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Abstract. Serotonin is widely distributed throughout the
central nervous system and is implicated in a variety
of neural functions such as pain, feeding, sleep, sexual
behavior, cardiac regulation and cognition. This paper
is concerned with the last of these. Abnormalities of
the serotonergic nervous system are well documented
in pathologic studies of Alzheimer’s disease and there
is evidence suggesting that changes in this system occur
in association with non-disease aging. Data on the role
of serotonin in learning and memory and on the effects
of aging on brain serotonin function are reviewed and
discussed in relation to pharmacologic treatment strate-
gies for the memory impairments associated with ad-
vancing age.

Key words: Serotonin — Monoamines — Memory — Aging

The role of brain neurochemical systems in cognitive
functioning is a subject of increasing research interest
as age-related cognitive disorders emerge as major public
health problems. The hypothesis, introduced more than
a decade ago, that cholinergic deficiency underlies the
memory impairment of Alzheimer’s disease (AD)
launched an intensive cffort to find drugs that can re-
store brain cholinergic function and improve cognition
in Alzheimer patients; an effort that, so far, has pro-
duced discouraging results. Thus, investigators searching
for drugs to improve cognition in demented patients may
face a predicament of low expectations.

On the other hand, the neurotransmitter replacement
strategy, which has guided most of the pharmacologic
research on dementia, may be more fruitful if directed
at the more common and modest cognitive impairments
associated with non-disease aging. Kral (1962) reported
a condition of mild impairment of memory in the elderly,
not associated with dementia after 4 years of follow-up,
and labeled it ““ benign senescent forgetfulness.”” Another
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state of age-related memory impairment was more re-
cently defined with specific inclusion and exclusion cri-
teria and describes healthy persons over age 50 who have
experienced a decline of memory capabilities relative to
their level of function in earlier adulthood. This condi-
tion is named Age-Associated Memory Impairment or
AAMI (Crook et al. 1986). However, investigators have
not yet reached general agreement regarding the defini-
tion of these mild impairments of memory which are
common among non-demented elders (Lane and Snow-
den 1989; Reinikainen et al. 1990) and may be part of
normal aging. Nonetheless, an expanding investigation
is underway aimed at developing safe and effective phar-
macotherapy for this age-related loss of mnemonic func-
tion.

Presently, there is much interest in the role that non-
cholinergic neurochemical abnormalities may play in
cognitive disorders. Multiple neurochemical deficits are
well documented in reports of pathologic studies of AD
patients {for review see Rossor and Iversen 1986) and
may also underlie the relatively mild cognitive impair-
ments associated with non-disease aging. We recently
reviewed data indicating an age-related loss of brain cat-
echolamine (CA) function that may underlie the loss
of memory abilities associated with advancing age and
discussed the potential implications of combined deficits
of CA and acetylcholine {ACh) in research on treatments
for this condition (McEntee and Crook 1990).

Neurons containing serotonin (5-hydroxytrypta-
mine, 5-HT) comprise another neurochemical system of
the brain, shown to be abnormal in AD (Bowen et al.
1983; Gottfries et al. 1983; Arai et al. 1984 ; Curcio and
Kemper 1984; Palmer et al. 1987) and considered impor-
tant for learning and memory (for review see Altman
and Normile 1988). Data on the effects of serotonergic
drugs on learning and memory in animals and in humans
with cognitive impairments are being reported with in-
creasing frequency. These data and those from experi-
ments on the state of 5-HT function in the aged brain
will be reviewed and discussed in relation to the memory
impairments associated with “normal” aging.
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Anatomic features of serotonergic neurons

The serotonergic nervous system is probably the oldest
and most widely distributed of all putative neurotrans-
mitter systems of the brain and is implicated in a variety
of neural functions. Like other monoaminergic neurons,
cell bodies for 5-HT-containing neurons, are relatively
few in number, are situated in the brain stem, and have
processes which ramify and project throughout the CNS.
The cell bodies of neurons that provide 5-HT innerva-
tion to the forebrain are in the dorsal and median raphe
nuclei of the midbrain and upper pons. In the adult
rat, nerve terminals containing 5-HT have a mean den-
sity estimated at 5.8 million/mm?® in anterior cerebral
cortex (Audet et al. 1989) and 2.7 million/mm? in hippo-
campus (Oleskevich and Descarries 1990). Taking into
account tissue volume and neuronal density, the average
range for numbers of these terminals per target neuron
is 145-230 in rat cortex (Audet et al. 1989) and 20-130
in rat hippocampus (Oleskevich and Descarries 1990).
Nerve terminals containing 5-HT are located at synaptic
and non-synaptic sites (Seguecla et al. 1989), suggesting
that this neurochemical acts as a neurotransmitter and
neuromodulator.

Serotonin and the aging brain

In contrast to the substantive evidence indicating a de-
cline of brain CA activity with advancing age in humans
and animals (for review see McEntee and Crook 1990),
evidence for changes in brain 5-HT function, as a result
of aging, is somewhat limited. Analyses of postmortem
human and animal brains fail to demonstrate a decline
with age in the concentrations of 5-HT or its primary
metabolite, 5-hydroxyindoleacetic acid (5-HIAA). In
some instances there is an age-related increase in the
brain content of these compounds. Table 1 summarizes
these data. Likewise, no evidence emerges to suggest that
5-HT-containing presynaptic neural elements are lost as
a result of aging. Table 2 gives the results of radioligand-
binding studies in postmortem human and animal brains
which estimate the density of 5-HT nerve terminals rela-
tive to advancing age. The most consistent data for age-
related changes in the 5-HT system are radioligand-bind-
ing studies that demonstrate diminished populations of
5-HT receptors with age in rat and human brains. Ta-
ble 3 shows these results.

In addition, age-related data from studies of rat
brains suggest increased turnover of 5-HT (Moretti et al.
1987; Brunello et al. 1988), a reduction in 5-HT high-
affinity uptake (Brunello et al. 1988), and a decrease,
in vitro, in postsynaptic actions of 5-HT on hippocam-
pal granule cells (Baskys et al. 1987). Ebel et al. (1987)
point to measures of brain monoamine activities, includ-
ing 5-HT, that vary between different inbred strains of
aged mice. An age-related increase in turnover of 5-HT
in hippocampus found in one strain was not present
in another strain, leading the authors to suggest that
genotype is a factor in the capacity of neurotransmitters
and neuromodulators to adapt to aging processes.

Table 1. Age-related changes in the concentrations of 5-HT and
5-HIAA in brain

Species 5-HT 5-HIAA References

Rat 0 + Simpkins et al. 1977

Rat 0 Ponzio et al. 1982

Rat + Timras et al. 1982

Rat + Godefroy et al. 1989
Mouse + + Thurmond and Brown 1984
Human 0 0 Wester et al. 1984;

Marcusson et al. 1987

+ (increase), — (decrease), 0 (no change)

Table 2. Age-related changes in the density of radioligand binding
sites for 5-HT nerve terminals in brain

Species Change References

Rat + Brunello et al. 1988
Rat 0 Allen et al. 1983
Mouse + Severson 1986
Human —2 Severson et al. 1985
Human +° Marcusson et al. 1987
Human 0 Allen et al. 1983

+ (increase), — (decrease), 0 (no change)

* In cingulate cortex only. No change in frontal cortex, neostria-
tum, amygdala or hippocampus

b In frontal and parietal cortex and hypothalamus

Table 3. Age-related changes in the density of radioligand binding
sites for 5-HT receptors in brain

Species Receptor/Type  Change  References

Rat 5-HT, - Brunello et al. 1988

Human  non-specific - Marcusson et al. 1984a

Human  5-HT, - Shih and Young 1978;
Allen et al. 1983;
Middlemiss et al. 1986

Human  non-specific? - Allen et al. 1983

— (decrease)

2 Authors suggest data indicate postsynaptic receptor density

Overall, the data do not present a clear picture of
the state of serotonergic function in the non-disease aged
brain, but in part, imply that 5-HT turnover is increased
and numbers of 5-HT receptors are reduced, as a result
of aging,.

Serotonin and memory

Data on the effects of 5-HT on learning and memory
are inconsistent. For instance, inhibition of 5-HT synthe-
sis in rodents, by treatment with p-chlorophenylalanine,
is shown to expedite (Brody 1970), hinder (Valzelli and
Pawlowski 1979) or not affect (Kohler and Lorens 1978)
learning of an active avoidance paradigm, and treatment



Table 4. Impairment of mnemonic function by experimental mea-
sures intended to stimulate 5-HT activity

1. Treatment with several 5-HT receptor agonists, given separately
to a group of rats, produced a dose-related impairment of effi-
ciency in performance of a radial maze task (Winter and Petti
1987)

2. Intrahippocampal implantation of neonatal serotonergic nerve
grafts impaired performance of rats on a complex spatial learn-
ing task (Ramirez et al. 1989)

3. Treatment with the 5-HT agonist, m-chlorophenylipiperazine (m-
CPP), at a dose of 0.1 mg/kg, worsened measures of recent
knowledge and memory in patients with AD, but not in elderly
controls (Lawlor et al. 1989a)

4. Treatment with m-CPP at a dose of 0.08 mg/kg, diminished per-
formance on tests of recent memory in elderly controls, but
not in AD subiects (Lawlor et al. 1989b)

Table 5. Enhancement of learning and memory by treatments pre-
sumed to impede 5-HT activity

1. Post-training administration of the serotonergic receptor antag-
onists: pirenperone, ketanserin, mianserin, methysergide and
metergoline improved memory in mice for a previously learned
aversive behavior (Altman and Normile 1986)

2. Neurotoxin-induced depletion of 5-HT in hippocampus en-
hanced performance of rats on a complex spatial learning task
(Altman et al. 1988)

3. Post-training treatment with the 5-HT antagonists ketanserin
and mianserin attenuated deficits in passive avoidance retention
normally displayed by middle-aged and aged rats (Normile and
Altman 1988)

4. Post-training treatment with ketanserin and mianserin protected
rats against a hypoxia-induced deficit in performance of a pas-
sive avoidance task (Strek et al. 1989)

5. Treatment with methysergide, a 5-HT receptor antagonist, sig-
nificantly improved performance on a visual memory task in
a group of Korsakoff amnesics (McEntee and Mair 1980)

Table 6. Experiments with 5-HT uptake blockers that resulted in
improved performance on tasks of learning and memory

1. Treatment of mice with alaproclate and zimeldine facilitated
retrieval of a learned shock-avoidance behavior (Altman et al.
1984)

2. Mice treated with fluoxetine showed enhanced retrieval of a
T-maze active avoidance task (Flood and Cherkin 1987)

3. In rats, post-training treatment with fluoxetine prevented the
performance deficit in passive-avoidance behavior produced by
exposure to hypoxia (Strek et al. 1989)

4. Attenuation of alcohol-induced memory impairments in adult
male human volunteers was effected by treatment with zimeldine
(Weingariner et al. 1983)

5. Recall of recently presented information was improved in a
group of patients with Korsakoff’s psychosis after treatment
with fluvoxamine (Martin et al. 1989)

of rodents with 5-HT antagonists generally produces a
memory-enhancing effect (Wetzel et al. 1980; Altman
and Normile 1986), but there are data to the contrary
(Bammer 1982; Kubo ct al. 1988). Despite the inconsis-
tencies, the preponderance of evidence shows that stimu-
lation of 5-HT activity in the brain impairs, whereas
impedance of its activity enhances learning and memory.
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Data that illustrate impairment of mnemonic func-
tion by experimental measures intended to stimulate 5-
HT activity in the brain are listed in Table 4. Table 5
presents examples of enhanced learning and memory by
treatments presumed to impede 5-HT activity in the
brain.

Drugs that inhibit uptake of 5-HT into the presyn-
aptic nerve terminals are presumed to increase serotoner-
gic transmission by raising synaptic concentrations of
5-HT. A number of these drugs were studied for their
effects on learning and memory. Surprisingly, in most
instances these studies showed that treatment with 5-HT
uptake inhibitors bettered mnemonic task performance
in animals and humans. Table 6 lists experiments that
typify this effect.

At first blush, the memory-enhancing effects of 5-HT
uptake blockers appear to conflict with the expectation
that by increasing 5-HT transmission with these agents,
mnemonic performance should deteriorate. However,
Altman et al. (1984) showed that the memory-improving
effects of the 5-HT uptake inhibitors alaproclate and
zimeldine were completely blocked by pretreatment with
the 5-HT receptor agonist quipazine, and tended to be
potentiated by pretreatment with cyproheptadine, a 5-
HT antagonist. The pharmacologic actions to acount
for these findings are obscure, however. Altman et al.
(1987) speculate that 5-HT uptake blockers may indi-
rectly interfere with, rather than potentiate, 5-HT trans-
mission.

Serotonergic function in amnesic humans

3-HT deficiency is proposed as a cause of amnesia in
patients with Korsakoff’s psychosis. In Korsakoff pa-
tients, diminished urinary excretion of 6-hydroxymela-
tonin, an end product of melatonin catabolism (Martin
et al. 1984a), sleep EEG abnormalities (Martin et al.
1986), and memory test improvement by treatment with
fluvoxamine, a specific 5-HT uptake blocker (Martin
et al. 1989), are cited in support of a 5-HT hypothesis
for this illness. These data, though interesting, are not
directly related to 5-HT function in the brain and seem
weak in support of this hypothesis.

First, 5-HT is an intermediate in melatonin synthesis
from tryptophan, and the pineal body, the primary locus
of melatonin production, functions outside of the blood-
brain barrier and has no direct neural connections to
the brain (for review see Reichlin 1985). We find no
evidence, nor is any cited by Martin and colleagues
(1984 a), to implicate 5-HT systems of the brain in mela-
tonin metabolism. Secondly, the sleep EEG abnormali-
ties reported in Korsakoff patients (Martin et al. 1986)
are not specific for diminished 5-HT activity in the brain.
Lastly, fluvoxamine-induced memory test improvement
in five subjects with Korsakoff’s psychosis {Martin et al.
1989) is not strong evidence for a 5-HT deficit in this
disorder. As discussed above, the mechanisms for the
memory-enhancing effects of 5-HT uptake blockers are
not understood.

A more direct estimate of brain 5-HT activity in hu-
mans is from measurement of the concentration of 5-
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HIAA in CSF (Stanley et al. 1985). Levels of 5-HIAA
in CSF from a large group of Korsakoff patients are
abnormally low in individual patients, but for the group,
the mean CSF level of this metabolite did not significant-
ly differ from the mean control level (McEntee et al.
1984; Mair et al. 1985a). Similar results are reported
for six Korsakoff subjects (Martin et al. 1984b). There-
fore, a loss of 5-HT may occur in the brains of some
patients with the Korsakoff syndrome, but at this time,
there is no direct evidence showing that this loss is a
consistent feature of the disease or is related to measures
of disordered memory (Mair et al. 1985a).

Serotonergic function in thiamine deficient animals

Thiamine deficiency is generally acknowledged as the
underlying ctiology of Korsakoff’s disease and study of
animals with experimental depletion of thiamine is a
long-established method for research on the causes of
amnesia. Brains from rats made thiamine deficient show
increased turnover of 5-HT (Van Woert et al. 1979) and
decreased uptake of 5-HT into cerebellar synaptosomes
(Plaitakis et al. 1978). It cannot be determined if these
findings are transient or chronic, as the data were ob-
tained during the acute stage of vitamin depletion. In
Korsakoff patients, amnesia persists long after their re-
covery from the thiamine deficient state, and therefore
it is more appropriate to analyze the effects of thiamine
deficiency in animals after they recover from the experi-
mental insult. Accordingly, brains from rats with persis-
tent learning impairments for several months following
recovery from thiamine depletion have increased levels
of 5-HT in midbrain-thalamus and striatum (Mair et al.
1985b; Langlais et al. 1987) and increased levels of 5-
HIAA in midbrain-thalamus (Mair et al. 1985b), stria-
tum (Mair et al. 1985b; Langlais et al. 1987) and cerebel-
lum (Mair et al. 1985b), compared to controls.

Neurochemical interactions of 5-HT

Some effects of 5-HT altering drugs on mnemonic pro-
cesses might be explained by interactions with other neu-
rochemical systems which also influence learning and
memory. Of obvious importance are interactions be-
tween serotonergic and cholinergic systems. Data from
measurements of the release or concentration of 5-HT
and ACh in animal brains by various experimental ma-
nipulations indicate that the two systems are mutually
inhibitory (Robinson 1983; Gillet et al. 1985; Marchi
et al. 1986; Maura and Raiteri 1986). Earlier reports
of increased turnover of ACh in certain forebrain re-
gions in rats following treatment with putative 5-HT
agonists suggest that the two transmitters act in concert
with each other (Euvard et al. 1977; Samanin et al. 1978 ;
Ladinski et al. 1981).

Recent animal experiments have examined the effects
of different pharmacologic manipulations of the seroto-
nergic and cholinergic systems on measures of learning
and memory. Combined treatment with the 5-HT uptake
inhibitor alaproclate and oxotremorine, a muscarinic ag-
onist, enhances retrieval of passive avoidance behavior
in mice at doses which, when given individually, were

too low for either drug to produce an effect (Altman
et al. 1987). In rats, neurotoxin-induced denervation of
forebrain 5-HT superimposed on a lesion of the choliner-
gic septohippocampal pathway produced an increase in
impairment of performance on a spatial learning task,
compared to that caused by the cholinergic lesion alone;
although denervation of forebrain 5-HT by itself did
not significantly affect task performance (Nilsson et al.
1988). On the other hand, depletion of 5-HT in rats
by systemic administration of p-chloroamphetamine im-
proved acquisition of a complex spatial discrimination
task ; an effect completely blocked by lesioning choliner-
gic neurons in nucleus basalis magnocellularis (NBM),
whereas NBM lesions alone did not alter task perfor-
mance (Normile et al. 1989).

The data above, while indicating that important in-
teractions between 5-HT and ACh affect learning and
memory, do not demonstrate a consistent relationship
between the two systems. These inconsistencies might
be explained by the suggestion that 5-HT-ACh interac-
tions occur at different sites with different functional
roles (Altman et al. 1987), but presently, definitive expla-~
nations for these complex neurochemical events seem
distant.

Interactions between serotonergic and noradrenergic
systems are also of interest. Several studies suggest a
functional reciprocal relationship between these two sys-
tems in the brain (Lewis et al. 1976; Crespi et al. 1980;
Reader and Jasper 1984; McRae-Degueurce ¢t al. 1985;
Rappaport et al. 1985), and an anatomical relationship
is indicated by identification of 5-HT nerve terminals
in the locus ceruleus (Leger and Descarries 1978). Pre-
treatment with NE blocks the memory impairment pro-
duced by injection of 5-HT into hippocampus (Essman
1978). The facilitating effects of pirenperone, a 5-HT
receptor antagonist, on retention of a learned aversive
routine in mice is entirely reversed by pretreatment with
an alpha-adrenergic blocker, but not by beta-adrenergic,
muscarinic or dopaminergic blocking agents (Normile
and Altman 1987). The findings cited suggest that, in
respect to learning and memory, 5-HT and NE systems
act mainly in opposition to one another, but again, at
this time, data on this complex subject are insufficient
to draw firm conclusions.

Lost learning and memory capabilities may result
from a disrupted balance among multiple interacting
neurochemical systems. The significance of such balance
is portrayed by the view that different effects will be
produced at different concentrations of 5-HT and other
monoamines in various cellular locations, particularly
in relation to non-synaptic versus synaptic sites (Seguela
et al. 1989).

Implications for treatment of age-related memory
impairment

The predominant theme emerging from this review sug-
gests that 5-HT exerts an inhibitory influence on learn-
ing and memory; a view also held by Altman and Nor-
mile (1986). Hence, a reasonable argument can be made
for treatment trials of 5-HT antagonists in elderly hu-



mans with impaired memory. This might seem paradoxi-
cal to some investigators, who believe that the deficiency
of 5-HT shown in postmortem brains of patients with
AD, makes a case for testing 5-HT agonists in persons
with disordered memory. However, the part played by
the 5-HT deficit in the cognitive abnormalities of AD
is unknown and presently, available evidence points to
5-HT antagonists, rather than agonists, as serotonergic
drugs with promise as memory enhancers. Although the
pharmacologic actions by which 5-HT uptake inhibitors
improve memory are obscure, these agents also appear
to have potential as treatments for memory dysfunction.

Multiple 5-HT receptor types and subtypes are iden-
tified in brain tissue (for review see Schmidt and Perout-
ka 1989), and ongoing research is likely to spawn addi-
tional subtypes. Consequently, receptor type and sub-
type specificity has become an important aspect of sero-
tonergic drug research and has important implications
in treatment strategies for finding drugs to improve
learning and memory.

Most of the memory-enhancing 5-HT receptor an-
tagonists discussed in this paper have varying degrees
of affinity for 5-HT, sites. Strek et al. (1989) found that
among the 5-HT blockers they tested, only those with
selective affinity for 5-HT, receptors were effective in
preventing hypoxia-induced amnesia. Thus, investiga-
tion of selective 5-HT, antagonists may be worthwhile
in drug treatment studies of people with an age-related
decline in learning and memory abilities.

Results from animal experiments suggest that 5-HT,
receptor antagonists also have memory-enhancing prop-
erties. Marmosets treated with a 5-HT; antagonist dem-
onstrate a dose-dependent improvement in performance
on an object discrimination reversal task (Costall et al.
1989 a). In rats, deficits in performance of a T-maze rein-
forced alternation task, produced by scopolamine treat-
ment, are attenuated by co-treatment with each of four
5-HTj; blockers (Costall et al. 1989b). These findings are
supported by data of Ashby et al. (1990) showing that
microiontophoretic application of the selective 5-HT;
agonist 2-methyl serotonin to rat medial frontal cortex,
a brain region associated with spatial learning, inhibits
neuronal activity. This effect is blocked by a number
of putative 5-HT; antagonists, but not by 5-HT, or 5-
HT, antagonists. Clinical treatment trials with some 5-
HT; antagonists are already underway in memory-im-
paired elders.

Available data are insufficient to determine if
changes in the 5-HT system of the brain underlie the
decline of mnemonic function associated with advancing
age. Nonetheless, there is ample evidence indicating that
5-HT mechanisms play a significant role in learning and
memory processes. Therefore, it seems important and
logical to proceed with clinical research to learn if sero-
tonergic drugs have a place in the treatment of this mod-
el of memory impairment.
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