15-30 min after induction (Barrionuevo et al., 1980; Arai et al.,
1990a,b), whereas basal dendritic LTP remains vulnerable for >1
h (Kramar and Lynch, 2003).

The present studies tested whether apical/basal differences ex-
tend to the effects of aging on LTP. We report here that potenti-
ation is indeed significantly impaired in the stratum oriens, but
not stratum radiatum, in middle-aged rats and that this deficit is
associated with age effects on adenosine processing.

Materials and Methods

Hippocampal slices and subfield dissections. Young (1-2 months of age) or
middle-aged (7-10 months of age) adult male Sprague Dawley rats
(Charles River Laboratories, Wilmington, MA) were anesthetized with
halothane and decapitated following protocols approved by the Univer-
sity of California Institutional Animal Care and Use Committee. Brains
were quickly removed and placed in ice-cold oxygenated dissection me-
dium containing the following (in mwm): 124 NaCl, 3 KCl, 1.25 KH,PO,,
5 MgSO,, 26 NaHCO;, 3.4 CaCl,, and 10 dextrose. Unless otherwise
noted, chemicals were purchased from Sigma (St. Louis, MO). Trans-
verse hippocampal slices (350 wm thick) were cut through the middle
third of the septotemporal arc of the hippocampus using a vibrating
tissue slicer (VT1000; Leica, Nussloch, Germany). Slices used for electro-
physiological recording were placed in an interface recording chamber
maintained at 30 = 1.0°C and humidified with 95% O,/5% CO,. Oxy-
genated artificial CSF (aCSF) containing (in mm) 124 NaCl, 3 KCI, 1.25
KH,PO,, 2.5 MgSO,, 26 NaHCOj, 3.4 CaCl,, and 10 dextrose was in-
fused ata rate of 60—70 ml/h. Slices were allowed at least 1 h to equilibrate
to the chamber environment before testing. When performing subfield
dissections, five slices were kept at 32°C in dissection medium (<15 min)
before being placed on an agarose block under a dissecting microscope,
where the CA1 region was isolated using a scalpel. The stratum oriens and
str. radiatum were then isolated, and laminar samples from each rat were
pooled and stored at —80°C for later Western blot analysis.
Electrophysiology. To assess field EPSPs (fEPSPs) in the apical and basal
dendritic fields of the CA1 pyramidal cells (i.e., the strata radiatum and
oriens, respectively), orthodromic stimulation (twisted nichrome wires,
65 wm) was delivered to the Schaffer collateral/commissural afferents in
CAla or CAlc (str. radiatum or oriens), and responses were recorded
within the same lamellas of CA1b using a single glass pipette (electrode
resistance, 5 M{}) filled with 2 M NaCl. Recording electrodes for the str.
oriens were situated at the boundary between the str. oriens and the
alveus, whereas those in the str. radiatum were located at an equivalent
distance from the str. pyramidale. Input—output curves were conducted
before LTP induction by raising stimulus duration while maintaining a
constant intensity of 35 nA. Baseline measures (20—30 min) were estab-
lished using single-pulse stimulation delivered at 30 s intervals with cur-
rent intensity adjusted to 50% of the maximum, spike-free fEPSP for the
str. radiatum and 20—40% for the str. oriens. Synaptic potentiation was
induced using theta-burst stimulation (TBS) (Larson and Lynch, 1986;
Larson et al., 1986) consisting of 10 bursts of four 100 Hz pulses, with
each burst separated by 200 ms. The duration of stimulation pulses to the
str. oriens, but not the str. radiatum, was increased by 20—40% during
the TBS period. fEPSP slope (measured at 20—80% fall of the slope) and
amplitude were measured from digitized EPSPs (NacGather 2.0; Theta
Burst, Irvine, CA) and normalized to the 10 min baseline or drug infu-
sion period directly preceding manipulation (i.e., TBS, drug infusion).
All measures are reported and illustrated as mean = SEM. Responses to
individual theta bursts were recorded and analyzed as the burst area
below baseline level. The sizes of responses (composite area) to bursts
2-10 are presented as a percentage change from the area of the initial
burst. The area of the initial burst response is presented as a percentage
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change from the averaged areas of fEPSPs recorded during the 5 min
period preceding TBS.

Drug application. Unless otherwise indicated, drugs were introduced
to the bath via a second perfusion line of silicon tubing. Perfusion flow
was induced by gravity and controlled by an intravenous regulator.
Adenosine (EMD Biosciences, San Diego, CA), the adenosine A, recep-
tor (A,R) antagonist 8-cyclopentyl-1,3-dipropylxanthine (DPCPX; Toc-
ris Cookson, Ellisville, MO), or the positive AMPA receptor modulator
CX614 (Cortex Pharmaceuticals, Irvine, CA) was delivered to the record-
ing chamber after a stable aCSF baseline was obtained (or, in cases in
which multiple drugs were applied, after a stable drug infusion baseline
was obtained). Drug stocks were prepared with 100% dimethylsulfoxide
(DMSO) and stored at 4°C. Immediately preceding each experiment,
drugs were diluted to their final working concentrations in aCSF con-
taining =0.005% DMSO. The DPCPX experiments shown in Figure 6
used a drug-filled glass micropipette (tip diameter, ~25 um) lowered
into the bath solution upstream from the recording slice. The micropi-
pette was attached to a 10 ml syringe, and flow (0.2 ml/min) was con-
trolled by a motorized injection pump (Sage Instruments, Freedom, CA).
The concentration of DPCPX in the micropipette was 2.5 um. This con-
centration is approximately five times higher than the final desired con-
centration, to compensate for dilution of the drug solution after entering
the slice chamber.

Immunohistochemistry. Male Sprague Dawley rats were anesthetized
with sodium pentobarbital and intracardially perfused with 4% parafor-
maldehyde in 0.1 M phosphate buffer (PB), pH 7.2. The brain was re-
moved, postfixed at 4°C for 3-5 h, cryoprotected in 20% sucrose in PB for
48 h (4°C), and sectioned at 30 um on a freezing microtome; sections
were cut on the same plane and through the same region as those for
slices used for electrophysiological analyses. The tissue was pretreated
with 2 ug/ml proteinase K (37°C; 10 min) in 10 mm Tris-HCI containing
1 mMm EDTA, rinsed through several changes of 0.1 M Tris-buffered saline
(tbs), and processed for immunohistochemical localization of A aden-
osine receptor using affinity-purified polyclonal antisera (#A-268;
Sigma), the Vectastain Elite ABC kit from Vector Laboratories (Burlin-
game, CA), and 3,3’-diaminobenzidine (DAB) as chromagen. The pri-
mary antisera were used at 1:1000 dilution in tbs (containing 1.5% bo-
vine serum albumin and 0.1% Triton X-100) and incubated overnight at
room temperature. The DAB reaction mixture included 0.035% CoCl,,
0.02% nickel ammonium sulfate, and 0.6% H,O, in PB. After the DAB
reaction, the tissue was mounted onto Superfrost microscope slides
(Fisher Scientific, Pittsburgh, PA) and coverslipped with Permount
(Fisher Scientific).

Immunoblotting. Laminar tissue samples were homogenized in radio-
immunoprecipitation assay buffer containing 10 mm Tris, pH 7.2, 158
mMm NaCl, 1 mm EDTA, 0.1% SDS, 1% sodium deoxycholate, 1% Triton
X-100, 1X Complete Protease Inhibitor Cocktail (Roche Diagnostics,
Mannheim, Germany), and Phosphatase Inhibitor Cocktails 1 and 2
(P2850 and 5726; Sigma). Sample volumes were adjusted to normalize
protein content as determined by the Bio-Rad (Hercules, CA) protein
assay and separated by 4—12% SDS-PAGE. For Western blot analysis,
proteins were transferred to polyvinylidene difluoride membrane (Am-
ersham Biosciences, Piscataway, NJ) and processed with antisera to aden-
osine A, receptor (#A-268, as above; 1:1500) and to the PDZ [postsyn-
aptic density-95 (PSD-95)/Discs large/zona occludens-1] domain of
PSD-95 (clone K28/86.2; 1:1500; Upstate Biotechnology, Lake Placid,
NY) in tbs containing 5% bovine serum albumin using the ECL Plus
system (Amersham Biosciences) as described previously (Kramar et al.,
2003). Immunoreactivity was quantified by densitometric analysis of
film using the Analytical Imaging Station of Imaging Research (St. Ca-
tharines, Ontario, Canada).

Results

Region-specific impairments in LTP in the hippocampus of
middle-aged rats

Responses elicited by single-pulse stimulation of the Schaffer col-
lateral/commissural projections to the apical and basal dendrites
of field CA1 in hippocampal slices from young (1-2 months of
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age) and middle-aged (7-10 months of
age) rats revealed no evident age differ-
ences in the waveforms of the field EPSPs
and mean values for slopes, amplitudes,
and half-widths. An examination of in-
put—output curves, shown in Figure 1, A
and B, found that the mean amplitudes of
field EPSPs in young adult versus middle-
aged slices were comparable across a range
of stimulation pulse durations in both api-
cal (two-way repeated-measures ANOVA;
p > 0.6) and basal (p > 0.6) dendrites.
Paired-pulse facilitation (Fig. 1C) was not
detectably different in either str. oriens
(two-tailed t test; p > 0.2 at 10, 50, and 100
ms pulse intervals) or str. radiatum (p >
0.3 at all pulse intervals) between the two
age groups. Baseline responses recorded
with whole-cell clamp (Kramér et al.,
2004) also appeared comparable with re-
gard to rise times, decay time constants,
and amplitudes of the EPSCs (data not
shown). Whole-cell recording also indi-
cated that the afterhyperpolarizations
(AHPs) that follow a theta burst, and have
been linked to the magnitude of LTP (Arai
and Lynch, 1992), were well developed in
middle-aged slices and comparable with
those found in young adults. Figure 1D
shows typical clamp records from cases in
which a single theta burst was delivered to
the Schaffer-commissural projections in
the CAl basal dendrites in slices from
9-month-old rats to elicit an AHP. Analy-
sis of group data (Fig. 1 E) did not uncover
evidence for reliable age-related differ-
ences in AHP amplitudes; differences in
mean values for young adult versus
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Figure1.  Young adult and middle-aged Schaffer-commissural responses are comparable by several measures. 4, Traces from

representative input— output experiments comparing fEPSP responses within the stratum radiatum (SR) and stratum oriens (S0)
between slices of 2- and 8-month-old rats. Calibration: 0.5 mV, 10 ms. B, Input— output curves for the apical (SR) and basal (50)
branches of the Schaffer-commissural projections in young adult and middle-aged slices. The shape of the curves differs for apical
versus basal locations, but there are no evident age-related differences. C, Paired-pulse facilitation recorded from SRand SO at 10,
50, and 100 ms pulse intervals showed no differences between slices from young adult and middle-aged rats. D, Representative
whole-cell clamp recordings from slices of 9-month-old rats. Stimulation of Schaffer-commissural axons in the stratum oriens
2.5mV,0.55s. E, Comparison of mean (left) AHP amplitudes, measured from EPSCs of young adult and middle-aged slices, reveals
no significant age-related differences ( p > 0.2; two-tailed t test). Median scores (right) are nearly identical.

middle-aged cases did not achieve statisti-
cal significance (two-tailed t test; p > 0.2),
and median scores for the two groups were almost identical.
Although all of the physiological measures described above
were found to be similar in the young adult and middle-aged
groups, striking differences were observed in the stability of LTP
in the basal dendrites. TBS caused an immediate and equivalent
increase in fEPSP slope in the basal dendritic field of young adult
(1 min after TBS, 153 * 13% increase over baseline) and middle-
aged (1 min after TBS, 165 * 13%) slices (Fig. 2A). Potentiation
in the str. oriens of slices from young adults decayed steadily for
~15 min and stabilized at a level that was 81 = 11% above base-
line; this increment in response size was maintained for the re-
mainder of the recording period. Figure 2B summarizes data
from four experiments in which responses were followed for 60
min after TBS; as shown, potentiation for this subgroup re-
mained >75% above baseline. LTP in the middle-aged slices,
although equivalent through the first 10 min after induction,
decayed steadily after that point, thus, by 30 min, it was 44 = 10%
above baseline (Fig. 2A), a value that was substantially less than
that in the young adult group (80 * 11% above baseline; p <
0.05; two-tailed ¢ test). The disparity between age groups in-
creased at later time points (Fig. 2 B), because potentiation per-
sisted in young adults but continued to decline in the older ani-
mals (60 min after TBS, +76 = 13 vs +23 = 18%; p < 0.01;

two-way repeated-measures ANOVA for minutes 50—60). Even
when a more robust induction paradigm was used (i.e., stimulus
duration doubled during the TBS train), middle-aged slices still
exhibited LTP deficits at 30 and 60 min after TBS that were equiv-
alent to those reported above (data not shown).

Analysis of responses to TBS trains has proven to be an effec-
tive tool for uncovering factors that could be responsible for
modifications in LTP (Kramar et al., 2004) and was used for this
purpose in the present experiments. There were no obvious age
differences in the shape of the burst responses in the str. oriens
(Fig. 2C). Marked changes in the degree to which burst responses
facilitate within a theta train can affect the size and stability of
LTP. We tested for differences in within-train facilitation by ex-
pressing the composite areas of burst responses 2—10, respec-
tively, as a fraction of the area of burst response 1. Both age
groups showed within-train facilitation, but this was much more
pronounced for the slices from the younger rats. As shown in
Figure 2D, the second burst response in the young adults was
78 = 10% larger than the first burst response; the equivalent
change for the middle-aged slices was only 43 = 5%. This dra-
matic difference in burst facilitation was maintained throughout
the theta train (two-way repeated-measures ANOVA; p < 0.001).

In marked contrast to the above results, age-related differ-
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Figure 2.  LTP fails to stabilize in basal, but not apical, dendrites from 7- to 10-month-old rats. 4, Plot of group data for the
Schaffer-commissural fEPSP slope within the basal dendritic field of hippocampal slices from young adult (1-2 months of age) and
middle-aged (8 —10 months of age) rats before and after LTP induction. TBS was applied to induce LTP after a 10 min baseline at
the time indicated by an arrow. As shown, middle-aged slices showed no deficits in the magnitude of LTP within the first 10 min
aftera train of 10 theta bursts but deviated from the young adult pattern by continuing to decay thereafter. Inset, Representative
traces recorded from the str. oriens during the baseline recording period and 30 min after TBS (arrow). Calibration: 0.5 mV, 10 ms.
B, Slope of the fEPSP in a subset of young adult and middle-aged slices 60 min after TBS; values indicate that LTP remained stable
in young adult slices but continued to decline in the middle-aged group (**p < 0.01; two-tailed ¢ test). C, Burst responses
recorded during TBS. Averaged responses (from a subset of 4 rats) from burst 1and burst 4 (arrow) are superimposed. Facilitation
from burst 1to burst 4is notably smaller in slices from middle-aged rats compared with young adults. Calibration: 0.5 mV, 10 ms.
D, Comparison of the size of theta-burst responses within a theta train in young adult and middle-aged rats: the plot shows the
mean change in the area of responses 2—10, relative to the first theta-burst response; the middle-aged slices had much smaller
within-train facilitation (average area of bursts 2-10, 43 = 4.7%) compared with slices from young adults (77 = 8.6%). E, Plot
of group data showing the Schaffer collateral/commissural fEPSP slope within the str. radiatum of young adult and middle-aged
slices before and after TBS. As is apparent, the fEPSP slopes in both groups were comparable across the 30 min testing period after
TBS. Inset, Representative fEPSPs recorded from the str. radiatum in slices from young adult and middle-aged rats during the
baseline recording period and 30 min after TBS (arrow). Calibration: 0.5 mV, 10 ms. F, Potentiation in the apical dendrites of young
adult and middle-aged slices was equivalent 60 min after TBS. G, Averaged responses (from a subset of 4 rats) during burst 1and
burst4 (arrow) are overlaid for young adult and middle-aged rats. Note that the middle-aged group exhibited reduced facilitation
in the apical dendrites, as was the case for the basal dendrites. Calibration bars: 0.5 mV, 10 ms. H, Comparison of the size of
theta-burst responses within a TBS train in young and middle-aged rats: the plot shows the mean change in the area of burst
responses 2—10 relative to the size of the first theta-burst response. Slices prepared from middle-aged rats had significantly
smaller within-train facilitation in the apical dendrites than did those from young adults.
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1999; Kramar and Lynch, 2003), is sub-
stantially smaller than LTP within the str.
oriens (Fig. 2, compare A, E).

Comparisons of burst response facilita-
tion in the apical dendrites are described in
Figure 2, G and H. Unexpectedly, facilita-
tion again proved to be substantially de-
pressed in the middle-aged group relative
to the young adults. This result indicates
that aging acts broadly across the CAl re-
gion during the early stages of adulthood
to reduce burst response facilitation in
both apical and basal dendritic fields and
that this depression by itself is not suffi-
cient to substantially affect the magnitude
of LTP in middle-aged slices. It follows
from this second point that there is a con-
siderable range of theta-burst sizes (as seen
in young adult vs middle-aged apical den-
drites) over which the LTP stabilization
process can be triggered. Two questions
then arise: (1) what causes the generalized
depression of theta-burst facilitation in
field CA1 of the older slices, and (2) what is
responsible for the loss of LTP consolida-
tion in the basal dendrites?

Enhancing theta bursts overcomes

impairment to LTP consolidation

Adenosine is released by afferent activity
and depresses synaptic responses, in part
via presynaptic A;Rs (Dunwiddie and
Haas, 1985). Accumulation of the nucleo-
side during theta stimulation could, there-
fore, counteract within-train facilitation of
burst responses. We tested the effects of
blocking A Rs on the impaired facilitation
of burst responses in middle-aged slices
using the potent antagonist DPCPX. Dur-
ing drug infusion, the antagonist increased
the str. oriens fEPSP by 22 * 9% in young
adult slices and by 26 * 7% in the middle-
aged cases. As described in the literature
for apical dendrites (Arai and Lynch, 1992;
Costenla et al., 1999), the increased re-
sponses were accompanied by a decrease
in paired-pulse facilitation (50 ms inter-
val) in both middle-aged (—18 = 6%) and

ences in LTP were not evident in the apical dendrites. As shown in
Figure 2 E, there was a large initial increase in fEPSP slope at 1 min
after induction in young adult (100 = 11% above baseline) and
middle-aged tissue (126 * 13%) that was followed by a decay
period lasting for ~15 min, after which response size reached a
plateau at 55 £ 14% above baseline in the young adult and 57 +
8% in the middle-aged slices. LTP then persisted throughout the
remainder of the 60 min testing period (Fig. 2 F), with no evident
differences between the two groups (two-way repeated-measures
ANOVA; p > 0.3 for minutes 50— 60). Note that the magnitude of
LTP in the apical dendrites is comparable with that typically re-
ported for the region in field potential studies (Arai et al., 1994;
Kramar and Lynch, 2003) and, again in agreement with previous
reports (Capocchi et al., 1992; Arai et al., 1994; Leung and Shen,

young adult (—23 * 8%) slices ( p > 0.4;
two-tailed t test). After drug wash-in, stimulus intensity was re-
duced to reset fEPSP amplitudes back to baseline levels. New
baselines were established after responses reached stable values
and theta bursts were delivered; LTP was measured and expressed
as a percentage of the DPCPX baseline. The drug was present
throughout the remainder of the experiment. Figure 3A summa-
rizes the magnitude of burst facilitation recorded in the presence
of DPCPX from a group of middle-aged slices; for comparison
purposes, the results are shown together with those obtained
from middle-aged slices in the absence of the drug (Fig. 2C). With
DPCPX treatment, the second burst was increased over the first
by 80 = 9% (Fig. 3A), a value comparable with that described
previously for young adults under control conditions. Moreover,
the mean facilitation over burst 1 for bursts 2—10 (80 * 9%) was
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Figure 3.  The adenosine A, antagonist DPCPX and an AMPA receptor-positive modulator

rescue LTP stabilization in middle-aged basal dendrites. The effects of TBS on Schaffer-
commissural fEPSPs within the stratum oriens were evaluated in slices from middle-aged rats
with and without 500 nm DPCPX treatment. A, Comparison of the composite area of burst
responses within a theta train in slices from middle-aged rats with and without DPCPX. The
graph summarizes the mean percentage change in the area of burst responses 2—10 relative to
the size of the first burst response. DPCPX significantly increased theta train facilitation, bring-
ing it into the range of facilitation levels seen in young adult tissue (compare with Fig. 2D). B,
Plot of fEPSP slope before and after TBS (values normalized to the mean response during the last
10 min of the baseline period in the presence of DPCPX). As shown, DPCPX treatment enhanced
the magnitude of LTP in middle-aged slices at all time points. C, DPCPX-treated slices from
middle-aged animals tested for 1h after TBS showed stable potentiation that was significantly
enhanced compared with middle-aged control slices (*p << 0.05; two-tailed t test). D, A positive
modulator of AMPA receptors also enhances LTP in the basal dendrites of middle-aged rats. The
percentage of LTP induced by a single train of theta bursts was measured in the stratum oriens
in the presence and absence of (X614 (20 wm). The graph of fEPSP slopes is expressed as
percentage of the mean baseline response during the 10 min preceding TBS in the presence of
(X614; slices infused with (X614 had greater LTP during the 30 min after TBS. E, The positive
effects of (X614 were maintained throughout the 60 min after TBS. (**p << 0.01 compared with
drug-control values; two-tailed ¢ test).
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also about the same as that obtained for young adults under
control conditions (78 * 10%; two-way repeated-measures
ANOVA; p > 0.8) and was significantly greater than that ob-
tained in the str. oriens for middle-aged slices without DPCPX
treatment (43 = 5%; p < 0.01). Thus, DPCPX appears to fully
reverse age-related losses in within-train facilitation. As de-
scribed previously for apical dendrites (Arai and Lynch, 1992),
young adult rats did not show a significant enhancement of burst
facilitation with A, antagonist treatment (data not shown).

The DPCPX-associated changes in the characteristics of TBS
train responses were accompanied by a substantial increase in the
magnitude of LTP in middle-aged slices. Potentiation in slices
treated with DPCPX decayed for the first 15 min after TBS but
then appeared to stabilize at a value well above that seen in con-
trol (non-DPCPX treated) middle-aged slices (Fig. 3B). The per-
centage of LTP at the time point 30 min after TBS was 85 = 7%
above baseline in the presence of DPCPX, a value that was both
substantially greater than in middle-aged slices without the an-
tagonist present (44 * 10%; p < 0.01; two-tailed ¢ test) and about
the same as that recorded for the young adult slices ( p > 0.4).
Tests in a subgroup of eight middle-aged slices (Fig. 3C) showed
that enhanced LTP persisted for at least 1 h after TBS in the
presence of DPCPX (p < 0.01; two-way repeated-measures
ANOVA for minutes 50—60). Previous studies of apical dendrites
in slices from young adult rats indicate that DPCPX, although it
increases the degree of potentiation elicited by a suboptimal
number of theta bursts, has no effect on the percentage of LTP
induced by a conventional train of 10 bursts (Arai et al., 1990b).
This was confirmed in the present study (mean facilitation for
young adult DPCPX-treated slices; 88 * 16%; p > 0.2; two-way
repeated-measures ANOVA; n = 3). Thus, DPCPX eliminates
much, if notall, of the difference between young and middle-aged
rats, rather than simply amplifying potentiation at both ages.

The results obtained with DPCPX indicate that the basal den-
drites in middle-aged rats are competent with regard to the ex-
pression of LTP but, in the absence of the antagonist, apparently
fail to engage processes that stabilize potentiation. DPCPX could
restore consolidation by (1) increasing the magnitude of the in-
duction event and thereby overcoming the block, (2) reducing
the block itself, or (3) both. To test the plausibility of the first of
these ideas, we used a manipulation unrelated to adenosine that
enhances the magnitude of theta-burst responses. The ampakine
CX614 is one of a family of centrally active, positive modulators
of AMPA-type glutamate receptors (Lynch, 2002) that have been
shown to increase responses to theta bursts (Arai et al., 2004).
Figure 3, D and E, summarizes the results from a set of experi-
ments in which CX614 was applied to slices throughout the base-
line and LTP periods, following a protocol similar to that used for
DPCPX. As shown, LTP in the middle-aged slices, when induced
in the presence of the ampakine, had the same size and stability as
LTP in young adults. These results indicate that simply increasing
the size of theta bursts overcomes whatever factors are responsi-
ble for impaired consolidation in the basal dendrites of middle-
aged slices.

Adenosine does not block theta-burst facilitation but does
prevent consolidation

The results obtained with the A;R antagonist DPCPX suggested
that build-up of adenosine during the theta train depresses either
theta-burst responses or the processes responsible for their facil-
itation during the train. To discriminate between these possibil-
ities, we measured the effects of exogenous adenosine on burst
size and facilitation in the basal dendrites of young adult slices.
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ences the within-train facilitation process
itself but instead depresses individual fEP-
SPs and hence the size of their composite
response to short bursts of afferent
stimulation.

Although adenosine had little effect on
the initial fEPSP potentiation (Fig. 4C)
elicited by theta stimulation (1 min after
TBS, 225 * 8 vs 263 * 10% above baseline
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Figure 5.  The LTP reversal effect is fully operational in the basal dendrites of middle-aged

slices. TBS was applied to Schaffer-commissural projections in the stratum oriens in slices pre-
pared from young adult (1-2 months of age) or middle-aged (9 —10 months of age) rats. 4, B,
Asingle train of 5 Hz stimulation (TPS) was delivered to the potentiated pathway beginning 60's
after TBS. 4, The graph summarizes group results and confirms that potentiation did not recover
but instead decayed almost to baseline over the following 30 min. B, As seen in the traces from
arepresentative experiment, the 5 Hz stimulation caused an immediate and pronounced loss of
potentiation in middle-aged slices.

Adenosine at 750 nM reduced the size of field EPSPs by 16 = 8%
within 20 min of adding it to the infusion line. Recordings were
then continued for an additional 20 min to establish a new base-
line, after which theta bursts were applied. As shown in Figure
4 A, the area of the first theta-burst response was 548 * 77% of
the size of baseline field EPSPs (mean of responses during the 5
min preceding TBS); this is comparable with values in young
adult control slices (443 = 53%; two-tailed ¢ test; p > 0.3). Be-
cause baseline fEPSPs were smaller after adenosine treatment, it
follows that theta responses would also be smaller than under
control conditions. Yet, burst facilitation during the train was
equivalent under adenosine treatment and control conditions
(Fig. 4B); in the presence of adenosine, burst responses 2—10
were, on average, 61 £ 12% greater than the first burst response,
whereas the comparable control value was 78 * 10% (two-way
repeated-measures ANOVA; p > 0.3). Together, these results
favor the argument that adenosine build-up minimally influ-

10 20 30 40 50

Low concentrations of adenosine do not block theta-burst facilitation but do prevent LTP consolidation in the
stratum oriens of young adult slices. 4, The areas of single theta-burst responses (i.e., the composite potential generated by 4
pulses at 100 Hz) are expressed as a fraction of baseline fEPSP area (during the 5 min preceding TBS). Group values show that the
burstareaisincreased over the fEPSP area to the same degree in adenosine-treated (gray bar) and control (white bar) slices. B, The
plot shows the mean change in the size of burst responses 210, relative to the size of the first theta-burst response within a theta
train; facilitation of burst responses was not substantially affected by infusion of 750 nm adenosine. €, A plot showing the effects
of TBS on Schaffer-commissural fEPSP slopes with and without bath adenosine treatment in the basal dendritic field of young
adult slices. Adenosine was added to perfusion lines at 750 nm for 40 min before the delivery of TBS and washed out 5 min
afterward. As is apparent, exogenous adenosine completely suppressed the stabilization of LTP (2-way repeated-measures

for adenosine-treated and controls, re-
spectively; p > 0.05; two-tailed ¢ test), it
caused a near complete block of LTP con-
solidation (p < 0.01, two-way repeated-
measures ANOVA for minutes 4050 after
TBS). It should be noted that the burst re-
sponses 2—10 recorded in the presence of
adenosine were only slightly smaller than
those found in control young adult slices
and were considerably larger than those in
middle-aged slices. This suggests that the
near complete block of stabilization pro-
duced by adenosine was attributable to
factors other than a reduction in the initial triggering event for
LTP (i.e., AMPA receptor-mediated depolarization) (for review,
see Nicoll, 2003); that potentiation was not significantly different
from control immediately after the train also points to this
conclusion.

minutes

Blocking adenosine A, Rs after theta-burst stimulation
restores LTP consolidation

An alternative possibility to the one postulated above is that the
age-dependent loss of LTP consolidation is attributable to the
activation of the previously described LTP reversal process by
adenosine. It has been repeatedly demonstrated that the reversal
effect is blocked by AR antagonists, even when applied after LTP
induction (Larson et al., 1993; Staubli and Chun, 1996; Fujii et al.,
1997; Huang et al., 1999; Omrani and Fathollahi, 2003). This
explanation could also account, at least in part, for the restoration
of LTP consolidation in middle-aged slices by DPCPX. The argu-
ment, however, requires that reversal mechanisms be preserved
in the basal dendrites of middle-aged rats. We tested this point
and found that a single 1 min train of 5 Hz stimulation [theta
pulse stimulation (TPS)] applied 1 min after LTP induction in the
basal dendrites of middle-aged slices caused potentiation to im-
mediately drop from a value of 131 * 23 to 54 * 20% above
baseline (Fig. 5A, B). At 30 min after TBS (i.e., 29 min after TPS),
potentiation in middle-aged slices (21 * 8%) was similar to pos-
treversal potentiation in young adults (26 * 11%) but was signif-
icantly lower than values in age-matched slices that did not re-
ceive TPS (44 = 10%; p < 0.05; two-tailed ¢ test) (Fig. 2A).

The above results establish that the LTP reversal effect is fully
functional in the str. oriens of middle-aged slices, making it pos-
sible that excessive build-up of adenosine during theta trains uses
this mechanism to disrupt LTP consolidation in middle-aged
slices. If so, infusion of DPCPX immediately after theta-burst
stimulation should fully restore potentiation in these slices. This
was tested by lowering a DPCPX-filled micropipette (2.5 um)
into the chamber next to the slice and then starting infusion
within 15 s of the termination of a theta-burst train. The infusion
was continued for only 3 min, after which slice conditions were
returned to normal (i.e., the infusion was stopped and the
DPCPX micropipette was removed from the chamber). All ex-
periments were performed using a two-input stimulation para-
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digm in which one of two converging col-
lections of basal Schaffer-commissural
projections received the theta train,
whereas the second served as control path-
way and as an indicator that the DPCPX,
after its dilution after leaving the infusion
pipette, reached the target synapses in
physiologically effective concentrations
(i.e., that it transiently increased the con-
trol fEPSP). Figure 6 summarizes the re-
sults. DPCPX increased the size of the con-
trol response within 30 s of the onset of
pipette infusion, and this effect was re-
versed within 2-3 min of terminating the
treatment (Fig. 6B). Slices treated with
control aCSF in the micropipette did not
show this effect, and their experimental
(TBS) pathways exhibited the same decre-
mental LTP described above. In contrast,
slices treated with DPCPX (Fig. 6A)
showed augmented responses immedi-
ately after the theta train, presumably be-
cause of enhanced release from the
DPCPX and had robust LTP that persisted
for the full 50 min of post-TBS recording
(50 min after TBS, 87 = 23 vs 20 * 12%
above baseline for DPCPX and vehicle
controls, respectively; p < 0.01; two-way
repeated-measures ANOVA for minutes
40-50).

DPCPX is reported in the literature
(Arai et al., 1990b) not to enhance the
magnitude of LTP produced by a full-
length theta-burst train in hippocampus
of young adult slices, and, as discussed
above, we obtained results that were in
agreement with this. The point also held
with the postinduction treatment para-
digm, in that a 3 min infusion of DPCPX
immediately after theta-burst stimulation
in the str. oriens of young adult slices did
not increase potentiation above that seen
in untreated slices (50 min after TBS, 85 *=
26 vs 77 = 22% for DPCPX and vehicle
controls, respectively; p > 0.4; two-way
repeated-measures ANOVA; n = 2 for
both groups). It is still possible that a stim-
ulation paradigm of 10 theta bursts pro-
duced LTP in young adult slices that was
near its ceiling and consequently insensi-
tive to any DPCPX-mediated enhance-
ments of LTP. Therefore, we repeated the
experiment using a suboptimal amount of
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Figure6.  Adenosine A, receptor antagonist applied after TBS rescues robust LTP in middle-aged slices. TBS was applied to the

Schaffer-commissural system in the str. oriens, immediately after which the A, receptor antagonist DPCPX or vehicle was infused
from an adjacent micropipette controlled via an automated pump. fEPSPs were simultaneously recorded from a second collection
of Schaffer-commissural projections (the “control pathway”) to confirm that the drug was working in the DPCPX cases and to
ensure that the infusion itself did not disrupt baseline recording in the control (vehicle) cases. 4, Slices in which TBS was followed
by vehicle infusion (open circles) exhibited an LTP effect that did not stabilize but instead decayed almost to baseline during the
postinduction period (baseline indicated by dashed line). In contrast, a 3 min infusion of DPCPX immediately after TBS (filled
circles) caused potentiation to stabilize at 83 == 24.7% above baseline (i.e., values comparable with those found in young adult
slices) at 50 min after induction. B, Effects of vehicle or DPCPX infusions on the converging Schaffer-commissural control pathway
that did not receive TBS. As shown, slices treated with DPCPX, but not vehicle, exhibited a brief response facilitation, indicating
that the AR antagonist quickly reached the recording sites at effective concentrations and subsequently washed out with little
delay. C, Suboptimal stimulation (5 theta bursts) was delivered to the str. oriens of young adult slices, followed immediately by a
3 min infusion of DPCPX (filled circles) or vehicle (open circles). By 50 min after stimulation, DPCPX-treated slices did not show
greater potentiation than vehicle-treated slices ( p > 0.5; 2-way repeated-measures ANOVA for minutes 40 —50), indicating that
blocking A, receptors after stimulation does not increase maximum LTP. D, Effects of vehicle or DPCPX infusions on the nonstimu-
lated control pathway.

stimulation (five theta bursts) delivered to str. oriens of young
adult slices. Figure 6, C and D, illustrates the effects of a 3 min
application of DPCPX immediately after this abbreviated train.
DPCPX applied immediately after induction again did not in-
crease potentiation (p > 0.5; two-way repeated-measures
ANOVA for minutes 40-50) in treated (50 min after TBS, 29 *
14%) versus vehicle-treated controls (21 = 5%). It thus appears
that endogenous adenosine, in the immediate post-theta-burst
period, blocks consolidation only in the basal dendrites of older
slices.

Adenosine receptors in young and middle-aged slices

The results described in the preceding section suggest that A;Rs,
or the processes they trigger, undergo age-related changes that
disrupt LTP in the basal dendrites of field CA1. We explored this
idea by comparing the degree to which brief infusions of adeno-
sine depressed synaptic responses in the apical and basal den-
drites of young and middle-aged slices. Figure 7 summarizes re-
sults for experiments in which various concentrations of the
ligand were added to the infusion lines for 5 min, and responses
were simultaneously collected in the apical and basal dendritic
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have been addressed in the literature, we
performed an immunocytochemical anal-
ysis of A;R levels in the hippocampus of 2-
and 9-month-old rats. Photomicrographs
of representative sections are presented in
Figure 8, A and B. The cell body layers
throughout hippocampus exhibited low
levels of immunoreactivity, as did stratum
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the terminals of hippocampal commis-
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Figure7.  Region- and age-related differences in adenosine effects on synaptic responses. High concentrations of adenosine

were added to perfusion lines for 5 min and then washed out for 25 min. fEPSPs generated by stimulation of the apical and basal
branches of the Schaffer-collateral/commissural projections were recorded simultaneously in the str. radiatum and str. oriens,
respectively. A, B, Adenosine at 50 yum caused a rapid reduction of fEPSP slope that was greater in the str. oriens than in the str.
radiatum in both young adult (4) and middle-aged (B) slices. , Quantification of the area under the curve (i.e., the deviation from
baseline as plotted in A and B and expressed in arbitrary units) from the time of initial infusion of 50 .M adenosine to 15 min after
drug washout. Responses for the str. radiatum (SR) and str. oriens (S0) show age-related differences in drug sensitivity in both
strata ( p > 0.05; two-tailed ¢ test). D, E, High concentrations of adenosine (250 M) markedly depressed Schaffer-collateral/
commissural fEPSPs with the same pattern of regional differences as that seen at the lower concentration. Note that washout was
not completely effective in the str. oriens of the middle-aged slices. F, Dose—response relationships using area under the curve as
aresponse measure. Differences were not noted between young adult (YA; open symbols) and middle-aged (MA; filled symbols)
slices with high-concentration adenosine infusions (250 and 500 wm), but striking differences between SO (circles) and SR

(diamonds) were observed for both age groups.

fields. Adenosine at 50 M caused a very rapid reduction of fEPSP
slope, and this effect was greater in the basal than in the apical
dendrites in both young (Fig. 7A) and middle-aged slices (Fig.
7B). Adenosine was also more potent in both dendritic domains
in middle-aged slices than in slices from young adults. A compar-
ison of the total response depression during the period of aden-
osine treatment (i.e., the area under the curve from the beginning
of drug infusion until 15 min after the start of washout) indicated
that the middle-aged slices were significantly more sensitive to
adenosine than the young adult slices (Fig. 7C) ( p < 0.05; two-
tailed ¢ test). This effect did not hold at higher concentrations; the
effects of a 5 min infusion of 250 um adenosine were as great, or
greater, in the young slices (Fig. 7D) than in the middle-aged
cases (Fig. 7E). Note, however, that the differential potency of
adenosine on simultaneously recorded apical versus basal re-
sponses seen at the lower concentration was still in evidence.
Figure 7F summarizes the regional difference in potency across
the two concentrations and indicates that the young versus
middle-age differences were present only at the lowest concen-
tration tested.

Washout of adenosine even at 250 M was very rapid in the str.
radiatum, as might be expected given that very short infusions
were used. Interestingly, washout appeared to be less complete in
the str. oriens, particularly in the older slices (Fig. 7B, D). This
effect in middle-aged slices was of borderline significance at 50
UM (two-way repeated-measures ANOVA; p < 0.1) and highly
significant at 250 um (p < 0.01).

The above results raise the question of whether levels of A|Rs
(1) differ between apical and basal dendrites and/or (2) change
with entry into middle age. Because these issues appear not to

contained high levels of immunoreactiv-
ity, as did the stratum moleculare of den-
tate gyrus. Some differentiation was ap-
parent within these areas and, in
particular, immunostaining was less dense
in the apical dendritic layers of CA3 and
dentate gyrus than it was in the dendritic
fields of CA1. These results are in general
agreement with previous studies of ligand
binding (Lee et al., 1986; Swanson et al.,
1995; Shearman and Weaver, 1997) and,
in fewer instances, immunostaining (Riv-
kees et al., 1995; Swanson et al., 1995) for
adenosine A;Rs.

Quantitative tests for age-related dif-
ferences in AR levels were performed by
dissecting the two laminas from 350-um-thick vibratome sec-
tions through the contralateral hippocampus from the same
young (1-2 months of age) and middle-aged (810 months of
age) rats used for electrophysiological analyses. Laminar samples
from individual rats were run for Western blot analysis of A;R
immunoreactivity (Fig. 8C). As shown in Figure 8 D, there were
no significant differences in levels of A;R immunoreactivity be-
tween the str. oriens and str. radiatum in young or middle-aged
rats, and, furthermore, there were no significant differences be-
tween age groups for AR levels in the str. oriens ( p > 0.2; two-
tailed t test) or str. radiatum ( p > 0.9). A constant level of A|Rs
could translate into greater potency if the number of excitatory
synapses in the str. oriens were to decrease with age. To test for
this, we measured levels of immunoreactivity for the glutamate
receptor scaffolding protein PSD-95, a marker expected to be
sensitive to changes in synaptic numbers (Sans et al., 2000).
PSD-95 levels were similar in the str. oriens and str. radiatum and
in young versus middle-aged animals (Fig. 8 E). In all, these re-
sults indicate that differences in A, adenosine receptor densities
are not likely to account for regional differences or age-related
changes in the sensitivity of synapses to adenosine or the stability
of LTP.

Discussion

The above results describe two novel aspects of age-related
changes in synaptic plasticity: (1) the negative effects of aging on
LTP manifest themselves much earlier than had been suspected
previously, and (2) aging acts differentially across the dendritic
domains of a single population of neurons. Deficits in CA1 apical
dendritic LTP have been reported for aged rats and mice (Deu-
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metric analysis of Western blot ECL films (n = 6 rats/age).

pree et al., 1993; Moore et al., 1993; Shankar et al., 1998), al-
though other authors found normal-appearing potentiation in
such animals (Landfield and Lynch, 1977; Landfield et al., 1978;
Applegate and Landfield, 1988; Chang et al., 1991; Barnes et al.,
1996; Norris et al., 1996). Stimulation paradigm appears to be
one factor determining whether deficits are seen (Lanahan et al.,
1997; Tombaugh et al., 2002; Watabe and O’Dell, 2003), suggest-
ing that triggering, rather than expression, mechanisms for LTP
are vulnerable to old age. The present findings indicate that def-
icits in LTP emerge well in advance of old age and are present in
basal dendritic fields of middle-aged rat hippocampus. There ap-
pear to be no precedents for the observed differential effects of
aging between apical and basal dendritic arbors.

Results described here also provide the first evidence that syn-
aptic responses to trains of theta-burst stimulation undergo pro-
nounced changes in the transition from young adulthood to mid-
dle age. Experiments using DPCPX indicated that adenosine A,
receptors are involved in both LTP and theta train deficits but
most likely through different signaling cascades. The antagonist
eliminated age differences in theta-burst facilitation, suggesting
that adenosine build-up during the train either (1) disrupts the
facilitation process itself or (2) simply depresses release and
thereby offsets the effects of facilitation. It is likely that TBS ele-
vates extracellular adenosine levels given evidence that afferent
activity releases adenosine in hippocampus (Schubert et al., 1976;
Dunwiddie and Masino, 2001) to a degree sufficient to cause
homosynaptic and heterosynaptic depression (Mitchell et al.,
1993; Brager and Thompson, 2003). These physiological effects
appear within 50 ms and are generated by short afferent bursts
(Mitchell et al., 1993), conditions that fall well within the param-
eters of TBS. Such effects could be larger in the middle-aged slices
because of evidence for shifts in adenosine metabolism during
aging. Extracellular adenosine levels are reportedly elevated in
brains (Murillo-Rodriguez et al., 2004) and hippocampal slices

0.2

Regional adenosine A, receptor levels in the hippocampus of rats of different ages. A, B, Low-magnification pho-
tomicrographs of immunostaining for the A, receptor in sections through the hippocampus of 2-month-old (4) and 9-month-old
(B) rats shows comparably dense immunostaining in the CA1 str. oriens (SO) and str. radiatum (SR). The arrow indicates the
approximate CA1/CA2 boundary. Scale bar: (in A) A, B, 500 .em. €, Representative Western blot shows levels of PSD-95 (top) and
A, receptor (A1R; bottom) immunoreactivities in homogenates from the CA1 str. radiatum (SR) and str. oriens (S0) from young
adult (1-2 months of age) and middle-aged (8 —10 months of age) rats (10 g of protein per lane; immunoreactive bands were
34and 89 kDa, respectively). D, E, Graphs show levels of A, receptor (D) and PSD-95 (E) immunoreactivities assessed by densito-
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(Sperlagh et al., 1997) from aged (22-24
months of age) rats with a trend in the
same direction in slices from 12-month-
old rats. Possibly related to this, the rate of
adenosine removal from slices is slower in
aged rats than in young adults (Cunha et
al,, 2001), and, as shown here, exogenous
adenosine has greater effects on synaptic
physiology in middle-aged slices. Thus, it
is reasonable to propose that age-related
changes in adenosine metabolism and
clearance combine with release during
theta-burst stimulation to generate aber-
rant extracellular purine concentrations
that interact with the size of theta bursts.

Experiments with exogenous adeno-
sine suggest that purine build-up during
the theta train probably offsets within-
train burst facilitation rather than actually
blocking it. We found that adenosine, pre-
sumably acting through presynaptic A;Rs
to depress the release of glutamate (Dun-
widdie and Haas, 1985; Schubert et al.,
1986), reduced synaptic responses but did
not substantially alter the relationship of a
single burst response to the amplitude of
the fEPSP used to generate it. More impor-
tantly, the facilitation of burst responses
during the train was about the same in 750
nM adenosine as it was under control conditions. We suggest that
increases in extracellular adenosine, beginning after the first
burst of a train, depress the responses that follow the first burst
and thereby generate the appearance of blocking burst
facilitation.

Three lines of evidence suggest that the age-related effect just
described is not responsible for the impaired LTP consolidation
found in the str. oriens of middle-aged slices. First, disturbances
to theta train facilitation equivalent to those found in the basal
dendrites also occurred in the str. radiatum, and these were not
accompanied by LTP deficits. If theta-burst responses are su-
prathreshold for unblocking NMDA receptor-mediated synaptic
currents (Larson and Lynch, 1986), presumably they can be re-
duced somewhat without blocking LTP. This appears to have
been the case for the apical dendrites in middle-aged slices, in
which a sizeable decrease in burst facilitation was observed in the
absence of deficits in LTP induction and consolidation. LTP is
more easily induced in the str. oriens than in the str. radiatum
(Arai et al., 1994; Leung and Shen, 1995; Roth and Leung, 1995)
and thus theta trains that are effective in the latter should be
effective in the former. Second, adenosine infusions that had little
if any effect on burst facilitation caused a profound depression of
LTP consolidation in young adult slices. Although the purine
depressed responses, as mentioned, the calculated area of the
burst responses during the theta train was reduced by only ~10—
20% from control levels. This result suggests that adenosine trig-
gers some event beyond the modulation of theta trains to disrupt
LTP consolidation. Third, and in agreement with the point just
made, an AR antagonist applied after the theta train completely
rescued LTP consolidation in the basal dendrites of middle-aged
slices. Pertinent to this, stimulation of A;Rs immediately after
LTP induction, by infusing adenosine (Arai et al., 1990b) or
through manipulations that increase extracellular adenosine lev-
els (Arai et al., 1990b; Abraham and Huggett, 1997; Huang et al.,

Middle
aged

Young
adult
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1999), reverses newly formed LTP. This points to the existence of
an A, -sensitive disruption process that operates for several min-
utes after theta stimulation. The results with postinduction
DPCPX treatment point to the conclusion that the build-up of
adenosine during the theta train persists into the postinduction
period and therein initiates the LTP reversal sequence.

Notably missing in the above hypothesis is an explanation for
why the postulated age-dependent mechanism works only in the
basal dendrites. The basal dendrites were found to be significantly
more sensitive than their apical counterparts to the suppressive
effects of exogenous adenosine, as were middle-aged relative to
young adult slices. These results may indicate that constitutive
apical/basal differences interact with generalized age-related
changes in adenosine processing to produce conditions in which
clearance becomes a problem. Why adenosine in the first instance
should have greater effects in the basal dendrites is unknown.
Immunochemical analyses indicated that A R levels are about the
same between apical and basal dendritic fields and between
middle-aged and young adult animals. There are also reports that
rat brain A,R affinity does not change with age (Sperlagh et al.,
1997; Cunha et al., 2001). Possibly the enzymes and transport
mechanisms that remove extracellular adenosine are less efficient
in the str. oriens. There appear to be no reports on adenosine
deaminase and adenosine kinase distributions in the hippocam-
pus; thus, evidence relating to this argument is lacking.

Confirmation of the prediction that slices from middle-aged
rats exhibit regionally confined changes in adenosine release
and/or clearance immediately after theta-burst stimulation
would require direct measure of extracellular adenosine concen-
trations. The measuring technique would have to be (1) sensitive
enough to record changes in extracellular adenosine induced by
physiological stimulation, (2) able to record locally within dis-
crete dendritic domains, and (3) equipped with sufficient tempo-
ral resolution to resolve changes likely occurring during the
minutes-long consolidation phase of LTP. Conventional extra-
cellular purine assays, generally requiring collection of slice su-
perfusate, lack the sensitivity, spatial resolution, or temporal res-
olution to meet such demands (Sperlagh et al., 1997, 2004; Broad
et al., 2000). Work now in progress is testing the possibility that
recently developed voltametric enzyme biosensors (Dale et al.,
2000; Pearson et al., 2001; Llaudet et al., 2003) might be able to
satisfy the above criteria.

Finally, the LTP deficits described here suggest that encoding
problems are contributors to the memory impairments that
emerge between young adulthood and middle age. The memory
tasks on which middle-aged rats have deficits (Granger et al.,
1996) are dependent on hippocampus and disrupted by agents
that block LTP (Morris et al., 1986); thus, it is not unreasonable to
assume these memory deficits reflect age-dependent impair-
ments of the type described here. Additional investigation will be
required to determine whether other forms of LTP implicated in
age-related synaptic plasticity changes, such as NMDA-
independent LTP (Shankar et al., 1998), contribute to or interact
with the deficits seen here. There are reasons to suspect that the
observed middle-aged losses in LTP are a general property of
mammalian brain. Recent work suggests that perturbations to
adenosine signaling contribute to sleep disturbances in aged an-
imals and humans (Murillo-Rodriguez et al., 2004); if so,
adenosine-related impairments to LTP may be as common as
age-related disturbances of sleep patterns. In this light, it is en-
couraging that the middle-aged potentiation deficit did not re-
flect a lost capacity for LTP expression and was readily offset by
disparate drugs. Although results with A;R antagonists suggest
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that they might ameliorate middle-aged memory deficits, these
compounds have undesirable psychomotor stimulant effects
(Fisone et al., 2004). Ampakines also restore basal dendritic LTP,
do not have such stimulant (or depressive) properties, and have
been shown to offset age-related memory losses in rats (Granger
etal., 1996) and humans (Lynch et al., 1997). It will be of interest
in future studies to determine whether the potency of different
ampakine variants to reverse middle-aged LTP deficits predicts
their efficacy in treating memory deficits with aging.
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