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MARIGHETTO, A., J. MICHEAU AND R. JAFFARD. Effects of intraseptally injected glutamatergic drugs on hippo- 
campal sodium-dependent high-affinity choline uptake in "naive" and "trained" mice. PHARMACOL BIOCHEM BEHAV 
49(3) 689-699, 1994.-We have previously reported that spatial reference memory (RM) training-induced alterations in 
hippocampal cholinergic activity as measured by sodium-dependent high-affinity choline uptake (SDHACU). Each training 
session was found to induce an immediate (30 s) increase in SDHACU followed (30 s to 15 min posttest) by a deactivation and 
long-lasting inhibition (15 rain to 24 h) of this cholinergic marker. The present experiments were designed to assess the role of 
septal glutamatergic receptors in this posttraining cholinergic deactivation. In the first experiment, the effects of intraseptal 
injections of different doses of glutamic acid and glutamatergic antagonists (kynurenic acid, KYN, and AP5) on hippocampal 
SDHACU were studied in awake but otherwise resting (i.e., naive) mice. The results showed that glutamic acid at the lowest 
dose used (5 ng) produced a decrease in SDHACU, whereas both glutamatergic antagonists produced a dose-related increase 
in this cholinergic marker. It was concluded that septal glutamatergic receptors mediate a tonic inhibitory input on the 
cholinergic cells. Hence, in a second experiment the effect of intraseptal injections of KYN (5 ng) on the training-induced 
changes in hippocampal cholinergic activity were assessed following variable amounts of radial maze RM training. Trained 
mice were injected 20 rain before the first or the ninth training session and killed 30 s or 15 min posttraining for determination 
of SDHACU. KYN slowed the posttesting cholinergic deactivation (disinhibition), this effect being more marked in good 
learners than in bad learners. The present findings suggest that septal glutamatergic receptors mediate an inhibitory input on 
the cholinergic cells, and that this input could play a role in memory consolidation. 
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T H E R E  is increasing evidence that central cholinergic neurons 
play a role in the cognitive processes involved in learning and 
memory.  However ,  the exact role of  acetylcholine (ACh) is 
still unresolved because a large body of  evidence derived f rom 
pharmacological  studies based on the systemic administrat ion 
of  cholinergic drugs has given rise to conflicting hypotheses 
[for reviews, see (13,19)]. The absence of  consensus is under- 
standable in view of  the differential  involvement  o f  each o f  
the central cholinergic pathways in different  aspects of  cogni- 
t ion as outlined by lesion studies. Overall ,  the lesion o f  one 
particular cholinergic pathway will tend to reproduce the be- 

havioral effects of  lesioning the area of  projection o f  these 
cholinergic fibers (10,32). This strongly suggests that choliner- 
gic modulat ion o f  the target area would have an important  
influence on specific cognitive processes occurring in this area. 
The septo-hippocampal cholinergic pathway is one of  the ma- 
jor  subcortical inputs to the hippocampus and is likely to 
participate in various learning and memory  processes. Lesions 
o f  the medial septum or fornix have been found to lead to 
behavioral  impairment  in a wide variety of  tasks, including 
habituat ion [e.g., (36)], spatial memory  [e.g., (18,24,33)], 
a n d / o r  working memory [e.g., (25,30)]. Local application o f  
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drugs designed to interfere acutely with cholinergic activity 
have reproduced some but not all of  the behavioral effects of  
septal lesions [see (35)]. For example, intraseptal injection of  
a GABAergic agonist was found to have differential and 
sometimes opposite effects on the same task, depending on 
the time of treatment (34). A pretraining injection produced 
an impairment both in a spatial task and in passive avoidance, 
whereas posttraining injections had no effect on passive avoid- 
ance but improved subsequent retention of  spatial learning. 
This suggests that the septo-hippocampal cholinergic contri- 
bution to memory processes may be both task and phase de- 
pendent. 

One way of addressing this issue is by investigating the 
dynamic alterations in cholinergic transmission contingent on 
specified forms and phases of  memory processing. If the 
septo-hippocampal cholinergic neurons are specifically in- 
volved in certain aspects of  memory, their activity should re- 
flect memory processing as a function of both the type and 
the phase of memory currently being tapped. The kinetics of 
sodium-dependent high-affinity choline uptake (SDHACU) in 
brain samples has been found to be positively correlated with 
the level of presynaptic cholinergic activity at the time of kill- 
ing. Therefore, the measure of SDHACU in hippocampal syn- 
aptosomes can be used as a dynamic in vitro neurochemical 
index of the in vivo neuronal activity of  the septo-hippocam- 
pal cholinergic neurons at the particular time of sacrifice 
(1,26). By using this technique, several authors have shown 
that memory testing induces alterations in hippocampal cho- 
linergic activity (9,14,37,46). In a previous study (29), we ob- 
served that radial arm maze training produced significant 
changes in hippocampal SDHACU in mice killed at different 
intervals after the end of testing with respect to naive controls. 
Specifically, spatial discrimination training produced an acute 
increase (at 30 s posttest) followed by a secondary decrease 
and long-lasting inhibition (from 15 min to 24 h and even 
several days posttest) of hippocampal cholinergic activity. 
This secondary decrease and the long-lasting inhibition of  the 
septo-hippocampal cholinergic pathway were likely to be spe- 
cific to Reference-Memory (RM) because testing-induced de- 
creases in SDHACU have only been observed following spa- 
tial (9) and nonspatial (39) RM training. In contrast, 
short-term working memory (WM) tasks have been found to 
result in a long-lasting increase in hippocampal SDHACU 
(29,46). Moreover, the time course of  the secondary decrease 
in SDHACU induced by RM training was found to be depen- 
dent on both degree of training and individual performance 
(9,29). Taken together, these observations led us to postulate 
that: a) an active inhibitory mechanism mediates the decrease 
and long-lasting inhibition of  septo-hippocampal cholinergic 
neurons following RM but not WM training; b) post-RM 
training inhibition of cholinergic activity is involved in the 
consolidation of  permanently valuable information (RM). 

The aim of the present study was to identify, by infusing 
drugs in the septal area, the septal receptors that might medi- 
ate the observed posttraining deactivation of the septo- 
hippocampal cholinergic system. Pharmacological identifica- 
tion of  the inhibitory mechanism supposedly involved in the 
testing-induced decrease in hippocampal SDHACU would 
then enable us to assess the behavioral significance of this 
change by local application of  drugs designed to interfere se- 
lectively with this process in animals submitted to spatial RM 
testing. 

Numerous receptors have been identified in the septal area, 
and intraseptal injection of  drugs has indicated that some re- 

ceptors mediate a tonic or phasic regulation of septo- 
hippocampal cholinergic activity (6). It is now well established 
that intraseptal injection of a GABAergic agonist results in a 
dose-related decrease in hippocampal markers of  cholinergic 
activity (2,17). The effects of GABAergic antagonists, how- 
ever, are still unclear [cf., (6,40) vs. (47)], as is the case for 
other mediators identified in this region. The experiments re- 
ported here were designed to examine the involvement of sep- 
tal glutamatergic receptors in the training-induced decrease in 
hippocampal cholinergic activity. Their involvement in this 
process was surmised from the following considerations: a) 
the glutamatergic fibers that project from the hippocampus to 
the lateral septum (22,23) have synapses on GABAergic neu- 
rons (20,21,28). These GABAergic neurons might thus consti- 
tute a relay between the lateral glutamatergic synapses and the 
cholinergic cells in the medial septal area (4), suggesting that 
glutamatergic receptors mediate an indirect (GABAergically 
mediated) inhibition on the septo-hippocampal cholinergic 
system. This idea is supported indirectly by electrophysiologi- 
cal studies showing that electrical stimulation of fimbria fibers 
results in a polysynaptic hyperpolarization of medial septum 
ceils that are thought to be cholinergic (8,12,31); b) The secon- 
dary post-RM training decrease in SDHACU was found to 
result in a long-lasting (24 h to 9 days) inhibition of  the septo- 
hippocampal cholinergic path, suggesting that a long-term po- 
tentiation (LTP)-like mechanism might be responsible for this 
training-induced cholinergic alteration. It has been demon- 
strated that a long-lasting increase in synaptic efficiency in the 
lateral septum can be produced by high-frequency stimulation 
of  fimbria fibers, both in vitro (43,45) and in vivo (15,38). 
Morever, glutamatergic antagonists have been found to block 
this LTP phenomenon (43,45). 

These observations suggest that, among the different recep- 
tors of the septal region, glutamatergic receptors are good 
candidates for mediation of the secondary decrease and long- 
lasting inhibition in hippocampal SDHACU produced by RM 
testing. 

EXPERIMENT 1 

As a preliminary step, this experiment was designed to de- 
termine the effect of pharmacological stimulation and block- 
ade of septal glutamatergic receptors on hippocampal SDHACU 
in mice kept under resting conditions (referred to as basal 
activity of the septo-hippocampal cholinergic system). Our 
hypothesis was that an increase in glutamatergic hippocampal- 
septal transmission induced by intraseptal infusion of gluta- 
matergic agonists should reduce septo-hippocampal choliner- 
gic activity. Moreover, an increase in the hippocampal 
SDHACU as a result of glutamatergic antagonists injections 
would indicate that glutamatergic receptors mediate a tonic 
inhibition of  the septo-hippocampal cholinergic pathway. 

METHOD 

Animals 

One hundred and fourteen male mice of the C57BI.6JIco 
strain obtained from IFFA Credo, Lyon, France were used. 
They were aged between 6 and 8 weeks on arrival in the labo- 
ratory, and were housed in a environment-controlled animal 
room on a 12 L • 12 D cycle with free access to food and water. 
After 3 to 5 weeks, the animals were placed in individual 
cages. Surgery was started a fortnight later. 
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TABLE 1 
SUMMARY OF EXPERIMENTAL DESIGN OF EXPERIMENT 1 

Experiment 1A Experiment 1B Experiment 1C Experiment 1D 

Bilateral injection into Unique injection into Bilateral injection into Bilateral injection into 
the lateral septum the medial septum the lateral septum the lateral septum 

Vehicle [7] Vehicle [5] Vehicle [7] Vehicle [7] 
2.5 ng GLU [7] 2.5 ng GLU [6] 5 ng KYN [81 10 ng AP5 [8] 
25 ng GLU [7] 250 ng GLU [6] 50 ng KYN [7] 100 ng AP5 [7] 
250 ng GLU [8] 500 ng KYN [8] 1000 ng AP5 [8] 

GLU: glutamic acid; KYN: hynurenic acid; AP5: 2-amino-5-phosphonovaleric acid. Numbers in brackets 
indicate number of animals. 

Surgery 

Mice were implanted under general anaesthesia (sodium 
thiopental 70 mg/kg IP) with either one or two guide cannulae 
(0.4 mm diam; 8 mm long) aimed vertically towards the medial 
septum or each of the lateral septal nuclei. Guide cannulae 
were fixed to the skull bone using dental cement and fine bone 
screws. Stereotaxic coordinates used were: 0.6 mm anterior to 
the bregma, 1.9 mm ventral from the skull surface and 0.35 
mm laterally for bilateral implantation towards the lateral 
septum. 

Injections 

Injections into the septal area were performed in freely 
moving mice via injection cannulae (0.2 mm diam., 9.3 mm 
long) attached to a 1 /~1 Hamilton syringe via polyethylene 
catheter tubing. The syringe was held in a constant rate infu- 
sion pump until a volume of 0.2/~1 had been injected (3-min 
period). In all cases, correct injection flow rates were checked 
visually. The cannula was left in place for a further 4 min 
before removal. 

Drugs 

Glutamic acid was purchased from Sigma. Both the gluta- 
matergic antagonists, kynurenic acid and 2-amino-5-phospho- 
novaleric acid (AP5) were obtained from Research Biochemi- 
cals Incorporated (Natick, MA). Solutions of  drugs were 
prepared freshly before use by dilution in sterile saline. 

Neurochemical Analysis 

Animals were killed by brief immersion in liquid nitrogen 
followed by immediate decapitation and dissection of  the 
brain. The hippocampus was rapidly dissected on a glass plate 
placed over liquid nitrogen vapour. In vivo cholinergic activity 
was quantified by measuring the rate of  sodium-dependent 
high-affinity choline uptake (SDHACU) in crude synapto- 
somal (P2) fractions from fresh samples of  hippocampus ac- 
cording to Atweh et al. (1), as modified by Durkin et al. (11). 
Briefly, P2 samples (about 1 mg/ml  protein) were incubated in 
normal Krebs-Ringer buffer and also in sodium-free medium 
(NaCI was replaced by equimolar LiCI) at pH 7.4 for 4 min at 
37 °C, in the presence of  0.25 mM external (methyl-3H)choline 
chloride (Amersham, France). Uptake was terminated by fil- 
tration on HA-type 0.45 #m pore size filters (Millipore). Fil- 
ters were dissolved and counted in a liquid scintillation 
counter (Beckman). The amount of choline taken up by the 
sodium-dependent high-affinity mechanism was calculated 

from the difference between the sodium and sodium-free incu- 
bations. 

General Procedure 

In order to match the different experiments as closely as 
possible, all mice were subjected to a progressive food- 
deprivation schedule before being injected and sacrificed for 
neurochemical analysis. In the memory-testing experiments 
(see Experiment 2) mice were food deprived as the tasks were 
food motivated. 

Ten days after surgery, animals were gradually and par- 
tially food deprived so they weighed around 90% of  their ad 
lib weight by the fourth day. During this period they were 
handled individually twice a day and restrained by the experi- 
menter. This manipulation was aimed at facilitating the subse- 
quent injection procedure and at reducing the fear associated 
with the injection protocol. 

The injections were carried out on the fourth day of food 
deprivation in 4 independent experiments as detailed in Table 
1. The injections were performed outside the animal room. 
However, the animals were moved back to their home cage in 
the animal room as soon as the injection was over and they 
stayed there for 20 min before being sacrified for neurochemi- 
cal assays. 

RESULTS 

Analysis of variance (ANOVA) including the factor treat- 
ment (with either three or four levels, depending on the num- 
ber of  doses used) was performed for each experiment. It was 
followed by Dunnett -tests between individual groups. 

Effects of Glutamic Acid (GLU) 

In this experiment, GLU was injected bilaterally into the 
lateral or medial septum. The results from these two experi- 
ments (1A and 1B) are presented in Fig. 1. 

The effect of treatment was not significant [medial septum: 
F(2, 14) = 2.7, p = 0.10; lateral septum: F(3, 25) = 1.55, 
p = 0.23]. However, an ANOVA performed on the data from 
both experiments indicated that there was a significant effect 
of  treatment [vehicle vs. GLU 2.5 ng vs. GLU 250 ng; F(2, 33) 
= 4.97, p = 0.014], irrespective of  the site of injection 
(interaction treatment x site, F = 0.28). Compared to the 
groups treated with either the vehicle or 250 ng of  GLU, ani- 
mals receiving 2.5 ng of GLU displayed a significant decrease 
in SDHACU (respectively -17.6%0 and - 1 6 . 6 % ;  p < 0.05 
in both cases). 
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FIG. 1. Dose-response on basal hippocampal SDHACU of glutamic 
acid (GLU) after injection into the medial septum (left) and bilateral 
injection into the lateral septum (right). 

Effects of Glutamatergic Antagonists 

Kynurenic acid (KYN). The results (Experiment 1C) are 
summarized in Fig. 2. 

There was a significant effect of treatment, F(3, 25) = 4.3, 
p = 0.015. The bilateral injection of  5 ng KYN resulted in a 
significant increase in SDHACU as compared to vehicle injec- 
tion (+  16.7%; p < 0.02). The two higher doses of  KYN (50 
ng and 500 ng) had no effect (p > 0.30 with respect to ve- 
hicle). 

2-Amino-5-phosphonovaleric acid (AP5). The results (Ex- 
periment 1D) are summarized in Fig. 3. 

There was a significant effect of treatment, F(3, 29) = 
11.8, p < 0.0001. With respect to vehicle, the intraseptal in- 

jection of 10 ng of AP5 did not produce any significant change 
in SDHACU ( -  6.8%, p > 0.20), but with respect to vehicle, 
the injection of 100 ng and 1 /~g of AP5 resulted in a signifi- 
cant increase in choline uptake (AP5 100 ng, + 19.4%; and 
AP5 1/~g, + 2 1 . 0 % ; p  <.01 in both cases). 

DISCUSSION 

In quiet animals under basal conditions, intraseptal injec- 
tions of glutamic acid (GLU) in lateral or medial septum had 
no statistically significant effects on hippocampal SDHACU. 
However, the lowest dose used (2.5 ng), irrespective of the 
site of  injection, consistently induced a significant decrease 
( - 1 5 % )  in choline uptake. Conversely, intraseptal injections 
of  either the glutamatergic antagonists kynurenate (KYN) or 
2-amino-5-phosphonovaleric acid (AP5) led to a dose-depen- 
dent increase in hippocampal SDHACU. Taken together, 
these findings are consistent with the idea that septal gluta- 
matergic receptors mediate an inhibitory input to the sep- 
to-hippocampal cholinergic neurons. This conflicts with the 
proposal of Costa et al. (6) in which septal glutamatergic re- 
ceptors provide a phasic excitatory input to cholinergic neu- 
rons. Although our present data provide no evidence for such 
an excitatory function, the observed dose-dependent effects of 
both the agonist (GLU) and the antagonists (KYN and AP5) 
may not be in accord with an inhibitory influence, 

Our observation that the inhibition of  SDHACU resulting 
from intraseptal injections of GLU at 2.5 ng completely disap- 
peared at higher doses (25 and 250 ng) is somewhat puzzling. 
This could, perhaps, be accounted for by excitotoxic effects 
of  this extremely powerful excitatory amino acid (41) on septal 
cells, which could also account for the earlier findings of 
Costa et al. (6). These authors observed that intraseptal injec- 
tions of 500 ng of kainic acid did not alter hippocampal turn- 
over of  ACh in control mice (our own data are consistent with 
this observation), whereas it reduced the phenobarbital- 
induced decrease in ACh turnover in anesthetised animals. 
Because septal GABAergic neurons have been shown to be 
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FIG. 2. Effects of bilateral injection into the lateral septum of differ- 
ent doses of kynurenic acid (KYN) on basal hippocampal SDHACU. 
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involved in barbiturate-induced inhibition of  septo-hippocam- 
pal cholinergic neurons, Costa and his collaborators proposed 
that the disinhibitory effect of  kainic acid injection on cholin- 
ergic activity was mediated via two serially interposed GA- 
BAergic interneurons linking excitatory glutamatergic affer- 
ents in the lateral septum with cholinergic neurons of  the 
medial septum-diagonal band [see also (4)]. In this interpreta- 
tion, the acute activation of  the first set of interneurons by 
kainic acid inhibits the second set, producing a phasic disinhi- 
bition of septo-hippocampal cholinergic activity. In common 
with our data, these findings could, however, be explained by 
the excitotoxicity of both of  these amino acids. Intraseptal 
injection of  either GLU or kainic acid could, as a result of the 
overexcitation they produce, temporarily reduce the excitabil- 
ity of (a unique set of) GABAergic neurons, thereby produc- 
ing the disinhibition of septo-hippocampal cholinergic activity 
observed in the anesthetised mice. 

Whatever the case, injections of  both the glutamatergic 
antagonists KYN (at the lowest dose) and AP5 (at the two 
highest doses) produced a significant increase in hippocampal 
SDHACU, with no evidence for the opposite pattern of 
changes at the other doses. These observations are consistent 
with an inhibitory influence of glutamatergic receptors on 
septo-hippocampal cholinergic neurons. KYN is reported to 
have greater affinity towards the glycine site of  the NMDA 
complex than towards the other two glutamatergic receptor 
types (5), whereas AP5 is considered to be a more universal 
NMDA antagonist (7). The similarity in the effects of the low 
dose of KYN and the higher doses of AP5 may be a reflexion 
of selective blockade of NMDA receptors. This implies that 
septal NMDA receptors mediate a tonic inhibition on the 
septo-hippocampal cholinergic pathway. This seems unlikely 
because it is generally accepted that NMDA receptors contrib- 
ute little to basal glutamatergic synaptic transmission, but ap- 
pear to be involved in the extreme cases of  intense synaptic 
activity (43). Other reports, however, have indicated that 
NMDA receptors do contribute to this basal glutamatergic 
transmission in both the hippocampus and the laterodorsal 
septum (45). The lack of effect of  the highest doses of  KYN 
we observed is difficult to explain because this antagonist has 
been shown to block glutamatergic transmission in the lateral 
septum (42). 

In conclusion, the results of  this experiment supports the 
idea that, in resting mice, septal glutamatergic receptors medi- 
ate an inhibitory input to septo-hippocampal cholinergic neu- 
rons (see the final conclusion for further discussion). How- 
ever, further experiments will be required to delineate the 
contribution of each receptor subtype, and assess the apparent 
tonic-inhibitory influence mediated via NMDA receptors. 

EXPERIMENT 2 

As pointed out in the introduction, previous experiments 
(29) showed that spatial discrimination training (reference 
memory: RM) induced biphasic alterations in hippocampal 
cholinergic activity. Each training session was found to result 
in an immediate and short-lived increase followed by a de- 
crease and long-lasting inhibition of hippocampal SDHACU. 
Moreover, the time course of the secondary posttesting de- 
crease in SDHACU was found to be correlated with both 
the degree of  training and the individual profile of  learning. 
Together with other reports relative to testing-induced changes 
in cholinergic activity (see introduction), these observations 
led us to postulate involvement of  an active inhibitory mecha- 
nism in the observed decrease and long-lasting inhibition of 

activity of  the septo-hippocampal cholinergic neurons follow- 
ing RM training. 

Because the results of Experiment 1 suggested that the hip- 
pocampal glutamatergic fibers ending in the lateral septum 
exert an inhibitory influence on the septo-hippocampal cholin- 
ergic path, the following experiment was designed to assess the 
possible mediation of glutamatergic receptors in the post-RM 
training decrease in hippocampal cholinergic activity. We, 
therefore, studied the effects of intraseptal injections of the 
glutamatergic antagonist KYN on hippocampal SDHACU in 
both resting naive controls and in mice trained on a spatial 
RM task. The dose of 5 ng of KYN was chosen because the 
results of  experiment one showed that this dose produced sig- 
nificant alterations in hippocampal SDHACU. 

METHOD 

Methods were the same as in Experiment I, except that half 
the mice were submitted to spatial discrimination training, 

Animals 

One hundred and seven mice of  the C57B16JIco strain were 
used. Under general anaesthesia, each animal was implanted 
with two guide cannulae above the lateral septal nuclei. After 
recovery, all the animals were subjected to the food- 
deprivation schedule described in Experiment 1. They were 
randomly assigned to two groups: a quiet (n = 52) and an 
active group (n = 55). The animals in the active group were 
trained in a radial arm maze task for either one (n = 27) or 
nine daily sessions (n = 28). 

Apparatus and Behavioral Training 

The apparatus and the behavioral design have been fully 
described elsewhere (29). Briefly, an elevated, fully automated 
8-arm radial maze was used. Each mouse was assigned a con- 
stant set of  three baited arms. They were chosen such that the 
three angles joining them were always 90 °, 135 °, and 135 °. 
At the beginning of  each trial, each of these three arms was 
prebaited with a single food pellet. The mouse was allowed to 
move freely in the maze until the last reward had been col- 
lected. A daily session consisted of six trials with an intertrial 
interval of  1 min when the animal was confined to the central 
platform of  the maze. In the present experiment, two parame- 
ters were recorded: a) reference memory (RM) errors: each 
RM error was defined as the first entry into any nonbaited 
arm on any one trial (with a maximum of five per trial), b) 
Within- and between-sessions improvement in performance. 
The within-session improvement was assessed by taking the 
difference between the number of RM errors made in trials 4- 
6 and trials 1-3 within the same session, whereas the reduction 
in RM errors over trials 1-3 of the nth session relative to trials 
4-6 of the ( n - 1 ) t h  session was used to evaluate between- 
session improvement. In the previous study (29), two sub- 
groups of animals were distinguished on the basis of these 
scores. Good learners displayed a certain degree of between- 
session improvement, whereas bad learners only improved 
within the sessions. The same type of  analysis was used in the 
present experiment. 

General Procedure 

The active groups received different amounts of  training. 
They were subjected to either one or nine sessions of  training 
with a 24-h gap between sessions. 

Animals were bilaterally injected into the lateral septum (as 
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previously described in Exper iment  1) with  ei ther  0.2 /~1 o f  
physiological  saline or the  same volume con ta in ing  5 ng of  
KYN. Act ive an imals  were injected 20 min  before  ei ther  the 
first or the  n in th  session o f  t ra in ing.  In each condi t ion ,  ha l f  o f  
t hem were sacrificed for  neurochemica l  analysis immedia te ly  
af ter  the end o f  the session (30 s post tes t  group) ,  whereas  the 
o ther  ha l f  were killed af te r  an  add i t iona l  in terval  of  15 min  
(15 min  post tes t  group) .  Because the du ra t ion  o f  a t ra in ing  
session depends  on  the  degree of  t ra in ing  (about  30 min  for  
the first session vs. 15 rain for  the  n in th) ,  the  interval  between 
inject ion and  sacrifice dif fered a m o n g  exper imenta l  condi-  
t ions and  ranged  f rom a m i n i m u m  of  35 min  (animals  sacri- 
ficed 30 s a f te r  the  n in th  session o f  t ra ining)  to a m a x i m u m  of  
65 min  (mice killed 15 min  af te r  the first session). Quiet  ani- 
mals were injected wi th  vehicle or KYN and  sacrificed at  dif- 
ferent  intervals  af ter  the in jec t ion  (35, 50, or  65 min)  to ma tch  
the in jec t ion-sacr i f ice  interval  of  each active group.  As de- 
tailed in Table  2, four  exper iments  were pe r fo rmed ,  each cor- 
r esponding  to a specified condi t ion  of  a m o u n t  of  t ra in ing  and  
post tes t  interval .  

RESULTS 

A n  A N O V A  including b o t h  the fac tor  t r ea tmen t  (vehicle 
vs. 5 ng KYN) and  the fac tor  behav io r  (quiet vs. active) was 
carr ied out  on  h ippocam pa l  S D H A C U  measured  in each con-  
di t ion o f  a m o u n t  of  t ra in ing  and  post tes t  interval .  

After the First Training Session 

The results (Exper iments  2A and  2B) are summar ized  in 
Fig. 4. 

30 s posttest. There  was no  effect  o f  t r ea tmen t  (F  < 1), 

bu t  a ma in  effect of  behavior ,  F(1, 27) = 42.5, p < 0.0001. 
Thus ,  whatever  the t r ea tment  ( interact ion t r ea tment  × behav-  
ior: F < 1), the t ra in ing  session resulted in a significant  
(+25°7o) increase in h ippocampa l  S D H A C U  relative to the 
quiet condi t ion  (see fig. 4, on  the left). 

15 rain posttest. There  was no  effect of  t rea tment ,  but ,  
here again,  a s ignif icant  effect of  behavior ,  F(1, 19) = 20.4, 
p < 0.001. However ,  a tendency towards  a t r ea tment  × be- 
havior  in terac t ion  was observed,  F(1, 19) = 3.4, p = 0.08. 
Specifically, for  the 15 rain post test  interval ,  h ippocampa l  
S D H A C U  did not  significantly differ  between quiet and  active 
condi t ions  in the vehicle-treated groups,  whereas S D H A C U  
was still s ignificantly increased in KYN-trea ted  active mice 
relative to their  ma tched  quiet controls  (see Fig. 4, on  the 
right).  

As also can be seen in Fig. 4, S D H A C U  in the t ra ined 
animals  did not  differ  as a funct ion  o f  t r ea tment  at  any  post- 
test interval .  In the quiet condi t ion,  however ,  the in t rasepta l  
in ject ion o f  KYN tha t  had  no  effect on  S D H A C U  when mea- 
sured 50 rain post in ject ion,  actually produced  a slight decrease 
in S D H A C U  65 min  post inject ion.  

After the Ninth Training Session 

The results (Experiments  2C and  2D) are summar ized  in 
Fig. 5. 

30 sposttest. There  was no effect of  t rea tment ,  but  a main  
effect  of  behavior ,  F(1, 26) = 9.9, p < 0.01. Following the  
comple t ion  of  this n in th  session, h ippocampa l  S D H A C U  was, 
thus ,  elevated with respect to the rest ing cont ro l  condi t ion.  
However ,  this increase was only signif icant  in the vehicle- 
t rea ted  an imals  (p  < 0.05). As can also be seen in Fig. 5 

T A B L E  2 

SUMMARY OF EXPERIMENTAL DESIGN OF EXPERIMENT 2 

Delay of Survival Delay of Survival 
Behavior Amount of Training Treatment Posttest Postinjection 

Exp. 2A 
Trained [8] One session Vehicle 30 s 50 min 
Trained [8] One session 5 ng KYN 30 s 50 min 

Naive [6] - Vehicle - 50 rain 
Naive [8] - 5 ng KYN - 50 min 

2B 
Trained [6] One session Vehicle 15 min 65 rain 
Trained [5] One session 5 ng KYN 15 min 65 min 

Naive [6] - Vehicle - 65 min 
Naive [6] -- 5 ng KYN - 65 min 

2C 
Trained [7] 9 sessions Vehicle 30 s 35 min 
Trained [7] 9 sessions 5 ng KYN 30 s 35 min 

Naive [5] - Vehicle - 35 min 
Naive [7] - 5 ng KYN - 35 min 

2D 
Trained [7] 9 sessions Vehicle 15 min 50 min 
Trained [7] 9 sessions 5 ng KYN 15 min 50 min 

Naive [6] - Vehicle - 50 min 
Naive [8] - 5 ng KYN - 50 min 

KYN: kyurenic acid. Numbers in brackets indicate number of animals. 
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or 5 ng KYN 50 rain before sacrifice. Trained animals were injected 20 
min before the start, and killed immediately at the end of the session 
(30 s posttest). On the right: the same as on the left except that all 
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KYN 65 rain before sacrifice, so that the trained animals were injected 
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FIG. 5. On the left: hippocampal SDHACU in naive (quiet) mice 
and following the ninth session in mice trained for 9 days on spatial 
discrimination. All animals had received a bilateral injection into the 
lateral septum of either vehicle or 5 ng KYN 35 min before sacrifice. 
Trained animals were injected 20 min before the start and killed imme- 
diately at the end of the session (30 s posttest). On the right: the same 
as on the left except that all animals had received the bilateral injec- 
tion of either vehicle or 5 ng KYN 50 min before sacrifice so that the 
trained animals were injected 20 min before the start, and killed 15 
min after the end of the session. 

(left), quiet animals treated with KYN 35 min before sacrifice 
displayed a slight increase ( + 7 . 7 % ;  NS) in S D H A C U  com- 
pared with the vehicle group. 

15 min posttest. There was no effect of  t reatment and no 
effect o f  behavior.  However,  as can be seen in Fig. 5 (right), 
there was a slight but  nonsignificant interaction between the 
two. For  the trained animals, hippocampal  S D H A C U  was 
slightly decreased in the vehicle-treated mice compared to their 
naive controls, whereas the opposite pattern was observed in 
the KYN groups. 

Additional Analysis 

In this analysis the results of  these four experiments were 
integrated to provide a more detailed account of  the effects of  
intraseptal injection of  KYN on hippocampal  S D H A C U .  The 
data  were analysed in three ways to assess the effects of  KYN 
a) on basal S D H A C U  (quiet groups) as a function of  interval 
between injection and sacrifice, b) on the testing-induced 
changes in this cholinergic marker as a function of  both the 
amount  of  training and the injection-sacrifice interval, c) as a 
function of  the behavioral  profiles (i.e., good learners vs. bad 
learners), and d) on response accuracy recorded on the ninth 
session. 

Effects o f  K Y N  on hippocampal SDHACU as a function 
o f  the injection-sacrifice interval. The data f rom Experiment  
1 using the 5 ng dose of  KYN (20 min postinjection) were 
included in this analysis. Figure 6A shows that,  following the 
initial injection-induced increase in S D H A C U ,  there was a 
progressive and relatively linear [regression analysis: r = 
- 0 . 6 8 ;  F(1, 27) = 23.6, p < 0.001] decrease in this choliner- 
gic marker  with increase in time (up to 65 min) between injec- 
tion and sacrifice, F(3, 25) = 7 .36 ,p  < 0.001. 

Effects o f  K Y N  on the testing-induced changes in SDHACU. 
In view of the rapid changes in the effect o f  KYN (5 ng) on 
S D H A C U  with injection-sacrifice interval, the net effect of  
this t reatment on cholinergic activity as a function of  training 
must be estimated f rom the absolute difference in S D H A C U  
between the quiet and active conditions for each particular 
interval. S D H A C U ,  in active KYN-treated animals, was, thus, 
corrected by subtracting the mean difference in S D H A C U  
between KYN-injected and matched vehicle-injected animals 
under quiet conditions f rom each individual value. For  each 
amount  of  training (1 and 9 sessions), an A N O V A  including 
both factors treatment (vehicle vs. 5 ng KYN) and posttest 
interval (30 s vs. 15 min) was performed on those corrected 
measures. The results are summarised in Fig. 6B. 

The effect o f  t reatment emerged as an interaction with the 
posttest interval following the ninth session, F( I ,  24) = 4.3, p 
= 0.05, but  not  following the first session (p  = 0.14) [for the 
pooled sessions first + ninth: F(1, 47) = 6.3, p = 0.015]. 
This was due to the significant decrease in S D H A C U  between 
the 30 s and 15 min posttest intervals observed in the vehicle 
groups [pooled sessions: F(1, 24) = 30.3, p < 0.001], 
whereas S D H A C U  was not significantly different across the 
same intervals in the KYN groups, F ( I ,  23) = 1.28,p = 0.27. 
Thus,  the intraseptal injection of  KYN slowed the cholinergic 
deactivation following spatial discrimination training. This 
was particularly noticeable by the ninth session. 

Effects o f  K Y N  on the time course o f  cholinergic deactiva- 
tion as a function o f  learning profile (ninth session). In a 
previous study (29), the time course of  cholinergic deactiva- 
tion following the ninth session o f  spatial discrimination train- 
ing was found to be significantly correlated with individual 
learning profile. In the animals displaying significant between- 
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FIG. 6. (A) Hippocampal SDHACU in quiet mice injected with 5 ng KYN at different times after injection (percent changes from vehicle 
condition). (B) Effects of pretest intraseptal injection of KYN (5 ng, 20 rain before the training session) on hippocampal SDHACU 30 s and 15 
rain posttest on the first (left) and on the ninth (right) sessions. (C) Hippocampal SDHACU in good learners (on the left) and in bad learners 
(on the right) 30 s and 15 min after the ninth training session in animals receiving intraseptal injections of either vehicle or 5 ng KYN 20 rain 
before this (ninth) session. •Significantly different from controls; p < 0.05. (D) Effects of intraseptal injections of KYN on difference in mean 
number of RM errors between the 8th and the ninth session of spatial discrimination training as a function of the behavioral profile of learning 
across the preceding (first to eighth) sessions. On the left: effects of vehicle injection (20 min before testing) on the number of RM errors in the 
good learners (n = 8) and the bad learners (n = 6). On the right: the same as on the left but with KYN injection (good learners, n = 6; bad 
learners, n = 8). 

session improvem en t  over  the  n ine  learning sessions, there  was 
a s ignif icant  fall in S D H A C U  over  the  15 min  fol lowing com- 
plet ion o f  the  n in th  t ra in ing  session (cf. 30 s vs. 15 min  post-  
session values).  Conversely,  in those  an imals  tha t  improved  
their  pe r fo rmance  most ly  wi th in  sessions, h i ppocampa l  SD- 
H A C U  did not  change  signif icantly over  the  15-min post tes t  
per iod.  These two groups  were referred to as good  learners 
and  bad  learners,  respectively, because the  between-session 
improvers  had  general ly be t te r  d i scr imina t ion  scores (less RM 
errors  over  all sessions) t han  the within-sessions improvers .  

Using the same behaviora l  analysis,  bo th  vehicle- and  KYN- 
injected animals  (n = 28) f rom the  present  s tudy were di- 
vided into two equal  groups  on  the  basis of  their  p re t r ea tmen t  
between-session vs. within-session improvemen t  (mean im- 
p rovemen t  over the  eight preceding sessions; cf. the  M e t h o d  
section).  A n  A N O V A  tha t  included this factor  (i.e., be- 
haviora l  profile) together  with bo th  factors  t r ea tment  and  
post tes t  interval  was then  per fo rmed  on the h ippocampa l  
S D H A C U ,  de termined  af ter  the n in th  t ra in ing session• 

The  statistical analysis revealed a s ignif icant  three-way in- 
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teraction [treatment x behavioral profile x delay: F( I ,  20) 
= 6.0, p = 0.024]. As can be seen in Fig. 6C, this was be- 
cause intraseptal injections of KYN only altered the time 
course of hippocampal SDHACU following the ninth training 
session in the good learners. Indeed, between 30 s and 15 min 
posttest, hippocampal SDHACU decreased significantly in the 
vehicle-treated good learners, but not in the KYN-treated 
good learners. In the bad learners, KYN did not alter the slight 
but nonsignificant decrease in SDHACU observed over the 
same posttest interval. 

Effect of intraseptal injections of  KYN on behavioral per- 
formance (ninth session). Because the pretesting intraseptal 
injections of  KYN seemed to interfere with the posttesting 
deactivation of cholinergic activity in good learners only, we 
examined the effects of  this treatment on response accuracy 
(on the ninth session) in relation to the pretreatment behav- 
ioral profile. Thus, an ANOVA including the two factors 
treatment and behavioral profile was performed on the re- 
peated measures (eighth and ninth sessions) of RM errors. 

There was a significant three-way interaction, F(1, 24) = 
4.24, p < 0.05. As can be seen in Fig. 6D, this was because 
intraseptai injections of  KYN before the ninth session resulted 
in a significant increase in RM errors over those recorded in 
the previous session, this increase being, however, dependent 
on the behavioral profile. Thus, as compared to vehicle- 
treated mice, good learners injected with KYN were signifi- 
cantly impaired on the ninth session, whereas bad learners 
were not (p > 0.90). 

DISCUSSION 

The results from this second experiment showed that intra- 
septal injections of  5 ng KYN induced changes in hippocampal 
presynaptic cholinergic activity in both naive mice (basal activ- 
ity) and in mice trained in a radial arm maze discrimination 
task. In the naive animals, there was a transient increase in 
hippocampal SDHACU, which then returned to basal levels 
about 35-50 min postinjection (Fig. 6A), which is consistent 
with a rapid elimination of  KYN from the brain (44). In the 
trained animals, the same treatment administered 20 min be- 
fore testing slowed the cholinergic deactivation over the 15 
min posttest (Fig. 6B). These results indicated that the cholin- 
ergic deactivation following RM training may be mediated, at 
least in part,  by glutamatergic synapses in the lateral septum. 
However, the sensitivity to intraseptal injections of KYN as 
measured by both the neurochemical data and the memory 
score after treatment, differed between animals displaying dif- 
ferent behavioral profiles over the eight preceding sessions of 
training (Fig. 6C and D). Intraseptal injections of  KYN led to 
a dramatic behavioral impairment, together with a modified 
time course of  the posttesting cholinergic activity in the good 
learners, but had no effect in the bad learners. These observa- 
tions are in general agreement with the results of our previous 
study (29), and will be discussed in terms of  the involvement 
of  the septo-hippocampal cholinergic pathway in memory pro- 
cesses. 

This experiment was designed to assess the mediation of 
septal glutamatergic receptors in the posttest inhibition of  hip- 
pocampal cholinergic activity subsequent to the initial cholin- 
ergic activation following RM training (in radial arm maze). 
The amplitude of  the posttest decrease in SDHACU was some- 
what less than that found in our previous study [see (29), 
Fig. 1], where hippocampai SDHACU measured in trained 
animals, especially in the good learners, was significantly be- 
low basal level 15 min after the ninth training session. In the 

present study, cholinergic activity 15 min posttest was not 
significantly lower even in the good learners in the vehicle- 
injected group compared to the naive animals. This discrep- 
ancy could, perhaps, be accounted for by the effects of  vehicle 
injection in the lateral septum. Nevertheless, intraseptal injec- 
tions of  KYN did interfere with the posttraining hippocampal 
cholinergic deactivation (Fig. 6B), thereby suggesting that sep- 
tal glutamatergic receptors are involved in some way with the 
regulation of  septo-hippocampal cholinergic activity accom- 
panying certain memory tasks. However, this deactivation was 
never completely blocked in the KYN-treated animals (no sig- 
nificant effect of treatment was found 15 min posttest). The 
effects of  KYN may derive from a variety of mechanisms that 
are not mutally exclusive. Firstly, as mentioned above, KYN 
should have short-lived activity after injection into the sep- 
turn. Secondly, the ninth training session results indicate that 
any effect of  this treatment should only be observed in the 
good learners. This might explain why KYN injection had 
little influence on the testing-induced cholinergic changes in a 
group including both good and bad learners. Finally, apart 
from the putative active involvement of glutamatergic recep- 
tors in posttraining cholinergic deactivation, there may also be 
some passive deactivation. This could help account for the less 
than total blockade of  the secondary posttraining decrease in 
cholinergic activity by intraseptal injections of KYN. 

Whatever the case, glutamatergic fibers ending in the lat- 
erai septal area appear to be involved in the reduction of 
septo-hippocampai cholinergic activity following radial arm 
maze discrimination training. This secondary deactivation re- 
sulted in a long-lasting inhibition (from 15 min to 9 days 
posttest) of the cholinergic pathway (29). This is indicative of 
an LTP-like mechanism sustaining the posttraining alterations 
in septo-hippocampal cholinergic activity. Because glutamate- 
rgic synapses in the lateral septum have been shown to display 
a long-lasting enhancement in efficiency after high frequency 
stimulation of  fimbria fibers [e.g., (15,38)], septal glutamater- 
gic receptors could mediate the long-lasting inhibition of hip- 
pocampal cholinergic neurons following RM training. This 
implies that RM training, like high-frequency fimbrial stimu- 
lation, would result in a form of LTP of  these glutamatergic 
synapses. Interestingly, in a recent study, Garcia et al. (16), 
using the same task as ours (29), observed a training-induced 
enhancement of synaptic transmission in the lateral septum. 
They found that as training progressed, the mice displayed a 
progressive and persistent increase in the amplitude of field 
potentials evoked by fimbrial stimulation in the lateral sep- 
turn. Moreover, the magnitude of this behavioral LTP was 
found to be related to the individual discrimination per- 
formance. These findings are consistent with our observation 
of  relationships between level of  training and the behavioral 
performance in the same task, and the amplitude and the 
time course of the testing-induced changes in hippocampal 
SDHACU. Here, the sensitivity to intraseptal injections of a 
glutamatergic antagonist was found to differ between good 
learners and bad learners. Good but not bad learners dis- 
played behavioral impairment together with a noticeable 
change in the posttraining cholinergic deactivation following 
intraseptal injections of  KYN. Taken together, the correla- 
tions between behavioral parameters and both cholinergic (29) 
and electrophysiological (16) markers of the activity of the 
septo-hippocampal system and the results of  the present phar- 
macological study support the idea that septal glutamatergic 
receptors mediate, via an LTP-like mechanism, a long-lasting 
inhibition of  the septo-hippocampal cholinergic pathway after 
spatial RM training. This inhibition was thought to be in- 
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volved in consolidation processes. This possibility is supported 
[see (29) for a detailed discussion, see also (3)] by the relation- 
ships we and others have found between memory  testing and 
hippocampal  S D H A C U .  Firstly, the t ime course of  the cholin- 
ergic deactivation was related to the behavioral  retention 
score. Secondly, posttest cholinergic inhibition has been ob- 
served after RM training but not  after W M  testing. The func- 
tional significance o f  this posttraining decrease in cholinergic 
activity will have to await the results o f  further behavioral  and 
pharmacological  studies aimed at selectively interfering with 
it. However ,  the not ion that it underlies consolidation o f  
some, but not  all types of  informat ion  is supported by Nagh- 
ara et al. 's finding (34) that a pharmacological ly induced post- 
training inhibition o f  the septo-hippocampal  cholinergic path 
resulted in a facilitation o f  spatial learning but not  of  passive 
avoidance. These considerations are o f  relevance for the devel- 
opment  o f  procholinergic drugs to treat certain memory  dis- 
turbances, as enhancing overall cholinergic transmission in the 
CNS may not necessarily improve memory.  Precise adjust- 
ment of  the activity of  the cholinergic cells as a function of  
both the type and the phase of  memory  could be crucial to 
certain cognitive processes (19). This idea is supported in the 
present study by the massive behavioral  impairment  observed 
in the good learners after intraseptal injections of  KYN ac- 
companied by only slight interference with septo-hippocampal  
cholinergic activity. Finally, the difference in sensitivity be- 
tween the good learner and bad learner groups to intraseptal 
injections of  KYN may reflect the differential contr ibution o f  
septo-hippocampal  cholinergic neurons to the memory  perfor- 
mance displayed by each of  these two groups. It is generally 
assumed that most behavioral  paradigms can be solved by a 
variety o f  strategies relying to different extents on any given 

memory  system. The present results, along with those of  our 
previous study, suggest that this radial maze task can probably 
be solved by both cholinergic-dependent and cholinergic- 
independent strategies. 

CONCLUSION 

The results presented here point to an indirect inhibitory 
role for glutamatergic receptors localized in the lateral septum 
on septo-hippocampal cholinergic ceils in the medial area (see 
Discussion section of  Experiment 1). Al though the nature of  
the link between glutamatergic receptors and cholinergic neu- 
rons remains to be elucidated, it should be borne in mind that 
it may not be direct because there are relatively few pro- 
jections f rom the lateral septum to the medial area (27). 
Al though the interactions between acetylcholinergic and gluta- 
matergic systems in the septum have yet to be well character- 
ized, the results f rom the second experiment strongly suggest 
that septal glutamatergic synapses influence the activity of  
septo-hippocampal cholinergic neurons contingent on radial 
arm RM training. This effect appears to be involved in some 
(but not  all) forms of  learning. Our results are consistent with 
an LTP-like mechanism in the septum sustaining the post-RM 
training inhibition o f  the septo-hippocampal cholinergic path. 
It is tempting to suggest that a mechanism of  this sort is in- 
volved in memory  consolidation. 
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