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Transsynaptic Expression of a Presynaptic
Glutamate Receptor During Hippocampal
Long-Term Potentiation

Tania Smirnova, Serge Laroche, Michael L. Errington,
Andrew A. Hicks, Timothy V. P. Bliss, Jacques Mallet*

Repetitive activation of excitatory synapses in the hippocampus produces a persistent
enhancement of synaptic efficiency known as long-term potentiation (LTP). In anes-
thetized and in freely moving rats, the induction of LTP in the perforant path led to a
transient increase in the amount of messenger RNA (mRNA) coding for a presynaptic
glutamate receptor (GR33) in dentate granule cells. The amount of GR33 mRNA was
increased for at least 5 hours after the induction of LTP but was indistinguishable from
control values 1 day after induction. The N-methyl-p-aspartate receptor antagonist
2-aminophosphonovalerate prevented the induction of both LTP and the increase in
GR33 mRNA. The amount of GR33 protein was increased in the mossy fiber terminal
zone of dentate granule cells 5 hours after the induction of LTP. These results suggest
that the induction of LTP in synapses at one stage in a neural network may lead to
maodification in synaptic function at the next stage in the network.

Long-term potentiation (LTP) in the den-
tate gyrus and hippocampus is an extensive-
ly studied form of activity-dependent syn-
aptic plasticity in the vertebrate nervous
system (1) and is considered to be a cellular
model for the changes that underlie learn-
ing and memory (2). Induction of LTP in
the CA1 region of the hippocampus and in
the dentate gyrus requires simultaneous pre-
synaptic release of neurotransmitter and
sufficient postsynaptic depolarization to
cause activation of the N-methyl-D-aspar-
tate (NMDA) receptor channel complex,
which results in an increased calcium influx
into the postsynaptic cell. This initial trig-
gering event activates both pre- and
postsynaptic mechanisms to generate a per-
sistent increase in synaptic strength (3). In
the CA3 region, however, one form of
LTP, mossy fiber LTP, is independent of
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NMDA receptor activation (4). Mossy fi-
bers are granule cell axons that make syn-
aptic connections with spines located on
the proximal dendrites of CA3 pyramidal
cells (5). Although the mechanism of in-
duction of LTP at the mossy fiber-CA3
synapse remains controversial (6), it is pos-
sible that maintenance of LTP is entirely
presynaptically mediated (4) and involves
presynaptic receptors that modulate the
release of excitatory neurotransmitters (7).
Recent studies that demonstrate that the
presynaptic glutamate autoreceptor of the
metabotropic (mGluR) type regulates trans-
mitter release (8) suggest that presynaptic
glutamate receptors have an important role
in the maintenance of LTP.

One of the candidates for such a role is
GR33, a presynaptic glutamate receptor
with a pharmacological profile similar to that
of the postsynaptic NMDA receptor (9). We
studied the effect of LTP, which was induced
in the perforant path—dentate gyrus syn-
apses, on the expression of the GR33 recep~
tor gene in the rat hippocampus. In situ
hybridization (10) was performed on brain
slices taken 2 or 5 hours-after induction of
LTP in anesthetized rats (11) (n = 2 for each
time point) and 2 hours, 1 day, 2 days, or 5
days after induction of LTP in freely moving
rats (12) (n = 3 for each time point). Freely
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moving and anesthetized controls (one rat
for each time point) were subjected to low-
frequency stimulation that did not induce
LTP and were matched for analysis at similar
time points after stimulation (11, 12).

High-frequency stimulation of the per-
forant path induced reliable LTP both of
the evoked field excitatory postsynaptic po-
tential (EPSP) (Fig. 1) and of the synchro-
nous discharges of dentate granule cells
(13). There was no change of either mea-
sure in stimulated controls (Fig. 1). The
amount of GR33 mRNA in the dentate
gyrus increased 2 hours after the induction
of LTP in both unanesthetized and anesthe-
tized animals in which LTP had been estab-
lished (Fig. 2, A and B). The increase was
restricted to the granule cells of the entire
dorsal region of the dentate gyrus and was
not seen in the contralateral hippocampus.
Control stimulation had no effect on the
expression of GR33 (Fig. 2, A and B). The
relative amount of GR33 mRNA (dy,/dc4,)
(14) in the dentate gyrus of control rats was
compared with that of rats that received
tetanic stimulation (Table 1). There was a
threefold increase (two rats of two ana-
lyzed) and 1.7-fold increase (three rats of
three analyzed) in the amount of GR33
mRNA in anesthetized and freely moving
rats, respectively.

The amount of GR33 mRNA in the
dentate gyrus of anesthetized rats was in-
creased 5 hours after the induction of LTP
on the ipsilateral (tetanized) side and also
on the contralateral side, which had not
been stimulated (Fig. 2B). At this time
point, the increase in the amounts of GR33
mRNA was identical on both sides (LTP
side: dy,/dca; = 4.15, SEM = 0.31,n =3
sections; contralateral side: dg/dca,
3.76, SEM = 0.34, n = 3 sections) and was
similar to the unilaterally restricted increase
at 2 hours. Amounts of GR33 mRNA in
freely moving rats killed 1, 2, and 5 days
after the induction of LTP were indistin-
guishable from those in controls (Fig. 2A).
Tetanic stimulation of the perforant path
had no significant effect on the amounts of
GR33 mRNA in the CAl and CA3 pyra-
midal cell layers at any time after the
induction of LTP.

In further experiments, we established
that both LTP and the increased amount of
GR33 mRNA after 2 hours and 5 hours
(Fig. 2C) were blocked by infusion of the
competitive NMDA receptor antagonist
2-aminophosphonovalerate (APV) (15).
This suggests that alteration in the amount
of GR33 mRNA requires the activation of
NMDA receptors on granule cells. We next
examined the possibility that the expression
of the postsynaptic NMDA receptor was
regulated in LTP. In rat brain, mRNA for
GR33 is colocalized with mRNA for a
major component of the NMDA receptor
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complex, a subunit NMDARI (9, 16). The
amount of NMDARI mRNA did not
change during the 5 days after the induc-
tion of LTP (Fig. 2A).

We then studied the amount of GR33
protein in the hippocampus of potentiated
and control anesthetized rats (17). In the
hippocampus, GR33 antibodies labeled the
mossy fiber terminal zone of the dentate
granule cells (Fig. 3). No changes in the
amount of GR33 protein were detected in
mossy fibers 2 hours after induction of LTP,
nor in the perforant path terminal zone in
the dentate gyrus, nor in any other region
of the hippocampus. However, the intensi-
ty of labeling of the dentate granule cells in
the mossy fiber terminal zone was increased
5 hours after the induction of LTP when
compared with the intensity in the stimu-
lated controls (Fig. 3).
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These results show that LTP leads to
transient induction of GR33 gene expres-
sion in dentate granule cells and to a
subsequent increase in protein amounts in
the mossy fiber terminal zone. These find-
ings have important implications for the
mechanisms that underlie long-lasting in-
creases in synaptic strength in hippocampal
circuits and for the function of the GR33
glutamate receptor. Our results suggest that
NMDA-dependent postsynaptic mecha-
nisms responsible for the induction of LTP
in the dentate gyrus induce not only pre-
synaptic changes in the perforant path—
dentate gyrus synapses (3, 18) but also
postsynaptic changes in GR33 gene expres-
sion, which results in presynaptic modifica-
tions downstream in the hippocampal cir-
cuitry at the level of mossy fiber-CA3
synapses. Moreover, the bilateral increase
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Fig. 1. LTP-inducing (A and B) and control (C and D) stimulation in the dentate gyrus in anesthetized
(A and C) and freely moving (B and D) rats. The slope of the EPSP is plotted as a function of time and
as a percentage change from the mean value obtained before high-frequency [1 hour in (A); 1 to 3
days in (B)] or control stimulation [identical periods in (C) and (D)]. Tetanic stimulation is indicated by
arrows in (A) and (B); control stimulation was given at corresponding times in (C) and (D). Each point
on the graphs represents the average of four consecutive evoked responses. In (A) and (B), tetanic
stimulation induced a pronounced and long-lasting increase in the slope of the EPSP in both groups
of rats. In freely moving rats, potentiation of the EPSP was stable with almost no decrement 2 days (B)
and 5 days (data points not shown) after induction. In (C) and (D), no change was seen in stimulated
controls. Sample waveforms are averages of 40 evoked potentials obtained at the times indicated by
the lowercase letters. Calibration bars are 4 mV and 4 ms.

Table 1. Increase of GR33 mRNA in the dentate gyrus of rats 2 hours after the induction of LTP. The
relative amount of GR33 mRNA ipsilaterally and contralaterally to tetanic or control stimulation was
calculated for each rat as described (74). The first number in each pair is the number of brain
sections analyzed; the second is the number of animals.

LTP-inducing stimulation

Control stimulation

Rat model
Ipsilateral Contralateral Ipsilateral Contralateral
Freely moving 4.00 = 0.65 2.35 +0.33 212+ 0.18 215+ 0.47
n=43 n=43 n=31 n=31
Anesthetized 3.70 = 0.55 1.45 = 0.10 1.28 = 0.06 ND*
n=32 n=32 n=31

*Not determined, because one of two anesthetized rats was stimulated on both sides.
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in the expression of GR33 after LTP sug-
gests that similar mechanisms may contrib-
ute to the bilateral modulation of down-

850 um (A and B) and 770 pm (C).

Fig. 3. Immunohisto-
chemical detection of
GR33 protein in the
dentate gyrus of anes-
thetized rats. Immuno-
detection was done with
GR33 antibodies 5

hours after the induction-

of LTP (B and D) or with
control
and C) (Fig. 1); ml, mo-
lecular layer; mf, mossy
fiber terminal zone; sg,
stratum granulosum; sp,
stratum pyramidale; and
h, hilus. Scale bar: 40
pwm for (A) and (B) and
20 pm for (C) and (D).

stimulation (A .

GR33

L £ :
SR ERe

NMR1

stream synaptic function in hippocampal
networks. In summary, our data highlight
the potential importance of transsynapti-

Fig. 2. Effects of perforant path-dentate gyrus
LTP on the amount of GR33 mRNA in the
hippocampus of freely moving and anesthe-
tized rats. (A) In situ hybridization signals of
GR33 mRNA and of NMDAR1 receptor mRNA

(NMR1) in the hippocampus of freely moving
rats 2 hours and 1 day after the induction of LTP. The right side of the brain received tetanic
stimulation. The hybridization signal obtained in a rat killed 2 hours after control stimulation is
defined as the control (Fig. 1). (B) GR33 mRNA hybridization signals in the hippocampus of
anesthetized rats killed 2 hours and 5 hours after LTP induction and control stimulation. The left side
of the brain was stimulated in each case. (C) Effect of APV infusion (30 min before tetanus) on the
amount of GR33 mRNA in the hippocampus of a rat killed 5 hours after LTP induction. The right side
of the brain received LTP-inducing stimulation. Control stimulation was applied to the left side. The
CA1 and CA3 regions of the hippocampus and the dentate gyrus (DG) are indicated. Scale bars:

Control
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cally regulated gene expression for informa-
tion processing in the brain and suggest that
the glutamate receptor GR33, which is
located presynaptically, functions in this
process.
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Binding of L-Selectin to the Vascular
Sialomucin CD34

Susanne Baumhueter, Mark S. Singer, William Henzel,
Stefan Hemmerich, Mark Renz, Steven D. Rosen,
Laurence A. Lasky*

The adhesive interactions between leukocyte L-selectin and the endothelium are involved
in the migration of lymphocytes through peripheral lymph nodes and of neutrophils to sites
of inflammation. A recombinant L-selectin stains high endothelial venules (HEVs) in lymph
nodes and recognizes sulfated carbohydrates found on two endothelial glycoproteins,
Sgp50 and Sgp90. Amino acid sequencing of purified Sgp90 revealed a protein core
identical to that of CD34, a sialomucin expressed on hematopoietic stem cells and en-
dothelium. A polyclonal antiserum to recombinant murine CD34 stains peripheral lymph
node endothelium and recognizes Sgp90 that is functionally bound by L-selectin. Thus, an
HEV glycoform of CD34 can function as a ligand for L-selectin.

The ability of leukocytes to .adhere effi-
ciently to the endothelium under condi-
tions of vascular flow is a key event in the
inflammatory response (I—4). Leukocyte
adhesion and extravasation appear to con-
stitute a multistep phenomenon in which
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the initial, relatively low-affinity binding
event (leukocyte rolling) is mediated by the
selectin family of adhesion molecules (3,
4). Chemotactically activated leukocytes
then induce a higher avidity binding that is
mediated by the leukocyte integrins and
their cognate endothelial ligands, the im-
munoglobulin (Ig) superfamily glycopro-
teins including the intercellular adhesion
molecules (ICAMs) and vascular cell adhe-
sion molecule-1 (VCAM-1) (1-4). Al-
though the adhesion that is mediated by the
leukocyte integrins is due to protein-depen-
dent binding (2), the selectins bind
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through the calcium-dependent lectin rec-
ognition of carbohydrate ligands on specific
endothelial or leukocyte glycoproteins (4).
Two such endothelial ligands that are spe-
cifically recognized by leukocyte L-selectin
are sulfated glycoproteins of 50 and 90 kD
that have been termed Sgp50 and Sgp90
(5-9). The interactions between recombi-
nant L-selectin and Sgp50 and Sgp90 ap-
pear to exactly mimic the L-selectin-medi-
ated binding of lymphocytes to the HEVs of
peripheral lymph nodes (PLNs) (5-9). The
nature of Sgp50 was determined by the
cloning of a complementary DNA (cDNA)
encoding the protein backbone of this gly-
coprotein (10). The results revealed a po-
tentially soluble mucin-like molecule that
could function as a scaffold for the high-
density presentation of the appropriate, sul-
fated carbohydrates to cell surface L-selec-
tin on lymphocytes. The clustering of car-
bohydrate ligands in a mucin organization
was an obvious mechanism to enhance the
avidity of this ligand for L-selectin. Previ-
ous analyses did not define the molecular
nature of Sgp90.

The earlier biochemical characterization
of the Sgp50 and Sgp90 L-selectin ligands
was done with a chimeric molecule con-
taining the extracellular domain of L-selec-
tin and human IgG1 (L-selectin-IgG) (5—
9). Isolated Sgp50 interacts with L-selec-
tin—IgG in a calcium-dependent, carbohy-
drate-mediated manner, as is the case for
the binding of lymphocytes to HEVs (5-7).
To prove that Sgp90 also has independent
ligand activity that is carbohydrate-depen-
dent, and is not merely coprecipitated with
Sgp50, we electroeluted Sgp90 from an
SDS gel and examined its ability to interact
directly with L-selectin—IgG. As shown in
Fig. 1, purified Sgp90 was quantitatively
reprecipitated by L-selectin—IgG only in the
presence of calcium, demonstrating the in-
volvement of the calcium-dependent lectin
domain of L-selectin (4). A CD4-IgG chi-
mera did not react with the 90-kD compo-
nent. We used affinity chromatography on
wheat germ agglutinin and L-selectin-IgG
columns to purify Sgp90 from detergent
lysates of mouse mesenteric lymph nodes
(7, 10). The final EDTA-released fraction
from the L-selectin affinity column was
electrophoresed on an SDS gel, and the
region of the gel containing Sgp90 was
isolated. Electroblotted material was sub-
jected to amino acid sequence analysis.

A weak (~5 pmol) 12-residue NH,-
terminal sequence was determined that
contained a number of gaps (“X”). Com-
parison of the NH,-terminal sequence of
the purified ligand with'the deduced NH,-
terminus of the murine sialomucin CD34
(mCD34) (11) revealed an exact match at
7 out of 12 positions (Sgp90 sequence:
XXETSXQGIXPT, CD34 sequence: TTE-





