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it was also responsible for the instability in dw3.

Because direct duplications are apt to under-
go unequal crossing-over (/8), could this be the
mechanism by which dw3 reverts back to Dw3?
One way of answering this question is by iden-
tifying one or more recombinants that contain at
least three copies of the duplicated region. To
find such a recombinant, DNA from another
200 dwarf plants was subjected to Southern
analysis (6). We identified a single plant that
displayed a restriction pattern indicative of
three copies of the duplicated region (Fig. 4E).
Subsequent cloning and sequencing of this re-
striction fragment confirmed its triplicate na-
ture, thereby demonstrating that dw3 reverts
back to Dw3 by unequal crossing-over.

Interestingly, a dwarf plant with a restriction
band diagnostic of wild-type revertants was
also found among these 200 plants (Fig. 4E).
PCR amplification and subsequent sequencing
of its product indicated that unequal recombi-
nation had removed the duplicated part of the
gene but introduced a number of simple nucle-
otide changes in the copy that was left behind
(fig. S4). These changes disrupted the reading
frame of DW3 and also truncated the protein by
about 200 amino acids, thereby explaining the
mutant nature of this new allele. Because this
allele, designated dw3-sdl, lacks the duplica-
tion, it is expected to confer a stable mutant
phenotype. This was determined by generating
progeny that were homozygous for the dw3-sd1
allele. We screened more than 2400 such plants
in the field and found that none reverted back to
the tall type, confirming the stable dwarf nature
of this mutant derivative. To determine whether
imprecise recombination at dw3 was common
enough to be practically useful, we analyzed
another 500 dwarf plants by PCR (6). One plant
was identified that yielded a product indicative
of a loss of duplication. Its sequence revealed
that it had undergone mutational changes sim-
ilar to that of dw3-sd1 (19).

Concluding remarks. These findings not
only resolve a long-standing puzzle in sorghum
genetics and breeding but also provide a simple
strategy for effectively correcting dw3 in the
sorghum germplasm. Moreover, new mutant
alleles of sorghum dw3 or of corresponding
genes in other cereals may be generated by
conventional mutagenesis approaches. There is
also the prospect of inciting a renewed interest
in this locus for maize breeding by generating
new and improved alleles of br2. A key advan-
tage of the dwarfing mechanism described here
is its synergistic effect on stalk quality, a trait
considered to be of utmost importance for en-
hancing crop yields beyond those that have
already been achieved (7).
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Abnormally high spiking activity can damage neurons. Signaling systems to protect
neurons from the consequences of abnormal discharge activity have been postulated.
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"Molecular Genetics of Behaviour, 2Neurodegeneration
and 3Clinical Neuropharmacology Group, Max-Planck-
Institute of Psychiatry, Kraepelinstrafe 2-10, 80804 Mu-
nich, Germany. “Institute of Physiological Chemistry and
Pathobiochemistry, Johannes Gutenberg—University,
Duesbergweg 6, 55099 Mainz, Germany. >Clinic of An-
aesthesiology, LudwigMaximilians-University, Klinikum
Grosshadern, Marchioninistrae 15, 81377 Munich, Ger-
many. °Endocannabinoid Research Group, Institute of
Biomolecular Chemistry, Consiglio Nazionale delle
Ricerche, Via Campi Flegrei 34, 80078 Pozzuoli (Napoli),
Italy. “Department of Organic Chemistry, Complutense
University, 28040 Madrid, Spain. ®Division of Molecular
Biology of the Cell I, German Cancer Research Center, Im
Neuenheimer Feld 280, 69120 Heidelberg, Germany.

*These authors contributed equally to this work.
fThese authors share senior authorship.

1To whom correspondence should be addressed. E-
mail: lutz@mpipsykl.mpg.de

tect themselves against the risk of excessive
activity, which could lead to pathological
processes known as excitotoxicity (/). There-
fore, it is conceivable that protective signal-
ing systems exist that are able to provide
on-demand defense in case of abnormally
high spiking activity. The endogenous canna-
binoid system in the brain is a neuromodula-
tory system comprising the cannabinoid re-
ceptor type 1 (CB1), its endogenous ligands
(endocannabinoids), and the machinery for
their synthesis and degradation (2, 3). Exog-
enous natural and synthetic cannabinoids
have been shown to exert neuroprotective
functions in several models of neurotoxicity
(4-7), and neuronal depolarization increases
the production of endocannabinoids (2—4, §).
However, the involvement of the endogenous
cannabinoid system in physiological protec-
tion against the consequences of excessive
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neuronal activity is still a matter of debate
(4), and even CBI1 receptor—mediated neuro-
toxic effects have been reported (9-11).

CB1 receptors and KA-induced sei-
zures. To test the role of the endogenous can-
nabinoid system in the control of excessive
neuronal activity in the brain, we first compared
CB1-null mutant mice (CB177) (12) and their
CB1*" control littermates in the kainic acid
(KA) model of excitotoxic epileptiform sei-
zures (I, 13). In this model, the hippocampus
appears as the brain region most susceptible to
KA-induced effects (7). Injection of KA (30
mg/kg) into CB1~~ mice induced clearly more
severe seizures than injection into CB1™/™* lit-
termates (genotype: F, 5 = 8.8, P < 0.05) (/3)
(Fig. 1A), and more than 75% of CB1~~ mice
died within 1 hour after KA injection (fig.
S1A). At lower doses of KA, the death rate was
still significantly higher (fig. SIA) and behav-
ioral responses were more pronounced (fig.
S1B) in CB17~ than in CB1*/* and CB1*"/"~
mice (15 mg/kg, genotype: F2 s =43, P<
0.05; 20 mg/kg, genotype: F, 5 = 4.0, P <
0.05), indicating that genetic ablation of the
CBI1 receptor lowers the threshold for KA-
induced seizures.

If CB1 receptor activation is involved in
endogenous protection against KA-induced
excitotoxicity, administration of KA should
induce a rapid increase in the production of
endocannabinoids for CBI1 receptors. We
therefore measured the levels of endocan-
nabinoids in the hippocampi of wild-type
mice from the C57BL/6N line, isolated at
different time points after KA treatment (30
mg/kg) (13). Whereas the levels of the endo-
cannabinoid 2-arachidonoyl-glycerol and of
palmitoyl-ethanolamide (an endocannabi-
noid-related compound) remained unaltered
at any time point analyzed (/4), the tissue
concentrations of anandamide (arachidonoyl-
ethanolamide) markedly increased, peaked
20 min after KA injection, and returned to
basal levels within 1 hour (Fig. 1B). These
findings suggest a specific involvement of the
endogenous cannabinoid system in acute pro-
tection against excitotoxicity induced by KA.

To substantiate the relationship between
elevated levels of anandamide and activation
of CBI1 receptors, we tested the acute require-
ment of CBI receptor activation by treating
wild-type C57BL/6N mice with the specific
CBI1 receptor antagonist SR141716A (3 mg/
kg) 30 min before KA injection (20 mg/kg)
(13). SR141716A-treated mice experienced
more severe seizures than vehicle-treated
mice (treatment: I, ;, = 5.0, P < 0.05) (Fig.
1C). This effect of the antagonist was signif-
icantly more pronounced when heterozygous
CB1-null (CB1"") mutants, known to pos-
sess about half the density of CB1 receptors
in the hippocampus (/5), were treated with
the same dose of the antagonist (treatment in
CBI1 "/~ mice: F, 4 =85, P <0.05; compar-

ison C57BL/6N mice versus CB1"/~ mice:
behavioral scores of C57BL/6N: 2.9 = 0.5
and of CB1"/~: 5.2 = 1.1, P < 0.05) (Fig.
1C). Consistently, preadministration of the
selective and potent inhibitor of endocannabi-
noid uptake UCM707 (16) (3 mg/kg) signif-
icantly protected C57BL/6N mice against
KA-induced seizures (35 mg/kg; treatment:
F =48 P <0.05) (Fig. 1D), indicating
that the endogenous cannabinoid system pro-
vides on-demand protection.

Role of forebrain principal neurons. In
cortical areas, the CB1 receptor is highly ex-
pressed in interneurons that contain y-aminobu-
tyric acid (GABAergic interneurons) (17, 18), but
evidence exists for its presence also in principal
neurons of, for example, the hippocampus (17,
19). Thus, we generated a mouse line in which the
CB1 coding region is flanked by two loxP sites
(CBI1-floxed mice, CB17%) (Fig. 2A). By crossing
this mouse line with mice that express Cre recom-
binase under the control of the regulatory se-
quences of the Ca’*/calmodulin-dependent
kinase Il gene (CB1C3MKICre mice) (20), we
obtained CB175CaMKIleCre mice (73) in which the
CBI1 receptor is deleted in all principal neurons of
the forebrain but maintains its expression in cor-
tical GABAergic interneurons (including those in
the hippocampus) (Fig. 2, B to E) and in cerebellar
neurons (/4). Injection of 30 mgkg of KA
induced clearly more severe seizures in
CB17fCaMKllaCre mice than in CB17F littermates
(genotype: F} ;4 = 14.9, P < 0.01) (Fig. 2F) and
decreased their survival rate (P < 0.01) (fig.
S2A). Mice expressing only the transgenic Cre
protein (CB1€2MKI«Cre mice) and their wild-type
littermates did not show any differences between
genotypes after injection of 30 mgkg of KA
(genotype: ', | = 0.7, P = 0.4), thus precluding
the expression of Cre recombinase as the cause of
the phenotype in CB175CaMKllaCre mige A com-
parison of behavioral scores of CB17~ and
CB17fCaMKllaCre mice and of their respective
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littermate controls, revealed that the development
of seizures did not differ between the CB1-null
mutants and the conditional CB1 knockouts (fig.
S2B). Moreover, pretreatment with 3 mg/kg of
UCM707 significantly protected CBI17f mice
against seizures induced by 30 mgkg of KA.
However, the same treatment was ineffective in
CB17EcaMKllaCre Jittermates  (genotype and
treatment: F; ¢ = 14.0, P < 0.001; comparison
CB1"%-vehicle versus CBI17-UCM707, P <
0.05; comparison CB17ECaMKllaCre_yehicle
versus CB17ECaMKllaCre (JCM707, P = 0.95)
(Fig. 2G), thus indicating that the effects of the
drug are specifically mediated by CB1 recep-
tors on glutamatergic neurons. In addition, the
blockade of CBI1 receptors by treatment with 3
mg/kg of SR141716A was without any effect
on seizures induced by 20 mg/kg of KA in
CB1VECaMKllaCre  mjce  (Fig. 2H). Thus,
GABAergic interneurons endowed with CB1
receptors apparently do not confer substantial
protection against KA-induced acute excitotox-
icity. We therefore suggest that the endogenous
cannabinoid system exerts its neuroprotective
action through CB1 receptors on principal
glutamatergic neurons.

Dampening of KA-induced excitation.
Injection of KA activates the endogenous
cannabinoid system, which, in turn, protects
neurons from the excitotoxic effects of this
drug through the activation of CB1 receptors.
How does CBI1 receptor activation reduce
excitotoxicity? Exogenously applied cannabi-
noids most commonly decrease neuronal ex-
citability and inhibit glutamatergic transmis-
sion (2—4). It is thus conceivable to assume
that an endogenously released ligand of the
CBI1 receptor, such as anandamide, might
prevent excitotoxicity by a CB1 receptor—
mediated inhibition of glutamatergic trans-
mission. To test this hypothesis, we gauged
glutamatergic excitation of CAl pyramidal
neurons in an in vitro hippocampal slice prep-

Fig. 1. The endogenous

cannabinoid system is acti- A B ]

vated by KA and protects gt g

against seizures. (A) Seizure s :l* 2E15

scoring (30 mg/kg of KA) of g4 0—4‘:’"4’_—{) § D1

CB1*/* mice (open circles, = : g

n = 7) and CB1~~ mice (sol- S 1 L

id circles, n = 8). Higher B 15 30 45 60 = Basal 5min 20min 1h
scores indicate more severe Time (min) after KA Time after KA
seizures. (B) Levels of hip-

pocampal anandamide at (o4 |_l D

different time points after o 6 @

KA injection into C57BL/6N S5 g3 hd
mice (30 mg/kg, n = 5 mice =41 52

per group). (C) Effects of the 83 8

CB1 receptor antagonist E 21 E 1

SR141716A (SR, solid bars) 2" 3

and the vehicle (Veh, open
bars) on seizure scoring (20
mg/kg of KA) in C57BL/6N

Treatment Veh Veh

Genotype BLI6 c51+* BL/6 cm*f

Vehicle UCM707

mice (BL/6, n = 6 per group) and in CB1*/~ mice (n = 6 per group). (D) Effects of the anandamide uptake
inhibitor UCM707 (solid bar) and the vehicle (open bar) on seizure scoring in C57BL/6N mice (35 mg/kg of
KA, n = 23 to 24 per group). Means =+ SEM; *, P < 0.05; **, P < 0.01; +, P < 0.05; ++, P < 0.01 versus

respective vehicle-treated groups.
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aration from CB17fCaMKllaCre and CB177 jt-
termates before (Fig. 3A) and after (Fig. 3B)
bath application of 150 nM KA (/3). At this
concentration, KA did not significantly
change the excitation of neurons obtained
from CB17f mice. We monitored neuronal
excitation as the spontaneous excitatory
postsynaptic currents (EPSCs, relative exci-
tation: 4 = 2, P > 0.05, versus the baseline)
(Fig. 3C). In contrast, neurons obtained from
CB|7ECaMKllaCre mijce showed strong excita-
tion under these conditions (relative excita-
tion: 17 = 4, P < 0.05, versus the baseline)
(Fig. 3C), which was accompanied by an

increase in the frequency of EPSCs (frequen-
cy: 4.5 = 0.5 Hz versus a baseline of 1.0 =
0.1 Hz, P < 0.01).

KA-induced intracellular events. Sev-
eral intracellular pathways have been impli-
cated in the development of KA-induced
excitotoxicity (27). In the hippocampus, in-
jection of KA activates various kinases, in-
cluding  extracellular-regulated  kinases
(ERKs) (21), at different time points. Be-
cause CBI1 receptor agonists stimulate the
phosphorylation of ERKs (2), we isolated
hippocampi derived from CB17f:caMKllacre
and CB1%f littermates 75 min after injection
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Fig. 2. Activation of CB1 receptors on principal forebrain neurons mediates protection from seizures. (A)
Generation of the CB1%f mouse line. Open box, the CB7 open reading frame; dotted box, the
phosphoglycerate kinase-neomycin phosphotransferase (PGK-Neo) selection cassette; open triangles,
loxP sites; solid triangles, FLP recombinase recognition target (FRT) sites; gray box, the probe for
Southern blot analysis; small arrows, primers for polymerase chain reaction (PCR) genotyping. Bottom
left: Southern blot analysis showing CB1*/* mice (lanes 1 and 2) and CB1¥* mice (lines 3 and 4)
obtained after FLP recombinase—mediated excision of PGK-Neo cassette. Bottom right: PCR analysis of
CB1f (lanes 1, 4, and 5), CB1¥* (lanes 2 and 6), and CB1*/* (lane 3) mice. WT, wild-type;
BamHI, endonuclease recognition site; G50 and G51, PCR primers (72, 13); flipase, FLP
recombinase. (B and C) Expression of CB7 mRNA (dark-field) in hippocampi from (B) CB17f and
(C) CcB1f/ficaMKilacre mice The CA1, CA3, and DG regions of the hippocampus are marked. (D
and E) Expression of CBT mRNA (red staining), in combination with the GABAergic-specific
marker GADG65 (silver grains) in the CA3 region of the hippocampus in (D) CB1"f and (E)
CB1f/ficaMKllaCre mice. CBT mRNA is present in pyramidal neurons in CB1¥f but not in
CB17/ficaMKllacre mice. Pyr, the CA3 pyramidal layer; arrows, interneurons co-expressing CB1
and GADG635; blue stain, toluidine-blue counterstaining. Scale bars, 20 wm. (F) Seizure scoring
(30 mg/kg of KA) of CB1"f mice (open circles, n = 8) and CB1"/ficaMKllacre mjce (solid circles,
n = 10). (G) Effects of the anandamide uptake inhibitor UCM707 (3 mg/kg, solid symbols) and
the vehicle (open symbols) on seizure scoring (30 mg/kg of KA) of CB17f mice (triangles, n =
9 per group) and CB1¥/ficaMKllaCre mjice (squares, n = 7 per group). (H) Effects of the CB1
receptor antagonist SR141716A (3 mg/kg) on seizure scoring (20 mg/kg of KA) of CB17f mice
(open bars, n = 12 to 14 per group) and of CB1f/ficaMKllacre mice (solid bars, n = 11 per group).
Means = SEM; *, P < 0.05; **, P < 0.01; ns, not significant.

of KA (15 mg/kg) or saline, then quantified
the levels of CB1 receptor—mediated activa-
tion of ERKs by Western blotting (/3). Ad-
ministration of KA induced a significant in-
crease in phosphorylation of both p42 (phos-
pho-p42) and p44 (phospho-p44) ERKSs in
CB17f mice (phospho-p42: to 173.0 =
21.2%, P < 0.05; phospho-p44: to 220.1 =
36.1%, P < 0.01) (Fig. 4, A and B), whereas
there was no significant difference between
KA- and saline-treated CB17f:CaMKIlaCre
mice (phospho-p42: to 101.1 = 9.8%, P >
0.05; phospho-p44: to 144.0 = 36.9%, P >
0.05) (Fig. 4, A and B).

KA administration rapidly induces ex-
pression of immediate early genes (IEGs)
such as c-fos or zif268 (22). This induction
depends, at least in part, on the activation of
ERKs (23). In particular, the activation of the
c-fos gene plays a central role in protection
against KA-induced excitotoxicity (24). Be-
cause the pharmacological stimulation of
CB1 receptors induces the expression of
these IEGs (2, 25), we analyzed by in situ
hybridization (13) the levels of c-fos and
zif268 transcripts in hippocampi from
CB1VfcaMKllaCre gnd CB17f littermates 75
min after KA or saline injection. In saline-
injected mice, the hippocampal levels of
c-fos (Fig. 4, C, E, and O) and zif268
transcripts (Fig. 4, G, I, and P) were similar
between genotypes. However, all subre-
gions of the hippocampi derived from KA-
treated CB17f mice showed markedly in-
creased levels of both c-fos (Fig. 4, D and
0) and zif268 transcripts (Fig. 4, H and P).
In the hippocampi derived from KA-treated
CB1f/f:CaMKllaCre mice  the induction of

A B
Baseline KA (150 nM)
R ———p—
1wopal__ I : | ’ (W
1s
C
_— KA (150 nM)
T ©
gz it ],,
zOg 3 GonBBo0ofonn000e” 000008033520

5 10 15 20 25 30

Time (min)
Fig. 3. On-demand activation of the endogenous
cannabinoid system dampens KA-induced excita-
tion of CA1 hippocampal pyramidal neurons. (A)
Representative traces of CB1%f (upper) and
CB1¥ficaMKllacre (|\ver) neurons, before KA appli-
cation. (B) Representative traces of the same
neurons 20 min after KA application. (C) Normal-
ized excitation values over the course of the
experiments. Open circles, CB17f (7 cells from 2
mice); solid circles, CB1f/ficaMKllaCre (g cells from 2
mice). Bar represents duration of bath application
of KA. Means *= SEM; *, P < 0.05.
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c-fos (Fig. 4, F and O) and zif268 expres-
sion (Fig. 4, J and P) was abolished.

The brain-derived neurotrophic factor
(BDNF) exerts neuroprotective functions
(26, 27) and participates in c-fos—depen-
dent neuronal protection against KA-in-
duced excitotoxicity (24). We measured
BDNF messenger RNA (mRNA) levels by
in situ hybridization in the hippocampi of
the same mice used for the analysis of c-fos
and zif268 expression (/3). In saline-treat-
ed mice, BDNF mRNA was expressed at
moderate levels in all subregions of the
hippocampus (Fig. 4, K, M, and Q). Slight-
ly but significantly lower levels of BDNF
were observed in the CA3 region of CB17

Fig. 4. On-demand
activation  of the
endogenous cannabi-
noid system in princi-
pal hippocampal neu-
rons is required to
induce protective mo-
lecular cascades. (A)
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ERK  phosphorylation
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blots of phosphorylated
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and total ERKs (p42 and
p44). (C to N) Repre-
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cessive presence of
silver grains. (O to Q)
Densitometric quan-
tification from auto-
radiographic films for
mRNA expression of
(O) cfos, (P) zif268,
and (Q) BDNF in the
CAT1 (open bars), CA3
(hatched bars), and
DG (solid bars) re-

zif268

BDNF

1504

=
=]
2

(arbitrary units)
o
(=]

mRNA expression

CB1ff:CaMKllaCre

cB1f
Saline o

***"****

Z
|
7
7
7
7
%
i
i
i
|
| ]

f:CaMKlIlaCre Mice, possibly indicating a role
of CB1 receptors in the basal control of
BDNF expression (Fig. 4Q). In KA-treated
CB17f mice, BDNF expression was strong-
ly enhanced compared to that of saline-
treated littermates in all hippocampal sub-
regions (Fig. 4, L and Q). However, as with
c-fos and zif268, no increase of BDNF ex-
pression was observed in KA-treated CB17
f:caMKIlaCre mice as compared to saline-
treated controls (Fig. 4, N and Q).
Long-term effects. Excitotoxic stimuli
lead to neuronal cell death through the acti-
vation of several molecular pathways (28).
To test the involvement of the endogenous
cannabinoid system in protection against the
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long-term effects of KA, surviving CB17F

and CBl7fCaMKllaCre mice were killed 4
days after the injection of 20 mg/kg of KA.
The degree of neuronal damage in their hip-
pocampi was evaluated by staining with ter-
minal deoxynucleotide transferase-mediated
deoxyuridine triphosphate nick end labeling
(TUNEL) (/3). KA-treated CB17f:CaMKIlaCre
mice showed significantly higher levels of
TUNEL staining in the CA1 and CA3 regions
of the hippocampus (P < 0.05) (fig. S3, A to
(), indicating higher levels of neuronal dam-
age. Immunostaining for glial fibrillary acidic
protein (/3) in the same hippocampi revealed
increased levels of gliosis in KA-treated mu-
tants (P < 0.05) (fig. S3, D to F).
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Discussion. Taken together, these results
show that endogenous activation of CB1 re-
ceptors in principal forebrain neurons pro-
motes neuronal survival during excitotoxic-
ity. Activation of CB1 receptors on principal
forebrain neurons mediates the prominent
protective role, whereas CB1 receptors on
GABAergic interneurons exert only a negli-
gible function. Considering that in other be-
havioral paradigms, CB1 receptors on
GABAergic interneurons have been proposed
to play a crucial role (2, 12, 18), our data
further underline the diverse functions of the
endogenous cannabinoid system in different
neuronal processes.

Anandamide levels rapidly increase after
KA administration and protect against exci-
totoxicity. The mechanisms inducing this rise
in anandamide levels in the adult mouse brain
are still to be determined, but they are more
likely to rely on enhanced production and/or
decreased degradation of this endocannabi-
noid than on enhanced synthesis of its bio-
synthetic precursors (29).

Cell-type specificity and dynamic regulation
appear to be fundamental features of this highly
efficient physiological protection system. It has
been reported that pharmacological treatment of
mice with CBI1 receptor agonists and genetic
enhancement of endocannabinoid tissue con-
centrations can increase susceptibility to KA-
induced seizures (/0). Some of these findings
may be attributed to the lack of spatial and
temporal specificity of CB1 receptor activation
(i.e., CBI1 receptors on both GABAergic and
glutamatergic neurons are probably activated
simultaneously by pharmacological application
of agonists or by genetic enhancement of anan-
damide levels). We were able to observe sig-
nificant protection induced by the anandamide
uptake inhibitor UCM707 in wild-type animals
but not in CB17ECaMKIaCre mice  indicating
that an enhancement of anandamide concentra-
tion at sites of synthesis is pivotal for physio-
logical protection. The increased ability of KA
to induce neuronal excitation mediated by
spontaneous EPSCs in CB17HCaMKllaCre hipy_
pocampal slices indicates a presumable CB1
receptor—mediated control of the presynaptic
release of L-glutamate. CB1 receptor activa-
tion is known to induce hyperpolarization of
neuronal membranes, mainly by increasing
K* and decreasing Ca®>* conductance (2).
Such a hyperpolarization, caused by an auto-
crine or paracrine activation of CB1 receptors
by endocannabinoids (presumably anandam-
ide), would also decrease the L-glutamate
release evoked during excitotoxicity, as indi-
cated by the higher frequency of EPSCs in
CB|7EcaMKllaCre hinnocampal principal neu-
rons. Previous immunohistochemical ex-
periments in rodent hippocampus could not
detect CB1 protein associated with gluta-
matergic synapses (/8). Thus, it remains to
be clarified in which compartment of the

projecting neurons the endogenous canna-
binoid system acts. An additional postsyn-
aptic site of action of the endocannabinoid
system cannot be excluded.

CBI1 receptors mediate protection against
excitotoxicity not only by dampening the neu-
ronal excitability of pyramidal neurons but also
by inducing intracellular cascades, including
ERK phosphorylation and the expression of
IEGs that code for transcription factors (c-fos
and zif268) and neurotrophins (such as BDNF).
The two separate mechanisms may act in
concert to provide protection against the conse-
quences of excessive neuronal activity. Where-
as lowering neuronal excitability by hyper-
polarization  provides rapidly available
protection, the activation of the intracellular
cascades might contribute to long-term adaptive
cellular changes in response to the excitotoxic
insult in neuronal circuits (24). Nevertheless,
rapid effects of ERK activation or IEG expres-
sion after KA application might also contrib-
ute to the early adaptive reactions.

There is evidence from different neuro-
pathological models that the endogenous
cannabinoid system can be differentially
activated in a species- and age-dependent
manner (30-35) or even through non-CB1
receptor—mediated mechanisms (36). For
instance, brain trauma induced an increase
of 2-arachidonoyl-glycerol levels in adult
mice (3/), whereas in a similar experimen-
tal model in neonatal rats, the tissue con-
centrations of anandamide but not of
2-arachidonoyl-glycerol were increased
(37). In neonatal rats, blocking of CBI1
receptors with SR141716A induced a
“paradoxical” protection against N-methyl-
D-aspartate—induced neurotoxicity (/1),
whereas exogenous anandamide was pro-
tective in a model of ouabain-induced neu-
rotoxicity in the same species at the same
age (7, 34). The reasons for these apparent
discrepancies are not clear. Different pro-
cessing of endocannabinoids in different
species and at different developmental
stages (29), different experimental condi-
tions (such as the method of inducing neu-
rotoxicity and the parameters monitored),
or differences in neuronal circuitries at dif-
ferent ages (38) may be responsible for
some of these divergent findings.

Our results establish the CB1 receptor—
dependent activation of the endogenous can-
nabinoid system as a rapidly activated early
step in a protective cascade against excitotox-
icity in the adult mouse brain. The endoge-
nous cannabinoid system might become a
promising therapeutic target for the treatment
of neurodegenerative diseases with excito-
toxic events as their hallmarks (7, 39—41).
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