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(2) 577–582, 1997—We tested the hypothesis that
septal muscarinic receptors of the rat are involved in exploratory behavior control, at least as reflected in the measure of rear-
ing activity. At a dose capable of inducing hippocampal theta rhythm, carbachol injection into the septum significantly in-
creased the number of rearings from the 2nd to the 5th min postinjection. The increase was maximal in the 3rd min and grad-
ually declined until the 9th min postinjection, when it was near the control level. This behavioral effect was blocked by prior
injection of atropine. These data, when considered with other findings showing a similar motor response caused by the hip-
pocampal injection of the cholinergic agonist, strongly suggest that the cholinoceptive cholinergic components of the septo-
hippocampal system play a role in the release of exploratory behavior. This role might be mediated via muscarinic receptors
at the septal level. Moreover, the time course of behavioral action of carbachol injected into the septum is of particular im-
portance for studies on the effect of the drug on performance of the rat in learning and memory tests requiring contribution
of exploratory behavior. © 1997 Elsevier Science Inc.
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SEVERAL observations have suggested that central cholin-
ergic systems may be involved in the control of the locomotor
activity of the rat (3,4,10). However, locomotor cholinergic in-
fluences differ according to the brain area considered. For ex-
ample, injection of carbachol (CAR), a powerful cholinergic
agent, the action of which is mediated via muscarinic recep-
tors into the medial anterior hypothalamic/preoptic area or
the tegmental pedunculopontine nucleus, produced a decrease
in locomotor activity and rearing. This behavioral CAR effect
was reversed by a low dose of atropine (ATR). These data
were interpreted to mean that the cells of both the tegmental
pedunculopontine nucleus and the anterior hypothalamic/pre-
optic cholinoceptive area are involved in decrease of locomo-
tor and rearing activities (3,4). Conversely, injection of CAR
into the hippocampus of the rat increased locomotor activity

and rearing. This behavioral effect was blocked by coinjection
of atropine, suggesting that the hippocampal muscarinic re-
ceptors play a role in the control of locomotor activity (10).

The medial septal nucleus and the vertical limb of the diago-
nal band of Broca may be the only source of hippocampal cho-
linergic terminals and acetylcholine (ACh) outflow (1,8,9,24).
Moreover, binding and autoradiographic studies have shown
the presence of muscarinic receptors in the septum (17,34,40).
These studies have provided neurochemical support for the
cholinoceptive nature of at least some septal cells, the activity
of which is directed by ascending cholinergic influences (2,15,
32,33).

Rearing is an important component of motor manifestation
of spontaneously occurring exploratory behavior in rodents.
New evidence for this includes the recent finding by Clément
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et al. (6) that rearing activity is strongly correlated with loco-
motor activity in the open field. Because rearing is a clearly
indentifiable and quantifiable behavioral parameter as op-
posed to other manifestations of rat motor exploratory activ-
ity, it often serves as an index of exploratory behavior.

With these facts in mind, we tested the hypothesis that sep-
tal muscarinic receptors of the rat are involved in exploratory
behavior control, at least as reflected in the measure of rear-
ing activity. The time course of this locomotor response to lo-
cal injection of the drugs was also determined. Because hip-
pocampal theta (

 

u

 

) rhythm critically depends on the activity
of cholinergic septal neurons providing terminals on the hip-
pocampal formation (20), we also examined the contributions
made by septal muscarinic receptors on the hippocampal elec-
troencephalogram (EEG).

 

MATERIALS AND METHODS

 

Forty-two male Wistar rats weighing 280–320 g at the start
of the experiment were obtained from Janvier (France). The
rats were housed in single cages under constant temperature
(24 

 

6

 

 2

 

8

 

C) and a 12-h/12-h light/dark cycle, with ad libitum
access to food and water.

The experiment reported in this paper was carried out in
accordance with the European Communities Council direc-
tive of 24 November 1986 (86/609/EEC) for the care and use
of laboratory animals as adopted by French legislation. Quali-
fied experimentators should be certified and authorised by
the Ministry of Agriculture (Animal Health and Welfare
Unit). A certificate of authorisation was issued by the Minis-
try Department to P. Monmaur.

The general surgical, intraseptal injection and recording
techniques were similar to those previously described (23).
Briefly, 

 

u

 

 rhythm was recorded from both CA1 and dentate 

 

u

 

generators of the right dorsal hippocampus. The two genera-
tors were reached under ether (diethyl ether, Prolabo) anes-
thesia by continuously recording EEG with two monopolar
electrodes of stainless steel wire (120 

 

m

 

m in diameter) insu-
lated except at the cut end. This procedure allowed well-
developed CA1 and dentate 

 

u

 

s, which were approximately
phase reversed, to be obtained in most animals. A guide can-
nula (23-gauge hypodermic needle) was aimed at the right lat-
eral septal nucleus. The stereotaxic coordinates were A 8.6 mm
from the lambda, L 0.5 mm from the midline and P 4.6 mm
from the bregma-skull surface. A septal injection cannula (30-
gauge dental needle), which protrudes 3 mm below the guide
cannula, was filled with drugs and connected to glass microsy-
ringe prior to insertion into the guide cannula. Between injec-
tions, the guide cannula was occluded with a stainless steel
wire pin. The rats were allowed at least 8 days to recover from
surgery before behavioral testing and subsequent EEG re-
cording. Microinjections were given not more than three
times in a single site, and a minimum of 8 days separated the
injections. Drugs were dissolved in 0.9% saline (SAL; sodium
chloride, Chaix and Du Marais) and injected in a volume of
0.2 

 

m

 

l. In our previous work, we reported that intraseptal in-
jection of 1 

 

m

 

g of CAR (carbamylcholine chloride, Sigma) re-
sulted in a clear-cut elicitation of both hippocampal 

 

u

 

 rhythm
and exploratory behavior in freely moving rats (22). These
EEG and behavioral effects of CAR were blocked by local in-
jection of 20 

 

m

 

g of ATR (atropine sulfate, Sigma). These data
prompted us to use 1 

 

m

 

g (5.45 nmol) of CAR and 20 

 

m

 

g (29.55
nmol) of ATR in the present investigation. Animals were di-
vided into four groups: 11 rats received SAL (SAL group 

 

5

 

control group), 14 rats received CAR (CAR group), 11 rats

received ATR (ATR group) and 6 animals received ATR plus
CAR (ATR

 

1

 

CAR group) into the septum.
Rearing was assessed in a cage made of a transparent

Plexiglass cylinder (50 cm high and 20 cm in diameter). The
animals were placed in the cylinder with the injection cannula
inserted into the guide cannula, and the rats were left for 1
min. Then, 0.2 

 

m

 

l of the drug solution or saline was injected in
the unrestrained animal over 1 min. The injection cannula was
left in place for 9 min after completion of the injection, except
when two successive injections of drugs (ATR 

 

1

 

 CAR) were
given. In the latter pharmacological paradigm, injection of
CAR was started immediately after the end of ATR applica-
tion. After completion of the injection, the number of rearings
was counted by two independent experimenters in 1-min in-
tervals for 9 min. The onset of rearing was recorded when the
animal’s forepaws left the floor and ended when the forepaws
returned in contact with it.

At the end of the 9-min session, the rats were placed in an
EEG recording box, and the hippocampal electroencephalo-
graphic activity was recorded for 10 min. Recordings included
EEG associated with both spontaneous movements and
awake immobility. Behavior was observed and coded on the
ongoing EEG with a pen, thus allowing the relationship be-
tween behavior and concomitant EEG to be analyzed.

At the completion of the experiment, each animal was in-
fused with 0.2 

 

m

 

l of methyl blue. Ten minutes later, under
deep ether anesthesia, rats were decapitated, and the septo-
hippocampal system was exposed and cut. Resulting slices of
fresh brain tissue were checked under a binocular microscope
for injection site placements.

Data were analyzed by analysis of variance (ANOVA) for
repeated measures. Whenever a significant effect was ob-
tained, the post hoc Student–Newman–Keuls test was used
for pairwise comparisons. A level of 

 

p

 

 

 

,

 

 0.05 was considered
significant.

 

RESULTS

 

Histology

 

Methyl blue was concentrated within the right lateral sep-
tal region in 35 of 42 animals. In the 7 remaining rats, the dye
was seen clearly in both the right lateral septal region and in
the lateral aspect of the adjacent medial septal nucleus. In most
rats, however, a clear-cut blue track was also detected in both
the corpus callosum and cortex overlying the right lateral sep-
tum, probably as a result of the spread of the solution along
the external side of the cannula. These histological data are in
agreement with previous studies (21–23).

 

General Behavior

 

In agreement with our previous observations (22), CAR
induced the rat to intensively explore the novel environment.
A clear-cut increase in walking, sniffing, rearing, head dis-
placements and vibrissae movements were observed following
CAR injection. This period of behavioral activation lasted for
about 6–9 min. Intraseptal injection of ATR generally pro-
duced behavioral hyperactivity resembling general agitation.
Although it was still detectable 9 min postatropine injection,
this behavior was significantly reduced at this time.

 

Rearing Activity

 

Figure 1 illustrates the time course of rearing over the
postdrug testing period. There was significant difference
among groups [F(3, 38] 

 

5

 

 6.23, 

 

p

 

 

 

,

 

 0.002]. Subsequent com-
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parisons revealed that the total cumulated score in the CAR
group was significantly higher than that of the SAL group
(

 

p

 

 

 

,

 

 0.05), whereas the other groups did not differ statisti-
cally from each other or from the SAL group (

 

p

 

s 

 

.

 

 0.1).
There was also a significant group 

 

3

 

 time interaction
[

 

F

 

(3, 304) 

 

5

 

 1.78, 

 

p

 

 

 

,

 

 0.025], indicating that rearing activity
changed over the testing period among groups. Pairwise com-
parison revealed that CAR significantly increased rearing
from the 2nd to the 5th min postinjection. The increase in this
activity was maximal in the 3rd min and gradually declined
until the 9th min postinjection, when it was near the control
level. ATR alone also showed a tendency to increase rearing
as compared with SAL, but this effect was nonsignificant. The
antimuscarinic drug, when infused in combination with CAR,
clearly antagonized the CAR effect. The average rearing
score (mean 

 

6

 

 SEM) calculated over the testing period in the
ATR 

 

1

 

 CAR group (3.44 

 

6

 

 0.34) was significantly lower than
that of the CAR group (5.78 

 

6

 

 0.36; 

 

p

 

 

 

,

 

 0.05), but nonsignifi-
cant vs. that of control group (2.14 

 

6

 

 0.22; 

 

p

 

 

 

.

 

 0.1).

 

Hippocampal EEG

 

Figure 2 depicts the typical effect on the hippocampal
EEG of injection of drugs into the septum. Following injec-
tion of saline into the septum, the hippocampal EEG did not
differ from that usually seen in the undrugged conditions: ex-
ploration (walking, running, rearing and sniffing) was always

accompanied by 

 

u

 

, whereas consumatory behavior (eating,
drinking) and relaxed immobility (eyes wide open) were asso-
ciated with large irregular activity. Injection of ATR alone did
not result in significant change in the correlation between hip-
pocampal EEG and behavior. In contrast, 

 

u

 

 was associated
with behavioral immobility, resembling a behavioral alert
state, in addition to voluntary movements in rats injected with
CAR. This EEG effect of CAR was blocked by ATR, al-
though blockage was incomplete in some animals. These
EEG results are essentially in agreement with results col-
lected in previous investigations (19,22).

 

DISCUSSION

 

The present results confirm previous observations (19,22)
that, at the dose which facilitates hippocampal 

 

u

 

, injection of
CAR into the septal complex results in an increase in rearing
activity of freely moving animals. As CAR significantly in-
creased and ATR blocked rearing in the present study, the in-
creased rearing seen after intraseptal CAR injection appears
to be the result of activation of septal cholinergic receptors.
Previous physiological studies have shown that hippocampal
cholinergic 

 

u

 

 and ACh outflow are significantly increased fol-
lowing injection of CAR into the septum (7,19,22), which may
be the only source of cholinergic input into the hippocampus
(1,8,9) and the pace maker of hippocampal 

 

u

 

 (30). These re-
sults and those of Flicker and Geyer (10), in which CAR manipu-
lation of the hippocampus resulted in a considerable increase in
locomotion and rearing, strongly support the hypothesis that
activation of the cholinoceptive component of the cholinergic
septohippocampal pathway may be crucial for exploratory be-
havior control, at least as reflected in measure of rearing ac-
tivity. This hypothesis is in agreement with the view that the
septohippocampal system, at least when functioning in 

 

u

 

mode, is involved in the programming and the execution of
so-called voluntary movements such as walking, running,
rearing, etc. (25,38), which are parts of spontaneously occur-
ring exploratory behavior. Also, more recent behavioral re-
sults are relevant to this hypothesis: intraseptal injection of
CAR increases rats’ mobility in a T-maze task (12) and re-
verses the behavioral effects of intraperitoneal administration
of scopolamine, a powerful muscarinic antagonist, in animals
performing the same task (11). However, the possibility that
increased rearing seen following septal CAR injection may, at
least in part, result from nonspecific central excitation caused
by cholinoceptive septal inputs to brain areas other than the
hippocampal formation (35,37) cannot be completely ruled
out. Further investigation is needed to test this possibility.

The precise intraseptal neurophysiological mechanism by
which CAR exerts its behavioral effect is not clear. Binding
and autoradiographic studies have suggested that M2 muscar-
inic receptors are concentrated in the septum, whereas there
are no or few M1 subtypes (5,27,28). There is evidence that, in
the brain, M1 receptors are located postsynaptically, whereas
M2 receptors are located in presynaptic terminals, acting as
autoreceptors to reduce acetylcholine release and, in postsyn-
aptic neurons, receive cholinergic innervation (28,29,39). In-
terestingly, electrophysiological work has revealed that an
identified septohippocampal neuron is strongly excited by in-
traseptal application of CAR, suggesting an important role
for the postsynaptic M1 muscarinic receptors in cholinergi-
cally mediated septohippocampal cell activity (18). In this
context, the increased rearing seen in the present study may
be the result of activation of presumed septal postsynaptic M1
muscarinic receptors and of presynaptic M2 muscarinic recep-

FIG. 1. Graph summarizing the effects of intraseptal injection of
carbachol (CAR) and atropine (ATR) on rearing activity in the rat.
Each point represents the mean 6 SEM. Carbachol alone (5.45 nmol)
significantly increased rearing from the 2nd to the 5th min
postinjection. *p , 0.05 (carbachol vs. other drugs). Atropine (29.55
nmol) alone or in combination with carbachol did not significantly
change rearing activity. SAL 5 saline control.
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tor subtypes. In the present study, hippocampal 

 

u

 

 was associ-
ated with behavioral immobility, resembling a behavioral
alert state and exploratory activity in rats injected with CAR.
This EEG effect of CAR was blocked by ATR. In our previ-
ous study using urethane-anesthetized rats (23), we found that
intraseptal injection of ATR, a nonspecific muscarinic agent,
abolished 

 

u

 

 elicited by local application of CAR, whereas gal-
lamine, a specific M2 antagonist that displays high affinity for
the septal region (27) failed to suppress completely this
rhythm. Mecamylamine, a nicotinic antagonist, also failed to
alter CAR-induced 

 

u

 

. On the basis of these data, we have sug-
gested that the latter result may have resulted from coactiva-
tion of both M2 and non-M2 muscarinic receptors at the sep-
tal level (23). When taken collectively, these data strongly
support the idea that cholinoceptive cholinergic septal cells
involved in the production of hippocampal 

 

u

 

 rhythm play an
important role in the control of behavioral states involving ex-
ploration and/or alertness.

The activity of the septum is regulated by ascending cho-
linergic inputs originating more probably in the peduncu-
lopontine (ch5) and laterodorsal tegmental (ch6) nuclei (2,15,
32,33). In this context, the ascending brainstem cholinergic in-
fluences on the septum may play a role in initiating and main-
taining exploratory behavior, at least as reflected in the mea-
sure of rearing activity. If this hypothesis is confirmed, then
cholinoceptive cholinergic septal cells may be an important
relay station for exploratory behavior control between cholin-
ergical brainstem neurons and the cholinoceptive cells of the
hippocampus. Thus, we suggest that the present pharmacologi-
cal analysis supports the view that a relatively organized cho-
linergic mesopontine-hippocampal di- or polysynaptic pathway
plays a role in initiating and maintaining exploratory behav-
ior. Although such a view is parsimonious, it does not explain
previous findings showing that CAR application to different
brain sites involving the nucleus accumbens, the dorsal peri-
fornical area, hypothalamic regions and reticular formation
(14,16,31) also results in increased locomotor activity and thus
indicating that cholinergic receptors diffusely distributed
across the brain are involved in exploratory behavior. In fact,
this gives rise to the question as to whether the cholinoceptive
cholinergic septohippocampal cells are the direct and/or indi-
rect target of cholinoceptive brain sites, the activation of
which elicits exploratory activity. The electrophysiological
findings, that an increasing population of septal units changes
their activity with increased level of diffuse ascending influ-
ences (2,13,26,36) may support this notion.

The present study revealed that CAR significantly in-
creases rearing from the 2nd to the 5th min postinjection and
that the increase is maximal in the 3rd min and gradually de-
clines until the 9th min postinjection, when it is near the con-
trol level. These data provide information about the time
course of CAR-elicited rearing activity and indicates that the
behavioral action of the drug has a short latency and a limited
but not negligible duration. This result might be of particular
interest for investigations concerned with the effect of in-
traseptal injection of cholinergic agonists and antagonists on
the behavioral performance of rats in learning and memory
tasks (spatial or nonspatial) requiring contribution of explor-
atory behavior (11,12). Indeed, because intraseptal CAR af-

 

FIG. 2. The qualitative effect of intraseptal injection of drugs on hip-
pocampal EEG during walking (WALK) and behavioral immobility
with eyes wide open (IMMOBILE). Saline and atropine alone (29.55
nmol) did not change the relation between EEG and behavior: 

 

u

 

rhythm accompanied walking, whereas large irregular activity (no 

 

u

 

)
was associated with behavioral immobility. Carbachol (5.45 nmol)

alone elicited 

 

u

 

 during behavioral immobility, an effect that was blocked
by prior injection of atropine (ATROPINE 

 

1

 

 CARBACHOL).
Recordings were taken 10 min postdrug injection. Calibrations 

 

5

 

 1 s
and 500 

 

m

 

V.
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fects behavior, conclusions about effects of the drug on learn-
ing and memory processes can only be drawn if the effects of
the drug on behavior can be excluded or experimentally disso-
ciated from learning and memory processes. In this testing
procedure, one can make the prediction that results and,
therefore, their interpretations might differ significantly de-

pending on whether behavioral testing is carried out immedi-
ately or at different time points after intraseptal CAR injection.
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