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GAGE, F. H., R. G. THOMPSON AND J. J. VALDES. Endogenous norepinephrine and serotonin within the hippocam- 
pal formation during the development and recovery from septa! hyperreactivity. PHARMAC. BIOCHEM. BEHAV. 9(3) 
359-367, 1978.--Fluorometric analysis of serotonin (5-HT) and norepinephrine (NE) content of the hippocampal formation 
revealed that biogenic amines are distributed heterogeneously in the dorsoventral axis, and that NE also exhibits a 
heterogeneous distribution in the medial-lateral direction while 5-HT does not. Dissection of the hippocampus into its 
dorsal and ventral halves shows that both NE and 5--HT exhibit higher concentrations in the ventral hippocampus in 
comparison to its dorsal counterpart. A dissection which separated the cell fields CA 1 and 2 from CA 3 and 4 and the 
dentate gyrus showed NE to be the highest in the latter region, while 5-HT was uniformly distributed between the two 
regions. Taken together, these data indicate that NE is more highly concentrated in the CA 3 and 4 and dentate area of the 
ventral hippocampus while 5--HT concentration differences are apparent only in a dorsal-ventral dissection. Concentrations 
of NE and 5-HT in the dorsal and ventral hippocampus were also determined at 1, 3, 6, 1 I, 16, 24, and 30 days following a 
lesion to the septal nuclei. The results demonstrate that biogenic amine levels in the dorsal hippocampus achieve maximal 
depletion earlier than do their ventral counterparts, and that percent depletion is greater for 5-HT than NE in both dorsal 
and ventral areas. On the first day following septal lesions, 5-HT is increased above normal levels. Sixteen days after septal 
lesion, 5-HT is substantially depleted below normal levels. In addition, by 30 days, 5-HT shows significant return toward 
normal levels from its earlier depleted state. Behavioral changes related to sensory reactivity correlate with the relative 
decreases of NE and 5-HT following septal lesions. 
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DESTRUCTION of the septal nuclei in rats has long been 
known to produce a transient period of irritability or hyper- 
reactivity to somatosensory stimulation [5]. Several investi- 
gations have also recently shown that the integrity of the 
hippocampus is essential for the development of septal 
lesion-induced hyperreactivity [12,29]. In these studies it 
was shown that serial destruction of first the fornix or dorsal 
hippocampus, followed by a septal lesion resulted in a much 
attenuated responsiveness of the animal to the presented 
stimuli. 

The involvement of the noradrenergic and/or serotonergic 
systems in the development of the septal syndrome has also 
been suggested by experimental procedures which have de- 
pleted norepinephrine (NE) [7,32] or serotonin (5-HT) [14]. 
In addition, pharmacological manipulations which act to de- 
crease 5-HT concentrations prior to a septal lesion [10, 15, 
16] or increase catecholamine concentrations postoper- 
atively [13,25] have been shown to significantly alter the 
respective development or recovery phase of the septal syn- 
drome. 

On the basis of converging histofluorescent, autoradio- 

graphic, microiontophoretic, and biochemical assay tech- 
niques [28,38], NE and 5-HT have been implicated as puta- 
tive neurotransmitters within the hippocampal formation. This 
monoaminergic innervation appears to arise entirely from 
neurons whose cell bodies lie in the mesencephalic raphe and 
locus coeruleus nuclei. Axons leaving these pontine nuclear 
complexes ascend in the tegmental tracts to join the medial 
forebrain bundle which then projects to the rostral septum. 
Here, both serotonergic and noradrenergic axons have been 
visualized to turn dorsally and caudally to enter the hip- 
pocampus via the fornix/fimbrial and cingulum bundle path- 
ways [11, 23, 28]. 

From the anatomical description of their ascending paths 
then, it is not surprising that the NE and 5-HT content of the 
hippocampus exhibits various degrees of depletion following 
forebrain transections or septal lesions [20, 26, 371. Most 
investigators to date, however, have analyzed the hip- 
pocampus either as a whole or have chosen only the dor- 
somedial aspect as their representative sample for measuring 
biochemical changes. Of central importance to the present 
line of investigation is the accumulating evidence which indi- 

Copyr igh t  ~ 1978 A N K H O  In t e rna t iona l  Inc.--0091-3057/78/090359-09501.40/0 



360 GAGE, THOMPSON AND VALDES 

cates a high degree of heterogeneity between the dorsal and 
ventral hippocampus with respect to their afferent structures 
133,35], electrophysioiogical characteristics [6,421, and 
possible neurotransmitter content [24,37]. 

On the basis of the existing evidence which implicates 
both the hippocampus and biogenic amines in modulating 
septal hyperreactivity, the present experiment was therefore 
undertaken with three aims in mind. First, to determine 
whether NE and 5-HT are differentially distributed within 
the hippocampal formation. Second, to determine the effects 
of a standard septal l e s ion~one  that reliably elicits the septal 
syndrome--on these endogenous levels. And, third, to fol- 
low the biochemical changes that occur in the dorsal and 
ventral hippocampus at various times following the septal 
lesion in an attempt to compare changes in biogenic amine 
levels with changes in behavior. 

METHOD 

A ni~nals 

The animals were male Sprague-Dawley rats weighing 
250-350 grams at the beginning of the study. The rats were 
individually housed in wire cages and provided with ad lib 
food and water. 

Procedures 

Dissection of  hippocampal formation. Each animal was 
taken from its cage, decapitated and the brain rapidly re- 
moved from the skull. The cortical tissue was peeled away 
exposing the full dorsal-ventral extent of the bippocampus. 
The hippocampus was then teased away from underlying 
tissue and placed lengthwise on an ice-chilled dissecting 
plate. Special care was taken to remove all adhering cortical 
and fimbrial tissue although some fibers remained in most 
cases. To differentiate between dorsal and ventral hip- 
pocampus, the hippocampi were extended in a straight line 
on the dissection plate and bisected at the approximate genu 
to yield dorsal and ventral samples. These samples were then 
pooled for each animal and frozen on dry ice. 

The second dissection procedure was the same through 
and including removal of the hippocampus and separation of 
extraneous tissue. At this point, the hippocampus was 
stretched out on dry ice on its lateral fimbrial edge on a glass 
dissecting plate maintained on dry ice and allowed to harden. 
A longitudinal section along the entire dorsal-ventral axis 
effectively separated CA I-2 from CA 3-4 and dentate gyrus. 
As would be expected, CA I-2 tissue samples weighed less 
than CA 3-4 samples. 

Bio('hetnical determinations. NE and 5-HT were assayed 
according to the fluorometric procedure of Shellenberger 
and Gordon 134]. All reagents were freshly prepared on the 
day of the assay and refrigerated. An internal standard, 
blank and control tissue were included in each assay for 
comparison with previously calculated standard concentra- 
tion curves. Percent recovery was determined to be 88 and 
75% for NE and 5-HT, respectively. The values reported are 
not corrected for recovery. Dopamine was also determined 
by the assay procedure but will not be reported here because 
the levels were found to be less than 150 ng/g, and its pres- 
ence may only reflect a role as the immediate precursor for 
NE 181. All assays were performed at approximately the 

same time of day to preclude effects attributable to circadian 
variations in hippocampal 5-HT content [19]. 

Surgical procedure. For those rats receiving septal le- 
sions, the animals were first injected with 0.2 cc of atropine 
followed by an anesthetic dose (1 cc/kg) of a mixture of 
Ketamine and chloral hydrate. The animal was placed in a 
stereotaxic instrument and its scalp incised and retracted. 
Two overlapping holes were trephined in the skull at approx- 
imate locations and the electrode, insulated to within 0.5 mm 
of the tip, was lowered to the desired depth. The coordinates 
for electrode tip placement were A-I .9 ,  L-0.5 and V-5.0 mm 
according to the rat brain atlas by Pellegrino and Cushman 
[31]. A 12 mA current of 12 sec duration, generated by a 
Grass LM-4 radiofrequency lesion maker, produced the 
bilateral lesion. Those animals receiving sham operations 
were subject to the same surgical procedure but current was 
not passed through the electrode. 

Histological procedure. Prior to dissecting the hippocam- 
pus from the brain, a coronal section made through the an- 
terior fornix separated that part of the forebrain containing 
the septal nuclei. This tissue was placed in 10% Formalin for 
two weeks, dehydrated, embedded in celloidin, sectioned at 
40 microns, stained with thionin and cleared in cedarwood 
oil. The sections were then mounted on slides and the lesion 
reconstructed on diagrams of the rat brain [31]. 

Behavioral apparatus and testing. An open-field activity 
arena was used to assess exploratory and general motor ac- 
tivity levels. Its dimensions were l17x 117×50 cm with 25 
squares, 25 x25 cm, marked off on the floor with white tape. 
Six 35 W fluorescent bulbs evenly illuminated the test room. 
Data recorded from the open-field included the latency-to- 
exit from the animal's home cage, number of squares 
crossed, and the number of rears. The animal's cage was 
placed on its side in the arena and when the rat was oriented 
towards the front, the cover was removed and the latency- 
to-exit was recorded. The cage was then removed and the 
number of squares traversed and number of rears were re- 
corded over a 2 min period. The animal was then placed back 
in its cage and tested for reactivity. 

Each animal was tested for reactivity in its home cage 
which was placed within a hardboard cylinder, 25x36×94 
cm, to prevent the animal from escaping. A detailed account 
of the behavioral rating scale will not be presented here but 
may be found in Gage and Olton [121. In general, four differ- 
ent stimuli were presented to the animal: a puff of air to the 
back, a light tap on the snout and back with a glass rod, and 
handling. Reactivity scores were given the numerical as- 
signment of 0, 1, 2, or 3 representing an increasing dimension 
of responsiveness. Stimuli were presented to each animal 
several times at spaced intervals and the weakest response 
was recorded. Only those animals that obtained a combined 
reactivity score of 7 or more were retained as experimental 
subjects, since one of the major concerns of the present ex- 
periment was to examine the changes in biogenic amine con- 
centrations following a fully developed septal syndrome. 
Only those animals from which complete biochemical data 
was obtained, i.e., both dorsal and ventral NE and 5-HT, 
were included in the behavioral analysis. Thus, the behav- 
ioral data reported for each of the postoperative test days 
represent only the behavior of those rats which were killed 
and assayed on that day. 

Behavioral testing was conducted for at least two con- 
secutive days prior to surgery to insure a low baseline level 
of reactivity, and at I, 3, 6, I l, 16, 24, and 30 days following 
surgery. 
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RESULTS 

Regional Differences in NE and 5-HT Concentrations 

The results from the experiments on the differences in 
concentrations of NE and 5-HT in the dorsal and ventral 
hippocampus are presented in Fig. 1. 

Both NE and 5-HT show a significantly higher concen- 
tration in the ventral hippocampus when compared to the 
dorsal hippocampus. As mentioned in the Method section, 
extra care was taken to remove cortical or amygdala tissue 
attached to the ventral hippocampus. However, accidental 
inclusion of cortical tissue with samples of ventral hip- 
pocampus would serve to decrease rather than increase NE 
concentrations, since cortical NE has been reported to be 
only 150-250 ng/g {40]. 
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FIG. I. Concentrations of norepinephrine and 5-hydroxytryptamine 
in dorsal and ventral hippocampus. Number in parentheses equals 
number of animals. Vertical lines mark standard deviation. 

~'=p<0.01, two-tailed t test. 

The results of the experiments on differences in NE and 
5-HT concentrations between regions CA 1-2 and CA 3-4 
dentate gyrus are presented in Fig. 2. This set of experiments 
shows a clear difference only in NE concentrations. Speci- 
fically, there is a significant increase in the amount of NE in 
the CA 3-4 and dentate gyrus relative to CA I-2. This differ- 
ence is not reflected in the concentration of 5-HT between 
the two areas. 

Following septal lesions, the concentrations of hip- 
pocampal NE and 5-HT exhibit a gradual and time- 
dependent decrease. Figure 3 shows the changes which 
occur in the noradrenergic content of the hippocampus fol- 
lowing a septal lesion. Of particular note is the finding that 
neither dorsal nor ventral N E is greatly reduced until 6 days 
"after the lesion. Furthermore, the ventral hippocampus 
never shows the pronounced decrease in NE exhibited by 
the dorsal hippocampus. On Day 16, when NE levels appear 
maximally depleted, dorsal NE is depleted to 45% of control 
values while ventral NE remains at 73% of control concen- 
tration. 
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FIG. 2. Concentrations of norepinephrine and 5-hydroxytryptamine 
in CA 1-2 vs. CA 3-4 and dentate gyrus. Number in parentheses 

equals number of animals. *=p<0.01, two-tailed t test. 

Figure 4 shows the effects of septal lesions on the con- 
centration levels of 5-HT in the dorsal and ventral hip- 
pocampus. On the first day following the lesion, there is a 
significant increase in 5-HT content with the dorsal hip- 
pocampus. A similar increase can be seen in the ventral hip- 
pocampus although it does not reach statistical significance. 
By Day 3, however, 5-HT levels drop significantly below 
control values in the dorsal hippocampus, and by Day 6 ven- 
tral 5-HT also is significantly depleted. 5-HT levels appear 
to reach their maximum state of depletion by Day 24, at 
which time 5--HT is depleted by 98 and 78~ in the dorsal and 
ventral hippocampus, respectively. In contrast to NE con- 
centrations, however, 5-HT levels exhibit a significant re- 
turn toward normal levels from their maximally depleted 
levels. Specifically, on Day 30 the concentration of 5-HT in 
the ventral hippocampus is significantly greater than Day 16 
and dorsal hippocampal 5-HT is significantly elevated over 
that found on Day 24. Day 16 was used for the ventral hip- 
pocampus and Day 24 was used for the dorsal hippocampus, 
because these were the postoperative days of greatest deple- 
tion for the respective areas. 

Histology 

The histological evaluation revealed that the lesions were 
large and bilateral, typically destroying both the medial and 
lateral septal nuclei. The lesion generally extended dorsally 
to the ventral surface of the corpus callosum, ventrally 
toward the anterior commissure, and in some cases extended 
into the lateral ventricles destroying the most medial extent 
of the caudate nucleus. The lesions were generally of similar 
size and location of those reported in previous studies 
[12,291. 

Beha vior 

Prior to the septal lesions, all of the animals responded 
with little within animal variability on the behavioral meas- 
ures, though between animal variability was high for latency 
to emerge in an open field, lines crossed and rears. Thus 
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difference scores were used to evaluate postoperative differ- 
ences between sham and lesioned animals on these measures. 
They did not show any appreciable degree of reactivity to 
somatosensory stimulation and emerged into a novel en- 
vironment with little hesitation. In addition, they exhibited 
both horizontal and vertical exploring activity in the open- 
field as evidenced by the number of squares crossed and the 
number of rears. An analysis of variance using repeated 
measures was performed on each of the four behaviors in the 
control-sham operated animals. Since no differences were 
found across days for reactivity, latency to emerge into an 
open field, and rears, the scores were pooled and a single 
mean and standard error of the mean was obtained to which 
the septal lesioned animals could be compared. A significant 
increase in lines crossed for the control group over days was 
revealed by the analysis of variance. These control scores 
are therefore presented for each day. 

Following the septal lesion, there was a marked change in 
the animal 's behavior when compared to their individual 
preoperative scores. On the first day following the lesion, the 
rats exhibited an exaggerated response to the previously 
non-noxious somatosensory stimuli (Fig. 5). Although the 
septal-lesioned rats remained more reactive than their 
preoperative baseline scores for up to 24 days, by Day 6 their 
reactivity had dramatically subsided and by Day 11 the 
differences between pre- and postoperative scores were very 
small. 

The septal-lesioned animals also exhibited a marked 
change in their behavior in the open-field arena. On the first 

and third postoperative days, the septal animals showed a 
pronounced increase in their latency to emerge into the 
open-field from their home cage (Fig. 6). Over the following 
days of testing, the latency difference between pre- and 
postoperative scores decreased to control animal levels. On 
Day 30, however, there was another significant increase in la- 
tency. After the animals had emerged into the open field, the 
septal animals showed a significantly greater decrement in 
their exploratory activity than did controls (Fig. 7). This dec- 
rement, observed as a decrease in the number  of squares 
crossed, was significant for all postoperative days. As was 
the case with emergence time, the septal animals once again 
exhibited another change in behavior on Day 30, reflected in 
a further decrease in the number of squares crossed. The 
number of rearing responses made in the open-field de- 
creased significantly immediately following the septal lesion 
(Fig. 8) and remained depressed throughout all of the testing 
days. 

DISCUSSION 

The results from the experiments in non-lesioned animals 
provide clear evidence for differences in concentration of the 
biogenic amines, NE and 5-HT, in two different planes of 
the hippocampal formation. First, NE and 5-HT concentra- 
tions are greater in the ventral than dorsal hippocampus. 
Second, the concentration of NE is higher in the CA 3-4 and 
dentate gyrus than CA 1-2, as opposed to the equivalent 
distribution of 5-HT between these two regions. These 
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quantitative results are interpretable in light of the existing 
anatomical evidence which suggests a differential innerva- 
tion of  dorsal and ventral hippocampus [17, 23, 28, 30] as 
well as a differential distribution of 5 -HT and NE terminals 
between particular cell fields [4, 27, 28, 39]. 

Following a septal lesion, rats typically exhibit a number 
of behavioral changes which tend to dissipate over time. In 
the present instance, the responsiveness to somatosensory 
stimulation, and latency to exit into the open field reflect the 
refractory nature of  these behavioral alterations. That these 
behavioral indices exhibit their greatest deficit immediately 
following the lesion and eventually return to control values 
suggests that they may be mediated by a common neural 
mechanism. 

The observation that septal lesions have a less deleterious 
effect on hippocampal NE than on 5-HT content is in ac- 
cordance with the finding of other investigations [20, 26, 37], 
and with the suggestion that a significant proportion of  hip- 
pocampal NE is contributed by a ventral pathway [37]. The 
eventual,  almost total depletion of  5 -HT levels, on the other 
hand, suggests that the vast majority, if not all, of the ascend- 
ing serotonergic fibers which terminate in the hippocampus 
course through the septal area. 

The elevated levels of  5-HT seen on the first day following 
the lesion are similar to those reported in other neurotransmit- 
ter systems following preterminal injury [1, 18, 20, 22]. The 
phenomenon may thus represent a general neural reaction of  
the synaptic terminal to mechanical injury. In the present 
instance, however,  NE levels did not exhibit this initial ele- 
vation. Since not all investigators who have looked at acute 

changes in neurotransmitter levels following neural damage 
report this elevation in all systems [1, 3, 36], the effect may 
depend on one or more uncontrolled factors; such as the time 
interval between injury and sacrifice, the baseline levels of 
the neurotransmitter present in control tissue, and the per- 
cent damage to the particular system within the tissue being 
assayed.  Alternatively,  the presence of  synaptic mechanisms 
responsible for the increased levels, i.e., postsynaptic feed- 
back, may be different between systems [21. 

The suggestive positive correlation between the time 
course required for maximal neurotransmitter depletion 
and dissipation of the hyperreactivity lends itself to one 
of several interpretations. First,  the overt behavior observed 
following the lesion may be attributable to the immediate 
loss of "afferent nerve impulses which are necessary for the 
normal integrative function performed by the remaining in- 
tact structures. In this respect,  the later occurring changes in 
NE and 5-HT are merely indicative of  latent metabolic de- 
gradation in the degenerating axons. Studies which have re- 
ported an irritability syndrome, similar to that induced by a 
septal lesion, following 6-hydroxydopamine [7] or 
6-hydroxydopa [321 injections may lend credence to this in- 
terpretation. The resultant irritability has been shown to 
persist for up to several months, at which time the decrease 
in reactivity is correlated with the recovery of telencephalic 
NE levels. Loss of a functional noradrenergic system as one 
factor leading to hyperreactivity is further extended by ob- 
servations that a single injection of  L-dopa permanently 
eliminates septal lesion-induced hyperreactivity 113,25]. 

While this interpretation and its supportive evidence 
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would suggest that the observed hyperreactivity is due to the 
functional loss of  catecholamines, they do not provide an 
adequate explanation for the behaviors '  spontaneous dissi- 
pation. Other compensatory or adaptive mechanisms, such 
as collateral sprouting or sparing of function, which have 
been invoked to explain the behavioral recovery observed in 
other paradigms, would need to be elucidated to fully ac- 
count for the transitory nature of the septal syndrome. 

On the basis of the biochemical and behavioral data re- 
ported here, a second interpretation may be considered 
which would reflect a more intimate or functional link be- 
tween the reported biochemical and behavioral changes. In 
the peripheral nervous system, a concomitant contraction of 
the target tissue has been commonly observed during the 
degeneration phase of the prejunctional axon [21]. It has 
been suggested that this post-degeneration contraction re- 
flects the increased spontaneous release of neurotransmitter 
from the degenerating terminals. If the central nervous sys- 
tem exhibits a similar degenerative reponse (see [41]), the 
interpretive extension to the present data would propose that 
the transient behavioral effects of  septal lesions may reflect 
the release of neurotransmitter substances whose axons or 
cell bodies had been destroyed. From this standpoint, the 
initial deficits and subsequent recovery would be subserved 
by the same neural mechanism. Data which would tend to 
support this interpretation include the extended time course 
required for CNS degeneration [22], the toxic effects of ex- 

cessive 5-HT levels [9], and the findings that PCPA pre- 
treatment attenuates the subsequent septal lesion-induced 
hyperreactivity [10, 15, 16]. 

Although the present experiment has demonstrated a 
temporal relationship between the depletion of  N E and 5-HT 
in the hippocampus following a septal lesion, it is premature 
at this point to conclude that the hippocampal amines are 
solely responsible for the behavioral effects observed here. 
Given that a number of ascending and descending septal 
projections are destroyed by septal lesion, it becomes clear 
that the contributory role of each to the development and 
recovery of the septal syndrome remains to be clarified. We 
are currently investigating both acute and chronic effects of 
septal lesions on the neurochemical events which occur at 
various brain sites receiving septal projections. It is pro- 
posed that by assessing these changes within identified 
neurotransmitter systems, valuable information will be 
gained as to the cellular mechanics underlying the transient 
nature of the septal syndrome and to their generalizability to 
the brain's capacity to functionally compensate for neural 
damage. 
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