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Microglia are the immune cells of the CNS. In the normal adult mammalian brain, the majority of these cells is quiescent and exhibits a
ramified morphology. Microglia are perhaps best known for their swift transformation to an activated ameboid morphology in response
to pathological insults. Here we have observed the responsiveness of these cells to events surrounding the normal activation of neurose-
cretory neurons in the hypothalamic supraoptic nucleus (SON), a well studied model of structural plasticity in the CNS. Neurons in the
SON were activated by substituting 2% saline for drinking water. Brain sections were collected from four experimental groups [controls
(C), 2 d-dehydrated (2D), 7 d-dehydrated (D7), and 7 d-dehydrated/21 d-rehydrated animals (R21)] and stained with Isolectin-B4-HRP to
visualize microglial cells. Based on morphological criteria, we quantified ramified, hypertrophied, and ameboid microglia using unbiased
stereological techniques. Statistical analyses showed significant increases in the number of hypertrophied microglia in the D2 and D7
groups. Moreover, there was a significant increase in the number of ameboid microglia in the D7 group. No changes were seen across
conditions in the number of ramified cells, nor did we observe any significant phenotypic changes in a control area of the cingulate gyrus.
Hence, increased morphological diversity of microglia was found specifically in the SON and was reversible with the cessation of stimu-
lation. These results indicate that phenotypic plasticity of microglia may be a feature of the normal structural remodeling that accompa-
nies neuronal activation in addition to the activation that accompanies brain pathology.
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Introduction
The mammalian CNS is the site of extensive structural plasticity,
not only during development but also throughout the lifespan of
the organism (Bennett et al., 1964; Greenough, 1988; Greenough
et al., 1992). The hypothalamic supraoptic nucleus (SON), is one
especially well studied model of activity-dependent plasticity
(Tweedle and Hatton, 1976) (for review, see Hatton, 1997; Salm
et al., 1998; Theodosis and Poulain, 1999). The SON contains
magnocellular neuroendocrine cells (MNCs) that synthesize the
peptides oxytocin (OX) and vasopressin (VP). When the SON
becomes active, these peptides are transported to axonal endings
in the posterior pituitary, where they are released into the circu-
lation. Stimulation of MNCs during dehydration, lactation, par-
turition, initiation of maternal behaviors, and restraint stress
have variously been reported to result in extensive structural
changes of SON astrocytes in relation to adjacent neurons
(Tweedle and Hatton, 1976; Theodosis et al., 1981; Salm et al.,
1988; Miyata et al., 1994). Simply stated, at these times astrocytic
coverage of neuronal somata, dendrites, and axons decreases.
This results in an increase in neuronal membrane apposition
enabling activated MNCs to form dendritic bundles and receive
novel synaptic contacts. Gap junctions also appear between den-
drites, presumably enhancing intercellular communication and

excitability of the MNCs (Andrew et al., 1981). In the neurohy-
pophysis, axon terminals undergo similar uncovering caused by
the retraction of pituitary astrocyte processes, and this is thought
to facilitate the delivery of neuropeptides to the fenestrated cap-
illaries (Tweedle and Hatton, 1980). Remarkably, all these
changes are reversible with the cessation of stimulation. Together
with the morphological changes, the glial populations in the SON
and posterior pituitary show a basal proliferation that increases
with increased physiological demands (Murray, 1968; Paterson
and LeBlond 1977; Murugaiyan and Salm, 1995).

Despite the large number of studies of astrocytic structural
plasticity in the SON, the possible contribution of SON microglia
to structural remodeling in this nucleus has received little atten-
tion. Generally, microglia are known to serve an immune func-
tion and are involved in pathological states (Matsumoto et al.,
1992; Maeda and Sobel, 1996). Ramified microglia, with an oval
cell body and long branched processes, account for the majority
of microglia in the adult CNS. When activated, microglia trans-
form to an ameboid phenotype and are functionally similar to
macrophages (Davis et al., 1994; Streit, 2000). In the SON,
Mander and Morris (1995) reported three distinct populations of
microglia in the hypothalamo-neurohypophysial system (HNS)
using an array of four different antibodies. In the SON they iden-
tified ramified microglia with long radially branched processes.
Elongated non-ramified microglia were also found throughout
the HNS in association with blood vessels; these were described as
perivascular. Here we extend their seminal observations by inves-
tigating a possible role for microglia in the plasticity that occurs in

Received Jan. 21, 2003; revised July 8, 2003; accepted July 8, 2003.
This work was supported by National Science Foundation Grant 9514574.
Correspondence should be addressed to Dr. A. K. Salm, Department of Neurobiology and Anatomy, P. O. Box

9128, West Virginia University School of Medicine, Morgantown, WV 26506-9128. E-mail: asalm@hsc.wvu.edu.
Copyright © 2003 Society for Neuroscience 0270-6474/03/237759-08$15.00/0

The Journal of Neuroscience, August 27, 2003 • 23(21):7759 –7766 • 7759



the SON after activation of the MNCs. We provide evidence that
microglia, contrary to being quiescent bystanders under normal
conditions, undergo activity-dependent changes in the activated
SON.

Some of these data have been presented in preliminary form
(Ayoub and Salm, 2000).

Materials and Methods
Histochemical staining. Twenty-four adult male Sprague Dawley rats
(300 –350 gm) of matching age were equally divided into four groups:
controls (C), 2 d-dehydrated (D2), 7 d-dehydrated (D7), and 7 d-dehy-
drated/21 d-rehydrated (R21; n � 6 each group). We induced the acti-
vation of MNCs by substitution of 2% saline for drinking water (Jones
and Pickering, 1969). The R21 group experienced conditions similar to
the D7 experimental group for the first 7 d and then had access to tap
water for a 21 day period. Rats were anesthetized with 150 mg/kg sodium
pentobarbital, then transcardially perfused with 0.1 M PBS followed by
4% paraformaldehyde. We sectioned the brains at 50 �m with a vibrating
microtome (VT1000S; Leica, Nussloch, Germany) and then processed
the sections for histochemical staining with Isolectin–B4 –HRP from
Griffonia simplicifolia (L5391; Sigma, St. Louis, MO), which recognizes
�-D-galactose-containing glycoconjugates on the surface of microglial
cells in brain tissue (Streit and Kreutzberg, 1987; Streit, 1990). After
rinsing in PBS containing 10% methanol and 0.5% H2O2 for 10 min to
quench endogenous peroxidase activity and a 5 min rinse in PBS and
0.1% Triton X-100, sections were incubated in a solution of Isolectin–
B4 –HRP (20 �g/ml in 0.1 M PBS) for 2 hr at room temperature. Three
washes of 5 min each in PBS preceded the final reaction in 3,3�-
diaminobenzidine (Streit and Kreutzberg, 1987). For negative controls,
we treated the sections with 0.1 M melibiose (6-O-�-D-galactopyranosyl-
D-glucose; Sigma, M5500) for 30 min before the incubation in lectin (Wu
et al., 1997). As visualized by this method, we were able to classify micro-
glial cells based on morphology as ramified, hypertrophied, or ameboid,
with good agreement between the two investigators. Ramified microglia
were defined as having a normal appearing soma with thin, delicate, and
radially projecting processes. Hypertrophied microglia were defined as a
having an enlarged, darkened soma and shorter, thicker, and less
branched, processes. Ameboid microglia were defined as having densely
stained, enlarged cell bodies, a few short processes if any, and often
several filopodia (Davis et al., 1994) (Fig. 1). Intermediate morphologies
were rare, but were excluded from the analysis when encountered.

Stereological analysis. To determine relative SON volumes and quan-
tify microglia, we used an AX70 Olympus (Melville, NY) light micro-
scope, interfaced with a personal computer (Micron PC, ID) and the
StereoInvestigator software package (MicroBrightField, Colchester, VT).
As determined by StereoInvestigator, we chose four sections through the
rostrocaudal extent of the SON by systemic random sampling. This num-
ber of sections proved sufficient to provide reliable estimates of relative
SON volumes based on an average section thickness of 20 –23 �m after
histochemical processing. Area measures of the SON included the SON
proper containing the magnocellular neurons, plus the underlying dendritic
zone and ventral glial limitans. These areas were later used by StereoInvesti-
gator to compute volumes. The number of cells with each of the above
morphologies in the SON, and a cortical control area of the cingulate gyrus
were then quantified. Before counting, all slides were coded by a colleague to
prevent experimenter bias. We used the “Optical Fractionator” method
(Bjugn and Gundersen, 1993; Peterson, 1999) to achieve unbiased estimates
of the number of cells. Cells were counted on the monitor at a final magni-
fication of 400�. The number and density of cells (number of cells per cubic
micrometer) was then determined for each region. We designated an area of
the cingulate cortex close to the pial surface as the control, because similar to
the SON it is adjacent to the subarachnoid space. For each section, a similarly
sized area from the cingulate cortex was quantified in the same manner.

Data analysis. GraphPad (San Diego, CA) Prism software was used to
analyze parametric data by an ANOVA followed by post hoc Tukey’s t test
comparisons between groups when appropriate. Bartlett’s statistic was
used to identify nonparametric data, which was analyzed with a Kruskal–
Wallis test followed by Dunn’s multiple comparisons.

Results
Volume of the SON
A significant change in the relative volume of the SON (SON
proper, plus dendritic zone and underlying ventral glial limitans)
was found (F(3,24) � 19.24; p � 0.001) across hydration states.
Further comparisons showed that this was caused by a 36% in-
crease in the volume of the D7 group relative to controls (q �
10.04; p � 0.001). SON volumes were as follows: C: 7.8 � 10 07

�m 3; D2: 8.8 � 10 07 �m 3; D7: 1.2 � 10 08 �m 3; and R21: 8.7 �
10 07 �m 3.

Figure 1. Microglial cells were classified as ramified ( A), hypertrophied ( B), or ameboid ( C).
Ramified microglia were defined as having a normal-appearing soma with thin, delicate, and
radially projecting processes. Hypertrophied microglia were defined as a having an enlarged,
darkened soma and shorter, thicker, and less branched processes. Ameboid microglia were
defined as having densely stained, enlarged cell bodies, a few short processes, if any, and often
several filopodia. Intermediate morphologies were rare, but excluded from the analysis when
encountered. Scale bars, 20 �m.
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Isolectin B4 stains microglial cells in the adult CNS and also
has a lower affinity to vascular endothelial cells (Streit and
Kreutzberg, 1987). Although staining of blood vessels was mini-
mal in all areas of the brain, it was more pronounced in the SON
but not to the point of obscuring stained microglia (Figs. 2-4).
Cells were easily discriminated from underlying vasculature by
observing them at 400� magnification and focusing through the
sections. Sections treated with melibiose (negative controls) be-
fore the incubation with isolectin, to saturate the �-D-
galactosidase residues, did not show staining (Fig. 3, inset).

Ramified microglia
Ramified microglia were evenly distributed throughout the SON
and the brain parenchyma (Fig. 5). The numbers and densities of
these cells did not change among experimental groups in the
SON (F(3,21) � 0.76; p � 0.05, numbers) (F(3,21) � 0.391; p �
0.05, densities).

Hypertrophied microglia
Significant changes were observed in the numbers and densities
of hypertrophied microglia (H3 � 21.0; p � 0.0001, numbers)
(H3 � 20.9; p � 0.0001, densities) (Fig. 5). These changes were
apparent, relative to controls by D2 ( p � 0.05 both number and
density). Further significant increases were seen with prolonged
dehydration to D7 ( p values �0.001). For both numbers and
densities of hypertrophied microglia, no differences were found
between controls and the R21 group, indicating that changes in
this phenotype were totally reversed with rehydration.

Ameboid microglia
Significant changes were also observed in the numbers and den-
sities of ameboid microglia in the activated SON (H3 � 18.3 and
20.8, respectively; p values �0.0001) (Fig. 5). The density, but not
the number, of hypertrophied microglia was significantly in-
creased by D2 ( p � 0.05) relative to controls. However, the
changes from D2 to D7 were robust ( p values �0.001, number
and density). After prolonged access to normal drinking water
after 7 d of saline, there were no differences in numbers or den-
sities of ameboid microglia in the R21 group versus controls.
Hence, changes in ameboid microglia were also reversible with
the cessation of stimulation.

Cingulate cortex
No changes were found in the microglial population in the con-
trol area of the cingulate cortex (Fig. 6). Microglia of the cingulate
cortex almost exclusively exhibited ramified morphology, and
this did not change with hydration state (F(3,21) � 0.39, ramified;
2.19, hypertrophied; 0.66, ameboid: p � 0.05 all cases). Thus, the
effect of hydration was localized to the SON and did not affect the
control area of the cingulate cortex.

Total microglia in the SON
To better understand the changes in microglial populations in the
SON we also compared total numbers of isolectin-stained micro-
glia in the SON across conditions (Fig. 7a). We found that there
was a significant increase in the numbers of microglia (F(3,20) �
7.40; p � 0.002) and that this was not apparent until D7 (q � 6.15;
p � 0.01). At this time there was a 37.0% increase in the total
number of cells. Again, this change was reversed relative to con-
trols in the R21 group (q � 0.98; p � 0.05).

When considered as a percentage of total cells (Fig. 7b), num-
bers of hypertrophied microglia increased from 1% in controls to
9.3 and 9.7% in D2 and D7 groups, respectively. Numbers of

Figure 2. Representative sections from the SON from control, D2, D7, and R21 experimental
groups (top to bottom). At low magnification it can be appreciated that the majority of micro-
glia are in the vicinity of SON capillaries. Microglia were easily distinguished from capillary
endothelia at higher magnification (Fig. 4). OT, Optic tract.
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ameboid cells increased from a negligible 0.5% in controls to
11.6% of the total in the D7 group.

Discussion
Here we have shown that consumption of 2% saline instead of
drinking water leads to increased morphological diversity of mi-
croglia in the SON. This manifests as a significant increase in the
hypertrophied phenotype in the D2 and D7 groups and the ame-
boid phenotype in the D7 group. The changes we observed lasted
as long as the dehydration stimulus and reversed with rehydra-
tion. Numbers of ramified microglia did not change across hy-
dration state. However, with 7 d of dehydration, there was a
significant increase in total microglia. This was accompanied by
an overall significant enlargement of the SON at D7. Both of these
effects were reversed with rehydration. The reversible increase in
relative SON volume was not unexpected because it is known that
MNCs hypertrophy when activated (Hatton and Walters, 1973).
Interestingly, the values for total SON volume obtained in this
study with systematic random sampling of four sections per ani-
mal agree well with those of a similar study in our laboratory in
which we sampled approximately four times as many sections
(Hawrylak and Salm, 1999), underscoring the efficiency of the
new stereologic methods to estimate volumes (Gundersen et al.,
1988). We did not detect phenotypic changes in microglia resid-
ing in the control area: the cingulate cortex.

Whether morphological transformation of microglia in the
SON is accompanied by the biochemical transformation that mi-
croglia undergo in response to brain injury and disease was not
addressed in this study. We used isolectin B4 to visualize these
cells, because it enabled us to study many more microglia, includ-
ing ramified microglia that ordinarily do not stain well with an-
tibodies to biochemical markers of activation such as cytokines,
CD4, ED1, and MHCII antigens (Flaris et al., 1993). Likewise,
OX-42 antibodies did not label all SON microglia. Therefore, we
have adhered to morphological descriptors in lieu of terms such
as “resting,” “reactive”, and “activated.” Nevertheless, to our
knowledge phenotypic and biochemical–functional transforma-
tion generally go hand in hand.

Of interest is the source of increased numbers of hypertro-
phied and ameboid microglia in the activated SON. Sequential

transformation of ramified microglia into hypertrophied and
then ameboid phenotypes is likely. This type of transformation
occurs in response to disease or peripheral nerve injury (Streit
and Graeber, 1993; Gehrmann et al., 1995). That significant in-
creases in the numbers of hypertrophied microglia at D2 pre-
ceded significant increases in ameboid cells at D7 agrees with
phenotypic transformation. However, the finding that numbers
of ramified microglia did not decrease, and in fact remained sta-
ble, contradicts their being transformed. We propose that some
ramified cells re-entered the cell cycle and supplied daughter cells
to the hypertrophied and ameboid populations. On rare occa-
sions we did see dividing hypertrophied microglia (data not
shown). Lawson et al. (1992) have shown a turnover of microglia
in normal mouse brain and increased DNA synthesis after 2.5%
saline administration in neurohypophysial microglia (Lawson et
al., 1993). We do not know if SON microglia proliferate, how-
ever, both Murray (1968) and Paterson and LeBlond, (1977)
demonstrated proliferation of non-neuronal cells in the SON
induced by saline substitution for drinking water, but attributed
the increase in [ 3H]-thymidine labeling to division of astrocytes
and endothelial cells.

Another source of increased SON microglia, as well as the
selective increases in hypertrophied and ramified forms, may be

Figure 4. Example of microglia in the SON taken at high magnification and showing all three
phenotypes: carets, ramified; thick arrows, hypertrophied; thin arrow, ameboid; asterisk, blood
vessel (images edited with Adobe Photoshop; Adobe Systems Inc., San Jose, CA). Notice exten-
sive filopodia protruding from the ameboid cell in the bottom panel.

Figure 3. Vascular endothelium in the SON stains slightly with isolectin-B4 (thin arrow).
Clearly identifiable ramified microglia (thick arrow) are also visible. Inset, A negative control
section pretreated with melibiose does not show stained microglia.
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an infiltration into the nucleus of circulating monocytes. Based
on F4/80 labeling, Lawson et al. (1992) suggested cells can be
recruited from the circulating monocyte pool, enter the brain
through an intact blood– brain barrier, and differentiate into
ramified microglia. Two days of dehydration is also a time when
we have seen a reduction in the extent of the basal lamina (Salm
and Bobak, 1999). These observations suggest that some of our
ameboid microglia could belong to a population of “perivascu-
lar” circulating monocytes that exist near blood vessels outside of
the basal lamina (Graeber and Streit, 1990). To determine if this
is the case, we performed six separate attempts to stain control
and activated SON tissues with antibodies to the perivascular cell
marker ED2 (Graeber and Streit, 1990) according to the methods
of Grossmann et al. (2002) (data not shown). To date, we have
not detected ED2-positive microglia in the SON. Although neg-
ative data are difficult to interpret, our observations are consis-
tent with those of Mander and Morris (1995), who found only

negligible numbers of ED2-positive cells
near the SON in the subjacent ventral glial
limitans.

Alternatively, those microglia seen
astride SON vasculature may belong to the
“juxtavascular” population of parenchy-
mal microglia recently studied by Gross-
mann et al. (2002). Using time-lapse ob-
servations of tissue slices, this group
documented a highly mobile population
of OX42�, ED2� microglia that was re-
cruited to the surface of blood vessels.
There these cells actively retracted their
processes to assume an ameboid appear-
ance. Migrating microglia coming from
elsewhere in the CNS parenchyma could
deposit �-D-galactose-containing glyco-
conjugate residues on the capillaries, ac-
counting for the enhanced SON capillary
labeling with isolectin B4.

From where does the signal leading to
morphological transformation (or infil-
tration) of hypertrophied and ameboid
microglia arise? We hypothesized that it
might emanate from the CSF in the nearby
subarachnoid space, but the absence of
microglial changes in the cingulate cortex
argues against this possibility. This is also
adjacent to the subarachnoid space and
has a much thinner glial limitans than does
the SON (A. K. Salm, unpublished obser-
vations). Therefore the CSF is an unlikely
source of any transformation signal, which
more than likely originates in the SON
instead.

Assuming some SON microglia un-
dergo morphological transformation, it
seems plausible that they do so in response
to neurotransmitters released in the acti-
vated SON. These include GABA, gluta-
mate, noradrenaline, and acetylcholine
(for review, see Hatton and Li, 1998;
Shibuya et al., 2000; Li et al., 2001). Micro-
glia express the AMPA glutamate receptor
(Noda et al., 2000), �-adrenergic receptors
(Fujita et al., 1998), GABA receptors (Ba-

nati et al., 1997), and muscarinic cholinergic receptors
(Hirayama and Kuriyama, 2001). Stimulation of any or all of
these might well result in morphological changes of microglia.

An intriguing possibility is that SON microglia respond to
activity-dependent release of interleukin-1� from dendrites of
MNCs. Watt and Hobbs (2000) recently showed both oxytocin-
ergic and vasopressinergic MNCs are immunoreactive for this
cytokine, which is stored in granules distinct from neurosecre-
tory granules. Furthermore, stores of IL-1� in neurosecretory
terminals were depleted by 2% saline administration. IL-1�
could be a transformative factor if it is also released into the
nucleus via dendrites, similar to OX and VP (Landgraf et al.,
1995). Consistent with this, Basu et al. (2002) showed that the
type 1 interleukin receptor is essential for activation of microglia
in response to brain injury.

What might be the functional significance of increased micro-
glial diversity in the SON? Clearly the physiologically activated

Figure 5. Graphs depicting densities and numbers of microglial phenotypes in the SON across hydration states. n � 6 or 7 in
each group. The number of ramified microglia did not show significant change with stimulation. In addition, the density of
ramified microglia did not change across hydration states. The number of hypertrophied microglia significantly increased ( p �
0.001) in the D2 and D7 groups compared with the control and R21 groups. The density of hypertrophied microglia showed a
similar increase. The number of ameboid microglia increased significantly ( p � 0.001) in the D7 group compared with the
control, D2, and R21 groups. The density of ameboid microglia was also significantly higher in the D7 group, but not in any of the
other experimental groups. Error bars indicate SEMs for ramified microglia and minimum–maximum values for hypertrophied
and ameboid microglia.
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SON is undergoing significant changes, including structural re-
modeling, increased synaptic activity, and proliferation of endo-
thelia and astrocytes (Murray, 1968; Paterson and LeBlond, 1977;
Hatton, 1997). Microglia could remove cellular debris generated
by both remodeling and the death of proliferating daughter cells.
In support of this, in our electron microscopic studies of the SON
(Bobak and Salm, 1996; Salm and Bobak, 1999) we have seen cells
with the appearance of ameboid microglia (data not shown).
These cells had vacuoles and filopodia and appeared to be phago-
cytosing nearby dying astrocytes (Bobak et al., 1997). In this
study we observed increased numbers of hypertrophied micro-
glia at 2 d of dehydration. It may be significant that at D2 there is
also a dissolution of the basal lamina that precedes, and may be
permissive for, the ensuing reorientation of glial processes, for-
mation of novel synaptic contacts, and dendritic bundling (for
review, see Salm, 2000). SON microglia may be participating in
the degradation of basal lamina proteins, especially laminin
(Stolzing et al., 2002).

SON microglia may also play a pivotal role in regulating pep-
tides and other substances released in the activated nucleus. Ame-
boid microglia, increased at D7, provide a source of cytokines
such as interleukin 1 (Watt and Hobbs, 2000; Chauvet et al.,
2001). This cytokine excites MNCs (Li et al., 1992), upregulates
MNC c-fos expression (Chang et al., 1993), and stimulates den-
dritic release of OX and VP (Landgraf et al., 1995). They may also
take up locally released OX and VP, as is the case for activated
posterior pituitary microglia (Pow et al., 1989).

Microglial cells are best known for their swift immunoeffector
response to pathological states, including autoimmune and other

Figure 6. A, Graphs depicting densities and numbers of microglial phenotypes in the control
area of the cingulate cortex across hydration states. An area of the ipsilateral cingulate cortex, of
dimensions equal to the SON of that section, was quantified as a per-section-control. As shown
in this graph, no significant changes in the density of any phenotype was detected in the area of
the cingulate cortex. Error bars indicate SEMs. B, A representative section from a D2 animal
showing the control area of the cingulate cortex. The majority of microglia identified in this area
had a ramified phenotype in each experimental group.

Figure 7. A, Graph showing the total numbers of microglia in the SON across hydration state.
Significantly more microglia were observed in the SON at D7 ( p � 0.01) relative to control and
R21. Error bars indicate SEMs. B, Composite graph showing the relative numbers of each micro-
glial phenotype in the SON across hydration states (graph generated using Microsoft Excel;
Microsoft Corp., Seattle, WA).
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diseases of the CNS and traumatic injuries (Booth and Thomas,
1991; Matsumoto et al., 1992; Streit and Graeber, 1993; McRae et
al., 1997; Wu et al., 1997; Bruce-Keller, 1999). Although the neu-
rons of the SON respond to increases in plasma osmolality (Rich-
ard and Bourque, 1995), we do not consider the physiologically
activated SON as “pathological.” There is neither necrosis nor
apoptosis of cellular constituents caused by this level and source
of stimulation, and although microglia can respond to even small
changes in CNS homeostasis (Streit, 2000), we did not observe
these changes in brain areas uninvolved with hydration ho-
meostasis. Our observations of a reversible increase in the mor-
phological diversity of microglia in the SON suggest a novel func-
tion for these phenotypes in the normally functioning brain and
adds to the remarkable list of structural changes that occur in the
SON with stimulation.
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