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Selective neuronal death in the CA1 sector of the hippo- 
campus [delayed neuronal death (DND)] develops several 
days after transient global cerebral ischemia in rodents. Be- 
cause NGF plays a potential role in neuronal survival, it was 
decided to study its effect in DND. We report here that in- 
traventricular injection of NGF either before or after 5 min 
forebrain ischemia in the Mongolian gerbil significantly re- 
duced the occurrence of DND. The tissue content of NGF in 
the hippocampus was decreased 2 d after ischemia and 
recovered to the preischemic level by 1 week. By the Golgi 
staining technique, changes first began in the dendrites of 
affected neurons as early as 3 hr. Such changes could be 
ameliorated by NGF treatment. Although previous knowl- 
edge of NGF is limited to the survival of cholinergic neurons 
in the CNS, it is assumed that other mechanisms must be 
operating in the hippocampus, for example, postsynaptic 
modification at dendrites or aberrant expression of NGF re- 
ceptors possibly at the initial excitation period by glutamate. 
Furthermore, because previous work has shown that inhi- 
bition of protein synthesis reduces the occurrence of DND, 
a program leading to cell death might also be operating via 
de nova synthesis of certain protein(s), collectively termed 
“killer protein,” because of a lack of NGF. 

The hippocampus is unique in the CNS because of its relative 
simplicity of excitatory neuronal circuitry and its role in mne- 
monic function (Brown et al., 1988; Press et al., 1989; Brown 
and Zador, 1990). After temporal cessation of cerebral circu- 
lation, patients develop memory disturbance with hippocampal 
neuronal death (Brierley and Graham, 1984). In rodents, de- 
layed neuronal death (DND) of the CA1 sector of the hippo- 
campus develops more than 2 d after transient global cerebral 
ischemia (Ito et al., 1975; Kirino, 1982). This phenomenon has 
been thought to underlie the pathophysiology of cerebrovascular 
dementia. 
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The initiating event that leads to DND of the hippocampus 
is possibly neural excitation caused by glutamate and subsequent 
calcium influx into the cell (Nadler et al., 1978; Gill et al., 1987; 
Barnes, 1988a; Choi and Rothman, 1990). However, this mech- 
anism cannot fully explain why the development of DND is 
delayed and why the occurrence is mainly limited to the CA1 
sector. We assume it is due to a failure of recovery processes 
following excitatory damage to this particular neural circuitry. 
As one of the possible factors for neuronal survival and repair 
known to date, we have focused on NGF (Marx, 1986; Levi- 
Montalcini, 1987). Neuronal cell loss could be caused by a lack 
of such neurotrophic factors (Hefti et al., 1984; Hefti and Wei- 
ner, 1986; Fisher et al., 1987; Kromer, 1987; Rosenberg et al., 
1988; Montero and Hefti, 1989). Although until quite recently 
there has been no thorough explanation of why NGF acts in the 
hippocampus, evidence is now accumulating that NGF recep- 
tors are also present in the hippocampus during development 
(Buck et al., 1988; Lu et al., 1989) and also in the mature brain 
(Kerwin et al., 1991). The principal aim of this study was to 
investigate whether NGF affects the occurrence of DND by 
injecting NGF into the cerebral ventricle either before or after 
transient forebrain ischemia in the Mongolian gerbil. It was 
found that intraventricular NGF ameliorated the development 
of DND. 

Materials and Methods 
We utilized the standard experimental protocol to produce DND in 
terms of animal species, duration of ischemia, and anesthesia. Adult 
male Mongolian gerbils weighing about 70 gm (9-12 birth weeks) were 
anesthetized with 2-3% halothane/O,. Transient forebrain global isch- 
emia was produced by occluding bilateral carotid arteries for 5 min 
using aneurysm clips. Rectal temperature was kept as close as possible 
to 38°C during and up to 1 hr after ischemia with the aid of a heating 
blanket and overhead lamp. The animals were then allowed to survive 
for 1 week before transcardiac perfusion fixation with 40% formalde- 
hyde, glacial acetic acid, and methanol in a volume ratio of 1:8:8. 
Neuropathological studies were undertaken in four groups of animals: 
(1) occlusion alone (n = 12), (2) intraventricular injection of 10 ~1 of 
artificial cerebrospinal fluid (CSF) warmed to 37°C (in mM; Na+, 145: 
K+, 3.0, Cl-, 132; Ca2+, 2.4; MgZ+i 1.2; HCO,-, 26; I&PO,-, 1.2; S0,2’ 
1.2: elucose. 10: DH 7.3: n = 12). (3) intraventricular iniection of NGF 
(Sigma 7S type;’ i0 rg in 10 ~1 df: artificial CSF) just befbre ischemia (n 
= 12), and (4) same as treatment 3 but 15 min after ischemia (n = 12). 
Treatment of NGF was given via a needle inserted into the right lateral 
ventricle. The target point was 1 mm anterior to the bregma, 1.25 mm 
lateral to the midline, and 2.25 mm deep from the cortical surface. Ten 
micron-thick sections at the dorsal hippocampus were stained with 
hematoxylin+osin and cresyl violet. The number of neurons in the 
bilateral CA1 subfield was counted on one histological section from 
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each animal and expressed as neuronal cell density per millimeter linear 
length. Sections obtained from normal control animals (n = 7) were also 
examined. For statistical purposes, we utilized both the analysis of vari- 
ance (ANOVA) and the nonparametric Kruskal-Wallis test for com- 
parison of multiple independent groups. 

The Golgi staining technique was used in a separate series of three 
animals each to see morphological changes in dendrites and synapses 
3 hr, 1 d, 2 d, and 1 week postischemia in gerbils both nontreated and 
pretreated with NGF. The brain was removed and quickly immersed 
in a mixture of solutions A and B: solution A contained potassium 
dichromate and mercury chloride; solution B contained potassium chro- 
mate and sodium tangstenate. Following immersion for 1 month, the 
brains were processed for microscopic examination. 

We investigated sequential changes in the hippocampal NGF content 
before and 3 hr, 1 d, 2 d, and 1 week after ischemia in a total of 31 
gerbils. We utilized the two-site enzyme immunoassay (EIA) system 
developed by Furukawa et al. (1983) with a slight modification (Matsui 
et al., 1990). 

Results 
The gerbils survived well, and no seizures were observed either 
in the acute stage of ischemia or up to 1 week later. Although 
there was a mortality of less than 10% up to 1 week, there was 
no difference between the five groups of treatment. Neuropath- 
ological studies were not undertaken on the gerbils that died. 
Neuropathological studies showed that NGF significantly ame- 
liorated the development of DND (Fig. 1). There was a statis- 
tically significant difference of p < 0.00 1 among the five groups 
by ANOVA. However, the distribution was not even, so the 
nonparametric analysis of Kruskal-Wallis was also used. It, too, 
showed a significant difference ofp < 0.00 1 among all the groups. 
For comparison of two groups, the nonparametric Wilcoxon 
test as shown in Figure 1 was used. In all the gerbils with oc- 
clusion alone, there was almost complete loss of CA1 pyramidal 
neurons. However, injection of artificial CSF before ischemia 
showed a slight but significant effect in reducing DND as com- 
pared to the nontreated gerbils (p < 0.05). Using NGF treatment 
either before or after ischemia, the cell density remained almost 
normal. When compared to the controls sham treated with ar- 
tificial CSF injection, there was a significant difference for both 
pretreatment (p < 0.01) and posttreatment (p < 0.05) groups. 
The cell density of the pretreatment group did not differ from 
that of the posttreatment group. 

In the Golgi study, morphological changes appeared in den- 
drites and synaptic spines as early as 3 hr, even though the cell 
soma looked entirely normal (Figs. 2, 3). After 1 d, there was 
progressive disappearance of both basal and apical dendrites. 
By 1 week, the CA1 sector had been replaced by reactive as- 
troglia in the nontreated gerbils. Following NGF treatment, these 
dendritic changes were minimal, with only a slight astroglial 
reaction. 

There was a significant reduction in NGF content of the hip- 
pocampus 2 d after ischemia, with subsequent recovery to the 
control level after 1 week (Fig. 4). In the other areas of the brain, 
no significant changes were found (data not shown). 

Discussion 

The development of DND is a complex process that involves 
initiation and subsequent so-called maturation (Ito et al., 1975) 
probably similar to long-term potentiation (Brown et al., 1988). 
In the past, the initiating neuroexcitatory mechanisms have re- 
ceived much interest. Glutamate is one compound that acts at 
the postsynaptic level via NMDA receptor (Nadler et al., 1978; 
Gill et al., 1987; Barnes, 1988a; Choi and Rothman, 1990) or 
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Figure I. Results of neuropathological study. Values are mean + SD 
of cell number per millimeter in the CA1 sector of the hippocampus. 
NGF treatment either before or after ischernia significantly ameliorated 
the development of neuronal death as compared to control with artificial 
CSF injection (Wilcoxon’s nonparametric analysis). Artificial CSF in- 
jection alone slightly but significantly reduced the extent of neuronal 
death as compared to animals without treatment. The cell density of 
both pre- and posttreatment groups did not differ from normal cell 
density. 

other receptors such as quisqualate and kainate (Sheardown et 
al., 1990). Indeed, antagonists against NMDA, quisqualate, and 
kainate receptors have been reported to reduce DND if given 
before ischemia (Gill et al., 1987; Sheardown et al., 1990), al- 
though uncertainty remains. After such events, manipulations 
that decrease cellular metabolism immediately after ischemia 
by barbiturate (Kirino et al., 1985) or by lowering brain tem- 
perature (Busto et al., 1987) can reduce the amount of DND. 
Little is known regarding the subsequent maturation stage, but 
some information about postischemic protein synthesis is now 
accumulating (Thilman et al., 1986; Xie et al., 1989). For ex- 
ample, it has been shown that amino acid incorporation is in- 
hibited transiently but recovers in the hippocampus after isch- 
emia except in the vulnerable CA1 neurons. Some translation 
products related to stress such as heat-shock proteins and ubi- 
quitin are known to increase (Nowak, 1985; Vass et al., 1988; 
Magnusson and Wieloch, 1989; Nowak et al., 1990). The ex- 
pression of mRNAs for these proteins is pronounced in the 
dentate granule cells and CA3 neurons. These areas are intrinsic 
afferents to CA1 neurons, so there may be some modification 
of synaptic responses by such translation products in the CA1 
sector. 

The present study indicates a new finding that NGF is re- 
quired for the survival of hippocampal neurons in response to 
ischemia. Yoshimine et al. (199 1) have independently repeated 
a similar experiment and obtained the same results. In support 
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Figure 2. Appearance of the normal CAI sector of the hippocampus stained by the Golgi technique. The drawing to the right shows dendritic 
structures of single pyramidal neuron in relation to its afferent synaptic connections. 

of this finding, it has been reported that damage to the striatum 
and hippocampus caused by glutamate agonists can be pre- 
vented by intracerebral injection of NGF (Aloe, 1987). 

However, caution must be taken to avoid the possibility of 
artifact. First, the NGF used in this study was the 7s type, which 
contains some protease activity. Most previous investigators 
have also used this type of NGF in a wide range of investigations. 
In particular, Fisher et al. (1987) treated aged rats with 7%type 
NGF and found amelioration of behavior and neuropathology. 
We are currently repeating the experiment by using /I-NGF. Our 
preliminary result is in agreement with the present study (T. 
Shigeno, T. Mima, K. Takakura, D. I. Graham, G. Kate, Y. 
Hashimoto, and S. Fukurawa, unpublished observations). 

Second, the use of anesthesia during ischemia might have 
interfered with the results. Barbiturates certainly ameliorate the 
phenomenon of DND (Kirino et al., 1985). Halothane has been 
widely used in the gerbil ischemia model but has not been re- 
ported to show such action as long as body temperature is main- 
tained above 37°C during and shortly after ischemia (Kuroiwa 
et al., 1990). Furthermore, although a wide range of anesthetics 
have been used in the study of fimbria-fornix section and to 
examine the effects of NGF, none have been reported to influ- 
ence the results. Therefore, we think that the issue of anesthesia 
is not a significant factor in the present experiment. 

Third, it should be noted that gerbils are seizure prone. After 

unilateral occlusion of the carotid artery, seizures occur occa- 
sionally. However, when the occlusion is bilateral and .the du- 
ration of ischemia is limited to 5 min under halothane anes- 
thesia, seizures have not been observed;and the mortality ratio 
is negligible (Tomida et al., 1987). Therefore, the experimental 
model and method we used is now a standard accepted world- 
wide. Even so, there may be a possibility of subclinical seizure 
that compromises NGF action, because Gall and Isackson (1989) 
reported increased NGF mRNA in the hippocampus by limbic 
seizure or by kainate-induced seizures (Gall et al., 1991), with 
a possible link to C-$X expression (Morgan et al., 1987). It is 
also of interest to note that intraventricular injection of NGF 
antiserum inhibits amygdaloid kindling (Funabashi et al., 1988). 
Thus, the effect of the exogenously administered NGF in our 
study might have been,derived from such seizure-related events. 
Indeed, this mechanism could underlie the pathogenesis of DND. 

Conventional wisdom indicates that NGF is synthesized in 
the hippocampus and is transported retrogradely to the basal 
forebrain neurons (Korshing et al., 1985; Large et al., 1986). It 
has been established that NGF is essential for the survival of 
cholinergic neurons in the basal forebrain (Hefti et al., 1984; 
Hefti and Weiner, 1986; Marx, 1986; Fisher et al., ‘1987; Kro- 
mer, 1987; Levi-Montalcini, 1987; Rosenberg et al., 1988; Mon- 
tero and Hefti, 1989). On the contrary, there is no concrete 
evidence that hippocampal neurons require NGF for their sur- 
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vival. In the past, NGF receptors were reported to be absent or 
very scanty in the hippocampus (Richardson et al., 1986; Rai- 
vich and Kreutzberg, 1987). However, Buck et al. (1988) have 
recently identified temporary expression of NGF receptor mRNA 
in the hippocampus during development. The fact that NGF 
and its receptor mRNAs were coexpressed and correlated de- 
velopmentally in the hippocampus indicates that NGF may 
serve not only as a target-derived factor acting on long-pro- 
jecting neurons, but also as a locally derived factor acting on 
intrinsic neurons in a paracrine or autocrine fashion (Lu et al., 
1989). Indeed, very recently, Kerwin et al. (199 1) were the first 
to demonstrate NGF receptors in the human adult hippocam- 
pus. They found that the preterminal NGF receptor network 

Figure 3. Chronological changes of 
dendritic structures after &hernia. Top, 
no treatment; bottom, treatment with 
NGF before ischemia. Three hours af- 
ter &hernia in the nontreated gerbils, 
there was slight deformation of both 
basal and apical dendrites. These 
changes progressed with disappearance 
of these dendritic structures on days 1 
and 2, even though the cell soma was 
still present. After 1 week, all the py- 
ramidal cells together with dendrites 
disappeared without NGF treatment. 
Treatment with NGF prevented the 
early destruction of dendritic struc- 
tures. 

was dense in CA2-CA3 and diminished in intensity through 
CA1 and toward the subiculum. Because evidence of the pres- 
ence of NGF tor in the hippocampus is increasing, there 

7 is good reason to elieve that the exogenously administered 
NGF acts via expression of NGF receptor of CA1 pyramidal 
neurons shortly after cerebral ischemia. 

The slight but statistically significant effect in reducing DND 
by injection of artificial CSF as a vehicle is worthy of discussion. 
It is known that several types of brain tissue trauma or hypoxia 
induce trophic factors such as NGF and fibroblast growth factor 
(FGF; Nieto-Sampedro et al., 1982, 1988; Lorez et al., 1989; 
Ishikawa et al., 199 1). In the present study, we observed a tran- 
sient decrease in hippocampal tissue NGF content on day 2 and 
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Figure 4. Changes in NGF content in the hippocampus after ischemia. 
Values are mean f  SD. There was a significant reduction in NGF 
content 2 d after ischemia. After 1 week, however, the NGF content 
recovered to the control level. 

recovery by 1 week after &hernia. At this stage, there was a 
marked appearance of reactive astroglia in the Golgi study. The 
recovery in NGF content might suggest a role of astrocytes in 
tissue repair, because glial cells could secrete NGF in culture 
(Furukawa et al., 1986). Although we did not measure NGF 
content in the much earlier period, such tissue trauma with brain 
tissue puncture might have elevated local tissue NGF content 
and thus ameliorated DND partially by the following reasons. 
First, Ishikawa et al. (199 1) found a steep increase in cortical 
NGF content following a cavity lesioning as early as 16 hr, in 
contrast to FGF, which became elevated more than 10 d later. 
A glial and/or neuronal origin of the NGF was thought to be 
most likely. Second, Yoshimine et al. (1990) found a slight but 
significant reduction of DND even after only a needle puncture 
into the hippocampus. In our study, we administered NGF just 
before or after ischemia. Yoshimine et al. (1990) further ex- 
amined the optimal time of treatment and found that NGF acted 
only in the earlier period, within 1 d after ischemia. Therefore, 
the possible increase of such neurotrophic activity in the earlier 
period may be one of the reasons for the results found after 
artificial CSF injection. 

There is a suggestion that neuronal death caused by a lack of 
NGF results from the operation of a suicidal program via de 
nova synthesis of protein(s), collectively termed “killer protein” 
(Barnes, 1988b; Martin et al., 1988; Oppenheim et al., 1988). 
Even the neuronal death of the CA1 sector might be a CNS 
response to reduce harmful neuroexcitation in and around the 
hippocampus. In this regard, it is of interest to note that tran- 
section of afferents in the perforant path prevents DND (Wie- 
loch et al., 1985). We have recently reported that inhibition of 
protein synthesis before ischemia also reduces the occurrence 
of DND (Shigeno et al., 1990). As was discussed above, several 
species of proteins and protooncogenes such as c-fos (Jorgensen 

et al., 1989) are expressed before maturation of cell death. There 
is a chain of events that starts with glutamate neuroexcitation 
and is followed by signal protooncogene expression and protein 
synthesis that leads to DND. It would seem that NGF is in- 
volved in this process. 
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