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PHARMACOL BIOCHEM BEHAYV 62(4) 683-688, 1999.—During early testing (1 week), there is a clear impairment of
preference for novelty in rats with combined transections of the fiber connections between the temporal and lateral entorhi-
nal cortices and the hippocampal perforant path (TC/LEC + PP lesions). During late testing (2-3 weeks), a complete recov-
ery of the preference for novelty is seen. The purpose of this study was to pharmacologically examine whether cholinergic or
glutamatergic systems might support the processes underlying the recovery. The cholinergic antagonist atropine sulfate
caused a complete reappearance of the impaired preference for novelty in rats with TC/LEC + PP transections. The
glutamatergic antagonist HA-966 only produced a moderate reactivation of the recovered lesion effect. A moderate impair-
ment was also seen in intact rats treated with atropine or HA-966. The results suggest that blocking of cholinergic function
impairs the recovered performance in this specific task without precluding the involvement of other uninvestigated neuro-

chemical systems. © 1999 Elsevier Science Inc.
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THE parahippocampal cortex (perirhinal and entorhinal cor-
tices) seems to make up an important interface between the
neocortical association areas and the hippocampal region
(hippocampus proper, fascia dentata, and subiculum) in the
rat, cat, and monkey (20). In the rat, information from all sen-
sory modalities converges in the perirhinal cortex and is fur-
ther transmitted to the hippocampal region by way of the en-
torhinal cortex (5). In return, the hippocampal region sends
information to widespread cortical areas via the entorhinal
cortex (8,22).

Exploration of a discrete novel object is one form of in-
quisitive activity frequently seen among rats. This activity ap-
pears as a strong preference for novelty, the recognition of
which is probably based on polymodal sensory information
(3). Transections of the fiber connections between the tempo-
ral cortex (TC) and the lateral entorhinal cortex (LEC) or
transections of the hippocampal perforant path (PP) both re-
sult in reduced preference for novelty. Surprisingly, however,
a combination of these types of lesions leads to a recovery of
the preference for novelty during postoperative days 9-10
(16). A further analysis of this phenomenon has shown that
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during early testing (postoperative days 6-8) a clear deficit is
seen in rats with TC/LEC + PP lesions, whereas normal pref-
erence for novelty occurs during late testing (postoperative
days 15-17; Myhrer and Wangen, unpublished data). These
unexpected findings may provide useful clues for investiga-
tions of mechanisms underlying spontaneous recovery of
function.

Neurotransmission in TC and LEC is predominantly
glutamatergic. Reduced high-affinity p-aspartate uptake in
both TC and LEC is measured after TC/LEC transections
(14), and systemic administration of glutamatergic agonists
can completely restore memory function in rats with TC/LEC
lesions (15). Also, the hippocampal afferents from the en-
torhinal cortices are believed to use glutamate as neurotrans-
mitter (10). However, the second major hippocampal input,
arising in the septal area, is believed to use acetylcholine as
neurotransmitter (17,21).

In response to neural injury, both glutamatergic and cho-
linergic systems have been shown to react in a compensatory
manner. Compensatory mechanisms have been seen to nor-
malize glutamatergic axon terminal activity in the septum fol-
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lowing loss of innervation from the frontal cortex or the hip-
pocampus in rats (9). Entorhinal lesions have shown to
stimulate septal cholinergic afferents to proliferate into the
dentate molecular layer deprived of perforant path input (21).
Thus, glutamatergic and cholinergic systems in the temporal-
hippocampal region seem to be the most relevant transmitter
systems to be investigated in this study.

The purpose of the present study was to examine pharma-
cologically potential neurochemical involvement in the com-
pensatory processes taking place in rats with the double le-
sion. The neurochemical system involved might be particularly
vulnerable to the administration of an antagonist. The use of
either a cholinergic or glutamatergic antagonist may be ex-
pected to cause a reappearance of the recovered deficit in
preference for novelty. Because cholinergic as well as
glutamatergic antagonists can affect the behavior of intact
rats, differential effects on rats with combined lesions and
sham-operated control animals will be of particular interest.
The antagonists selected were the cholinergic muscarinic re-
ceptor blocker atropine sulfate and the glutamatergic NMDA
receptor blocker 3-amino-1-hydroxy-2-pyrrolidinone (HA-
966). Both atropine sulfate and HA-966 have been demon-
strated to interfere with cognitive behavior in rats (24,25).

A modified version of the novelty test of Berlyne (2) con-
sisting of three different sets of stimuli (visual/tactile, olfac-
tory, visual only) has previously been used (16). However,
during late testing, it was observed that separate TC/LEC or
PP lesions did not cause reduced preference for smell as nov-
elty (Myhrer and Wangen, unpublished data). Thus, the ses-
sion with olfactory stimulus was not used in the present study.

METHOD
Subjects

Forty-eight male Wistar rats from a commercial supplier
(Mgllegaard Breeding Laboratories, Denmark), weighing
290-320 g at the time of surgery, served as subjects. The ex-
perimental protocol was approved by the Norwegian commit-
tee for work with laboratory animals. The rats were randomly
assigned to six groups: eight rats were sham operated and re-
ceived saline, eight were sham operated and received atro-
pine, eight were sham operated and received HA-966, eight
received combined TC/LEC + PP lesions and saline, eight re-
ceived combined lesions and atropine, and eight received
combined lesions and HA-966. Their group assignment was
not known during testing. The rats were housed individually
and had free access to commercial rat pellets and water. They
were handled individually 3 days preoperatively and 1 day
postoperatively, being allowed to explore a table top (80 X 60
cm) for 3 min a day. The climatized (21°C) vivarium was illu-
minated from 0700 to 1900 h.

Surgery

The rats were anesthetized IP with diazepam (10 mg/kg)
and fentanyl fluanisone (2 mg/kg) and placed in a stereotaxic
head holder with their skulls horizontal. The bilateral TC/
LEC lesions were made mechanically by means of the sharp
edges of cannulas (dia. 0.5 mm) provided with a collar to con-
trol for the insertion depth. The cannula to be used was
mounted on a syringe. The point of insertion was 7.8 mm pos-
terior to bregma and 6.7 mm lateral to midline. Each cannula
was inserted into the brain in a position deviating 20° from the
vertical in the sagittal plane (tip of cannula pointing rostrally).
From this position the syringe was moved seven times back
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and forth in an axis deviating about 45° from the frontal plane
(opening of angle pointing medially). These maneuvers were
carried out in two stages with insertion depths 6 and 8 mm
from top of skull. In this way, the distal part of the angular
bundle was transected at a site corresponding approximately
to the level of the rhinal fissure.

PP lesions were made in the same way as described for TC/
LEC lesions. The point of cannula insertion was 8.5 mm pos-
terior to bregma and 5.0 mm lateral to midline. Each cannula
was inserted into the brain in a position deviating 20° from the
vertical in the sagittal plane (tip of cannula pointing rostrally).
From this position the syringe was moved seven times back
and forth in the frontal plane making a cut of 1.0-1.5 mm
through the angular bundle. These maneuvers were carried
out in three stages with depth of insertions 4, 6, and 8 mm
from surface of the skull to tip of cannula. The sham-operated
rats received a corresponding incision in the scalp only.

Histology

Upon termination of testing, the animals were decapitated,
and the brains were removed and frozen. The brains were sec-
tioned horizontally on a CO, freezing microtome at 30 pm,
every 12th section being preserved. The sections were stained
with methylene blue. The extent of fibers transected was esti-
mated from the degree to which the white matter between TC
and LEC was damaged at the three dorsoventral levels pre-
sented in Fig. 1. The white matter (not the alveus) was divided
in four equal columns, each column representing 25% of the
fibers. The occurrence of damage was evaluated under X75
magnification in a light microscope. The number of columns
affected at each dorsoventral level were counted, and the
mean percentage of damage was computed for each animal.

The percentage of PP damage was based on the location
and extent of the transections in relation to the course of PP
fibers. The lesions were traced on diagrams of the PP fibers
consisting of 20 lines evenly distributed, each line represent-
ing 5% of the fibers. The number of lines affected in the dors-
oventral levels presented in Fig. 1 were counted, and the aver-
age percentage of damage for each animal was computed.

Administration of Drugs

Atropine sulfate injected IP in a dose of 50 mg/kg 15-20
min before testing has often been used in behavioral studies
(25). In the present study, atropine (Sigma Chemical Co., St.
Louis, MO) was administered 30 min prior to testing (45 min
before presentation of novelty) in a dose of 40 mg/kg, because
a dose of 50 mg/kg has previously been shown to profoundly
interfere with the behavior of normal rats in the present test
(13). (=)-HA-966 (Research Biochemicals Inc., Natick, MA)
was injected IP in a dose of 30 mg/kg (1) 1.5 h before start of
testing, so that overt signs of sedative effect had disappeared
during testing (12). Physiological saline was injected IP in a
dose of 0.3 ml.

Apparatus

Behavioral testing was carried out in a Plexiglas cage (54 X
33 X 20 cm) with a metal mesh roof previously described (11).
In brief, the floor was divided in 18 equal squares (9 X 11 cm).
Three identical metal cubes (5 X 5 X 5 cm) were evenly dis-
tributed in the cage in fixed positions (the neutral objects).
Two other cubes made up the novel objects. One object only
differed from the neutral ones in that its top was uneven with
tracks (2 mm) in it making up a square pattern (visual/tactile
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stimuli). Because the rats could perceive the tracks or the
squares (16 squares measuring 1.1 X 1.1 cm) by bodily con-
tact, both tactile and visual sensory modalities might be used.
One was smaller than the neutrals, and two sides were slightly
uneven (visual stimulus). All objects were painted light gray.
The sound attenuated testing room was provided with a fan
producing white noise (52 dB).

Procedure

Adaptation started on postoperative day 14. The rats were
allowed to explore individually the empty apparatus for 20
min. On the next day the rats were run in session I. In phase 1,
the animals were tested for 5 min in the box with three neutral
objects present. The following behaviors were recorded: num-
ber of seconds in contact with each object, number of squares
traversed (locomotor activity), and number of rearings. Then
the rats spent 10 min in the home cage. In phase 2, the rats
were tested again for 5 min, and one of the neutral objects had
been replaced by the novel object with uneven top. During
this period of time the same measures as in phase 1 were
made. In session IT (postoperative day 16), the same proce-
dure was followed, and the novelty was represented by a
smaller object. The testing was carried out in a counterbal-
anced order; i.e., half of the animals in each group was first
tested in session I and the other half was first tested in session
II. Only the neutral cube in the middle position was replaced
by a novel object. Prior to testing, the apparatus and objects
were carefully cleaned and allowed to dry to remove all olfac-
tory cues.

Statistics

Overall analyses were carried out with one-way or two-
way ANOVA. Group comparisons were made with Tukey-
Kramer multiple comparisons test. Computations were car-
ried out with InStat statistical software program (GraphPad
Software, USA) or the SigmaStat (SigmaStat Software, USA).

RESULTS
Histology

The combined lesions appeared similar for all three
groups. The TC/LEC lesions were bilateral in all animals. The
fiber transections, which often affected the alveus of the hip-
pocampus, were 0.5-1.0 mm long in rostrocaudal extent and
3-4 mm long in dorsoventral extent (Figs. 1 and 2). The mean
percentage of fiber lesion was about 95 for all groups. Be-
cause about one-third of the fibers are not accessible for den-
ervation, a total of about 60% of the fibers between TC and
LEC were disconnected. The perforant path was damaged bi-
laterally in the entire dorsoventral extent in all rats by a cut of
1.0-1.5 mm in length (Figs. 1 and 2). The mean percentage of
fiber damage was about 96 for all groups. Additional lesion
was occasionally observed as a relatively small cut in parts of
LEC and parasubiculum. The combined lesions were often
seen to have fused together and were more extensive than the
sum of separate lesions would be expected to make up (16). In
the saline-treated group, the mean percentage of fiber dam-
age was 95.3 for the TC-LEC connections (range 91-100) and
96.6 for PP (range 92-100). In four rats, the ventral part of the
hippocampal region was damaged unilaterally. In the atro-
pine-treated group, the mean percentage of fiber damage was
95.1 for the TC-LEC connections (range 88-98) and 96.3 for
PP (range 91-100). In three rats, the ventral tip of the hippo-
campal region was damaged unilaterally. In the HA-966—
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FIG. 1. Reconstruction of horizontal sections indicating normal anat-
omy (A) and typical example of the combined transections of the
temporal-entorhinal connections and the perforant path for all
groups (B). Abbreviations: LEC = lateral entorhinal cortex; MEC =
medial entorhinal cortex; PC = perirhinal cortex; POC = postrhinal
cortex; TC = temporal cortex.

treated group, the mean percentage of fiber damage was 96.7
for the TC-LEC connections (range 91-100) and 96.0 for PP
(range 92-100). In four rats the ventral tip of the hippocampal
region was damaged unilaterally. In all lesioned groups, the
penetrations of neocortical layers with the cannulas left
hardly detectable marks. Additional damage other than that
reported above could not be observed with the histological
method applied.

Behavior

Rats treated with atropine or HA-966 displayed reduced
preference for novelty compared to saline-treated animals
throughout both sessions. However, various degrees of defi-
ciencies were seen among lesioned and sham-operated rats
treated with atropine or HA-966 (Table 1). Exploration of
neutral object is based on the mean time of contact with the

imne A

FIG. 2. Photograph of a horizontal section showing typical appear-
ance of the lesion following combined temporal-entorhinal and per-
forant path transections.
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two neutral ones. Group comparisions were made in terms of
difference between exploration of novel vs. neutral objects.
An overall analysis with two-way ANOVA showed a signifi-
cant effect of group, F(5, 84) = 67.8254, p < 0.0001, but not of
sessions, F(1, 84) = 0.0719, p = 0.7892, or group X session in-
teraction, F(5, 84) = 0.6583, p = 0.6561. In session I (uneven
top of novel object), one- way ANOVA confirmed a signifi-
cant treatment effect, F(5, 42) = 33.428, p < 0.0001. Group
comparisions with Tukey—Kramer post hoc test showed that
the sham + atropine group, sham + HA-966 group, lesion +
atropine group, and lesion + HA-966 group exhibited reliably
less preference for novelty than the sham + saline and lesion +
saline group (p < 0.001). However, the lesion + atropine
group was even more deficient in this respect than the sham +
atropine, sham + HA-966, and lesion + HA groups (p <
0.001). Neither the sham + saline and lesion + saline groups
nor the sham + atropine, sham + HA-966, and lesion + HA-
966 groups differed reliably from one another. In session II
(smaller object), ANOVA revealed a significant overall ef-
fect, F(5, 42) = 33.531, p < 0.0001. The sham + atropine,
sham + HA-966, lesion + atropine and lesion + HA-966
groups displayed reliably less preference for novelty than the
sham + saline and lesion + saline groups (p < 0.001). The le-
sion + atropine rats also showed less preference for novelty
than the sham + atropine, sham + HA-966, and lesion + HA-
966 rats (p < 0.01). No other reliable differences were ob-
served among the animals.

Table 1 shows the total time spent in exploring neutral ob-
jects in phase 1 and neutral plus novel objects in phase 2.
ANOV As confirmed significant differences among the groups
for both phases in session I and in phase 2 for session II (p <
0.02). In all instances, the sham + atropine group explored re-
liably less than the sham + HA-966 and lesion + saline
groups in phase 1 in session I, the sham + saline and lesion +
saline groups in phase 2 in session I, and the sham + saline, le-
sion + saline, and lesion + atropine groups in phase 2 in ses-
sion IT (p < 0.05). In phase 2 in session I, the lesion + saline
group explored reliably more than the sham + HA-966, lesion
+ atropine, and lesion + HA-966 groups (p < 0.05). The
sham + saline group explored significantly more than the le-
sion + atropine group (p < 0.05).

Figure 3A shows that the groups differed in terms of loco-
motor activity. ANOVAs confirmed reliable differences for
all phases in all sessions (p < 0.002). In phase 1 in session I,
the sham + atropine group was significantly less active than
all the other groups (p < 0.01). In phase 2, the sham + atro-
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pine animals displayed reliably less locomotion than the sham +
HA-966, lesion + atropine, and lesion + HA-966 groups (p <
0.05). The lesion + atropine group was significantly more ac-
tive than the lesion + HA-966, lesion + saline, and sham +
saline groups (p < 0.05). In phase 1 in session II, the sham +
atropine rats were reliably less active than the sham + HA-
966, lesion + saline, lesion + HA-966, and lesion + atropine
animals (p < 0.05). In phase 2, the sham + atropine group dis-
played significantly less activity than the lesion + saline and
lesion + atropine groups (p < 0.05).

Figure 3B shows that there are differences in rearing activ-
ity among the groups. ANOVAs confirmed reliable treatment
effects throughout both sessions (p < 0.002). In phase 1 in ses-
sion I, the sham + atropine group made significantly less rear-
ing than all the other groups except the sham + HA-966 and
lesion + HA-966 groups (p < 0.05). The latter groups made
significantly less rearing than the lesion + atropine group
(p < 0.05). In phase 2, the lesion + atropine rats displayed re-
liably more rearing than all the other animals (p < 0.01). In
phase 1 in session II, the lesion + atropine group exhibited
significantly more rearing than the sham + saline and sham +
atropine groups (p < 0.05). In phase 2, the lesion + atropine
group made reliably more rearing than the sham + atropine,
sham + HA-966, and lesion + HA-966 groups (p < 0.05). The
sham + atropine animals displayed significantly less rearing
than the sham + saline and lesion + saline rats (p < 0.05).

DISCUSSION

The present results show that a spontaneous recovery of
function had taken place in rats with combined TC/LEC + PP
lesions treated with saline, because the behavior of the latter
animals did not differ from that of the saline-treated sham-
operated rats in any measures. Administration of atropine
sulfate resulted in a complete reappearance of the initial
effects of the combined lesion (cf. Introduction). The pre-
ference for novelty was only moderately reduced in sham-
operated rats treated with atropine and in both sham- and
lesion-operated rats treated with HA-966. Only atropine
caused differential effects in exploratory activity measures be-
tween sham and lesion-operated animals.

The marked effect of the cholinergic antagonist relative to
the glutamatergic antagonist on lesioned animals suggests that
cholinergic systems are more involved in the compensatory pro-
cesses than glutamatergic ones. In a previous study, it was ob-
served neurochemical changes following separate and combined

TABLE 1
MEAN MEASURES OF EXPLORATORY BEHAVIOR IN SECONDS

Differential Time Exploring

Total Time Exploring

Session I Session II Session I Session II
Group n Neut Nov Diff Neut Nov Diff Phl Ph2 Phl Ph2
Sham + Sal 8 6.1 20.3 14.5 6.3 21.6 154 29.9 32.5 21.9 34.1
Sham + Atro 8 2.6 9.9 7.3F 24 8.9 6.5F 17.9* 15.1%* 13.1 13.6*
Sham + HA 8 5.1 114 6.3F 5.1 119 6.8F 35.0 21.6 22.1 22.0
Lesion + Sal 8 7.4 22.1 14.8 6.4 21.0 14.6 36.0 36.9 27.5 33.8
Lesion + Atro 8 6.6 5.5 —1.1% 10.1 10.6 0.5F 30.3 18.8 29.6 30.9
Lesion + HA 8 53 114 6.1F 5.3 11.6 6.4% 32.1 21.9 21.0 22.1

Abbreviations: Atro = atropine; Diff = difference; HA = HA-966; Neut = neutral; Nov = novel; Sal = saline.

*p < 0.05.
tp < 0.001 significant differences from saline-treated groups.
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FIG. 3. Mean measures of locomotor activity (A) and rearing (B).

lesions, which suggest a compensatory optimal level of cholin-
ergic activity in the hippocampal region associated with the re-
covery of function in rats with TC/LEC+PP lesions (16). In the
latter study, glutamatergic measures seemed to be unresponsive.
Collectively, these findings may imply that restoration of func-
tion in animals with the double lesion at least involves an atro-
pine-sensitive mechanism. However, this mechanism cannot be
causally related to the hippocampal region. Furthermore, it can-
not be ruled out that neurotransmitter systems other than those
examined in this study or an upregulation of peptidergic systems
may contribute to the functional recovery observed.
Cholinergic systems are well known to respond compensa-
torily to neural insult. Entorhinal lesions have been reported to
produce sprouting in the hippocampal fascia dentata in rats
within 9-12 days (18). It has been proposed that this event is
due to septo-dentate afferents that can proliferate in response
to entorhinal damage (17). Entorhinal lesions functionally simi-
lar to TC/LEC + PP lesions cause increased cholinergic activity
in the hippocampal region, reaching a peak point at 8 days of
survival (21). The combination of TC/LEC + PP lesions ap-
pears to counteract the loss of cholinergic terminals seen to fol-
low separate PP transections (16). It may be hypothesized that
the combination of lesions damaged a sufficient number of fi-
bers in the white matter to trigger a compensatory activity.
Such activity may involve cholinergic projections, because the
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cholinergic antagonist, atropine sulfate, completely disrupted
the functional recovery otherwise seen. A corresponding mech-
anism is found in aging rats when cholinergic septal grafts into
the hippocampal formation improves spatial learning and
memory. Administration of atropine completely abolished the
recovered learning abilities in the old animals (7).

If acetylcholine is involved in the compensatory process in
rats with TC/LEC + PP lesions, it would be of interest in fu-
ture research to determine the rate of acetylcholine release in
different brain regions while these rats recover. Furthermore,
it would also be of interest to examine effects of N-methyl-
scopolamine vs. scopolamine to determine whether there are
any peripheral influences to the recovery.

The differential effects of atropine on lesioned and sham-
operated rats suggest that this agent disrupts compensatory
cholinergic processes in rats bearing TC/LEC + PP transec-
tions, whereas the reduction in preference for novelty seen in
normal animals may be related to a general depressing effect
on muscarinic receptors. The increased level of locomotor
and rearing activities measured in atropine-treated rats with
combined lesions is not observed during early testing of rats
with such lesions (Myhrer and Wangen, unpublished results).
This lack of correspondence may be associated with complex
interaction in effects between atropine and the combined le-
sions, because administration of atropine to intact rats has re-
verse effect on exploratory behavior (cf. Fig. 3).

The relatively mild disruptive effect of HA-966 on the re-
covered perference function may be related to inadequate
neurotransmission by glutamate in critical areas, because sep-
arate TC/LEC and PP lesions impair glutamatergic systems
(16,23). Glutamate and glutamate receptors are closely related
to learning and memory (6), whereas cholinergic systems
seem to be more associated with attentional processes than
learning and memory as such (4,19). Thus, atropine and HA-966
may interfere with preference for novelty in different man-
ners. Atropine-treated rats probably pay less attention to en-
vironmental change in the present test situation. HA-966 may
interfere with encoding of new information resulting in reex-
amination of objects already inspected. The present novelty
test appears to be rather sensitive to effects of atropine, because
even a relatively small dose (40 mg/kg) resulted in marked
changes in the behavior of normal rats. Effects of 50 mg/kg at-
ropine are not seen in control rats of the same age as those
used in the present study in the Morris water maze (7). Intact
rats treated with atropine displayed lower levels of total time
exploring objects, locomotion, and rearing than saline-treated
intact animals. The lesion + atropine group tended to exhibit
more locomotor and rearing activity than the sham + saline
group. This difference may suggest that the lack of preference
for novelty was confounded by a nonspecific effect of the drug on
the lesioned rats’ motor performance. However, this suggestion
appears unlikely in view of the finding that the lesion + atro-
pine rats explored all objects to a similar rate as saline-treated
controls. In one instance (phase 2 in session I), the lesion + atro-
pine group explored even less than the sham + saline group.

Atropine and HA-966 were injected at different times
prior to testing (cf. administration of drugs) in order to obtain
optimal effects of both agents and to avoid the anxiolytic-like
effect seen to follow shortly after administration of HA-966 (1).
This time difference is not likely to explain the more pronounced
effect of atropine on preference for novelty than HA-966 in
lesioned animals, because (*)-HA-966 still antagonizes the
mitigating effect of glycine in rats with lesioned-induced am-
nesia more than 2 h after injections. Glycine alone has optimal
effect on memory function after the same period of time (12).
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