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Inhibition of the adrenocortical axis by glucocorticoids (GCs) 
occurs at both hypothalamic and suprahypothalamic sites. 
In the rat, the hippocampus has been shown to be an es- 
sential suprahypothalamic site. The present study shows 
that the hippocampal system serves a similar role in the 
nonhuman primate. Bilateral lesions that included the hip- 
pocampal formation and the parahippocampal cortex; the 
hippocampal formation, parahippocampal cortex, and the 
amygdala; or the fornix all produced GC hypersecretion in 
cynomolgus monkeys. The hypersecretion occurred 
throughout the day. Moreover, these lesions were also as- 
sociated with dexamethasone resistance (i.e., GC hyperse- 
cretion following administration of the synthetic GC dexa- 
methasone). The hypersecretion could not be attributed to 
acute surgical trauma, because neither circumscribed le- 
sions of the amygdala nor conjoint lesions of the perirhinal 
and parahippocampal cortex produced adrenocortical ab- 
normalities. Finally, in agreement with data derived from the 
rat, the GC hypersecretion following hippocampal lesions 
was transient. Secretory activity returned to normal levels 
by 6-15 months in all operated groups. Thus, the primate 
hippocampal system appears to share some neuroendocrine 
functions with the rodent. 

During stress, glucocorticoids (GCs) are secreted by the adrenal 
cortex as the final step in a neuroendocrine cascade that begins 
in the brain. Specifically, stress provokes secretion of cortico- 
tropin-releasing hormone (CRF), vasopressin, oxytocin, and 
other secretagogues into the hypothalamic-pituitary portal cir- 
culation. These collectively trigger adrenocorticotropin (ACTH) 
release by the pituitary, which, in turn, triggers GC secretion. 
Negative feedback regulation of this cascade by circulating GCs 
is complex, involving both rapid rate-sensitive and delayed lev- 
el-sensitive forms of regulation (Keller-Wood and Dallman, 
1984). While substantial feedback occurs at the levels of the 
pituitary and the hypothalamus, suprahypothalamic structures 
also mediate feedback. For example, the efficacy of GC feedback 
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inhibition is blunted after hypothalamic deafferentation (Feld- 
man et al., 1973). 

In the rat, the hippocampus has been implicated as a supra- 
hypothalamic site mediating GC feedback inhibition. Bilateral 
lesions of the hippocampus or bilateral transection of the fomix 
produces hypersecretion of both GCs and ACTH (Fendler et 
al., 1961; Kim and Kim, 1961; Knigge and Hays, 1963; Moberg 
et al., 1971; Wilson, 1975; Feldman and Conforti, 1976, 1980; 
Fischette et al., 1980; Wilson et al., 1980; Kant et al., 1984; 
Sapolsky et al., 1984; Herman et al., 1989a), hypersecretion of 
CRF, vasopressin, and oxytocin into the portal circulation (Sa- 
polsky et al., 1989), and increased levels of hypothalamic mRNA 
for CRF and vasopressin (Herman et al., 1989b). Such hyperse- 
cretion can occur under basal nonstressed conditions or can take 
the form of failure to suppress GC secretion following the ad- 
ministration of exogenous GCs (such as the synthetic GC dexa- 
methasone). 

Additional evidence that the hippocampus mediates GC feed- 
back inhibition comes from studies showing that stimulation of 
the hippocampus in rats inhibits secretion of the hormones of 
the adrenocortical axis (Endroczi et al., 1959; DuPont et al., 
1972; Dunn and Orr, 1984). Furthermore, microimplantation 
of GCs into the rat hippocampus inhibits immunostaining of 
hypothalamic CRF (Kovacs et al., 1986). Finally, microinfusion 
of corticosteroid receptor antagonists into the hippocampus 
causes ACTH hypersecretion (Bradbury and Dallman, 1989). 
This last finding, along with the observation that bilateral hip- 
pocampal lesions in rats prevent the inhibitory effects of the 
synthetic GC dexamethasone on GC secretion (Margarinos et 
al., 1987), demonstrates that inhibition of the adrenocortical 
axis by the hippocampal system is accomplished by GC feed- 
back inhibition. 

Because of the pathogenic potential of GC hypersecretion, it 
is important to know if the hippocampal system also regulates 
the adrenocortical axis in nonhuman primates and in humans. 
Some correlative evidence suggests this to be the case. Approx- 
imately 50% of individuals with Alzheimer’s disease (in which 
there is typically extensive damage to or isolation of the hip- 
pocampal formation) hypersecrete GCs (APA Taskforce, 1987), 
and those with severe damage to the hippocampal formation 
(as assessed by CT scan) are more hypersecretory than those 
with less hippocampal damage (De Leon et al., 1988). More 
direct evidence of the relationship between the human hippo- 
campus and GC hypersecretion comes from an early study, 
carried out during neurosurgery, which reported that stimula- 
tion of the hippocampus inhibited adrenocortical secretion 
(Mandell et al., 1963). Nevertheless, there has been little sys- 
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Figure 1. Representative thionin- 
stained coronal sections arranged from 
rostra1 (A) to caudal (F) through the 
temporal lobes showing the extent of 
damage in one of the nine H+ monkeys 
(monkey H+l from Zola-Morgan et al., 
1989a). In this monkey, the full rostro- 
caudal extent of the hippocampus, the 
dentate gyms, and the subicular com- 
plex was damaged bilaterally. In addi- 
tion, the lesion encompassed the pos- 
terior entorhinal cortex and the 
parahippocampal cortex bilaterally. The 
amygdaloid complex (labeled A in A- 
C) was intact, as was the rostra1 half of 
the entorhinal cortex (labeled EC in A- 
C). V, lateral ventricle. Asterisks in D 
and E indicate damage produced in the 
histological processing. Scale bar, 10 
mm. 

tematic study of the role of the hippocampal system in GC 
hypersecretion, either in humans or in nonhuman primates. 
Accordingly, in the present study we examined the role of the 
hippocampal system as an inhibitor of the adrenocortical axis 
in the nonhuman primate. Specifically, we examined the effects 
of damage to the hippocampus, fornix, and other limbic system 
structures, on circadian GC secretion and on sensitivity to dexa- 
methasone feedback suppression. In addition, because the ef- 
fects of hippocampal damage on GC secretion in rats have been 
reported to be transient (Fischette et al., 1980), we investigated 
whether the effects might also be transient in monkeys. 

Materials and Methods 
Subjects 
The findings from 39 cynomolgus monkeys (Mucucu fmcicularis) will 
be presented. Based on weight and age tables (Hartley et al., 1984; 
Szabo and Cowan, 1984), these monkeys were estimated to be 3-6 yr 
old at the start of the study. All of the monkeys whose data are reported 
here were also involved in other studies of the effects on memory of 
damage to the medial temporal lobe of the brain. 

Seventeen unoperated control monkeys were studied, together with 
22 monkeys in four different operated groups. Of the 17 control mon- 

keys, 12 were males and 5 were females. No sex differences were ob- 
served in the secretion patterns of the control monkeys, and male and 
female data were therefore pooled in all cases. All the operated monkeys 
were males, except monkey Fx2 (see Table 1). In identifying the operated 
groups in the present report, we adopted the nomenclature used in our 
previous reports (i.e., for group H+, H refers to the hippocampus and 
+ refers to adjacent cortex including parahippocampal cortex and pos- 
terior entorhinal cortex; for group A-, A refers to the amygdala and - 
indicates that the lesions of the amygdala were partial). 

Housing 
All monkeys were housed, eight per room, in individual cages that 
measured 27 cubic feet in volume (3 ft x 3 ft x 3 fi). Each cage was 
constructed with a built-in squeeze apparatus so that monkeys could be 
immobilized momentarily without having to be removed from their 
home cage. The cage fronts were made of bars spaced 0.5 inch apart. 
The cages were positioned to provide tact&, visual, and auditory stim- 
ulation. That is, each monkey could touch at least one other monkey 
by reaching through the cage bars, could see at least four other monkeys, 
and could hear and vocalize with all the other monkeys in the room. 
Room illumination consisted of overhead fluorescent lighting (12 hr on, 
12 hr off with lights on at 7 A.M.). Room temperature was maintained 
at 72-74°F and relative humidity was maintained at 50%. Monkeys 
were fed daily at approximately 4 P.M. with a diet of Purina monkey 
chow, fruit, and chewable vitamin C tablets. 
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Figure 2. Thionin-stained coronal 
sections immediately caudal to the for- 
nix transection in two of the six Fx 
monkeys (Fxl and Fx2 from Zola-Mor- 
gan et al., 1989a). A control animal(C) 
with no direct damage to the fornix is 
also shown. There is marked shrinkage 
and gliosis of the fomix in the top two 
panek SmaN arrows are placed above 
the fomix approximately 5 mm lateral 
to the midline in each case. Fiber stain- 
ing distal to the transection in these an- 
imals was completely eliminated, in- 
dicating a complete transection of the 
septohippocampal projection (see Zola- 
Morgan et al., 1989a, for details). 

Surgery and neurohistology 
The surgical procedures and detailed neurohistological descriptions of 
the lesions for all of the operated groups (see Table 1) have been pub- 
lished and will be described only briefly. Lesions were made in a single 
stage under aseptic conditions. Unless otherwise noted, aspiration le- 
sions were made under direct vision using a stereo microscope. Intra- 
venous sodium pentobarbital(l5-30 m@g) or isoflurane gas was used 
for anesthesia. After the lesions were completed and hemostasis achieved, 
the dura, muscle, and skin were sutured, and antibiotics and analgesics 
were administered. During the immediate postoperative period, mon- 
keys were placed in a specially designed incubator where their recovery 
could be continually monitored. They were typically returned to their 
home cage 24-96 hr after surgery. After completing the studies on mem- 
ory testing, operated monkeys were killed with an overdose of Nembutal 
and net-fused with 0.9% saline and 10% buffered formalin. Frozen sec- 
tions were cut at 50 pm, and every fifth section was stained with thionin 
for Nissl substance. 

Group H+ (n = 9). The nine monkeys in this group were drawn from 
three different memory studies (four monkeys from Zola-Morgan and 
Squire, 1990; three monkeys from Zola-Morgan et al., 1989a; and two 
monkeys from R. P. Clower, S. Zola-Morgan, and L. Squire, unpub- 
lished observations). The removal in all nine monkeys was intended to 

include the hippocampus (including the dentate gyrus and the subicular 
complex) and the cortical regions surrounding the hippocampus (i.e., 
posterior entorhinal cortex and parahippocampal cortex). Neurohisto- 
logical analyses have been completed for seven of the monkeys (the 
remaining two monkeys are currently undergoing additional behavioral 
testing). In five of the seven monkeys, the lesions were extensive and 
similar and involved substantial portions (80% or greater) of the hip- 
pocampus, the parahippocampal cortex, and posterior entorhinal cortex 
bilaterally. In the other two monkeys, the lesions were less complete 
and damaged between 3OW and 50% of the hippocampus. In one of 
these monkeys, the lesion damaged nearly all of the parahippocampal 
cortex bilaterally but involved less than 20% of the entorhinal cortex 
bilaterally. In the other monkey, the lesion involved about 50% of each 
of the two cortical areas bilaterally. 

Figure 1 shows a series of coronal sections through the temporal lobe 
from one of the nine H+ monkeys (monkey H+ 1 in Zola-Morgan et al., 
1989a). This monkey sustained complete bilateral ablation of the hip- 
pocampus including the dentate gyms and the subicular complex. The 
posterior portion of the entorhinal cortex was destroyed bilaterally, and 
the parahippocampal cortex was extensively damaged bilaterally. The 
perirhinal cortex and the amygdaloid complex were completely spared. 

Group Fx (n = 6). In two monkeys, bilateral transection of the fomix 
(Fx) was accomplished using a direct, neurosurgical approach originally 
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Figure 3. Photographs (A-D) of the 
ventral surface of the brains of the 
PRPH monkeys showing the extent of 
cortical damage (outlined by dots). The 
top panel shows a normal control brain 
with the extent of the intended lesion 
indicated by hatching. The lesions were 
extensive, although somewhat smaller 
than intended. Abbreviations: amts, 
anteromedial temporal sulcus; EC’, en- 
torhinal cortex; ots, occipitotemporal 
sulcu; TF, TH, parahippocampal cor- 
tex; rs, rhinal sulcus; 35 and 36, peri- 
rhinal cortex. Scale bar, 5 mm. From 
Zola-Morgan et al. (1989b). 

described by Mahut (1972). In four monkeys, a stereotaxic radio fre- 
quency procedure was used &la-Morgan et al., 1989a). The lesions of 
the fornix in four of the six monkeys (two prepared by direct surgical 
approach and two of the four who underwent stereotaxic surgery) were 
comolete bilaterallv (Fig. 2: see Zola-Moraan et al.. 1989a. for details). 
Damage to the for& i; the two remaining monkeys in the stereo&c 
group was nearly complete bilaterally, except for slight unilateral sparing 
of the lateral tip in each case. 

Group PRPH (n = 4). The intent was to remove the perirhinal (PR) 
and the parahippocampal (PH) cortex bilaterally. The ablations in three 
of the four monkeys were extensive and similar; in the fourth monkey 
the lesion was not as extensive (Fig. 3; see Zola-Morgan et al., 198913, 
for details). The most anterior portion of the perirhinal cortex (the 
temporal polar portion) was largely spared in all cases. The more ventral 
portion of the perirhinal cortex that lines the rhinal sulcus under the 
amygdala and adjacent to the entorhinal cortex was nearly completely 
removed in all cases. The lateral aspect of the parahippocampal cortex 
(area TF, Bonin and Bailey, 1947) was extensively damaged in all cases, 
but the ablation damaged the more medially situated area TH (Bonin 
and Bailey, 1947) in only one case. 

Group A- (n = 3). A direct surgical approach was used to damage the 
amygdala. The amygdaloid lesions in all three animals were incomplete 
and involved on the average approximately 4&70% of the amygdaloid 
complex bilaterally (Fig. 4; see Zola-Morgan et al., 1991, for details). 

Each animal also sustained some damage to the surrounding cortical 
regions (i.e., the perirhinal and entorhinal cortex), but this damage was 
only moderate (less than 30%) and asymmetrical. 

Serum collection 
In each housing room, serum was collected from no more than three 
monkeys at a time, and all designated monkeys within a room were 
sampled within 3 min of first entering. Subjects were immobilized in 
their squeeze cage, and a single drop of blood (approximately 50 ~1) was 
collected by pricking the tail with a lance. The first serum collection 
always took place at 8 P.M. and was repeated at 6 hr intervals until 8 
P.M. the following evening (Fig. 5). 

Dexamethasone administration 
At 8 P.M., 24 hr after the first serum collection, dexamethasone (De- 
cadron phosphate; 0.125 mg in 1 ml of saline) was injected intramus- 
cularly in the upper thigh immediately following serum collection. In 
pilot studies, control monkeys were injected with from 0.063 to 1.0 mg 
of dexamethasone and monitored for 48 hr thereafter (R. M. Sapolsky 
and S. Zola-Morgan, unpublished observations). 0.125 mg was found 
to be the minimal dose that suppressed circulating GC concentrations 
to below 5 &lo0 ml. Dexamethasone suppression tests were carried 
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Table 1. Schedule of postoperative serum collection 

l-2 months 6 months 15 months 30 months 

Fxl Fxl Fx3 
Fx2 Fx2 Fx4 
Fx5 
Fx6 

H+l H’l H’7 
H’2 H’2 H’8 
H’3 H’3 H’9 
H’4 
H+5 
H’6 

PRPH 1 
PRPH 2 
PRPH 3 
PRPH 4 

A-l 
A-2 
A-3 

Table 2. Time course of recovery from hypercortisolism 

Dexamethasone 
Time after surgery Circadian secretion secretion 

I. H+ lesion 
2 months 29 k 3* 39 * 4* 

15 months 15 + 3 18 ?2 
30 months 15 +4 

II. Fx lesion 
2 months 38 + 4* 
6 months 4 + 0.5** 

30 months 8 -+ l** 
III. PRPH lesion 

2 months 16 + 2 16 + 2 
IV. A- lesion 

2 months 16+ 1 
V. Unoperated controls 18 ? 5 16 -e 5 

Mean circadian secretion (GEM) is expressed as pg of cortisoVlO0 ml/24 hr. 
Dexamethasone data are expressed as g of cortisoVlO0 ml/48 hr. *, Values 
significantly greater than control values, p < 0.00 1; l *, values significantly lower 
than control values, p -C 0.05. 

This table shows time after surgery that serum was collected from the monkeys 
in each of the four operated groups. Serum was also collected from 17 unoperated 
control monkeys (two to four monkeys at each ofthe five time points). H+, Bilateral 
lesions of the hippocampus proper, dentate gyms, subicular complex, posterior 
entorhinal cortex, and parahippocampal cortex; Fx, bilateral transection of the 
fomix; PRPH, bilateral conjoint lesions of the perirhinal and parahippocampal 
co&es; A-, bilateral partial lesions of the amygdaloid complex. 

out only with control monkeys and monkeys in the H+, PRPH, and Fx 
groups. 

Radioimmunoassay of cortisol 
Cortisol (the species-typical GC of primates and humans) was measured 
by radioimmunoassay, using antibody F2 l-53 (Endocrine Sciences, Tar- 
zana, CA) by methods published previously (Krey et al., 1975). Coef- 
ficients of variation within and between assays were less than 1 II (n 
= 12). Samples from ablated and normal subjects were run in the same 
assay. 

Experimental design and statistical analysis 
Table 1 shows the schedule of postoperative serum collection for the 
monkeys in the four operated groups. Most of the operated monkeys 
were sampled at only one of the indicated time points. The exceptions 
were three H+ monkeys, who were tested on two occasions separated 
by 13 months, and two Fx monkeys, who were tested on two occasions 
separated by 4 months. Thus, of the 22 operated monkeys, 17 were 
tested on one occasion, and 5 were tested on two occasions. Because 
the majority ofthe cases did not involve repeated measures, and because 
analysis of variance for nonrepeated measures is a more conservative 
statistical test, all of the statistical analyses reported here were carried 
out as if each monkey were studied on only one occasion. We thank 
Professor A. Adikhari of Stanford University for advice on statistical 
analysis of the data. 

Results 
Circadian secretion of cortisol. Cortisol hypersecretion was ob- 
served in the H+ and Fx groups when monkeys were sampled 
within 2 months after surgery. Hyperseceretory levels were not 
significantly different in the H+ and Fx groups [mean cortisol 
values &g/100 ml) across the 24 hr sampling period: H+ = 37 
+ 9, Fx = 26 + 5; p > 0.101. The data from the monkeys in 
both groups were therefore combined (H+/Fx group). Figure 5A 
shows that cortisol concentrations in the combined H+/Fx group 
were highly elevated throughout the 24 hr sampling period (all 
p values < O.Ol), with the exception of the 2 A.M. time point 

(p > 0.10). A two-way ANOVA revealed a significant group 
effect [F(1,125) = 25.5; p < O.OOl]. 

Figure 5B summarizes the data in Figure 5A by representing 
the areas under the two curves as vertical bars. Cortisol con- 
centrations for the PRPH and A- groups are also shown. Sam- 
ples were obtained from these two groups at the same postop- 
erative times as for the H+/Fx group. The H+/Fx group evidenced 
a higher overall cortisol concentration than any of the other 
groups (all p values < 0.001). Moreover, the overall cortisol 
concentrations for the PRPH and the A- groups did not differ 
from each other or from that of the control value (p values > 
0.10). Thus, the postoperative hypersecretion of cortisol ob- 
served in the H+/Fx group during the 2 months following surgery 
cannot be due to acute trauma related to surgery. 

Sensitivity to dexamethasone. Twenty-four hours after the first 
serum collection, monkeys in the H+ group and unoperated 
control monkeys were administered the synthetic GC dexa- 
methasone (monkeys in the Fx group were not given dexa- 
methasone; Table 2). Serum samples were then obtained at 6 
hr intervals over the next 48 hr (Fig. 6A). A two-way ANOVA 
revealed significant effects of group [F( 1,82) = 30.2; p < 0.00 l] 
and time [F(6,82) = 4.7; p < 0.00 11. Additional analyses showed 
that in the control monkeys cortisol concentrations were sig- 
nificantly suppressed for at least 12 hr after dexamethasone 
administration (Fig. 6A). In contrast, monkeys in the H+ group 
were dexamethasone resistant; that is, cortisol levels were sig- 
nificantly suppressed for only 6 hr. Moreover, at three of the 
six post-dexamethasone time points, the H+ group exhibited 
higher levels of cortisol secretion than did the unoperated con- 
trol group (p values < 0.05 for all five time points). 

Figure 6B summarizes the data from the control and H+ groups 
in Figure 6A. The vertical bars represent the areas under the 
group curves for dexamethasone responsiveness. Responsive- 
ness of the PRPH group to dexamethasone is also shown. Sam- 
ples were obtained from the PRPH group at the same postop- 
erative time interval and at the same post-dexamethasone time 
points as for the control and the H+ groups. The H+ group 
evidenced a higher overall cortisol concentration than either the 
control group or the PRPH group (p values < 0.00 1). Moreover, 
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Figure 5. A, Circulating cortisol concentrations (cLg/lOO ml) for control 
monkeys (open circles) and monkeys from H+ or Fx groups (solidcircles). 
B, The vertical bars represent the area under the curve of basal cortisol 
secretion (expressed as percentage of control values; micrograms of 
cortisol secreted/ 100 ml/24 hr) for the indicated operated groups. The 
data are derived from Figure 5A. **, p < 0.001, comparing operated 
and control groups. 

the overall cortisol concentrations of the PRPH group did not 
differ from that of the unoperated control group (p > 0.10). 
Thus, the postoperative dexamethasone resistance observed in 
the H+ group was not likely a result of acute trauma related to 
surgery, as monkeys in the PRPH group responded to dexa- 
methasone in the same way as control monkeys. 

Figure 7 shows that, for the nine H+ monkeys, there was a 
significant correlation between postoperative basal cortisol lev- 
els and postoperative cortisol levels following administration of 
dexamethasone (r = 0.93, p < 0.001). Specifically, operated 
monkeys who exhibited the highest basal hypersecretory levels 
were also the most dexamethasone resistant. This relationship 
was not observed in the unoperated monkeys (n = 9; r = 0.17; 
p > 0.50). 

The hypersecretion of cortisol observed in the H+ and Fx 
groups at 2 months after surgery was not permanent (Table 2). 
By 15 months after surgery, basal cortisol levels in monkeys in 
the H+ group were not different from those observed in the 
unoperated control monkeys (p > 0.10). A different pattern 
emerged for the monkeys in the Fx group. By 6 months after 
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Figure 6. A, Cortisol secretion oLg/ 100 ml) following the administra- 
tion of dexamethasone to unoperated control monkeys (solid circles) 
and monkeys in the H+ group (open circles). ** indicates p i 0.02, 
comparing each time point to pre-dexamethasone values for that group; 
*, **, and *** indicatep < 0.05,O.O 1, and 0.00 1, respectively, comparing 
control and operated monkeys at each time point. B, Area under the 
curve of cortisol secretion following dexamethasone administration (ex- 
pressed as percentage of control; micrograms of cortisol secreted/100 
mV48 hr); data are derived from Figure 6A. ***, p < 0.001. 

surgery, basal cortisol levels in the Fx monkeys were significantly 
lower than those observed in the unoperated control monkeys 
(p < O.Ol), and they remained lower for 30 months after surgery 
(the longest postoperative time point sampled). 

Discussion 
In the rodent, the hippocampal system can inhibit the adre- 
nocortical axis. The earliest demonstrations of this inhibition 
predated radioimmunoassays for GCs (Rim and Kim, 196 1). 
As assay methods improved, however, studies demonstrated 
inhibition of GCs and ACTH by the hippocampus (Moberg et 
al., 1971; Wilson, 1975; Feldman and Conforti, 1976, 1980; 
Fischette et al., 1980; Wilson et al., 1980; Dunn et al., 1984; 
Rant et al., 1984; Sapolsky et al., 1984; Kovacs et al., 1986; 
Herman et al., 1989a). Recently, the hippocampal system has 
also been shown to inhibit hypothalamic mRNA or actual portal 
concentrations of the hypothalamic secretagogues (Herman et 
al., 1989b; Sapolsky et al., 1989). 

A considerable amount has been learned about the nature of 

Figure 4. A thionin-stained coronal section through the temporal lobes in a normal monkey (top) and in one of the three A- monkeys (bottom; 
monkey A-2 in Zola-Morgan et al., 1990). The lesion in this monkey was ventral and small, involving mainly the basal nucleus (which suffered 
severe bilateral damage) and the lateral nucleus (which suffered moderate bilateral damage). Periamygdaloid cortex was entirely spared bilaterally. 
In the section shown, the entorhinal cortex was damaged on the right side, but there was almost no entorhinal damage on the left side. 
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Figure 7. Correlation between basal cortisol secretion (cumulative cor- 
tisol secretion in r(g/lOO ml/24 hr) and cumulative cortisol secretion 
following dexamethasone (cumulative secretion in &l 00 mV48 hr) for 
the nine H+ monkeys monitored 2 and 15 months after surgery. Cor- 
relation coefficient (r) was 0.93; p < 0.00 1. 

this inhibition. The hippocampal-fornix system appears to exert 
its inhibitory role via fibers from the fornix that project to the 
bed nucleus, which, in turn, projects to the vicinity of the para- 
ventricular nucleus (Herman et al., 1989b). Both high-affinity 
type I and lower-affinity type II corticosteroid receptors in the 
hippocampus appear to mediate GC feedback inhibition (Brad- 
bury and Dallman, 1989; Dallman et al., 1987; Sapolsky et al., 
1990). The hippocampus can inhibit secretion of the hypotha- 
lamic ACTH secretagogues CRF, oxytocin, and vasopressin, 
and it can differentially regulate each secretagogue (Sapolsky et 
al., 1989). Finally, it appears that if the number of corticosteroid 
receptors in the hippocampus is reduced (due to stress-induced 
downregulation of such receptors), the efficacy with which the 
hippocampus mediates GC feedback inhibition declines (Sa- 
polsky et al., 1984). 

In contrast to the numerous studies in rodents, few studies 
have examined whether the hippocampal system plays a similar 
role in the primate. If the hippocampal system in primates did 
have an inhibitory role with respect to neuroendocrine activity, 
it could help clarify our understanding of reported instances of 
hypercortisolism in humans. For example, hypercortisolism and 
dexamethasone resistance are observed in humans with Alzhei- 
mer’s disease in which there is preferential hippocampal system 
damage (APA Taskforce, 1987), and in extreme old age (re- 
viewed in Sapolsky, 1989) in which there is normative loss of 
hippocampal system neurons (Coleman and Flood, 1987). An 
understanding of the neuroendocrine role of the primate hip- 
pocampus would set the stage for asking why only some aged 
subjects and patients with Alzheimer’s disease are hypersecre- 
tory. 

The present study examined the role played by the hippo- 
campal system in neuroendocrine regulation in the nonhuman 
primate. Our data strongly suggest that the primate hippocam- 
pus inhibits the adrenocortical axis. Monkeys in the H+ and Fx 
groups hypersecreted cortisol for up to 2 months following sur- 
gery. This finding agrees with the results of an earlier study 

showing that stimulation of the human hippocampus (during 
neurosurgery) inhibited adrenocortical activity (Mandell et al., 
1963). These findings cast light on some, but not all, of the 
following issues: 

(1) In both rats and humans, chronic stress causes GC hy- 
persecretion and resistance to feedback regulation (Sapolsky et 
al., 1984; Baumgartner et al., 1985; Ceulemans et al., 1985; 
Dallman et al., 1987). The hypersecretion observed in the H+ 
and Fx monkeys was not due to the acute stress associated with 
neurosurgery. Monkeys in the PRPH and A- groups were tested 
at the same intervals after surgery as the monkeys in the H+ and 
Fx groups, but they were not hypersecretory. 

(2) Monkeys in the PRPH group sustained substantial bilat- 
eral damage to perirhinal cortex and parahippocampal cortex. 
These two cortical regions provide nearly two-thirds of the cor- 
tical input to the hippocampal formation, specifically the en- 
torhinal cortex (Insausti et al., 1987). Nevertheless, monkeys in 
the PRPH group did not exhibit cortisol hypersecretion. Thus, 
even when partially deafferented, the hippocampus can inhibit 
neuroendocrine activity along the adrenocortical axis. 

(3) It is not clear when in the circadian cycle the primate 
hippocampus inhibits GC secretion. In the rodent, the inhibitory 
role for the hippocampal system is strongest during the circadian 
trough (Moberg et al., 197 1; Fischette et al., 1980). This implies 
that the strength and site of feedback regulation vary during the 
day (Dallman et al., 1987). Superficially, the primate appears 
to be different, insofar as GC secretion of monkeys in the H+ 
and Fx groups was elevated throughout the 24 hr sampling 
period except at 2 A.M. However, there was not a statistically 
significant circadian cycle in the control monkeys (i.e., 8 A.M. 
and 8 P.M. values only approached being significantly different 
in individuals by paired t test, p < 0. lo), limiting any evaluation 
of the circadian role of the hippocampal system in the primate. 
As a probable cause of the weak circadian trend, all subjects 
were fed once per day in the afternoon, which is known to entrain 
GC secretion to the feeding rhythm, rather than the circadian 
rhythm (reviewed in Dallman et al., 1987). Such a feeding pat- 
tern also represents a mild stressor and elevates basal GC con- 
centrations. This probably explains the relatively high basal 
concentrations in control monkeys and suggests that they more 
appropriately represent mild stress values. Thus, quantitative 
comparison of these data should be done with rodent data de- 
rived from studies examining the effects of hippocampal system 
lesions upon stress-induced GC secretion (cf. Fendler et al., 
1961; Knigge and Hays, 1963; Feldman and Conforti, 1980; 
Wilson et al., 1980; Sapolsky et al., 1984). 

(4) Monkeys in the H+ group were dexamethasone resistant; 
that is, after treatment with dexamethasone, their cortisol levels 
increased (escaped from suppression) sooner than did cortisol 
levels in unoperated monkeys. This replicates findings in the 
rodent; moreover, a similar pattern of dexamethasone resistance 
occurs in Alzheimer’s disease (APA Taskforce, 1987). However, 
it is not clear if this represents a lesion-induced loss of a feedback 
site in the hippocampal system. Alternatively, damage to that 
system could enhance stimulation of the adrenocortical axis (i.e., 
the basal hypersecretion), and dexamethasone might simply act 
at a different point in the axis to reduce the degree of that 
stimulation in proportion to the magnitude of the dexametha- 
sone signal. The close agreement between the extent of basal 
hypersecretion in H+ monkeys (Fig. 7, x-axis) and the extent of 
dexamethasone resistance (Fig. 7, y-axis) supports the latter 
possibility, although a larger sample size and a broader range 
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of dexamethasone doses are needed for greater certainty about 
that conclusion. 

(5) The hypercortisolism that followed hippocampal lesions 
in monkeys was transient. By 15 months after surgery, monkeys 
in the H+ group exhibited secretory activity within the normal 
range. Similarly, the corticosterone hypersecretion that follows 
hippocampal system lesion in rodents is not permanent (Fisch- 
ette et al., 1980). Whether recovery represents other neural 
structures taking on a stronger inhibitory role, altered pituitary 
sensitivity to secretagogues, or altered adrenal responsiveness 
to ACTH remains to be determined. Evidence for plasticity at 
all of these levels has been obtained in studies in rodents (Sa- 
polsky and Plotsky, 1990). With respect to the clinical relevance 
of such recovery, if there are cases of Alzheimer’s disease where 
the extent of hippocampal damage remains stable for a period 
of time, there could be some recovery of normal adrenocortical 
regulation (reviewed in Sapolsky and Plotsky, 1990). This pos- 
sibility of, recovery of cortisol concentration over time makes 
it difficult to evaluate one additional study of cortisol secretion 
in primates with hippocampal lesions (Regestein et al., 1986) 
in which secretion during cognitive and/or stressful tasks was 
reported to diminish. Unfortunately, no information was pro- 
vided with respect to the interval between surgery and study. 

(6) While, the hypercortisolism that followed bilateral tran- 
section of the fornix was also not enduring, the pattern differed 
from that observed in monkeys with H+ lesions. Whereas the 
secretory levels of the H+ monkeys eventually returned to nor- 
mal, the Fx monkeys eventually became hyposecretory. That 
is, by 6 months after surgery, the basal secretion of monkeys 
with Fx lesions was significantly below normal levels. In a sep- 
arate group of monkeys with Fx lesions, this hypocortisolism 
lasted as long as 30 months (Table 2) (it should be noted that 
GC values from control monkeys studied at those times did not 
differ from values for other control monkeys, as tested by two- 
way ANOVA). The finding has not been reported in rodents 
(Fischette et al., 1980) and its cause in primates is not clear. 
Potentially, it may represent shifting strengths of regulation by 
other points in the adrenocortical axis. Alternatively, it may 
arise because Fx monkeys habituate to the mild stressor of once- 
a-day feeding (see above), whereas other subjects do not. 

In conclusion, considerable literature suggests that the hip- 
pocampus inhibits GC secretion in the rodent. The present data 
are among the first to suggest a similar role for the hippocampus 
in the primate. 
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