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Abstract-The
~‘-methyl-D-aspartate receptor channel-complex is widely distributed in the hippocampus,
particularly in the CA1 region, in the terminal field of CA3 pyramidal axons and in the fascia dentata,
in the terminal field of the perforant pathway. In the present study, we have examined, in the rat, the
effect of specific lesions of various neuronal populations of the hippocampus on the distribution of several
markers of the N-methyl-D-aspartate receptor-channel complex. Anoxic-ischemic treatment produced a
destruction of CA1 pyramidal cells (postsynaptic element); this was associated with a 50% loss of
N-methyl-D-aspartate,
glycine and N-(I-phenylcyclohexyl)pi~ridine
binding sites. In contrast, the
destruction of CA3 pyramidal cells and their axons ~resynaptic element) by kainate treatment did not
induce significant changes in the density of binding sites.
The present results therefore strongly support an exclusively postsynaptic localization of the N-methylD-aspartate receptor-channel complex in CAI; the possibility of a localization of the remaining binding
sites on glial cells or interneurons is discussed. In the molecular layer of the fascia dentata, the
anoxic-ischemic treatment produced a partial destruction of the median perforant pathway (presynaptic
element) associated with a decrease in the density of N-methyl-D-aspartate.
N-(I-[2-thienylk~yclohexyl)piperidine and glycine binding sites; this suggests that, in contrast to CA], in the molecular
layer of the fascia dentata, N-methyl-D-aspartate receptor-binding sites are located both pm- and
postsynaptically.

The N-methyl-D-aspartate
(NMDA) receptor is a
subtype of glutamate
receptors which mediate
excitatory synaptic transmission.9
The NMDA
receptor-channel complex is subject to several regulation sites. Thus, the NMDA response is potentiated
by glycine24 which acts at an allosteric site and is
blocked in a voltage-dependent manner by Mg*+ 32or
by N-f I-phenylcyclohexyl)piperidine
(PCP),20 which
bind to specific sites within the channeLis These
observations are consistent with autoradiographic
and biochemical
findings, which indicate that
[)H]glycine6 and [3H]-N-( I-[2-thienyl]cyclohexyl)piperidine ([‘H]TCP),29 a PCP analogue, have a distribution very similar to that of NMDA-receptor sites.29.30
It is now well established that the highest density of
NMDA binding sites is found, in the stratum radiatum of CAl, at the level of the terminal field of
Schaeffer collaterals and in the molecular layer of the
fascia dentata30 at the level of the terminal field of the
perforant pathway. Physiological experiments indicate that, in these regions, the NMDA receptorchannel complex plays an important role in the
long-term potentiation
and memory processes.8,‘9
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MK801, (+)-5-methyl-IO,1 l-dihydro-5H di~nzo[a,dJcyclohepten-5,10-imine;
NMDA, N-methyln-aspartate;
PCP, N-( l-phenyl~yclohexyI)pi~ridine;
TCP, N-(I-~2-thienyl]cyclohexyl)pi~ridine.
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Several lines of evidence also suggest that the activation of the NMDA receptor-channel complex plays
an impo~ant role in anoxic-ischemic brain damage,
notably in the CA1 region of the hippocampus, the
most vulnerable structure in the brain to anoxiaischemia. To better understand the mechanisms underlying the long-term effect of NMDA receptor
activation and its role in anoxic changes, it is important to determine precisely whether these receptors are located pre- or postsynaptically.
In the
present study we have used experimental procedures
which selectively destroy the various neuronal populations of the hippocampal formation and quantitative autoradiography to determine the localization
of NMDA and its regulation binding sites. Preliminary results of this study have been reported in
brief elsewhere.“J2
EXPERIMENTAL PROCEDURES
Male Wistar rats (ZOO-25Og)were used in these experiments. They had access to food and water ad lib&m and
were housed in individual cages under diurnal lighting
conditions, with lights on from 0800 to 2000 h. The regional
distribution of the NMDA receptor-channel complex in
CA1 was studied following two types of lesions. (1) In a
series of 11 rats, the pyramidal cells of CA1 were destroyed
by a bilateral hemispheric &hernia, according to a previously described method.” In brief, the vertebra1 arteries
were first eiectrocauterized under anaesthesia (chloral hydrate 7%) and a clamp set on both carotid arteries. The next
day, when the animal had recovered from the procedure, the
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carotid arteries were clamped in the unanesthetized
rat for
30 min; this produced a general sedation. (2) In a series of
10 rats the pyramidal
cells of CA3 and their Schaeffer
collaterals were destroyed in one hemisphere, by an injection
of kainate into the amygdala (1.2 pg in 0.3 ~1 of phosphate
buffer, pH 7.4) using a previously
described
procedure.’
Three or 10 days after ischemia or kainate injection, the
extent and the specificity of the lesion was determined
by
Nissl (Cresyl Violet), Fink/Heimer13
or Gallyas16 staining.
To quantitate
the degree of neuronal damage 10 days after
the treatment, the number of cells per region (CA1 and CA3
fields) was counted
in 10 separate coronal
sections per
animal, at the septal level of the hippocampus.
The mean
values were expressed as percentage + S.E.M.
For autoradiographic
study, the rats were killed 10 days
after ischemia (n = 5) or kainate injection (n = 5). Five
additional
non-treated
rats were used as controls.
Brains
were removed and frozen in isopentane at - 50°C. Coronal
sections (20 pm) of the hippocampus
were cut in a crystat
(-20°C)
and mounted onto gelatin-coated
slides.
Visualization
of glutamate,
NMDA,
glycine and TCP
binding
sites was performed
by quantitative
autoradiography,
ujsing previously described methods with minor modifications.6,30,40
L-[‘H]Glutamare

binding assay30

The slices were preincubated
or 20 min at 20°C in 50 mM
Tris-acetate
buffer (pH 7.2) to remove competing
endogenous
ligand. They were then incubated
at 4°C for
45 min,
in
the
same
buffer,
containing
150 nM
r$H]glutamate
(NEN, 54.2 Ci/mM),
for total binding,
Alternate sections were incubated in the same medium in the
presence of 150pM cold glutamate (Sigma), to determine
the non specific binding (which was a every case lower than
5%) or in the presence of 150 PM cold NMDA to displace
glutamate from its NMDA-sensitive
sites. Finally, the sections were rinsed for 30 s in 50mM Tris-acetate
buffer
(pH 7.2) and then immersed in acetone containing
2.5% of
glutaraldehyde.
[‘H]Glycine

binding assay 6

The slices were preincubated
for 45 min at 20°C in
50 mM Tris-acetate
buffer (PH 7.4) to remove competing
endogenous
ligands. For total glycine
binding,- they_ were
incubated at 4’C for 20 min, in the same buffer, containing
200 nM 13Hlrrlvcine (NEN. 41 CiimM). Alternate
sections
were incubii&
in the same medium’ in the presence of
200 PM cold glycine (Sigma), to determine the non-specific
binding (which was in every case lower than 15%) or in the
presence of 1OpM strychnine
to displace glycine from its
strychnine-sensitives
sites. After incubation,
the sections
were rinsed for 2 min in 50 mM Tris-acetate
buffer (pH 7.4).
[‘H]N-( I-[2-Thienyl]cyclohexyl)piperidine

binding assay”

The slices were incubated for 15 min at 2O”C, in 50 mM
Tris-acetate
(pH 7.4), to remove competing
endogenous
ligands. For total TCP binding, they were incubated at 4°C
for 60 min, in the same buffer, containing
10 nM [‘H]TCP
(CEA, 44 Ci/mM). Alternate sections were incubated in the
same medium in the presence of 1OpM cold TCP, to
determine non-specific
binding (which was in every case
lower than 5%). After incubation,
the sections were rinsed
for 2 min in 50 mM Tris-acetate
buffer (pH 7.4).
After drying, the slides were put in an x ray cassette and
apposed at a ‘H-sensitive
LKB Ultrofilm. simultaneouslv
with plastic tritium standards (Amersham).”
Quantification
was performed
by computer-assisted
microdensitometry
(IMSTAR). At least 16 different sections from each animal
and treatment were analysed; the differences were considered significant
when P i 0.01 (U-test
of Mann
and
Whitney). After exposure the slices were stained with Cresyl
Violet to determine the extent of the lesion.

RESULTS
Morphological

eflects

qf

the anoxic-ischemic

treat-

ment
In agreement
with earlier studies,5,‘0,37 the CA1 area
was the most vulnerable region of the brain to the
ischemic treatment.
Several features of this change,
which have not been previously reported,
deserve
emphasis.
Three days after the insult, in the septal pole of the
hippocampus,
the lesion involved specifically the
subiculum, CA1 and the hilar zone. Fink-Heimer
and Gallyas procedures revealed argyrophilic degenerative neurons which were restricted to the pyramidal layer of CA1 and subicular cortex and to the
polymorph hilar zone of the fascia dentata (Fig. ]A).
Most pyramidal neurons of CA1 were heavily argyrophilic with the characteristic
Golgi-type stain of
apical and basal dendrites
(Fig. IB). In the hilar
region, a few cells were also stained with silver
deposits (Fig. 1C). Interestingly, the soma of putative
interneurons
in the polymorph layer, which were not
argyrophilic,
were surrounded
by a dense dotted
pattern of silver deposits (Fig. 1D); this is likely due
to the degeneration
of commissural inhibitory interneurons.7,26 In agreement with a recent report,“’ we
found a dense pattern of silver deposits in the outer
part of the dentate molecular layer, corresponding
to
the terminal region of the perforant pathway; this
likely correlates
with a partial destruction
of the
median entorhinal cortex (Fig. 2C). Only occasional
argyrophilic
neurons were found in the rostra1 and
medial pole of CA3 area. In contrast, in the caudal
pole of the hippocampus,
the damage was not limited
to the CA1 region and to the polymorph
hilar
zone of the fascia dentata. Argyrophilic
degenerated
neurons were conspicuous
in all regions of the pyramidal layer of Ammon’s horn including CA22CA3
(Fig. 2A) and the granule layer of the fascia dentata
(Fig. 2B). Therefore, with three days’ survival period,
there is clearly a septotemporal
gradient of destruction produced by the anoxic-ischemic
treatment.
Ten days after the treatment,
in the septal pole
of the hippocampus,
the Cresyl Violet staining confirmed an almost complete pyramidal cell loss in the
CA1 region (by 91% f 3; Fig. 4A); interneurons
in oriens and radiatum
were clearly less affected
(Fig. 4B). There was an important gliotic reaction in
the pyramidal, oriens, and radiatum layers of CA1
(Fig. 4B). In the rostra1 and medial pole of the
hippocampus
there was no conspicuous
cell loss in
the CA3 field; in contrast, in the caudal pole of the
hippocampus,
there was a clear neuronal
loss of
CA3-CA4 pyramidal neurons and granule cells.
Morphological

e$fticts of the kainate

treatment

In agreement
with a earlier study,’ the regional
distribution
of neuropathological
sequelae, after kainate, was specifically localized to the limbic system.
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Fig. 1. Gallyas staining of coronal sections depicting the effect of ischemia in septal hippocampus. (A)
General view of the hippocampus showing an argyrophilic impregnation of the CA1 field (between arrows;
x 20). (B) Three days after ischemia most of the CA1 pyramidal neurons (P) are argyrophilics ( x 400).
(C) Note the dotted argyrophilic pattern in the median mokcuiar layer (MML) and the argyrophilic cells
in the polymorph layer (PL) of the fascia dentata ( x 100). (D) In the polymorph layer of the fascia dentata
we found a few argyrophilic cells (small arrow) and non-argyrophilic cells surrounded by a dotted
argyrophilic pattern (large arrow; x 400). 0, P and R: stratum oriens, pyramidal and radiatum of CAl;
G: granular cells of the fascia dentata (FD).

Three days after kainate injection, the Gallyas and
the Fink-Heimer
methods revealed, in the hippocampus, a large lesion ipsilateral to kainate injection;
this was essentially restricted to the CA3-CA4 area
(Fig. 3A). In the pyramidal layer of CA3-CA4, some
argyrophilic cells were conspicuous. The apical and
basal dendrites of CA3-CA4 pyramidal cells were
strongly stained (Fig. 3B). In hilar region, a few
non-pyramidal
cells were also stained with silver
deposits (Fig. 3C). A dense pattern of silver deposits
was also present in the inner part of the dentate
molecular layer (Fig. 3C). This is likely due to the
degeneration of CA3 or CA4 inputs.” A restricted
number of argyrophilic cells was also found in CA1
(except in one additional case in which a particularly
severe seizure syndrome produced bilateral damage
with many silver-stained neurons).
Ten days after kainate injection, Nissl staining
confirmed an almost complete pyramidal cell loss
restricted to the ipsilateral CA3-CA4 area (by
90% + 2; Fig. 4C) with a massive gliotic reaction in

the pyramidal,
oriens, and lucidum layers of
CA3-CA4 (Fig. 4D). Neuronal loss was also conspicuous in the polymorph layer of the fascia dentata.
On the other hand, the CA1 and the fascia dentata
regions were not lesioned.

The autoradio~aphic
study of the localization of
the different binding sites was performed on the
rostra1 pole of the hippocampus since, in the caudal
pole, the effects of the anoxic-ischemic treatment
were not selective to CAI.
As shown in Figs 5 and 6, 10 days after the
anoxic-ischemic
trea~ent
there was a highly
(P < 0.01) of specific
significant 55% reduction
glutamate
binding sites in the stratum
radiatum
of CA1 (i.e. 122.3 f 7.9 and 281.4 + 13.5fmol/mg
tissue + S.E.M., in anoxic-ischemic-treated
rats and
in control rats, respectively).
In contrast, a massive
and almost complete destruction
of CA3 pyramidal
neurons and their Schaeffer collaterals
by kainate
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Fig. 2. Photomicrographs
showing the effect of ischemia in caudal hippocampus
and in enthorinal cortex.
(A) Horizontal sections of caudal hippocampus
stained by Fink-Heimer
procedure, showing argyrophilic
neurons in the whole of Ammon’s horn (CA1 and CA3 area), as well as in the granule layer (G) and in
the polymorph
layer (PL) of the fascia dentata ( x 40). (B) View of the argyrophilic
granular cells in the

fascia dentata of the caudal hippocampus (arrow, x 200). (C) and (D) Entorinal cortex stained with the
Gallyas procedure, showing argyrophilic neurons in the median part (between arrows, x 20 and x 200
respectively). FD: fascia dentata.
treatment
had no significant effect on the distribution
and density of specific glutamate binding sites in the
stratum
radiatum
of CA1 (240 f 19.1 fmol/mg
tissue + S.E.M.). Figure 6 shows that this observation also applies to the NMDA
subtype
of
glutamate
binding sites. Thus, 10 days after the
anoxic-ischemic
treatment,
there was a decrease by
about 55% of specific NMDA
binding sites (i.e.
71.1 f 7.1 and 154.3 f 10 fmol/mg tissue + S.E.M.,
in anoxic-ischemic-treated
rats and in control rats,
respectively),
whereas
kainate
treatment
and its
associated destruction of CA3 neurons did not cause
a significant reduction of specific NMDA binding
sites (146.7 f 16 fmol/mg tissue f S.E.M.).
The specific glycine binding sites in the stratum
radiatum
in CA1 (Figs .i and 6) were significantly
reduced
10 days
after
ischemia
treatment (i.e. 155.1 + 26.4 and 318.45 f 15 fmol/mg
tissue k S.E.M., in anoxic-ischemic-treated
rats and

in control rats, respectively) but not after destruction
of CA3 neurons
and their Schaeffer
collaterals
by kainate treatment
(285.3 + 15.5 fmol/mg tissue
+ S.E.M.). Figure 6 also shows that the ischemic
treatment
produced
a decrease by about 60% of
specific TCP binding sites (i.e. 26.65 f 1.25 and
67.9 k 2.9 fmol/mg
tissue rf S.E.M.,
in
anoxicc
ischemic-treated
rats and in control
rats,
respectively). In contrast,
kainate treatment
did not
cause a significant reduction of specific TCP binding
sites (55.8 + 5.1 fmol/mg tissue + S.E.M.).
In the molecular layer of fascia dentata, 10 days
after
anoxic-ischemic
treatment,
there
was a
significant loss of the different markers of the NMDA
receptor-channel
complex, notably of TCP (50%)
and NMDA-sensitive
glutamate (40%) binding sites.
In contrast,
kainate treatment
did not induce a
significant change in the density of binding sites
(Fig. 6).
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Fig. 3. Gallyas staining of coronal sections depicting the effect of kainate injection in the amygdala, in
the hippocampus ipsilateral to the injection site. (A) General view of the hippocampus showing an
argyrophilic impregnation of CA3 field (between arrows; x 20). (B) Three days after injection of kainate,
most of the CA3 pyramidal neurons (P) are argyrophilics ( x 100). (C) In the fascia dentata, there are in
the polymo~~ layer (PL) a few argyrophilic cells and in the inner part of the molecular layer (IML) a
dotted argyrophilic pattern (x 200). 0, P and R: stratum oriens, pyramidal and radiatum of CA3; G:
granular cells of the fascia dentata (FD).

Interestingly, we found that in both control and
treated cases the addition of an excess of strychnine
(IO PM) to the incubation medium consistently induced a small but non-significant
loss of specific
glycine binding sites in the stratum radiatum of CA1
(by about 25%) and in the molecular layer of the
fascia dentata (by about 20%); this may be due to a
partial blockade of the opened NMDA channels by
a high concentration of strychnine.3
As shown in Fig. 5, kainate treatment induces,
ipsilateral to the lesion, a significant loss of glutamate
and glycine binding sites (by 46.8% It 5 and 57.9 f 2,
respectively) in the CA3 region; this correlates with
the neuronal loss observed in this field.
DiSCUSSlON

The principal observation of the present study is
that glutamate, NMDA, glycine and TCP binding
sites are principally located postsynaptically on dendrites of the CA1 pyramidal neurons (over 50%).
Since we found no evidence for presynaptic local-

ization (on the Schaeffer collaterals), the remaining
binding sites after anoxia-i~hemia
are likely to be
iocated pos~ynaptically on CA1 interneurons which
are relatively spared by ischemic treatment,2”6 or in
glia. The remaining binding sites may also be located
on intact synaptic complexes, i.e. including fragments
of the postsynaptic membrane which could remain
attached to the presynaptic boutons.*’ The present
results are in agreement with a recent report4
which showed that anoxic-ischemic treatment, in
gerbils, induced a loss of about 50% of MK-801
[( -t)-5-methyl-lo,1
I-dihydro-5H dibenzo[a,d]cyclohepten-5,10-imine] binding sites (another ligand for
PCP binding sites), in the stratum radiatum of CA1 .
In contrast to CAl, our observations suggest that
there is a significant presynaptic component of
NMDA binding sites in the molecular layer of fascia
dentata. In fact, the anoxic-ischemic procedure induced a partial destruction of the entorhinal cortex
which was associated with a 40% reduction of
NMDA and a 35% reduction of TCP binding sites.
We cannot, however, completely exclude that part of

Fig. 4. Cresyl Violet staining af coronal sections depicting the specific necrosis involving in the
h~p~ampus,
t0 days afer ischemia or kainate injection in the amygdala. (A) and (C) General view of
the hippocampus showing the specific injury in CA1 and CA3 area, respectively (between arrows, x 20).
(B) and (D) Note the disappearance of the most pyramidal cells, as well as the gliotic reaction in CA1
and CA3 area, respectively ( x 100). 0, P and K: stratum oriens, pyramidal and radiatum of CA1 and
CA3. FD: fascia dentata.

(3i-0 GLYCNE

L-(3)-I) GLUTAMATE

Fig. 5. Autoradiographies
of corona1 hippocampal sections performed with [3H]glycine and
L-[‘HIglutamate in control, ischemic- and kainate-treated rats. Note the important reduction of labelling
in the stratum radiatum (sr) of CAI, in hippocampus of ischemic rats. mol: moleculare layer of the fascia
dentata.
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Fig. 6. Mean density (fmol/mg tissue + S.E.M.) of specific L-[3H]glutamate (A), NMDA (B), [3H]glycine
(C) and [3H]TCP (D) binding sites, in the stratum radiatum of CA1 and in the molecular layer (MOL)
of the fascia dentata, of control (solid bars), kainate-treated (stippled bars) and ischemic (open bars) rat
hippocampi. Note the significant loss of different NMDA receptor-channel complex binding sites in the
stratum radiatum of CA1 and in the molecular layer of the fascia dentata, in hippocampus of ischemic
rats. *P < 0.01 (U-test of Mann and Whitney).

the reduction of binding sites produced by anoxia
may be due to the destruction of hilar neurons 23
which project to the molecular layer. 31 However, a
similar neuronal loss in kainic acid-treated rats 39
failed to induce any significant change in binding
sites. Binding loss could also be due to a postsynaptic
neuronal damage following the denervation of
granular cells.
The N M D A receptor plays an important role in
the ischemic neuronal cell less. The anoxic ischemic
treatment induces a temporary increase in the release
of the endogenous agonists of N M D A (glutamate
and aspartate) 2'~8 in the vicinity of vulnerable CA1
pyramidal cells, and the t r e a t m e n t with N M D A channel antagonist,14,33'35 as well as the lesion of
excitatory afferent pathways, 22 protects against is-

chemic damage in the brain. Therefore, it has been
suggested that, during anoxia-ischemia, the Schaeffer
collaterals release glutamate or other N M D A analogues in toxic amounts, which by means of
N M D A receptors increase the cytosolic Ca 2+
contents 28 and subsequently activate ph0spholipases 27
and proteases, 38 leading to cell damage. Activation of
the N M D A receptor is also required for the induction
of long-term potentiation. 8'~9 The present results
provide additional support for an important contribution of postsynaptic mechanisms in CA1, both
for the long lasting enhancement of synaptic response
in CA1 and for the anoxic-ischemic damage.
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