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Adult and neonatal rats were subjected to transec-
tion of the left infraorbital nerve or ablation of the left
parietal cortex. The ensuing glial reaction in the whis-
ker-to-barrel pathway was studied with immunohisto-
chemistry for Lipocortin1- (LC11), phosphotyrosine-
(PY1), S100b- (S100b1), and mannose receptor- (MR1)
immunoreactive microglia, astrocytes, and macro-
phages. Four days after infraorbital nerve transection
in adult rats, LC11 and PY1 microglia were promi-

ently increased in the trigeminal sensory brain-stem
uclei on the deafferented side compared with the

ntact side. Changes were negligible at the second syn-
pse of the pathway, i.e., the thalamic ventroposterior
edial nucleus. Cortical ablation in adults led to an

ncrease in microglia in the ipsilateral ventroposte-
ior medial nucleus that reciprocally connects with
he ablated cortex. Moreover, microglial reactions oc-
urred in the contralateral trigeminal sensory brain-
tem nuclei in which corticofugal projections from the
blated cortex terminate. S100b1 astrocytes, in con-

trast, appeared unaltered after both types of lesion in
adults. In neonates, LC11, PY1, and S100b1 cells did

ot have the adult morphology of microglia or astro-
ytes. Four days after nerve transection, LC11 and
Y1 cells were sparse and remained unchanged. In
ontrast, S100b1 cells substantially increased in the
eafferented trigeminal brain-stem nuclei. Four days
fter cortical ablation in neonates, LC11, PY1, and
100b1 cells had accumulated in the deprived thala-

mus. In contrast to adults, many of these cells were
MR1 macrophages. In the deprived brain-stem, only

100b1 cells increased and none were macrophages.
herefore, macrophages do not appear to stem from
icroglia, and neonatal LC11, PY1, and S100b1 cells
ay possess functions different from those in adults.
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INTRODUCTION

Microglia appear to play a crucial role in cerebral
homeostasis. They are resident in the parenchyma of
the brain where they are evenly dispersed. Their den-
sity reaches about 1–1.5 cells per 100 mm2 in gray
matter of the adult rat (31). After brain damage, how-
ever, their population density increases at the site of
neural injury. Forel (17) may have been the first to
observe microglia accumulating in the guinea pig facial
nerve tract and nucleus after rhizotomy (Fig. 2A, top
inset). The origin of these cells, which he termed “Spin-
nenzellen” (spider cells), remained obscure to him
though he speculated that some spider cells might have
been glia. Eventually Penfield (39) observed that these
cells, which he named “microglia,” phagocytose cellular
debris after brain damage. Furthermore, in response to
neural injury microglia were shown to transform from
a resting into an activated state (13) and to proliferate
mitotically (7, 27). Since facial nerve transection led to
a microglial reaction without breaching the blood–
brain barrier, the cells of origin for the microglial pro-
liferation were assumed to be resident in the brain
(43). In harmony with this, transection of the infraor-
bital branch of the trigeminal nerve does not disrupt
the blood–brain barrier and results in a prominent
glial reaction in the trigeminal sensory brain-stem nu-
clei in adult rats (36).

As the nuclei of termination of the primary afferents
of the whisker-to-barrel pathway, the trigeminal sen-
sory brain-stem nuclei connect receptors in whisker
follicles via the contralateral thalamic ventroposterior
medial nucleus with a subdivision of the primary so-
matosensory cortex. This subdivision is composed of
discrete cytoarchitectonic units, named “barrels,” that
represent the whiskers topologically (47). Similar so-
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64 MELZER, SAVCHENKO, AND MCKANNA
matotopic morphological whisker representations have
been found at the subcortical synaptic relays (4, 30,
44). After the transection of the infraorbital nerve at
birth, the morphological whisker representations in
the trigeminal sensory brain-stem nuclei vanish (10)
and the terminal fields of primary afferents enlarge
(41), entailing pruning and elongation of their termi-
nations (42). Within 4 days the reorganization of ter-
minations has reached the barrel cortex (8) and cellu-
lar debris has been produced along the entire ascend-
ing pathway. Scavenging for cellular debris has been
the major role attributed to microglia (13). However,
differentiated microglia are rare in neonates (31, 32)
and there is evidence that transient macrophages play
the role of scavengers in the developing brain (37). The
aim of the present study was to investigate the non-
neuronal cells that participate in reorganization of the
whisker-to-barrel pathway in adults and neonates af-

FIG. 1. Cellular responses 4 days after infraorbital nerve tra
ransverse sections through deafferented trigeminal sensory brain-st
C1 (A and D), PY (B and E), and S100b (C and F) and stained with
f microglia in advanced activated state, i.e., polymorphic somata

thickened proximally and had multiple ramifications (A). PY1 cells
to any of the small LC11 microglia (B). S100b1 cells possessed attri
im of cytoplasm and processes with few branches (C). In neonates,
rocesses with few branches (D). PY1 cells were pleomorphic and ha
n appearance, but were more numerous (F). Orientation: dorsal is
ter infraorbital nerve transection and to explore differ-
ences in the glial reaction when the blood–brain bar-
rier is breached by comparing nerve transection with
cortical ablation. Immunohistochemistry for Lipocor-
tin1, phosphotyrosine, S100b, and mannose receptors
was used to identify microglia, activated microglia,
astrocytes, and macrophages, respectively (24, 29, 31).

MATERIAL AND METHODS

All experiments were carried out in accordance with
the NIH guide for the care and use of laboratory ani-
mals. Adult and newborn Long–Evans rats of either
sex were used in this study. The animals were housed
in 14-h/10-h light/dark cycles with food and water ad
ibitum.

Lesions in adults. Adult male and female Long–
vans rats (ca. 400 g bw) were subjected to nerve

ction in adults (A–C) and neonates (D–F). Adjacent 10-mm-thick
subnucleus caudalis were processed with immunohistochemistry for
idine blue. In adults, most LC11 cells exhibited the typical features
h nuclei smaller than 10 mm and cytoplasmic processes that were
polymorphic somata and processes and were similar in appearance

es typical of astrocytes, i.e., large round nuclei surrounded by a thin
11 cells were rare. They had polymorphic somata and cytoplasmic
hort, unbranched processes (E). S100b1 cells resembled LC11 cells
the animal’s left side is right. The bar in F represents 10 mm.
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66 MELZER, SAVCHENKO, AND MCKANNA
transection or cortical ablation under pentobarbital an-
esthesia (40 mg/kg ip). Lidocaine was applied to the
wounds’ edge.

In four rats, the left infraorbital nerve was exposed
at the infraorbital foramen and transected, and the
wound was sutured. After 4 days, the rats were eutha-
nized by an intraperitoneal overdose of pentobarbital.
Eight rats underwent cortical ablations. The skin was
incised along the central fissure. The left parietal bone
was exposed and removed after circumferential inci-
sion with a dental burr. The parietal cortex was aspi-
rated. The bone was repositioned and cemented with
polycarboxylate cement, and the wound was sutured.
After recovery the rats were returned to their cages
and held under the conditions described above for 2, 4,
6, and 8 days, when they were euthanized by barbitu-
rate overdose.

Lesions in neonates. Pregnant females were
checked for offspring twice daily. On the day of birth,
four pups from one litter and three pups from a
second litter were subjected to unilateral infraorbital
nerve transection. Under pentobarbital anesthesia
(30 mg/kg ip) supported by hypothermia, the skin
over the infraorbital foramen on the left side was
incised and the infraorbital nerve was exposed and
transected. Any bleeding was arrested with gel foam.
In four neonates from two litters (two from each), the
left parietal bone was exposed under anesthesia with
a longitudinal incision of the skin above the central
fissure. The skull was incised over the left cortical
hemisphere lateral to the sagittal sinus, caudal to
the bregma, and rostral to the fissura lambdoidea to
create a bone flap and the parietal cortex was aspi-
rated through the opening. The flap was reaffixed to
the skull with anhydrous polycarboxylate cement
(Tylkol-Plus; Dentsply International, Inc., Milford,
DE) and the wound was sutured. After both types of
lesion, Lidocaine was applied to the wounds’ edges to
further alleviate pain; the pups were warmed up,
wiped with peanut oil, and returned to their mothers
in the animal facility. Four days after either lesion
the pups were euthanized with an intraperitoneal
injection of pentobarbital (80 mg/kg).

Immunohistochemistry. After pentobarbital injec-
tion, the animals were injected with heparin (1000
units/kg ip) and transcardially perfused with saline (50
ml for adults; 5 ml for pups), containing heparin (1000
units) and 0.01% NaNO2, followed by either 150
adults) or 15 ml (pups) of glutaraldehyde (2.5%), pe-
iodate sodium (10 mM), acetic acid (1.0%), phosphate-
uffered saline (0.9% NaCl in 40 mM buffer) (33). The
rains were removed, postfixed, and embedded in par-
ffin. Alternate series of 10-mm-thick coronal sections

were obtained. After deparaffinization, the sections
were immunostained using polyclonal rabbit antisera
raised against human placental Lipocortin1 [1:8000
(31)], S100b [1:8000 (32)], tyrosine-phosphorylated
proteins (1:1000; No. 61-5800; Zymed Laboratories,
Inc., South San Francisco, CA), or macrophage man-
nose receptors [1:500 (29)] and counterstained with
toluidine blue.

Data assessment. The preparations were analyzed
under a microscope (Ortholux; Leitz, Wetzlar, FRG) for
differences in morphology and population density of
immunoreactive cells. Limits for size and thresholds
for staining intensity were set empirically in digitized
video images by the investigator to exclude partially
cut cell bodies and processes; the cellular profiles were
measured and mapped (Bioquant; R&M Biometrics,
Inc., Nashville, TN). Trigeminal brain-stem subnu-
cleus caudalis, subnucleus interpolaris, and nucleus
principalis as well as the thalamic ventroposterior me-
dial nucleus were outlined, their areal extent in square
micrometers was measured, and the labeled cells
within the nuclear perimeter were counted. Cellular
population densities were expressed as number of cells
per 100 mm2. Their means and standard deviations are
listed in Table 1. The population densities of LC1- and
S100b-immunoreactive cells from three of the four
adult rats with infraorbital nerve transection had been
determined in a previous investigation (36). The re-
sults from the adult rats surviving 4, 6, and 8 days
after cortical ablation were pooled. In order to compare
the effects of the lesions, differences in population den-
sity between the deprived and the intact side were
determined for each nucleus and each animal. The
differences were grouped by type and age of lesion and
tested for statistical significance with two-tailed,
paired t tests. Group mean differences are listed in
Table 2.

RESULTS

The type of lesion as well as the developmental stage
of the brain differentially affected cells immunoreac-
tive for Lipocortin1 (LC11), phosphotyrosine (PY1),

100b (S100b1), and mannose receptors (MR1). Li-
pocortin1 was apparent in all resting ramified micro-
glia and showed clear microglial reactions in the sta-
tions of the mature whisker-to-barrel pathway de-
prived by nerve transection or cortical ablation. A
fraction of the microglia were immunoreactive for
phosphotyrosine; none were immunoreactive for either
S100b or mannose receptors. LC11 microglia of adult

orphology were rarely found in newborn rats, and
either type of lesion caused microglial responses in
he developing pathway that were of a magnitude com-
arable to those seen in maturity. Characterization of
he cell types responding to the lesions in newborns
ompared with adults required more detailed scrutiny
s described below.
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Cell Morphology

Infraorbital nerve transection. In adult rats, LC11
microglia were omnipresent in the parenchyma of the
brain. Infraorbital nerve transection results in a pro-
nounced degeneration of primary afferents terminat-
ing in the trigeminal sensory brain-stem nuclei, and
LC11 microglia represented the most conspicuously
labeled cell type on the deafferented side. They had
polymorphic somata with small (,10 mm) irregularly
shaped nuclei and thick cytoplasmic processes with
multiple branches (Fig. 1A). Furthermore, PY1 cells

ere frequently observed on the deafferented side.
hey possessed polymorphic somata with thick, un-
ranched, cytoplasmic processes and resembled some
f the smaller microglia (Fig. 1B). S100b1 cells were

ubiquitous in the brain parenchyma, but did not ap-
pear to accumulate on the deafferented side. They had
somata with large round nuclei over 10 mm in diame-
ter, typical of astrocytes, and fewer cytoplasmic pro-
cesses than microglia (Fig. 1C). No changes were ob-
served in the thalamic ventroposterior medial nucleus.

The observations differed considerably in pups 4
days after nerve transection. LC11 cells were abun-
dant in the ependyma, but sparse in the parenchyma.
PY1 cells were also rarely observed. Although infraor-
bital nerve transection results in the deprivation of
afferents to about three-quarters of the territory of the
trigeminal sensory brain-stem nuclei, there was no
clear, reliable indication that either LC11 or PY1 cells
were increased as a result of the deprivation. In con-
trast, S100b1 cells were prominent in the paren-
chyma. They appeared to emanate from the ventricular
zone of the fourth ventricle and accumulate on the
deprived side. Moreover, the morphology of labeled
cells in neonates was distinctly different from that of
adults. In contrast to the LC11 microglia with elon-
gated somata and thick, short processes observed in
adults, LC11 cells in neonates had predominantly
obovoid somata with thin, extended cytoplasmic pro-
cesses (Fig. 1D). While PY1 cells in adults had poly-
morphic somata, they were pleomorphic in neonates
(Fig. 1E). Whereas S100b1 cells in adults had stellate
shape and large nuclei, in neonates they had ovoid or
fusiform somata, small nuclei, and thin, branching pro-
cesses (Fig. 1F).

Cortical ablation. The thalamic ventroposterior
medial nucleus ipsilateral to cortical ablation is recip-
rocally connected with the ablated cortex (3, 46) and as
a consequence of this type of lesion in adults an abun-
dance of LC11 cells was observed on the deprived side.
They possessed morphological attributes characteristic
of activated microglia (Fig. 2A) and bore the greatest
resemblance to Forel’s spider cells (17). In addition,
many PY1 cells were observed. They had small poly-
morphic somata with thin, ramified processes resem-
bling any of the small microglia (Fig. 2B). Further-
more, S100b1 cells were frequently detected. They had
thin processes and somata containing large round nu-
clei typical of astrocytes (Fig. 2C).

After cortical ablation in neonates, LC11 cells in the
deafferented thalamic ventroposterior medial nucleus
had ovoid or spherical somata and were devoid of pro-
cesses. Many spherical cells bore mitotic figures (Fig.
2D). PY1 cells were either spherical and arborless or
pleomorphic with pseudopodia (Fig. 2E). Furthermore,
S100b1 cells were either ovoid or spherical (Fig. 2F).
The ovoid cells possessed processes and the spherical
cells frequently contained toluidine blue-stained gran-
ules. Arborless, spherical cells immunoreactive for LC1
and S100b appeared increasingly dense toward the
lateral ventricle, suggesting that they may have in-
vaded the parenchyma from the ventricle and succes-
sively accumulated at the sites of neural degeneration.

Moreover, distinct differences between adults and
neonates in morphology and distribution of labeled
cells were observed in parietal cortex near the ablation.
In adults, numerous arborless, spherical cells were
immunoreactive for LC1 (Fig. 3A). These cells occa-
sionally bore mitotic figures and were well separated
from LC11 microglia found only at a distance from the
lesion. A similar segregation was noticed in sections
stained for S100b immunoreactivity (Fig. 3B). With
few exceptions, S100b1 astrocytes remained outside a
zone surrounding the ablation where unlabeled spher-
ical cells were prominent. In neonates as in adults, the
only cells immunoreactive for LC1 near the ablation
were arborless, spherical cells (Fig. 3C) and such cells
were not immunoreactive for S100b (Fig. 3D). How-
ever, in neonates S100b1 cells were detected near the
ablation. They had darkly stained small polymorphic
somata and processes (Fig. 3D).

In contrast to adults, in neonates the spherical cells
in parietal cortex permeated the cortical tissue and
diminished in density with increasing distance from
the boundary of the ablation with the ventricle in har-
mony with the cell density gradient observed in the
thalamus. They expressed mannose receptors (Fig.
3E), suggesting that they were bone marrow-derived
macrophages (28, 29) infiltrating the brain paren-
chyma where the blood–brain barrier was breached.
Consistently, spherical MR1 cells were not found
where the lesion left the blood–brain barrier intact,
i.e., in the deafferented trigeminal sensory brain-stem
nuclei. There, the only MR1 cells detected had fusi-
form somata. They were exclusively situated immedi-
ately adjacent to blood vessels (Fig. 3F) and resembled
some of the perivascular microglia observed by Line-
han et al. (29).

Cell Distribution

Infraorbital nerve transection. In both adults and
neonates, visible effects of infraorbital nerve tran-
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FIG. 3. Cellular responses near the cortical ablation in adults (A and B) and neonates (C, D, and E) 4 days after the ablation. Adjacent
0-mm-thick coronal sections through parietal cortex were processed with immunohistochemistry for LC1 (A and C), S100b (B and D), or MR

(E) and stained with toluidine blue. In addition, MR immunoreactivity is shown in a transverse section through deafferented subnucleus
caudalis 4 days after neonatal infraorbital nerve transection (F). In adults, immunoreactivity for LC1 was found in microglia (A; arrowhead)
and arborless spherical cells (A; arrow) that occasionally bore mitotic figures. The latter resided exclusively within a margin adjacent to the
ablation, whereas microglia were found only beyond. A segregation of cells with and without processes was also observed in sections stained
for S100b (B). Unstained arborless, spherical cells (B; arrows) were prominent in a zone surrounding the ablation, whereas, with few
xceptions, S100b-immunoreactive astrocytes (B; arrowhead) remained outside. In neonates, only arborless, spherical cells immunoreactive

for LC1 were found near the ablation (C; arrow). They were most numerous at the boundary of the ablation with the ventricle and diminished
in density with increasing distance. In sections stained for S100b, small darkly stained polymorphic cells with processes (D; arrowhead)

ingled with large arborless spherical cells lacking immunoreactivity for S100b (D; arrow). The spherical cells were MR immunoreactive (E;
rrow), suggesting that they were bone marrow-derived macrophages invading the brain parenchyma through breaches in the blood–brain
arrier. In accord, such cells were absent from the brain-stem deafferented by nerve transection where the blood–brain barrier remained
ntact (F). The only MR1 cell type observed there were vascular pericytes (arrow). Orientation: dorsal is up; the animal’s left is on the right.
he bar in F represents 10 mm.
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FIG. 4. Effects of the two types of lesion in adults on the distribution of LC11 microglia in somatic sensory brain-stem and thalamus.
Ten-micrometer-thick transverse sections through the subnucleus caudalis Sc (left column) and the thalamic ventroposterior medial nucleus
Vpm (right column) were processed with immunohistochemistry for LC1 and stained with toluidine blue 4 days after the lesion. LC11 cells
appear black (arrowheads). The distribution of LC11 cells on the sides deprived by infraorbital nerve transection (IO; top row) or cortical
blation (CA; middle row) are shown in comparison with the nondeprived, intact side (NP; bottom row). In subnucleus caudalis, LC11 cells

increased on the deprived side after nerve transection (A) and cortical ablation (B) compared with the intact side (C). In the ventroposterior
medial nucleus, nerve transection led to a small, hardly noticeable elevation of LC11 cells (D), whereas cortical ablation resulted in a marked
ncrease (E) compared with the intact side (F). Orientation: dorsal is up; lateral is right in Sc and left in Vpm. To facilitate comparison, the
ntact sides are reversed about the dorsoventral axis (C, F). The bar in F represents 400 mm.
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70 MELZER, SAVCHENKO, AND MCKANNA
section on the distribution of labeled cells were
limited to the trigeminal sensory brain-stem nuclei.
In adults, LC11 cells were clearly more concentrated
on the deprived side (compare Figs. 4A and 4C).
In neonates, S100b1 cells accumulated there (com-
pare Figs. 5B and 5A). In contrast, in the thalamic
ventroposterior medial nucleus, side-to-side differ-
ences appeared negligible in both adults (compare
Figs. 4D and 4F) and neonates (compare Figs. 6A and
6B).

Cortical ablation. The ascending somatosensory
pathway to the ablated cortex originates in the tri-
geminal sensory brain-stem nuclei contralateral to
the ablation (3, 9) and its corticofugal brain-stem
connections terminate on that side (46). In accord,
after cortical ablations in adults, LC11 microglia
were most visibly increased in the brain-stem nuclei
on the side deprived of corticofugal input. Figure 4
shows a clear difference between the deprived (Fig.

FIG. 5. S100b1 cells in the trigeminal sensory brain-stem of n
ablation (CA; bottom row). Ten-micrometer-thick transverse section
istry for S100b and stained with toluidine blue 4 days after the lesio
ide (A), nerve transection resulted in a distinct increase in S100b1 c

an increase remained noticeable on the deprived side (C) compared w
is on the right. The bar in D represents 200 mm.
4B) and the intact side (Fig. 4C) of subnucleus cau-
dalis. However, cortical ablation seemed to provoke a
smaller microglial reaction than infraorbital nerve
transection (Fig. 4A). After cortical ablation in neo-
nates, neither LC11 nor PY1 cells were remarkably
ncreased in the trigeminal sensory brain-stem nu-
lei. In contrast, S100b1 cells appeared distinctly
ore concentrated on the deprived side (compare
igs. 5C and 5D). As in adults, the increase seemed
maller than that found after infraorbital nerve
ransection (Fig. 5B). In the thalamic ventroposte-
ior medial nucleus, cortical ablation in adults re-
ulted in an accumulation of LC11 cells ipsilateral
o the ablation (compare Figs. 4E and 4F). In neo-
ates, however, S100b1 cells accumulated most

prominently there (compare Figs. 6C and 6D),
whereas LC11 (compare Figs. 6E and 6F) and PY1
cells (not shown) appeared substantially less in-
creased.

nates after infraorbital nerve transection (IO; top row) or cortical
rough subnucleus caudalis were processed with immunohistochem-
S100b1 cells appear black (arrowheads). Compared with the intact
on the deprived side (B). Cortical ablation was less effective, though
the intact side (D). Orientation: dorsal is up; the animal’s left side
eo
s th
n.
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FIG. 6. S100b1 and LC11 cells in the thalamic ventroposterior medial nucleus after infraorbital nerve transection or cortical ablation
in neonates. Ten-micrometer-thick coronal sections through the diencephalon were processed with immunohistochemistry for S100b or LC1
nd stained with toluidine blue 4 days after the lesion. S100b1 and LC11 cells appear black (arrowheads). Nerve transection did not lead

to any noticeable increase of S100b1 cells on the deprived side (A) compared with the intact side (B). After cortical ablation, however, S100b1
ells and LC11 cells were distinctly more numerous on the deprived side (D, F) than on the intact side (C, E). Whereas cortical ablations led
o strong deformation of the nucleus (D, F), nerve transection did not have that effect (A). Orientation: dorsal is up; the animal’s left is on
he right. The bar in F represents 400 mm.
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Quantitative Assessment

Figure 7 shows typical maps of immunoreactive cellu-
lar profiles in the trigeminal sensory brain-stem nuclei
and the thalamic ventroposterior medial nucleus. Such
maps were used to determine the population densities in
Table 1. In adults, the average population density of
LC11 cells in the intact brain-stem and thalamus was
about one cell per 100 mm2. PY1 cells were substantially
ewer. They reached two-thirds of the population density
f LC11 cells. In contrast, the population density of
100b1 cells was three and four times greater than that

of LC11 cells in thalamus and brain-stem, respectively.
In neonates, the population density of LC11 cells in

the intact thalamus and brain-stem was ;20 and ;50%
f that in adults, respectively. The population density of
Y1 cells was as low as ;10 and ;20%, respectively. In
ontrast, S100b1 cells were at adult levels in the thala-
us and twice as dense as in adults in the brain-stem.
espite the great variability of cell population densities
mong individuals (Table 1), distinct increases could be
bserved on the deprived side compared with the intact
ide, and some reached statistical significance (Table 2).

Infraorbital nerve transection. After nerve transec-
ion in adults, PY1 and LC11 cells in the deprived

FIG. 7. Typical maps of immunoreactive cellular profiles used to
S100b1 cells on a transverse section through trigeminal brain-stem
principalis Np (C) as well as the thalamic ventroposterior medial nu
In addition, a map from a section through Vpm 4 days after cortical
the nuclei are outlined. The arrowheads mark the nuclei deprived by
noticeable in the brain-stem nuclei deafferented by nerve transection
labeled cells can be seen adjacent to blood vessels along the boundar
were frequently labeled (orientation: L—left side of the animal; R—
rigeminal sensory brain-stem increased two- and
hreefold, respectively (Table 1). The increases were
tatistically significant at P # 0.01 (Table 2). Nucleus
rincipalis was most affected (Table 1). Increases in
100b1 cells were smaller than 0.5 cells per 100 mm2

and remained statistically insignificant (Table 2). After
nerve transection in neonates, in contrast, S100b1
cells doubled (Table 1), and this increase was statisti-
cally significant (Table 2). The increases in cells immu-
noreactive for LC1 and PY, however, were insignificant
(Table 2). Moreover, increases in cell population den-
sity in the deprived thalamic ventroposterior medial
nucleus remained insignificant for any marker.

Cortical ablation. After ablation of parietal cortex
in adults, LC11 microglia doubled in the deprived
halamic ventroposterior medial nucleus (Tables 1 and
). However, this increase reached statistical signifi-
ance only at P 5 0.10. Increases in PY1 and S100b1

cells were also observed, but they occurred at lower,
even more insignificant levels. In the trigeminal sen-
sory brain-stem nuclei, increases in population density
of cells immunoreactive for any marker remained sta-
tistically insignificant. Yet, as after nerve transection,
brain-stem LC11 microglia appeared most affected in

ermine cell population densities. The maps show the distribution of
nucleus caudalis Sc (A), subnucleus interpolaris Si (B), and nucleus
us Vpm (D) 4 days after infraorbital nerve transection in neonates.
lation in neonates is shown (E). The boundaries of the sections and

lesions. Marked increases in population density of labeled cells are
d the thalamus deafferented by cortical ablation. In addition, foci of
of the brain-stem. Furthermore, cells in the ependyma and the CSF
t side of the animal; dorsal is up).
det
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nucleus principalis (Table 1). After cortical ablation in
neonates, the population density of S100b1 cells in the
deprived thalamic ventroposterior medial nucleus in-
creased statistically significantly. The increase was
similar to that observed for LC11 cells in adults with
cortical ablations, i.e., about threefold (Table 1). LC11
and PY1 cells were also elevated. Yet, these increases
remained statistically insignificant (Table 2). In har-
mony with this, S100b1 cells were the only cell type
that increased statistically significantly in the trigem-
inal sensory brain-stem nuclei deprived by cortical ab-
lation (Table 2). The increase was on the average
;25%. As after infraorbital nerve transections, nu-
cleus principalis showed the greatest change (Table 1),
i.e., 36%.

DISCUSSION

Infraorbital Nerve Transection

In adult rats, infraorbital nerve transection resulted
in a classical microglial reaction in the trigeminal sen-

TAB

Population Densities of Cells Immunoreactive for Lipoco
ensory Brain-Stem Subnucleus Caudalis (Sc), Subnucleus
roposterior Medial Nucleus (Vpm) after Infraorbital Nerve

Station Age of lesion

Infraorbital ner
cell density (ce

Deprived

LC1
Sc Adult 2.61 6 1.33

Neonate 0.55 6 0.34
Si Adult 3.28 6 0.19

Neonate 0.36 6 0.15
Np Adult 3.68 6 0.44

Neonate 0.71 6 0.26
Vpm Adult 0.88 6 0.33

Neonate 0.09 6 0.06
Y
Sc Adult 1.75 6 0.89

Neonate 0.09 6 0.03
Si Adult 2.20 6 0.13

Neonate 0.08 6 0.00
Np Adult 2.47 6 0.29

Neonate 0.12 6 0.07
Vpm Adult 0.61 6 0.19

Neonate 0.02 6 0.02
100b
Sc Adult 3.29 6 0.67

Neonate 7.09 6 2.03
Si Adult 2.21 6 0.23

Neonate 5.89 6 1.90
Np Adult 3.33 6 0.68

Neonate 5.54 6 1.75
Vpm Adult 2.76 6 0.82

Neonate 3.41 6 0.93

a Means and standard deviations.
sory brain-stem nuclei (36). At the second synapse of
the whisker-to-barrel pathway, i.e., in the thalamic
ventroposterior medial nucleus, the effect was negligi-
ble. LC1 and S100b immunoreactivity clearly differen-
tiated microglial from astrocytic populations. In the
three brain-stem nuclei examined, LC11 microglia tri-
pled in population density and exhibited the typical
morphological transformation from the resting into the
activated state (13). In contrast, the morphology of
S100b1 astrocytes did not appear to change and their
increase in population density was less than one-tenth
of that of microglia. In support of the contention that
tyrosine kinases may play a role in the activation of
microglia (24), PY immunoreactivity was detected in
an increased number of microglia. Not all microglia
were PY immunoreactive, however, suggesting that
the degree of phosphorylation is spatially and/or tem-
porally regulated.

In neonates infraorbital nerve transection did not
result in a typical microglial reaction, though this type
of lesion (41) and damage to whisker follicles (42) have

1

1 (LC1), Phosphotyrosine (PY), and S100b in Trigeminal
erpolaris (Si), Nucleus Principalis (Np), and Thalamic Ven-
nsection or Cortical Ablation in Neonates and Adults

transection
100 mm2)a

Cortical ablation cell density
(cells/100 mm2)a

Nondeprived Deprived Nondeprived

0.89 6 0.34 1.50 6 0.70 1.04 6 0.52
0.45 6 0.26 0.90 6 0.69 0.51 6 0.41
1.11 6 0.30 1.06 6 0.36 0.83 6 0.21
0.32 6 0.14 0.88 6 0.70 0.55 6 0.48
1.26 6 0.11 1.54 6 0.75 0.93 6 0.05
0.59 6 0.21 0.87 6 0.71 0.45 6 0.23
0.81 6 0.44 2.70 6 2.91 0.76 6 0.31
0.07 6 0.05 0.70 6 0.19 0.18 6 0.21

0.97 6 0.35 1.01 6 0.47 0.70 6 0.35
0.05 6 0.02 0.40 6 0.23 0.21 6 0.19
0.74 6 0.20 0.71 6 0.24 0.56 6 0.14
0.03 6 0.02 0.33 6 0.11 0.16 6 0.06
0.84 6 0.07 1.03 6 0.50 0.63 6 0.03
0.13 6 0.10 0.91 6 0.39 0.34 6 0.25
0.58 6 0.25 1.39 6 1.02 0.51 6 0.21
0.01 6 0.02 0.80 6 0.31 0.07 6 0.04

2.92 6 0.66 5.59 6 0.80 2.57 6 0.25
4.95 6 0.72 5.48 6 0.73 4.27 6 0.82
1.57 6 0.43 3.52 6 0.41 2.48 6 0.27
4.88 6 0.69 5.33 6 0.45 4.23 6 0.48
2.70 6 0.80 3.96 6 0.28 2.61 6 0.35
3.87 6 0.66 5.24 6 0.97 3.83 6 0.52
2.71 6 0.35 4.31 6 0.83 3.02 6 0.70
3.19 6 0.90 8.66 6 1.66 2.75 6 0.29
LE

rtin
Int
Tra

ve
lls/



h
s
f
d
i
L
r
T
t
r
f
f
t

b
a
s
a
l
s
a
(
d
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been demonstrated to lead to considerable reorganiza-
tion of primary afferents. Cortical barrels develop dur-
ing the first week after birth and are plastic in re-
sponse to whisker follicle damage in this critical pe-
riod. The barrels that would have represented the
damaged whisker follicles do not develop and the sur-
rounding barrels enlarge into the vacant territory (14,
23, 25, 45). A similar plasticity has been found in brain
stem (5, 10, 14) and thalamus (5, 14), and the morpho-
logical changes at the three synaptic relays of the path-
way occur concomitant with substantial alterations of
functional whisker representations (15, 26, 34, 35). If
the microglia in the developing brain were the same as
at maturity, this reorganization would result in strong
glial activation.

However, neither LC11 nor PY1 cells in neonates
ad the features of activated microglia in adults. Their
omata were ovoid or pleomorphic and their processes
ewer and thinner, resembling the ameboid and pseu-
opodic microglia that Del Rı́o-Hortega (13) described
n the developing brain. Moreover, in neonates neither
C11 nor PY1 cells changed in population density in
esponse to nerve transection as they do in adults.
hese findings suggest that either neonatal deafferen-
iation does not produce the signal that triggers a glial
eaction or microglia were too immature to be trans-
ormed into the activated state. One important mani-
estation of this immaturity may consist of the lack of
yrosine phosphorylation.

In contrast to our findings, a microglial reaction has
een described in the facial nucleus of newborn rats
fter the transection of the facial nerve (19). In that
tudy, immunohistochemistry with a polyclonal rabbit
ntibody against iba1 (20) was used. This antibody
abels resting and activated microglia, but may also
tain macrophages (40). Since many cells detected 3
nd 5 days after nerve transection also stained for ED1
19), a large proportion of the cells accumulating in the
eprived facial nucleus may have been macrophages.

TAB

The Effect of Infraorbital Nerve Transection or Cortical A
in the Trigeminal Sensory Brain-Stem and

Station Age of lesion

Infraorbital ne

LC1 PY

D cell density (

Brain stem Adult 2.5 1.5
Neonate 0.0 0.0

Thalamus Adult 0.0 0.0
Neonate 0.0 0.0

Note. Mean differences in population density of cells immunoreacti
deprived side and the intact side are given.

a Means rounded to the nearest increment of 0.5. Side-to-side diffe
highlighted in bold.
Their appearance may be associated with the promi-
nent hypertrophy and chromatolysis of axotomized mo-
toneurons (6), because in the present study neither
macrophages nor chromatolytic perikarya were de-
tected in the trigeminal sensory brain-stem nuclei
deafferented by infraorbital nerve transection.

The only cells that distinctly increased in population
density in brain-stem and thalamus after infraorbital
nerve transection in neonates were S100b immunore-
active. This finding is consistent with the proliferation
of astrocytes immunoreactive for glial fibrillary acidic
protein (GFAP) in the facial nucleus of neonates after
axotomy (19). In the present study, the greatest in-
crease was observed in nucleus principalis in harmony
with the findings that after thalamic and cortical le-
sions in neonates morphological whisker representa-
tions do not develop (9, 16) and cell death is most
prominent (2, 21) in this nucleus. Interestingly, the
S100b1 cells were distinctly dissimilar in morphology
and response from astrocytes in adults. They lacked
the large round nuclei typical of astrocytes and their
population density virtually did not increase after the
same type of lesion in adults. Cooper and Steindler (11)
showed that immature GFAP-immunoreactive astro-
cytes outline the boundaries of barrels in parietal cor-
tex before barrels develop and these boundaries were
altered following whisker follicle cauterization during
the first week after birth. Therefore, immature astro-
cytes appear to play a crucial role in the development of
discrete whisker representations in the whisker-to-
barrel pathway. However, future research is needed to
elucidate the precise nature of their involvement.

Cortical Ablation

In adult rats, ablation of parietal cortex resulted in
the expected glial reaction in the thalamic nuclei where
the thalamic radiation originates. In the deprived ven-
troposterior medial nucleus, LC11 microglia doubled

2

tion in Neonates and Adults on Cell Population Densities
Thalamic Ventroposterior Medial Nucleus

transection Cortical ablation

S100b LC1 PY S100b

s/100 mm2)a D cell density (cells/100 mm2)a

0.0 0.5 0.5 1.0
1.5 0.5 0.0 1.0
0.0 2.0 1.0 0.5
0.0 0.5 0.5 6.0

for Lipocortin1 (LC1), phosphotyrosine (PY), and S100b between the

ces that were significant at P # 0.01 in two-tailed paired t tests are
LE

bla
the

rve

cell

ve

ren



i
r
w
m

c
n
t

M
r
t
t
o
b
p
L
d
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in population density and a substantial number of mi-
croglia were PY immunoreactive. As after nerve tran-
section, S100b1 astrocytes did not change noticeably
in morphology and did not increase statistically signif-
icantly in population density. In addition to the tha-
lamic relay, a microglial reaction was observed in the
trigeminal sensory brain-stem nuclei contralateral to
the ablation. This response may be the result of retro-
grade degeneration of trigeminothalamic projection
neurons owing to the death of their thalamic targets.
Nucleus principalis displayed the strongest response,
possibly reflecting the fact that the densest trigemi-
nothalamic projection originates in this nucleus (3).
Furthermore, the microglial reaction in the brain-stem
may be the consequence of anterograde degeneration of
corticofugal inputs (46).

In contrast to the activated microglia found in ven-
troposterior medial nucleus after cortical ablation in
adults, LC11 cells observed in neonates were spherical
or ovoid and bare of processes. The ovoid cells matched
closely the LC11 cells observed to emanate from the
midline floor-plate raphe (31, 32). The spherical cells
bore mitotic figures and resembled the globular forms
of microglia that Del Rı́o-Hortega (13) saw specifically
n the developing brain. While PY1 cells in adults
esembled activated microglia, PY1 cells in neonates
ere round or pleiomorphic with no resemblance to
icroglia. Moreover, neonatal S100b1 cells were dis-

tinctly different from astrocytes in adults. They were
either spherical and bare of processes or fusiform with
processes. None had large round nuclei. The fusiform
cells were prominent in the brain-stem trigeminal nu-
clei and appeared similar to astrocytes observed near
the paramedian band of the floor plate (30, 31). The
spherical cells were found only in thalamus and cortex
near the ablation. They often contained toluidine blue-
stained granules that may reflect phagocytosis. In
adults, astrocytes do not display such granules. Taken
together, these differences between neonates and
adults are consistent with the contention raised earlier
that injured neonatal neurons may not yet be able to
trigger a microglial reaction or microglial precursors
may still be too undifferentiated to respond. Most
likely, the latter possibility applies, because S100b1
ells increased in the trigeminal brain-stem of neo-
ates in response to cortical ablation as well as nerve
ransection, suggesting the presence of neural signals.

In agreement with the findings of the present study,
illigan et al. (37) observed few microglia in newborn

ats and an abundance of large, spherical cells in the
halamus after cortical ablation (38). The authors iden-
ified these cells as bone marrow-derived macrophages
f monocytic origin by differential labeling with anti-
odies against OX42 and ED1 (37). In accord, in the
resent study neonatal spherical or pleomorphic
C11, S100b1, or PY1 cells did not seem to be resi-
ent in the brain parenchyma. They were absent from
the trigeminal sensory brain-stem nuclei deprived by
cortical ablation, though other types of cells labeled by
the three markers were present and the population
density of S100b1 cells was increased. Rather, they
appeared to invade the parenchyma from the ventricle
adjacent to the ablation and accumulate in the de-
prived thalamus underneath. Consistent with this in-
terpretation, spherical cells near the ablation were im-
munoreactive for mannose receptors specific to blood-
borne macrophages (29) and such cells were not found
in the brain-stem. Our findings and those of Milligan et
al. (37, 38), thus, disagree with the notion that macro-
phages are precursors of microglia (12). Intriguingly,
the entry of spherical cells into the cerebral paren-
chyma at the site of the cortical ablation appears to be
blocked in adults. The glial reaction in the mature
brain may, therefore, have suppressed the infiltration
of bone marrow-derived macrophages into the brain
tissue though the blood–brain barrier was disrupted.
In harmony with this notion, LC1 has been observed to
suppress the recruitment of macrophages (18).

The absence of macrophages in the deprived neona-
tal brain-stem nuclei after cortical ablation or nerve
transection suggests that it is unlikely that macro-
phages serve as substitutes for phagocytic microglia
during normal brain development. Instead, they may
assume such function only after the blood–brain bar-
rier has been broken and their range is limited to the
vicinity of the break as cortical ablation demonstrates.
Therefore, the question remains to be answered which
cells fulfill the role of microglia as scavengers of neu-
ronal debris in a phase of development when the brain
is most plastic and pathways are shaped by exuberance
and elimination of neuronal connections and apoptosis.
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