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had the opposite effect. Therefore, if homosynaptic LTD and LTP are
to operate together to allow activity-dependent modification of the
stimulus selectivity of neurons®, this is not likely to occur con-
comitantly under behavioural conditions such as those examined
here. As HFS is shown here to reverse LTD to pre-LFS in stressed
animals, and LFS has been reported to reverse LTP in non-stressed
rats”®", such a role for bidirectional plasticity is possible, but with a
dynamic range tightly restricted by behavioural state. O

Methods
Electrode implantation. Male Wistar rats, weighing 200—300 g, had electrodes
implanted using previously described techniques’'. The surgery was carried

out under pentobarbitone sodium (60 mgkg ™", i.p.) anaesthesia, and core

temperature was maintained at 37 = 0.5°C. Three stainless-steel screws
(1.5mm diameter) were inserted into the skull through a drill hole without
piercing the dura. One served as a ground electrode (7 mm posterior to bregma
and 5 mm left of the midline), another acted as an anchor (opposite the ground
screw, 7 mm posterior to bregma and 5 mm right of the midline) and the third
served as the reference electrode (8 mm anterior to bregma and 1 mm left of the
midline). Recording and stimulating electrodes were made by gluing together a
pair of twisted Teflon-coated platinum (90%)/iridium (10%) wires (50 wm
inner diameter, 75 wm outer diameter). The recording electrode was inserted
3.4mm posterior to bregma and 2.5mm right of the midline and the
stimulating electrode was inserted 4.2 mm posterior to bregma and 3.8 mm
right of the midline. In some animals, a second stimulating electrode was placed
in the contralateral hemisphere in order to stimulate the commissural pathway.
Lack of paired-pulse interaction with responses evoked in the test pathway was
used as a criterion of independence. The optimal placement of the electrodes in
the stratum radiatum of the CAl region of the dorsal hippocampus was
determined using electrophysiological criteria and was verified by post mortem
examination.
Acclimatization. After surgery animals were housed individually (in home
cage) with free access to water and food in an established animal house having a
12 h light/dark cycle and thermoregulated environment. Recording began two
weeks later to allow the animals to recover from surgery. Acclimatized group:
during this recovery period the rats were put in the brightly lit recording box
(34 X 24 X 24 cm) for 1 h at the same time each day and the socket assembly on
the animal’s head was connected to a preamplifier by a flexible wire. By the end
of the first week, there was no evidence of behavioural ‘freezing’ and the rats
became very tame and well used to being handled. Unhandled, recording-naive
group: the rats were left undisturbed in their home cage during the two-week
recovery period. ’
Electrophysiology. Test field EPSPs were evoked by stimulating with a square-
wave constant current pulse of 0.2 ms duration at a rate of 0.033 Hz. At the
beginning of each experiment, input—output curves were generated to
determine the maximum field EPSP amplitude. Results were similar if the
EPSP slope rather than the EPSP amplitude was measured. During the
experiments, the stimulus intensity was set at a level that evoked a field EPSP
amplitude of 50-60% of the maximum. LFS consisting of 900 pulses at 3 Hz
was applied to induce LTD; LTP was induced by HFS (20 pulses at 200 Hz,
repeated 10 times at a 2-s interval). The background EEG (monitored from the
hippocampal recording electrode) showed no evidence of seizure activity after
the conditioning stimulation. To minimize the possibility that changes in
locomotor activity might affect the field EPSP amplitude, recordings were not
usually taken for the first 20 min after being placed in the recording box unless
. otherwise stated. Control experiments showed that placement of either
recording-naive animals in a brightly lit unfamiliar recording box (stressed) or
recording-acclimatized animals in an unfamiliar dimly lit recording box (non-
stressed) was associated with a similar small (<1°C) transient (<10 min)
increase in brain temperature (recorded with a precalibrated type-T thermo-
couple wire (tip diameter, 0.5 mm; accuracy, 0.05°C) placed on the surface of
the contralateral hippocampus or cortex). Serum corticosterone was deter-
mined using HPLC. Levels were raised in stress conditions compared to non-
stress conditions (recording-naive/unfamiliar recording box, 18.2 * 5.3; accli-
matized/elevated platform, 40.6 * 7.3; acclimatized/familiar recording box,
3 * 0.8; acclimatized/novel recording box, 5.2 * 1.2; recording-naive/home
cage 1 = 0.3 ngdl™'; n = 4 per group). Statistical comparisons between base-

line and post-conditioning stimulation values were made using Student’s ¢-test.
Values are mean per cent of the baseline field EPSP amplitude * s.e.m.
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Proteolytic processing of amyloid precursor protein (APP)
through an endosomal/lysosomal pathway generates carboxy-
terminal polypeptides that contain an intact {-amyloid
domain'~. Cleavage by as-yet unidentified proteases releases the
B-amyloid peptide in soluble form*®. In Alzheimer’s disease,
aggregated [3-amyloid is deposited in extracellular neuritic plaques.
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Although most of the molecular mechanisms involving -amyloid
and APP in the aetiology of Alzheimer’s disease are still unclear,
changes in APP metabolism may be important in the pathogenesis
of the disease. Here we show that transgenic mice expressing the
amyloidogenic carboxy-terminal 104 amino acids of APP develop,
with ageing, extracellular B-amyloid immunoreactivity, increased
gliosis and microglial reactivity, as well as cell loss in the CAl
region of the hippocampus. Adult transgenic mice demonstrate
spatial-learning deficits in the Morris water maze and in main-
tenance of long-term potentiation (LTP). Our results indicate that
alterations in the processing of APP may have considerable
physiological effects on synaptic plasticity.

Transgenic mice were produced by using a construct containing
an APP complementary DNA fragment encoding amino acids 591
to 695, which spans the amyloid-forming portion and the carboxy
terminus of the human amyloid precursor protein, cloned into the
first exon of the human neurofilament NF-L gene and under the
transcriptional control of the NF-L regulatory sequences’ (Fig. 1a).
Analysis by northern blotting showed that three out of seven
transgenic lines had human amyloid-derived transcripts
(~900base pairs (bp)) in their brain tissue, expressed at levels
comparable to the endogenous APP gene (Fig. 1b). Furthermore,
expression of the transgene was restricted to nervous tissue and
followed the pattern of expression of NF-L (ref. 7; data not shown).
The presence of multiple copies of the transgene did not disrupt NF-
L metabolism as there was no difference in the amount of NF-L
transcript or protein expressed in transgenic and control mice (data
not shown). In immunoprecipitation experiments using an anti-C-
terminus antibody®, brain homogenates prepared from transgenic
mice had an increase of 30-50% in the levels of 12K polypeptide
(relative molecular mass 12,000; Fig. 1c). Several smaller polypep-
tides that were immunoreactive with a polyclonal antibody against
synthetic B-amyloid peptide' were detectable by western blotting
(Fig. 1d): the pattern of bands obtained is similar to the five C-
terminal APP fragments detected in human brain'. No 4K band was
seen on immunoblots or in immunoprecipitates.

Immunohistochemical analysis of brain tissue from transgenic
mice revealed that, with ageing, the extracellular immunoreactivity
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Figure 1 Expression of C-terminal amyloidogenic fragment of APP in transgenic
brain. a, The construct: human NF-L gene upstream, intron and downstream
genomic sequences are in grey; exon sequences are represented by white
boxes. B, BamHI; E, EcoRl; S, Sall; X, Xhol; AMY, APP sequences; TAG, stop
codon. b, Analysis of endogenous APP (asterisk) and transgenic mRNA
(arrowed) levels in brain. Lane 1, control brain; lanes 2-5, transgenic brain. Note
that no transgenic MRNA was detectable in lane 3 and the founder was not kept
for further study. ¢, Immunoprecipitaiton of brain homogenates with an anti-C-
terminus antibody®. Lane 1, control mouse brain; lanes 2, 3, transgenic mouse
brain. d, Detection of amyloidogenic C-terminal fragments in brain homogenates
(100 n.g) of transgenic mice (lane 1) and control mice (lane 2) after electrophoresis
on Tris/Tricine-16.5% polyacrylamide gel and immunoblotting with a polyclonal
anti-amyloid antibody (SGY2347)".

Figure 2 Immunohistochemical characterization of brain tissue from representa-
tive transgenic and age-matched control mice. Frozen sections were reacted
with an anti-amyloid antibody (R1282) which revealed extracellular immuno-
reactivity in adult transgenic mouse cortex (a, ¢) and hippocampus (b); only
intracellular reactivity was detected in hippocampus (d) of aged controls.
Extensive gliosis was evident as anti-GFAP-positive astrocytes in the hippocam-
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pus of aged transgenics (f); adult transgenics (e) had more reactive astrocytes
than aged controls (g) and young controls were devoid of immunoreactivity
(not shown). Microglia that were detected with the anti-Mac-1 antibody in
transgenic brain (h, i, j) were rare in control brain (k). Tissue was processed as
described in Methods. Original magnifications: a, 150 X ; b-d, i, j, 600 X ; e-h, k,
300 X .
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for B-amyloid became more prevalent. The immunoreactivity was
present as dense, compact structures in both cortex and hippocam-
pus of only transgenic mice and was absent in controls (Fig. 2a—d).
They were accompanied by generalized gliosis (Fig. 2e—g), which
also increased with ageing: glial fibrillary acidic protein (GFAP)-
positive reactive astrocytes, absent in controls, appeared as early as
4-5 months of age in hippocampal and cortical regions of the
transgenic mice. Differences in microglial reactivity were evident in
transgenic mice compared to age-matched controls (Fig. 2h—k). In
our aged animals, cell counts in the CA1 region of the hippocampus’
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revealed a decrease in cell density of ~20% in transgenic animals
(0.295 = 0.06 X 10°) compared to controls (0.379 = 0.09 X 10°)
(P < 0.001). In this region, total neuron counts were also decreased
in transgenic mice (0.79 = 0.06 X 10*) compared to control ani-
mals (0.89 =+ 0.09 X 10*) (P < 0.007).

To determine whether expression of the transgene in these
animals imparted a phenotype, we characterized their behaviour
in the Morris swim maze, which provides a sensitive assay for brain
damage', particularly in the hippocampal or neocortical
regions'"'>. Mice are placed in a specific quadrant of a pool of

TN :
1. Block 1, day 7, 1st swim
// %{

2. Block 1, day 7, last swim

%}
8

4. Visible platform, 1st day, 2nd swim

Figure 3 Performance of control (circles) and transgenic mice (squares) in the
water maze was tested under four conditions, with the platform being hidden
under the water in quadrants |, Il and Il of the tank (spatial learning), or made
visible with a flag (cued learning). a, Escape latency. b, Number of trials in which
mice found the platform during the 120-s trial. ¢, d, Examples of swim paths
recorded during different stages of training for ¢, a control mouse and d, a
transgenic mouse. Large squares show the platform locations, small squares
indicate the quadrant centre, small circles the starting points, and lines the
quadrants of the maze. e, The spatial probe trial was quantified by an ANOVA test
comparing the total time spent in each of the four quadrants (Q1-4) of the maze.
*P < 0.05.

NATURE|VOL 387129 MAY 1997




opaque water and use spatial cues to escape to a hidden platform.
Escape latency, the time required for the mice to swim to the
platform, is an estimate of spatial learning and memory. To ensure
that we used an unbiased measure of performance, the genetic
background of the mice was coded and was unknown to the tester
during the assessment. A trial began as soon as the mouse entered
the water and ended as soon as it reached the platform or when 120s
had elapsed, whichever came first. Control adult mice learned to
escape to the hidden platform in ~20s after 5 days of testing in the
first hidden platform condition (Fig. 3a and c2). The control mice
performed equally well when the platform had to be found by visual
guidance rather than spatial memory (Fig. 3a). In contrast, although
transgenic mice improved on the hidden platform trials (Fig. 3a,
d2), they were slower to find the hidden platform than control mice
(3-way ANOVA (group, trial type, day) F(18,342) = 2.84,
P < 0.001), and the impairment was significant in the first two
tests of spatial learning (d.f.(1,19) = hidden 1, F = 3.24, P < 0.05;
hidden 2, F = 4.2, P < 0.05, both 1-tailed) (Fig. 3a). In the visible
platform trials, transgenic mice learned normally and no perfor-
mance differences existed by the final 4 days of cued learning
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Figure 4 Reduced LTP magnitude (a) but normal LTD formation (b) in
hippocampus of transgenic (squares) as compared to control mice (circles). a,
LTP was measured in slices prepared from control (n = 6) and transgenic mice
(n = 6). The initial slope of each excitatory postsynaptic potential (EPSP) evoked
by electrical stimulation (every 30s) in area CA1 of the hippocampus was
calculated and the values of four successive responses were averaged. The
baseline value represents the average of all the values obtained during the 20-min
interval preceding theta burst stimulation. Data are expressed as percentage of
the baseline value and each point represents the mean * s.e.m. of 10 different
experiments. Records were taken before (1) and 50min after (2) theta burst
stimulation. b, LTD was initiated by low-frequency stimulation (300 pulses at
1 Hz). Data are expressed as a percentage of the baseline value and each point
represents the mean = s.e.m. of 10 different experiments.
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(visible, F(1,19) = 0.14, P=0.71) (Fig. 3a, b). Furthermore,
whereas the control mice typically found the platform within the
allotted 120 in every trial, the transgenic mice found the hidden
platform within the allotted time significantly less frequently than
the control mice during the last three trials in hidden 1 and hidden 2
(F(1,19) = 3.0, P < 0.05, 1-tailed), but they found the visible plat-
form normally (P = 0.99) (Fig. 3b).There were no differences in
swimming abilities as the transgenic mice swam faster but with less
spatial accuracy than the controls; on average, transgenic mice
swam longer distances, at a greater mean distance from the platform
(data not shown). Transgenic mice did not differ from controls in
general locomotor activity, as measured by interruptions of photo-
cell beams in activity boxes equipped with photocell detectors (data
not shown).

Examples of swim paths recorded during different stages of
training for a control mouse and a transgenic mouse are shown in
Fig. 3¢, d. When the platform was moved to a different location (Fig.
3, ¢3 and d3), control mice swam persistently over the former
platform location and thus took longer to find the platform in the
reversal trial than the transgenic mice, whose more random swim-
ming pattern meant that they intersected more quickly with the new
platform location (Fig. 3a, hidden 2, first swim). The spatial bias of
control mice (Fig. 3, ¢3) and the absence of such bias in transgenic
mice (Fig. 3, d3) were confirmed statistically (interaction of quad-
rant by group: F(3,57) = 10.8, P < 0.001) (Fig. 3e). In contrast to
transgenic mice, control mice spent more time in the first quadrant
(Q1) than in the other quadrants (effect of quadrants: controls only,
F(3,30) = 26.8, P <0.001; transgenic only, F(3,27) =14,
P < 0.27). Control mice spent more time than the transgenic
mice in Q1 (F(1,19) = 10.3, P < 0.005), whereas transgenic mice
spent more time than the control mice in the opposite quadrant
(F(1,19) = 3.2, P < 0.05 (1-tailed)) (Fig. 3e). Trials with the visible
platform, in which transgenic mice swam directly towards the
visible platform (Fig. 3, d4) indicated that the thigmotaxic beha-
viour shown early 'in spatial trials (Fig. 3, d1 and d3) was a
consequence of impaired spatial learning, rather than a general
alteration in behavioural strategy. These results indicate that the
transgenic mice are selectively impaired in spatial learning but
unimpaired in cued (visual discrimination) learning.

A model system for studying storage of memory and learning is
through assay of synaptic plasticity, which can be induced by a short
burst of high-frequency stimulation, a process known as long-term
potentiation®’. As shown in Fig. 4a, synaptic potentiation in CAl
was induced by theta burst stimulation (TBS) in hippocampal slices
of control and transgenic mice. There was no significant modifica-
tion in the degree of short-term potentiation in the first 2 min
following TBS in transgenic mice (58 * 6%; n = 10) compared to
control mice (66 * 7%, n = 10), but for the transgenic mice, there
was a progressive decay of long-term potentiation (LTP) with time.
A significant reduction in the magnitude of potentiation was found
10 min after TBS (P < 0.05, n = 10; Tukey test) and an even greater
reduction after 50min (52 * 4% in control compared with
15+ 4% in transgenics). There was a similar reduction in a
second independent transgenic line (data not shown). The degree
of paired-pulse facilitation measured in transgenic mice (40 * 5%,
n=75) was not significantly modified when compared to that
measured in control mice (45 * 7%, n = 7). As paired-pulse facil-
itation is generally thought to be due to presynaptic enhancement of
transmitter release, it may be assumed that presynaptic function is
not altered in transgenic animals.

Long-term depression (LTD) is a second major form of activity-
dependent synaptic plasticity'*. LTD and LTP share many cellular
substrates, but in LTD, low-frequency stimulation leads to a
decrease in synaptic response. There were no differences in the
degree of homosynaptic LTD between control and transgenic mice
(Fig. 4b). These results demonstrate that whereas LTP maintenance
is diminished in transgenic mice, normal LTD can be generated.
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Table 1 Characteristics of transgenics expressing different isoforms/fragments of APP

Construct Extracellular Neuronal Behavioural deficits Electrophysiological Ref.
amyloid loss alterations
Spatial Cued
APP (Val 717 — Phe) + ND ND ND ND 28
APP75; (WT) + ND - ND 29
APPggs (Lys 670 — Asn; Met671 — Leu) + ND +* ND 27
APP (C104) + + - + This work

ND, not determined. WT, wild type.
* Transgenic mice were also impaired in the visible platform test.

To determine whether a reduction in NMDA (N-methyl-p-
aspartate) receptor number and/or function might impair LTP in
transgenic mice, the binding of 100 nM *H-glutamate was assayed.
Autoradiography revealed no substantial changes in the amount of
binding in various regions of the brain, including the CA1 stratum
radiatum of the hippocampus (1.95 % 0.15 pmol per mg protein in
transgenic mice (n = 4) versus 2.07 = 0.13 pmolmg ™' in controls
(n=5)). In addition, the NMDA-mediated response evoked in the
presence of low Mg’" and the AMPA (a-amino-3-hydroxy-5-
methylisoxazole-4-proprionic acid) receptor antagonist DNQX
(6,7-dinitroquinoxaline-2,3-dione) was normal in the transgenic
mice (G.M., unpublished results). Thus, it is unlikely that a reduc-
tion in NMDA receptor function alone could account for the LTP
deficit in transgenic mice.

In our transgenic mice, expression of a C-terminal amyloidogenic
fragment led to tissue injury, with gliosis and microglial activation
as well as extracellular amyloid immunoreactivity and hippocampal
cell loss in the aged animals. There were marked behavioural and
electrophysiological deficits in adults animals. Histological analysis
and the selective changes in behaviour and electrophysiology,
indicate that expression of human C-terminal APP in the brains
of transgenic mice does not lead to massive and outright neuronal
cell death as it does in neuronal cell lines transfected with constructs
bearing this fragment'>'®. Our results show that chronic over-
expression of the amyloidogenic C-terminal fragment of APP is
important physiologically. In Down’s syndrome, duplication of the
APP gene on chromosome 21 seems to be sufficient for amyloid
deposition and subsequent development of Alzheimer-type
neuropathology'’, so increased expression of the APP gene may
alter the processing of the protein, producing more insoluble 3-
amyloid. In vitro studies with synthetic peptide have ascribed many
neurotoxic effects to the aggregated form of B-amyloid'*~*', with the
effects being mediated by reactive oxygen species’’, by alterations in
intracellular calcium metabolism", or by interference with
potassium® and calcium channels®”. B-Amyloid can also activate
microglia® %, generating free radicals which may damage neigh-
bouring neural cells and initiate an inflammatory loop with the
release of cytokines, locally increased levels of B-amyloid, and
further activation of microglia. Varying degrees of extracellular
amyloid immunoreactivity and some associated behavioural defi-
cits (occurring as a function of genetic background”) have been
reported in transgenic mice expressing different variants of APP
(Table 1). Our discovery of early physiological perturbations that
occur in transgenic mice expressing the amyloidogenic C-terminal
fragment of human APP have important implications for the
pathogenesis of Alzheimer’s disease. O
Methods
Transgene construct. A Bglll/Pvull fragment (nucleotides 1,768 to 2,223)
from the 3’-end of human APP ¢cDNA” (encoding amino acid 591 to the
termination codon) was cloned into the plasmid pSVL (Pharmacia). A
Smal/Sall fragment containing the APP cDNA, as well as the SV40 late
polyadenylation signal from pSVL, was cloned into a plasmid containing the
entire human NF-L gene which had been digested by Smal and partially by
Xhol. Insertion of the APP clone was verified by sequencing. The entire 11.5-kb
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fragment was microinjected after removal of backbone plasmid sequences into
fertilized oocytes from B6C3 F; mice.

Immunohistochemistry. Adult (8—10 months) or aged (18—22 months) mice
were anaesthetized by intraperitoneal injection of chloral hydrate and perfused
through the heart with a 4% solution of buffered paraformaldehyde. The brain
was postfixed for 1 h with 4% buffered paraformaldehyde, and cryoprotected
with 20% sucrose before freezing at — 50 °C and strorage at — 70 °C. Cryostat
sections (15 pm thick) from transgenic and control animals were processed in
parallel. Sections were treated with 88% formic acid for 5 min before assaying
for anti-amyloid immunoreactivity with R1282 (diluted 1:1,000; provided by
D. Selkoe) using a Vectastain ABC (Dimension Labs) kit for rabbit polyclonal
antibodies. The signal from horeseradish peroxidase was revealed with the
enhanced diaminobenzidine substrate (Pierce). A polyclonal anti-cow GFAP
antibody (Dako) that reacts strongly with the mouse GFAP was used at a
dilution of 1:10,000 and the signal was revealed with the horseradish
peroxidase substrate aminoethylcarbazol which produces an insoluble red
product. Microglial reactivity was detected with anti-Mac-1 antibody (1:9)
(prepared from the supernatant of the rat hybridoma M1/70.15.11.5.HL;
obtained from the American Type Culture Collection). This antibody reacts
against the I-subunit of Mac-1 antigen (complement receptor type 3) in mice
and humans. An anti-rat secondary antibody was used to reveal specific
staining with aminoethylcarbazol. Sections were counterstained with haema-
toxylin.

Cell counting. Neurons were counted on cryostat frozen 15-pwm sections
stained with cresyl violet prepared from aged transgenic (n = 6) and non-
transgenic animals (n = 12). The entire CAl region was delimited using a
computer-assisted image analysis system (Biocom, France) which calculates
areas automatically, and cells were counted for both hippocampi on each
section (n = 4)°. Results were expressed as neuronal density (neurons per
mm’ * s.d.). The transgenic population was considered to be homogeneous as
the distribution of neuronal density was not different within the group
(Kruskal-Wallis non-parametric analysis of variance test). Neuronal counts
were obtained by serial sectioning of a segment spanning 250 um of dorsal
CA1l. The Mann—Whitney non-parametric analysis of variance test was used to
compare data obtained with transgenic and control mice.

Behavioural testing. Mice tested consisted of eight-month-old animals
transgenic for the C-terminal fragment of APP (n = 10) or for the prokaryotic
gene chloramphenicol acetyltransferase driven by the same human NF-L
sequences (n=11). Both lines of mice had been produced in the same
transgenic mouse facility. The experimenter was blind to the genotype of the
mice. The maze (170 cm in diameter and 70 cm of height) was lined with white
coloured plastic and filled with a 45-cm column of opaque water (20 °C). For
the testing phase, rectangular cues (22 X 28cm) with differing geometric
patterns were placed at 3 cm above the water at each of four locations between
the quadrants. A video camera above the maze recorded the path swum by each
mouse, and the path was stored by computer for further analysis. A training
phase was administered to the mice to assess whether the animals could swim
and whether they could climb onto the platform. Testing began the day after
successfully determining that all test animals could swim to and climb onto the
platform eight consecutive times. During the testing phase, each mouse was
placed in the water facing the wall of the tank at one of the four starting points
located at the centre of each quadrant. If a mouse did not climb onto the
platform by the end of a maximum period of 120s, it was placed onto the
platform by hand. Each mouse was given eight swims a day. During testing
carried out with the visible platform, the platform was moved to a new location
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every day. A 3-way analysis of variance (ANOVA) compared the behaviour of
the two groups across days and trial types.

Electrophysiological studies. Experiments were done on 450-pm-thick
hippocampal slices prepared from control and transgenic mice. Slices were
maintained at 35°C in an artificial cerebrospinal fluid (ACSF) containing
124 mM NaCl, 5mM KCl, 1.25mM Na,PO,, 1.5 mM MgCl,, 2.5 mM CaCl,,
26 mM NaHCOj; and 10 mM glucose pH 7.4. They were exposed to a humi-
dified atmosphere of 95% O,/5% CO, and perfused continuously at a flow rate
of Imlmin~"'. After a 1-hour equilibration, a glass recording electrode (1-
5mQ) filled with 2 M NaCl was positioned in the stratum radiatum of area CA1
of the hippocampus to record population EPSPs evoked by a bipolar electrode
activating fibres of the Schaffer commissural system. Bipolar stimulating
electrodes were placed in the stratum radiatum of two independent pathways
(Schaffer commissural pathways) converging on common postsynaptic target
cells. The independence of each pathway was confirmed by the absence of
heterosynaptic LTD or LTP in the pathway not receiving tetanic stimulation.
After a 20-min baseline period, during which responses were recorded every
30s, a low-frequency stimulation train of 1 Hz for 15min (900 pulses) was
applied to generate LTD; to increase presynaptic input activity, the duration of
the stimulus was extended from 0.1 to 0.2 ms during low-frequency stimula-
tion. LTP was produced by applying a high-frequency train consisting of high-
frequency bursts (4 pulses, 100 Hz) repeated at 200 ms, the frequency of the
hippocampal theta rhythm. The response to stimulation was quantified by
calculating the initial slope of the resulting EPSP. The degree of paired-pulse
facilitation was determined at an interpulse interval of 50 ms (n = 5-7) and
data were expressed as a percentage increase in the amplitude of the second
EPSP compared to the first.

Binding studies. Adjacent horizontal and coronal cryostat sections (14 wm)
were preincubated for 60min in 100mM Tris-acetate buffer (pH7.4)
containing 100 wM EGTA at 0°C. After a rapid wash in ice-cold Tris-acetate,
sections were incubated with 100nM *H-glutamate (51 Cimmol ~'; NEN-
Dupont) for 45min at 4°C in 50 mM Tris-acetate (pH 7.4), 50 uM EGTA,
5uM AMPA, 1 pM kainic acid and 10 pM quisqualate to eliminate glutamate
binding to non-NMDA sites, and 100 pM SITS (4-acetadino-4'-isothiocya-
nato-stilbene-2,2’-disulphonic acid) to block glutamate-uptake sites. Non-
specific binding was defined as that measured in the presence of 1 mM
glutamate. After washing, dried sections, as well as tritium standards (ARC),
were exposed to tritium-sensitive film (Hyperfilm, Amersham) for 14d.
Optical densities of different brain regions were converted to radioactive
units using the tritium standards after image analysis. ANOVA was followed
by Scheffé post hoc test, with statistical significance set at P < 0.05.
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cytoplasmic components that act upon nociceptors, the sensors
for pain. ATP was proposed to fill this role'” because it elicits pain
when applied intradermally’ and may be the active compound in
cytoplasmic fractions that cause pain’. Moreover, ATP opens

ligand-gated ion channels (P2X receptors) in sensory neurons™®’

and only sensory neurons express messenger RNA for the P2X3
receptor®. To test whether ATP contributes to nociception, we
developed a tissue culture system that allows comparison of
nociceptive (tooth-pulp afferent) and non-nociceptive (muscle-
stretch receptor) rat sensory neurons. Low concentrations of ATP
evoked action potentials and large inward currents in both types
of neuron. Nociceptors had currents that were similar to those of
heterologously expressed channels containing P2X3 subunits, and
had P2X3 immunoreactivity in their sensory endings and cell
bodies. Stretch receptors had currents that differed from those of
P2X3 channels, and had no P2X3 immunoreactivity. These results
support the theory that P2X3 receptors mediate a form of
nociception, but also suggest non-nociceptive roles for ATP in
Sensory neurons.

In primary cultures of sensory neurons, nociceptors coexist with
neurons that transduce other sensations. Although many in vitro
techniques identify subpopulations of these neurons, no method
identifies sensory modality'®'". The inability directly to compare
neurons that mediate nociceptive and non-nociceptive sensations
confounds investigation of the role of ATP in specific sensations
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