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Recent research has suggested that normal learning/mem-
ory may depend upon the balance between central norad-
renergic and cholinergic systems. This hypothesis has par-
ticular relevance to the study of the neuronal rearrangement
that follows cholinergic denervation of hippocampus. In this,
peripheral noradrenergic fibers, originating from the superior
cervical ganglion, grow into the hippocampus in response
to lesions of the medial septal (MS) cholinergic cell bodies.
To understand further the influence of hippocampal sym-
pathetic ingrowth (HSI) on behavior, gustatory neophobia,
passive avoidance (PA) learning, and open field activity were
studied. Male Sprague-Dawley rats underwent one of four
surgical procedures: MS lesions and sham ganglionectomy
(ingrowth group; MS/HSI group), sham MS lesions and gan-
glionectomy (Gx group), MS lesions and ganglionectomy (no-
ingrowth group; MS/Gx group), or sham MS lesions and sham
ganglionectomy (CON group). Behavioral testing began 4
weeks following surgery. The time to acquire the PA task
was similar among all groups; however, the initial latency to
enter the dark chamber of the PA apparatus was longer, and
the number of partial reentries greatest, for MS/HSI animals.
Retention testing at 24 hr revealed that MS/HSI animals were
significantly impaired when compared to the CON and MS/
Gx groups. The MS/Gx and the CON groups demonstrated
gustatory neophobia, preferring water to saccharine solu-
tion, while gustatory neophobia was absent in the MS/HSI
and Gx groups. MS/HSI animals were found to be more active
in the open field than the other groups. Biochemical studies
revealed the expected loss of ChAT activity in the dorsal
and ventral hippocampi of lesioned animals along with el-
evated levels of norepinephrine (NE) in the dorsal hippo-
campus of MS/HSI animals. It is proposed that the balance
between NE and ACh may be extremely important for learn-
ing/memory.

Over the last three decades, a variety of neuronal reorganizations
have been demonstrated to occur in response to CNS injury
(Cotman, 1985). Efforts to study the effects of such rearrange-
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ments on behavior and/or CNS biochemistry have, however,
been somewhat hampered because in many experimental situ-
ations the effects of tissue injury cannot be clearly delineated
from the effects of the neuronal rearrangement. One model that
overcomes this dilemma and clearly allows for control of the
tissue injury is that of hippocampal sympathetic ingrowth (HSI).
In this neuronal rearrangement, peripheral noradrenergic fibers,
originating in the superior cervical ganglion (SCG) and usually
confined to the cranial blood vessels, grow into the hippocampus
in response to lesions of the cholinergic cell bodies within the
medial septum (Crutcher, 1987). This model system has ad-
vantages for studying neuronal rearrangements since SCG can
be removed at the time of medial septal (MS) lesions in some
animals and not others, thereby allowing comparisons between
animals with lesions and with or without sympathetic ingrowth.
Thus, the effect of this neuronal rearrangement can clearly be
differentiated from the effect of the CNS injury.

Madison and Davis (1983) have demonstrated that the nor-
adrenergic fibers associated with HSI produce norepinephrine
(NE), which continues to increase throughout the life of the
animal. Furthermore, HSI has been found to alter both physi-
ological (Barker et al., 1984) and metabolic (Harrell et al., 1986)
activity within the hippocampus. The behavioral effects of HSI
have also been studied. Our laboratory has previously dem-
onstrated that HSI is detrimental to the relearning of a spatial
memory task (Harrell et al., 1983, 1990a; Harrell and Parsons,
1988). Interestingly, however, once animals reacquire the task,
removal of HSI has no further detrimental effects (Crutcher et
al., 1983; Harrell et al., 1983). Moreover, ganglionectomy alone
produces no alteration in learning behavior (Harrell and Barlow,
1986). These findings suggest that HSI, with its associated in-
creased NE concentration, somehow modulates the systems that
underlie recovery of learning.

The role of NE in learning and memory and other behaviors
has been debated (Leslie et al., 1985). Depletion of forebrain
NE is known to alter responsiveness to novel physical environ-
ments and novel objects (Mason et al., 1978) so that animals
show less fear than would normally be expected. The literature
has been discordant on how NE affects gustatory neophobia
(Gallagher and Burwell, 1989), passive avoidance, and open
field activity (Heybach et al., 1978; Kimble et al., 1979).

Since it is now established that HSI alters the recovery of a
cholinergic-mediated spatial behavior, we examined how this
neuronal reorganization affects behaviors thought to be related
to central NE levels, such as gustatory neophobia, passive avoid-
ance, and open field activity.



Materials and Methods

Subjects

Fifty-four male Sprague-Dawley rats (initial body weight, 150-200 gm)
were housed in a temperature- and light-controlled (12L:12D) colony.
Animals were housed communally except when undergoing neophobia
testing, during which time they were placed in individual hanging wire
cages. One week after adaptation to the colony, animals underwent
surgical procedures (see below). Behavioral testing (see below) was start-
ed 4 weeks after surgery. On completion of the behavioral testing, the
animals were decapitated, and their brains were removed within 30 sec.
The brains were dissected on ice to yield a septal block for histology
(see below), two hippocampi (which were further dissected into dorsal
and ventral regions), and two neocortical samples for biochemical anal-
ysis of norepinephrine (NE), protein, and choline acetyltransferase (ChAT)
activity (see below). All tissue samples were stored at —70°C until pro-
cessed for biochemistry or histology.

Surgical procedures

Animals were randomly assigned to one of four surgical procedures:
CON (sham MS lesion and sham ganglionectomy); MS/HSI (lesion of
the medial septum and sham ganglionectomy: ingrowth group); Gx
(sham MS lesion and ganglionectomy); MS/Gx (MS lesion and gangli-
onectomy: no-ingrowth group). All surgery was performed under ke-
tamine (110 mg/kg, i.p.) and xylazene (13 mg/kg, i.p.) anesthesia, with
neurosurgical and general surgical procedures performed during one
anesthetic administration.

Medial septal lesions (nose bar, —2.5 mm; coordinates from bregma;
AP +0.8 mm, ML 0 mm, DV —5.9 mm) were produced by passing
direct current (3 mA for 15 sec) through a bipolar, Teflon-coated stain-
less-steel electrode (tip diameter, | mm). Sham neurosurgical procedures
were performed in the same manner except that no current was passed.

The superior cervical ganglion (SCG) was removed bilaterally via a
ventral midline neck incision. Blunt dissection was performed to expose
the bifurcation of the common carotid; the ganglia were then visualized
and subsequently removed. Sham surgeries were performed in a similar
manner except that the ganglia were left intact. Initial removal was
assessed by examination for a Horner’s syndrome (ptosis and myosis).

Behavioral procedures

Four weeks after surgery, the animals were tested on three behavioral
paradigms, in the following sequence: passive avoidance (PA) memory
task, open field activity, and gustatory neophobia.

Passive avoidance task. Inhibitory avoidance learning was assessed
in two stages: a learning trial and a retention trial. Animals were tested
on a Lafayette Instruments model 12970 passive avoidance device,
which consisted of a runway (25 x 75 cm) illuminated by a 60 W
incandescent lamp, separated by a guillotine door from a black Plexiglas
chamber (46 x 40 x 17 cm) with a grid floor through which a scrambled
foot shock could be administered.

Learning trials were begun by placing each rat on the brightly lit
runway facing away from the dark chamber with the guillotine door
open. The animal was allowed to explore the runway freely and enter
the dark chamber. Once the animal entered the dark chamber, a scram-
bled foot shock of 200 uA was administered and remained on throughout
the trial. To escape the foot shock, the animal was required to return
to the runway. The trial was terminated when the animal remained
continuously on the runway for 2 min. Initial latency to enter (LTE)
the dark chamber (in sec) and the total time to achieve learning criterion
were measured. In addition, the number of partial reentries, defined as
placing the front paws in the dark chamber, was recorded.

Retention trials were performed 24 hr later. Essentially, they were
performed in the same manner as the initial learning trials except that
no foot shock was administered when the animal entered the chamber.
The number of partial entries and the latency to enter were recorded
up to a maximum of 300 sec.

Activity. General motor activity was measured in an open field ap-
paratus consisting of a 36 x 36 c¢cm square divided into nine 12 cm?
blocks surrounded by a 19-cm-high wooden wall. Rats were individually
introduced into the center of the open field, and activity was measured
in 1 min intervals for a total of 5 min. Both horizontal (defined as the
number of hind limb crossings between blocks) and vertical (defined as
the number of rearings) activity was assessed.

Neophobia testing. Following the avoidance and activity testing, the
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animals underwent 3 d of adaptation to individual hanging cages with
free access to food. Water was provided in two graduated bottles at-
tached to the left and right side of the cage. Three days later, the rats
were introduced to a 23 hr food and water deprivation regimen, in
which the rats were allowed access to the graduated water bottles and
food for 60 min. Water consumption (in ml) in the first 30 min period
was recorded (Dunn and Everitt, 1987). Baseline measures of water
intake were obtained for 4 d to ensure that rats were sampling from
both bottles. On the fifth day, a 0.01% saccharine solution was substi-
tuted for water in ong bottle, This was counterbalanced such that sac-
charine was presented on alternate sides to half the animals in each
group.

Biochemical procedures

Tissue preparation. The hippocampal and neocortical sections were
thawed and rapidly homogenized in 1 ml of phosphate-buffered saline
(50 mm PBS). A 100 ul sample was homogenized in 900 ul of 0.5%
Triton-PBS for measurement of choline acetyltransferase (ChAT) ac-
tivity, while another 100 ul aliquot was homogenized in 900 ul of 0.1N
NaOH for protein estimation. The remaining 800 ul was diluted (1:4)
with ice-cold 0.1V HCIO, containing an internal standard dihydroben-
zylamine (DHBA) for HPLC determination of NE levels.

Choline acetyltransferase. ChAT activity was measured using the
method of Fonnum (1969). Homogenates of brain regions were incu-
bated in triplicate for 20 min at 37°C in a buffer containing “C-acetyl-
CoA (0.2 mm; Sigma), choline (10 mm), and eserine (1 mm). The reaction
was terminated by extraction of the synthesized '*C-acetylcholine into
an organic phase containing scintillation fluid.

Norepinephrine. Following homogenization, the sample was centri-
fuged at 7360 x g for 20 min, the supernatant was removed, and
centrifuged through a 0.2 um filter. A 50 ul aliquot was injected across
a Dynamax analytical column (4.6 mm x 1 mm x 10 cm; 3 um RP-
18) with a standard catecholamine mobile phase [0.02 M citric acid,
0.02 m NaH,PO, buffer containing 0.269 mm EDTA combined in a
ratio of 1.64:1 with 0.36 M sodium octyl sulphate, 4% (v/v) acetonitrile,
and 1.5 ml phosphoric acid, final pH 3.5). Separations of catecholamines
were performed at a flow rate of 1.5 ml/min across a polyethylene/
carbon working electrode with an Ag/AgCl reference electrode main-
tained at a potential of +0.72 V (sensitivity, 2 nA/V). Calculations were
based on the ratio of the detector responses for the amines to that of
the internal standard.

Protein estimation. Protein content was estimated by the method of
Lowry et al. (1951).

Histological procedures

Coronal sections (20 um) were taken in duplicates at 100 um intervals
throughout the septum on an AO cryostat and stained for cresyl violet
and acetylcholinesterase (Naik, 1963). A third series of sections through
the septum (every 300 um) was processed for norepinephrine histoflu-
orescence (De la Torre and Surgeon, 1976).

Data analysis

All data were analyzed using the appropriate model analysis of variance
(unweighted-means ANOVA; SAS; Winer, 1962) followed by Duncan’s
multiple-range test for post hoc testing. When appropriate, Student’s ¢
test was employed for comparisons between groups.

Results

Histology

Twenty-one rats were excluded from the study because of im-
properly placed lesions or death. Data from the remaining 33
animals (CON, n = 8; MS/HSI: n = 8; Gx, n = 10; MS/Gx: n
= 7) were used for further analysis. Examination of the septal
region in animals with lesions (i.e., MS/HSI and MS/Gx) re-
vealed complete destruction of the cholinergic cell bodies within
the MS area and in some cases, the vertical limb of the diagonal
band of Broca (Fig. 1). For the most part, there was no injury
to the lateral septum, fornix, or overlying cortical areas. In the
CON and the Gx groups, there was limited gliosis along the
electrode track, but no obvious injury to the medial septum.
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Figure 1. Schematic representation of lesion location and size from
the MS/HSI and MS/Gx groups. Solid areas represent minimal lesion
size, while hatched areas represent maximal lesion size.

As expected, peripheral NE fibers were observed on cerebral
arteries and choroid plexus in both CON and MS/HSI groups,
while these fibers were absent in the Gx and MS/Gx groups.
These latter findings confirmed the completeness of SCG re-
moval in both ganglionectomized groups.

Behavioral tests

Passive avoidance experiments

Learning trial. Table 1 presents the data for the initial learning
phase of the PA experiment. Initial latency to enter the dark
chamber was significantly affected by the various surgical pro-
cedures (Fi 20, = 3.93; p < 0.02). Thus, MS/HSI animals (p <
0.05, Duncan’s) were found to enter the chamber later than
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Figure 2. The effect of surgical procedures on performance of the PA
task during the retention trial. The number of partial entries (4) was
significantly greater in MS/HSI group than other experimental groups
(*p < 0.05, Duncan’s). Latency to enter (B) was significantly shorter in
the MS/HSI group when compared to CON (*°p < 0.05, Duncan’s) and
MS/Gx (p < 0.05, Duncan’s) groups. Gx animals were also found to
differ from MS/Gx animals (**p < 0.05, Duncan’s), but not from CON
animals. Values are means + SEM. See Results for full statistical anal-
ysis.

CON, Gx, or MS/Gx animals, which did not differ from each
other. In addition, MS/HSI animals also made the greatest num-
ber of reentries prior to achieving the learning criterion (F; .,
= 7.26; p < 0.001). However, the total time to achieve learning
criterion was not different among the groups.

Retention trial. In the retention phase, both the number of
partial entries (F5,5, = 9.31; p < 0.001) and LTE (F;; ., = 4.57;
p < 0.01) were found to be dependent on the surgical procedures
that the animals underwent (Fig. 2). Thus, the MS/HSI group,
in comparison to the other three groups, was found to make the
greatest number of partial entries (p < 0.05, Duncan’s). Neither
the CON, Gx, nor MS/Gx groups differed among themselves
(Fig. 24). The four experimental groups did differ significantly

Table 1. Effects of surgical procedures on initial learning of a PA task

Group LTE (sec) Reentries Criterion time (sec)
Con (n = 8) 6.25 £ 1.16 5.13 = 1.16 318.50 = 58.15
MS/HSI (n = 8) 14.12 + 1.37* 12.87 £ 2.21** 472.80 £ 86.06
Gx (n=10) 9.50 + 1.72 3.80 = 1.16 286.20 + 31.09
MS/Gx (n=17) 9.43 £ 2.03 4.00 £ 1.27 243.80 + 57.98

** p < 0.01, * p < 0.05, when compared with other groups.
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Figure 3. Latency to enter data expressed as the difference between
the acquisition and retention trial. While there is a definite increase
among all groups, the magnitude of change in the MS/HSI group is
significantly less than in the other groups (*p < 0.0001). Values are
means + SEM. See Results for full statistical analysis.

on the length of time they withheld entry. Thus, LTE was found
to be shortest for the MS/HSI group, followed by the Gx, CON,
and MS/Gx groups (Fig. 2B). Statistical comparisons of LTE
revealed that the MS/HSI group did not differ from the Gx
group. However, LTE was significantly shorter in the MS/HSI
group (p < 0.05, Duncan’s) when compared to both CON and
MS/Gx groups, which did not differ from each other. The LTE
of Gx animals was not different from controls, but significantly
longer (p < 0.05, Duncan’s) than MS/Gx animals. To ascertain
if MS/HSI animals retained information about the task, the
difference between the initial and retention latencies to enter
the dark chamber was determined. Figure 3 shows that MS/HSI
animals did retain some information about the task, as there
was a small difference between the two latencies. However, the
magnitude of this change was significantly less than that seen
in the other three groups (Fi;,, = 6.69; p < 0.01).

Open field activity

The groups differed significantly on the mean number of squares
traversed in five 1 min intervals (F; ,,, = 6.69; p < 0.01), with
the MS/HSI group (p < 0.05, Duncan’s) traversing the greatest
number of squares per minute (Fig. 4). The groups also differed
significantly on number of rearings (F; ,,, = 3.22, p < 0.05; Fig.
4). While the groups showed a similar amount of rearing activity
during the first 2 min, it was observed during the 3—-5 min period
that the CON and Gx animals made less number of rearings
than did the animals with the MS lesions. MS/HSI animals were
consistently the most active (p < 0.05, Duncan’s) in both hor-
izontal and vertical movements.

Gustatory neophobia

During the baseline measurements, total water consumption
was found to be similar among all groups of animals. Moreover,
no specific side preferences were appreciated during this time
period, as the animals sampled from both the graduated water
bottles (data not shown).

The data on the neophobia testing are presented in Figure 5.
While the groups did not differ in the total volume of fluid
consumed in a 30 min period, there was a distinct pattern (¥, ,,,
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Figure 4. Horizontal and vertical activity on the open field task. Data
are expressed as means = SEM during five 5 min trials. See Results for
full statistical analysis.

= 15.23; p < 0.0001) to the preference for the 0.01% saccharine
solution, with the MS/HSI and the Gx animals preferring sac-
charine and the CON and MS/Gx animals preferring water.
When the data on saccharine consumption were expressed as a
percentage of the total fluid intake, the difference between the
groups was even more striking (F;,, = 31.95; p < 0.0001).
Thus, the MS/HSI and the Gx groups obtained approximately
75% of their fluid as saccharine, while the CON and MS/Gx
groups avoided this novel solution, consuming nearly 75% of
their total fluid as water.

Biochemical procedures

Overall, the various surgical procedures were found to alter
ChAT activity (F;.,, = 8.16; p < 0.001), and NE levels (F;
= 3.08; p < 0.05) in the dorsal hippocampus and ChAT activity
(Fs20) = 5.46; p < 0.005) in the ventral hippocampus. In the
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Figure 5. The effect of surgical procedures on gustatory neophobia.
Absolute (mean += SEM) amounts of fluid (water and saccharine solu-
tion) and saccharine consumed during a 30 min period are represented.
Note that the total fluid consumption was similar among groups; how-
ever, MS/HSI and Gx animals consumed significantly (*p < 0.05) more
saccharine than CON or MS/Gx animals. See Results for full statistical
analysis.
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Table 2. Effects of surgical procedures on ChAT and NE in regions of the rat hippocampus

ChAT NE

(nM/min/mg protein) (ng/mg wet tissue)
Group Dorsal Ventral Dorsal Ventral
Con (n = 8) 1.82 £ 0.30 1.96 £ 0.39 0.48 = 0.17 0.91 £0.39
MS/HSI (n = 8) 0.65 £ 0.14%** 0.74 + 0.23%* 4.31 £ 1.77* 2.58 £ 1.53
Gx (n=10) 1.55 £ 0.23 1.51 +£ 0.34 1.82 + 0.99 2.36 + 0.87
MS/Gx (n = 7) 0.71 £ 0.16%** 0.69 + 0.22% 0.70 = 0.24 291 = 1.15

*** p < 0.001, ** p < 0.01, * p < 0.05, when compared with other groups.

neocortex, ChAT activity and NE levels were similar among
the groups (data not shown).

Table 2 presents NE and ChAT data by group and anatomical
region. Post hoc analysis revealed that animals with MS lesions,
regardless of the presence or absence of HSI, had reduced ChAT
activity in the dorsal and ventral hippocampus when compared
to either CON or Gx animals (p < 0.05, Duncan’s).

Not surprisingly, NE levels were found to be increased in the
dorsal hippocampus of MS/HSI animals when compared to the
other three groups (p < 0.05, Duncan’s), which did not differ
from each other.

Discussion

The behavioral paradigms employed in this study can be con-
veniently divided into tasks that require learning (passive avoid-
ance) and those that are spontaneous (gustatory neophobia and
activity on an open field). Our results suggest that HSI has a
significant effect on both types of behavior. Thus, animals with
HSI were found to be hyperactive, have an impairment in PA
retention, and have an alteration in gustatory neophobia.

The PA task has been used as a behavioral task to model
learning and memory in a variety of experimental paradigms,
including those studying different forms of cognition (Slangen
et al., 1990), cognition enhancers (Sanger and Joly, 1990), re-
inforcement and memory effects of neuropeptide substance P
(Huston and Oitzl, 1989), changes in septohippocampal neurons
in the aged rat (Lamour et al., 1989), neurobehavioral toxicity
measurements (Bignami, 1987), animal models of Alzheimer’s
disease (Pepeu et al., 1986), stress-induced analgesia (Curzon et
al., 1986), and the role of pituitary hormones in amnesia (Rigter
and van-Riezen, 1979). Most PA studies have utilized a par-
adigm in which animals are allowed to make an initial associ-
ation between environment and a particular event (e.g., foot
shock) and are then retested 24 hr later for retention of this
initial association (Leslie et al., 1985). Deficits in retention of
a PA task have been attributed to both failure of memory (Black
et al., 1977) and failure of response inhibition (Douglas, 1967;
Kimble, 1968; Livesey et al., 1984; Galey et al., 1985). When
an animal demonstrates a performance deficit on the retention
trial of a standard PA task, it is difficult to differentiate between
these two possibilities. To define the underlying behavioral
mechanism in our animals, we modified the PA task so that
during the acquisition trial all animals were required to attain
a specific level of performance (i.e., required to remain on the
platform for 2 min after initial entry into the dark chamber).
In this way, we could monitor failure of response inhibition (i.e.,
prolonged total learning time) as well as equalize “learning”
across groups. Any group showing significantly increased total
learning time could thus be said to be demonstrating a failure

of response inhibition, and any performance deficits shown by
this group on the retention trial could be attributed to failure
of response inhibition. On the other hand, ifinitial learning time
were similar among all groups, then retention deficits would be
attributed to a failure in either consolidation or retrieval of
memory, since initial acquisition of the task was similar.

Acquisition learning as assessed by total time to initial cri-
terion was similar among all experimental groups, suggesting
that neither disruption of septohippocampal cholinergic system
nor the presence of HSI disrupts short-term information pro-
cessing. This finding is not particularly surprising since other
investigators have demonstrated that, when intratrial intervals
are short, animals with damage to the hippocampus (including
man) are quite capable of performing memory tasks (Milner et
al., 1968). This suggests that normal hippocampal circuitry is
not essential for this type of behavior.

During the initial acquisition trial, the MS/HSI group made
more partial reentries than the other groups, which may be a
reflection of their generalized hyperactivity. This effect was not
found in the MS/Gx group, suggesting that the changes induced
by HSI in the hippocampal circuitry were responsible for this
finding.

Retention of the initial association was clearly impaired in
the MS/HSI group when compared to the other three experi-
mental groups. Since the MS/HSI animals were initially able to
learn the task and thus withhold their responses as well as the
other groups, we feel that this impairment was most likely sec-
ondary to a failure in the consolidation and/or retrieval of in-
formation rather than failure of response inhibition. A similar
failure in working memory has been observed utilizing a radial
eight-arm maze (RAM) paradigm (Harrell et al., 1983). The
“normalization” of behavior in the MS/Gx animals is further
evidence that, at least in male rats, HSI adversely effects PA
behavior.

Forebrain NE has been suggested to play an integral role in
reactivity to novel objects (i.e., neophobia) and novel tastes (i.e.,
gustatory neophobia). Previous studies (Mason et al., 1978;
Tombaugh et al., 1983) have found an inverse relationship be-
tween NE levels and gustatory neophobia, wherein animals de-
pleted of forebrain NE demonstrated enhanced gustatory neo-
phobia. In our study, the two groups demonstrating deficits in
gustatory neophobia were those with the highest concentrations
of dorsal hippocampal NE (i.e., MS/HSI and Gx). This suggests
that hippocampal NE is strongly linked to gustatory neophobia.

Lesions of the MS region have been reported to produce both
an increase and a decrease (Donovick and Wakeman, 1969) in
open field activity, as well as to produce no effects in this be-
havior (Kohler and Srebro, 1980). Our results suggest that hip-
pocampal NE concentration may influence this behavior since



animals with HSI were significantly more active than MS/Gx
animals. Previous studies have demonstrated increased explor-
atory behavior, rearings, and changes in patterns of ambulation
following infusion of NE into the hippocampus (Flicker and
Geyer, 1982). In light of this study and our present findings, it
is likely that hippocampal NE may be an important factor in
determining the activity levels of animals after MS/HSI lesions
and may account for the discrepancies among previous studies.

The results of the present experiments, as well as of our pre-
vious studies, suggest that HSI can influence a broad range of
behaviors. Traditionally, theories of learning and memory have
emphasized the roles of both the hippocampus and cholinergic
systems in the creation of memory traces (Deutsch, 1971; Leslie
et al., 1985; Zornetzer, 1987). Recent data, however, suggest
that the interaction of cholinergic and noradrenergic systems
may be important for normal learning/memory processes (Leslie
et al., 1985; Collier et al., 1988). Thus, Decker and Gallagher
(1987) have found that in NE-depleted rats the administration
of scopolamine, a muscarinic antagonist, facilitates the disrup-
tion of maze performance, while Sara et al. (1987) have dem-
onstrated that clonidine, which decreases the release of NE,
improves memory processes in rats with cholinergic denerva-
tion of the hippocampus. Several studies (e.g., Vizi, 1980; Mo-
roni et al., 1983) have demonstrated that NE inhibits the release
of ACh. Furthermore, «,-receptors have also been found to be
associated with GABAergic neurons and to increase the release
of GABA (Pittaluga and Raiteri, 1987). One could therefore
hypothesize that, in the setting of hippocampal cholinergic de-
nervation, where there is a relative increase of NE (through
either sympathetic ingrowth or spared central NE fibers), this
“increased” level of NE either directly or indirectly through
GABAergic interneurons inhibits the release of ACh from cho-
linergic intraneurons and/or spared cholinergic terminals. This
decrease in ACh may in turn lead to poorer performance.

Hence, the balance between NE and ACh may be extremely
important for learning/memory. This contention is further sup-
ported by work from our laboratory, demonstrating that phen-
tolamine (an a-adrenergic antagonist) treatment normalizes maze
behavior in animals with HSI (Harrell et al., 1990b), and by
recent work from other laboratories (Sara, 1989; Spangler et al.,
1990). The mechanism by which this reversal occurs is un-
known.

In summary, HSI is a neuronal reorganization that induces
functional alterations within the CNS. Since it can be manip-
ulated, controlled for, and reliably replicated, HSI serves as a
valuable model system for studying the mechanisms by which
neuronal reorganizations affect CNS function. We have shown
that HSI results in a change in the relative content of ACh and
NE in the hippocampus and, probably as a result of this, brings
about changes in learned and spontaneous behaviors by mech-
anism(s) as yet unknown. The understanding of these mecha-
nisms may lead to a better appreciation of the functional changes
that occur as a consequence of neuronal reorganizations in neu-
rodegenerative diseases such as Alzheimer’s disease (Geddes et
al., 1985; Booze et al., 1987; Hyman et al., 1987; Cotman and
Anderson, 1988) or CNS injury (Cotman, 1985).
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