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In human brain tissues from patients dying with
cerebral infarction, hypertensive encephalopathy, Alz-
heimer’s disease, Huntington’s disease, frontotempo-
ral dementia, and Creutzfeldt-Jakob disease there is
an activation of astrocytes. Such activated astrocytes
display GFAP and strong 5-HT,,, but not 5-HT,z or
5-HT,c, receptor immunoreactivity; this 5-HT,, reac-
tion has not been observed in normal, nonactivated
astrocytes. It is suggested that an up-regulation of
5-HT,, receptors may be part of an early response
reaction in astrocytes, possibly designed to maintain
homeostasis or to induce secondary message pathways
involving trophic factors or glycogenolysis. e 1999 Academic
Press

Key Words: 5-HT, receptors; astrocytes; cerebral in-
farction; neurodegenerative disease.

An activation of astrocytes occurs in many situations
of nervous system damage which include head injury
(1), tissue infarction, and hypertension (2) but this also
takes place in the presence of certain neurodegenera-
tive disorders such as Alzheimer’s disease (AD) (3),
Huntington’s disease (HD) (4), frontotemporal demen-
tia (FTD) (5), and Creutzfeldt—Jakob disease (CJD) (6).
In morphological terms, this activation usually in-
cludes an enlargement of the cell body and an increase
in the number, and an extension, of the dendrites; there
is also an upregulation of particular proteins and their
message, especially glial fibrillary acidic protein GFAP
or S-100 protein (1-6).

In the course of a preliminary study on the immuno-
localization of 5-HT,, receptor protein (7) we observed a
strong immunoreaction in astrocytes in regions of brain
tissue injury. This prompted us to perform a wider
immunocytochemical survey on the cellular distribu-
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tion of 5-HT, receptors in normal human brain and in
tissues from patients with cerebral infarction and
hypertensive encephalopathy or ones suffering from
particular neurodegenerative disorders. In all in-
stances reactive, but not inactivated, astrocytes strongly
expressed 5-HT,,, but not 5-HT,g or 5-HT,¢, receptor
protein.

Blocks of frontal cortex (BA9) or caudate nucleus (in
cases of HD) were cut from the formalin-fixed brains of
45 individuals who, in life, had suffered from a variety
of neurological and neuropsychiatric illnesses associ-
ated with either cerebrovascular disease (4 cases, mean
age 76.0 = 6.9 years) or neurodegeneration (41 cases
comprising, 14 cases AD, mean age 71.0 = 6.4 years; 11
cases FTD, mean age 60.8 = 8.9 years; 9 cases HD,
mean age 59.8 + 13.1 years and 7 cases CJD, mean age
59.4 = 9.1 years) and from 6 other cases free from
apparent neurological or psychiatric illness (mean age
76.3 = 8.4 years). All clinical diagnoses had been con-
firmed by full pathological investigation (DMAM) at
autopsy employing standard criteria (e.g., ADRDAcrite-
ria for AD, Lund—Manchester criteria FTD). Consecu-
tive paraffin sections were cut at 6 um thickness,
mounted onto APES-coated slides, and immunostained
using a standard avidin—biotin peroxidase methodol-
ogy (Dako). Primary antibodies used were mouse mono-
clonals against 5-HT,s, 5-HT,z, or 5-HT,c receptor
proteins (7, 8). To produce these antibodies mice were
immunized with the peptides specific to each receptor
subtype. The antigens were prepared as glutathionine
S-transferase fusion proteins to insert into cells using a
Baculovirus expression system. The resulting hybrido-
mas were tested for their specificity by ELISA, Western
blotting, and immunohistochemistry as detailed else-
where (7, 8). Incubation in a primary antibody was
overnight at 4°C and dilutions were 1/1000. Addition-
ally, a polyclonal antibody to GFAP (Sigma Chemical
Company) was used at dilution 1/750, incubation again
being overnight at 4°C. GFAP immunoreaction was
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enhanced by microwaving the tissue sections in 0.1 M
citrate buffer pH 7.6 (9). 5-HT, immunoreaction was
performed without microwave pretreatment. Negative
controls employed omission of primary antibody or
substitution with rabbit 1gG. The above pretreatment
method for tissue sections did not allow satisfactory
double staining with antibodies to GFAP and 5-HT,
receptor proteins. In contrast, trypsin digestion (10) of
a tissue section followed by incubation with rhodamine
and FITC-labeled secondary antibodies permitted suc-
cessful colocalization of GFAP and 5-HT,, receptor
protein.

Control (i.e., neurologically normal) cases displayed
no immunoreaction for 5-HT,4, 5-HT,g, or 5-HT, recep-
tor, nor for GFAP, except in respect of an occasional
astrocyte within the gray or white matter lying close to
small arteries displaying a fibrous or hyaline thicken-
ing of their walls, in relationship to an occasional
deposit of amyloid B protein in the gray matter, or as a
thin subpial network of GFAP-positive fibers (data not
shown).

In consecutive sections of cerebral infarction there
was intensive immunolabeling of GFAP-positive astro-
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cytes for 5-HT,5 receptor protein both around the
margins of completed (old) infarcts or within areas of
cerebral softening relating to more recent or incomplete
infarctions (Figs. 1a and 1b). In cases of hypertensive
encephalopathy there was intense immunolabeling of
astrocytes and their processes around the fibrosed or
hyalinized arteries within cerebral white matter with
both GFAP (Fig. 1c) and 5-HT-2a (Fig. 1d).

In AD, GFAP-positive astrocytes in and around the
ApB plaques (Fig. 2a) were also strongly positive for
5-HT,A receptor protein (Fig. 2b), as were astrocytes in
the caudate nucleus in HD (Figs. 2c and 2d) and in the
cerebral cortex in CJD (Figs. 2e and 2f) and in fronto-
temporal dementia due either to microvacuolar (not
shown) or Pick-type (Figs. 2g and 2h) degeneration. In
no instance was there astrocytic staining for 5-HT,g or
5-HT,¢ receptor protein.

Double-staining immunofluorescence of tissue sec-
tions further confirmed the colocalization of GFAP and
5-HT,, receptor protein in reactive astrocytes (Fig. 3).

The presence of neurotransmitter receptors on the
cell surface of glial cells has been revealed by a variety
of methods including calcium imaging, electrophysiol-

FIG. 1. Activated astrocytes in consecutive sections of an area of recent infarction display strong GFAP (a) and 5-HT-2a (b) receptor
immunoreaction. There is also pronounced GFAP (c) and 5-HT-2a (d) immunoreaction in astrocytes surrounding a small artery showing
hypertensive changes. Immunoperoxidase—hematoxylin; X30 (a,b); X150a (c,d).



FIG. 2. Activated astrocytes in consecutive sections of amyloid plaques in AD (a,b), caudate nucleus in HD (c,d), and frontal cortex in CID
(e,f) and frontotemporal dementia (g,h) show similar patterns of immunoreactivity for both GFAP (a,c,e,g) and 5-HT-2a receptor protein
(b,d,f,h). Immunoperoxidase—hematoxylin; X300 (a,b); X30 (c-h).
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FI1G. 3. Colocalization of GFAP (top) and 5-HTa receptor (middle)
proteins in reactive astrocytes (arrow). Double-stained immunofluo-
rescent preparation: top (FITC), middle (rhodamine), and bottom
phase contrast x400.

ogy, in situ hybridization, and RT-PCR (11-14). Among
neurotransmitters, 5-HT was found to interact with
specific receptors expressed by astrocytes. Binding to
its receptor, 5-HT was shown to cause changes in the
cerebral microcirculation (15) and to effect growth and
migration of the astrocytes themselves (12, 13, 15).
5-HT can also influence the CNS plasticity by stimulat-
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ing astrocytic production of S-1003, which is a calcium-
binding protein known to induce continuous migration
of neurons (16). By RT-PCR, it was found that 5-HT,
receptor was strongly expressed in glioma cells but was
expressed very weakly in normal astrocytes, whereas
5-HT,c receptor was expressed in the glioma cell lines
but not in normal astrocytes (13). 5-HT was also found
to positively modulate glioma cell proliferation, migra-
tion, and invasion in vitro. Recently, Schwann cells
expressing 5-HT receptors were found to be a quiescent
and myelinating phenotype and that 5-HT receptors
are expressed as a function of differentiation in Schwann
cells (17-19).

This study clearly shows that as part of the process of
activation following nervous tissue damage astrocytes
come to contain increased amounts of 5-HT,, receptor
protein. Normal (i.e., nonactivated) astrocytes contain
either no 5-HT,4 receptor protein or if so express this at
levels below the threshold to immunodetection. The
change is restricted to astrocytes; microglial cells, even
when activated as in AD plaques do not display this
property and furthermore the change is limited to
5-HT,4 receptor with no (immunohistochemically) de-
tectable changes in 5-HT,z or 5-HT,¢ receptor occur-
ring within such activated astrocytes. Moreover, nerve
cells do not come to contain (express) 5-HT,, receptor
protein, even under pathological situations where the
astrocyte reaction is florid.

The purpose of, or the triggering mechanism underly-
ing, this aspect of astrocyte activation is not clear.
Astrocytes are exquisitely sensitive to neurotransmit-
ters showing physiological responses to noradrenaline,
via both «- and B-adrenoceptors, with the number of
B-adrenoceptor-binding sites per cell increasing in glio-
sis (20, 21). They also possess receptors for glutamate
and GABA (21). Further, they have uptake systems for
all these latter transmitters along with that for 5-HT
(23). The CNS function mediated through these proper-
ties is one of regulation of brain microenvironment, this
being achieved through the balancing of ion flows,
particularly K* and Cl-, and pH between neurons and
the extracellular fluid. The catabolism of any excess of
released neurotransmitter as a waste product that
neurons are unable to deal with may be a further aspect
of this homeostatic function.

In pathological states the transmitter uptake sys-
tems in neurons may become impaired and the need for
homeostatic maintenance of the extracellular fluid by
astrocytes may be increased. Reactive changes involv-
ing the extension of cell processes and a swelling of the
cell body may be the most visible aspect of this activity
and the upregulation of the neurotransmitter uptake
system, via 5-HT, and other receptors perhaps being
critical to this requirement to deal with excess transmit-
ter in the extracellular fluid. Whether these reactive
changes are beneficial or ultimately deleterious to
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brain (neuronal) function is not clear but warrant
further investigation.

Stimulation of B-adrenoceptors on astrocytes leads to
increases in (a) glycogen metabolism, (b) release of
taurine, S100 protein and NGF, (c) changes in mem-
brane potential, (d) up-regulation of early response
genes, and (e) morphological changes (11). These re-
sponses are mediated by an activation of protein kinase
A leading to intracellular increases in cAMP through
stimulation of adenylate cyclase. The up-regulation of
5-HT,A receptors may form part of this early response
procedure in astrocytes following perturbations of the
extracellular fluid, in an attempt to restore the external
milieu and stabilise neuronal function. Whether activa-
tion of 5-HT-2a receptors triggers any secondary mes-
sage pathways in astrocytes (e.g., release of S-100 or
other trophic factor or as part of glycogenolysis in the
supply of energy to bolster compromised ionic transport
system in neurons) is not known though this may be
one (of many) facets to the activation process which
crosses the boundaries between the many and varied
pathological insults that afflict the brain.

ACKNOWLEDGMENTS

We thank Carolyn Bartley for technical assistance, Jane Croshy for
photographic help, and Brenda Gardner for preparation of the
manuscript. S.K. and DMAM are supported by the Wellcome Trust.

REFERENCES

1. HumeAdams, J. 1992. Head injury. In Greenfields Neuropathol-
ogy (J. Hume Adams and L. W. Duchen, Eds.), 5th ed., pp.
106-152. Edward Arnold, London.

2. Graham, D. I. 1992. Hypoxia and vascular disorders. In Green-
fields Neuropathology (J. Hume Adams and L. W. Duchen, Eds.),
5th ed., pp. 153-268. Edward Arnold, London.

3. Frederickson, R. C. A. 1992. Astroglia in Alzheimer’s disease.
Neurobiol. Ageing 13: 239-253.

4. Quarrel, O. 1991. The neurobiology of Huntington’s disease. In
Huntington’s Disease: Major Problems in Neurology (P. S. Harper,
Ed.), Vol. 22, pp. 141-178. Saunders, London.

5. Mann, D. M. A, P. W. South, J. S. Snowden, and D. Neary. 1993.
Dementia of frontal lobe type: Neuropathology and immunohis-
tochemistry. J. Neurol. Neurosurg. Psychiatr. 56: 605-614.

6. Bell, J. E., and J. W. Ironside. 1993. Neuropathology of spongi-
form encepholapathies in humans. Br. Med. Bull. 49: 738-777.

7. Wu, C., E.J.Yonder, J. Shih, K. Chen, P. Dias, L. Shi, X.-D. Ji, J.
Wei, J.M. Conner, S. Kumar, M. H. Ellisman, and S. K. Singh.
1998. Development and characterization of monoclonal antibod-
ies specific to the serotonin 5-HT,5 receptor. J. Histochem.
Cytochem. 46: 811-824.

8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

533

Wu, C., G. Gaietta, C. Emmett, L. Shi, J. Wang, N. Richards, A.
Castellanos, C. Osrander, S. Kumar, M. H. Ellisman, and S.
Singh. 1998. Characterization and epitope mapping of monoclo-
nal antibodies (mAbs) to 5-HT, receptors. Soc. Neurosci. Abstr.
24:604.

McNicol, A. M., and J. A. Richmond. 1998. Optimizing immuno-
cytochemistry: Antigen retrieval and signal amplification. Histo-
pathology 32: 97-103.

Kumar, S., A. Ghellal, C. Li, G. Byrne, N. Haboubi, J. M. Wang,
and N. Bundred. 1999. Breast carcinoma: vascular density
determined using CD105 antibody correlates with tumour prog-
nosis. Cancer Res. 59: 856-861.

Hansson, E., and L. Ronnback. 1991. Receptor regulation of the
glutamate, GABA and taurine high-affinity uptake into astro-
cytes in primary culture. Brain Res. 548: 215-221.

Kimelberg, H. K. 1995. Receptors on astrocytes—What possible
functions? Neurochem Int. 26: 27-40.

Merzak, A., S. Koochekpour, M. P. Fillion, G. Fillion, and G. J.
Pilkington. 1996. Expression of serotonin receptors in human
fetal astrocytes and glioma cell lines: A possible role in glioma
cell proliferation and migration. Brain Res. Mol. Brain Res. 41:
1-7.

Murphy, S., and B. Pearce. 1987. Functional receptors for
neurotransmitters on astroglial cells. Neuroscience 22: 381-394.
Cohen, Z., G. Bonvento, P. Lacombe, and E. Hamel. 1996.
Serotonin in the regulation of brain microcirculation. Prog.
Neurobiol. 50: 335-362.

Whitaker-Azmitia, P. M., C. Clarke, and E. C. Azmitia. 1993.
Localization of 5-HTIA receptors to astroglial cells in adult rats:
Implications for neuronal—glial interactions and psychoactive
drug mechanism of action. Synapse 14: 201-205.

Yoder, E. J.,, H. Tamir, and M. H. Ellisman. 1996.
5-Hydroxytryptamine2A receptors on cultured rat Schwann
cells. Glia 17: 15-27.

Yoder, E. J., L. Barron, and M. H. Ellisman. 1997. The expres-
sion of serotonin receptors by cultured rat Schwann cells is a
function of their differentiation: Correlation with a quiescent
myelinating phenotype. Mol. Cell. Neurosci. 8: 303-310.

Yoder, E. J., H. Tamir, and M. H. Ellisman. 1997. Serotonin
receptors expressed by myelinating Schwann cells in rat sciatic
nerve. Brain Res. 753: 299-308.

Shao, Y., and J. Sutin. 1991. Noradrenergic facilitation of motor
neurones: Localization of adrenergic receptors in neurons and
non neuronal cells in the trigeminal motor nucleus. Exp. Neurol.
114: 216-227.

Shao, Y., K. Enkvist, and K. McCarthy. 1993. Astroglial adrener-
gic receptors. In Astrocytes. Pharmacology and Function (S.
Murphy, Ed.), pp. 25-45. Academic Press. San Diego.

Pierce, B. 1993. Amino acid receptors. In Astrocytes: Pharmacol-
ogy and Function (S. Murphy, Ed.), pp. 47-66. Academic Press.
San Diego.

Kimelberg, H. K., J. Jalonen, and W. Walz. 1993. Regulation of
brain microenvironment: Transmitters and ions. In Astrocytes:
Pharmacology and Function (S. Murphy, Ed.), pp. 193-242.
Academic Press, San Diego.



	FIG. 1.
	FIG. 2.
	FIG. 3.
	ACKNOWLEDGMENTS
	REFERENCES

