Age-Dependent Failure of Axon Regeneration in
Organotypic Culture of Gerbil Auditory Midbrain
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ABSTRACT: Inferior colliculus (IC) slice cultures
from postnatal (P) day 6—8 gerbils exhibit axonal regen-
eration across a lesion site, and these regrowing pro-
cesses can form synapses. To determine whether regen-
erative capacity is lost in older tissue, as occuri vivo,
slices from P12-21-day animals were grown under sim-
ilar conditions. While these cultures displayed a near
complete loss of neurons over 6 days vitro, glutamate
receptor antagonists (AP5 and/or CNQX) significantly
enhanced survival, particularly at P12-15. In contrast,
several growth factors or high potassium did not im-
prove neuron survival. Therefore, axonal regeneration
was assessed following complete transection of the com-
missure in AP5/CNQX-treated IC cultures from P12
animals. Neurofilament staining revealed that
transected commissural axons survived for 6 daysn
vitro, but only a few processes crossed the lesion site and
these axons did not extend into the contralateral lobe. In

contrast, there was robust axonal sprouting and growth
within one lobe of the IC, remote from the lesion site.
When P6 and P12 tissue was explanted onto a coated
substrate, the P6 axons grew onto the substrate, but the
P12 axons were seemingly prevented from reaching the
substrate by a veil of nonneuronal cells. Coculture of the
IC and one of its afferent populations, the lateral supe-
rior olive, provided a similar finding, indicating that
failure to regenerate was a general property at the age
examined. These data show that neuron survival is not
sufficient to permit axon regeneration at P12, and sug-
gest that P12 lesion sites manufacture a prohibitive sub-
strate since process outgrowth is blocked specifically at
the commissure transection. © 1999 John Wiley & Sons, Inc. J
Neurobiol 41: 267-280, 1999
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The neonatal mammalian central nervous system re-1989; Hasan et al., 1993). The failure of adult axons
tains the capacity to regenerate central axonal pro- to regenerate may be due to the absence of growth

cesses following injury, but this property is lost dur-
ing early development (Cajal, 1928; Kalil and Reh,
1982; Fawcett et al., 1989; Shimizu et al., 1990; Li et
al., 1995; MacLaren and Taylor, 1995; Wang et al.,

permissive signals or the presence of growth inhibi-

tory cues at the site of injury (Carbonetto, 1991).
The importance of extracellular cues vivo is

clearly illustrated by the ability of peripheral nerve

1996). Even axons that are able to regenerate usuallygrafts or glia ensheathing cells to support central

grow around the lesion site (Kalil and Reh, 1982;
Bregman and Goldberger, 1983; Xu and Martin,
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axonal regrowth (Richardson et al., 1980; David and
Aguayo, 1981; Aguayo et al., 1990; Li et al., 1997;
Ramon-Cueto et al., 1998), the growth inhibitory ef-
fect of myelin-related proteins (Keirstead et al., 1992;
Bandtlow et al., 1990; MacKerracher et al., 1994;
Mukhopadhyay et al., 1994), and growth inhibition by
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scar tissue (Reier et al., 1983; Rudge and Silver, 1990; salts, 25% horse serum; Gibco-BRL), and placed onur2-
Davies et al., 1997). However, it is also the case the filter inserts (Millipore) within the wells of a 24-chamber
mature axons have are more limited in their capacity Plate (Falcon). The culture medium was changed at 1- to

to grow in a given environment (Fawcett, 1992; Chen 2-day ink:ervals. , . el g
et al., 1995; Li et al., 1995). As shown in Figure 1, four types of cultures were use

It is also likely that axonal regeneration is pre- in this study: (a) bilateral IC slices with an intact commis-
y 9 P sural projectionif = 13 slices at P12y = 4 slices at P21);

CIUd,ed by atrophy and cell de"f‘th' For examp'le,. axo- (b) bilateral IC slices in which the entire commissure was
tomized neurons may be deprived of a trophic inter- seyered at the midiine, resulting in two pieces that were
action with their target. Disruption of calcium explanted side by siden(= 35 slices at P12y = 3 slices
homeostasis by improper levels of glutamatergic atP15n = 3 slices at P21); (c) unilateral IC and unilateral
transmission may also result in cell death. Thus, glu- superior olivary complex (SOC) slices (Sanes and Hafidi,
tamate receptor antagonists are often found to pro- 1996) at the level of the lateral superior olivary nucleus
mote neuron survival under several experimental con- (LSO), explanted side by side with the ventral IC in contact
ditions (Choi et al., 1988; Michaels and Rothman, With the dorsal SOCr = 17 slices at P12); and (d)

1990; Agnew et al., 1993; Pozzo-Miller et al., 1994: unilateral IC central nucleus slicen (= 6 slice at P6,n
Solur,n ot al 1997)’ ' ' " = 16 slices at P12) plated on a filter insert coated with

. . . . polyornithine and laminin (Sigma).
We previously demonstrated that inferior collicu- Growth factors were added to the N2 defined medium or

lus (IC)_ sllges frqm postnatal Q'ay (P) 68 gerbils can serum-containing medium at 50nfor brain-derived neu-
be maintained in organotypic culture for up t0 2 rorophic factor (BDNF) or neurotrophin-3 (NT-3) (Regen-
weeks, and that IC neurons can regenerate their axonseron), 100 M for nerve growth factor (NGF; Gibco), and
through a total lesion of the commissural pathway. 50 nv for fibroblast growth factor (FGF; Gibco). In some
Furthermore, the regenerated axons are able to formexperiments, BDNF and NT-3 were added together. High
synaptic contacts in the contralateral IC (Hafidi et al., potassium levels were obtained by adding potassium chlo-
1995). The gerbil has been used in these studiesride (KCI) to the serum-containing medium at a final con-
because we are interested in functional recovery and centration of 15-75 M. The growth media was supple-
we have previously described tirevivo andin vitro ?ented ";‘th_ the |9notrc|).p|c glgtzmate r(‘z:cﬁgtgr alnégic\;/lonlsts,
: C - . 6-cyano-7-nitroquinoxaline-2,3-dione ; ;

ﬂg);isd?g%{,mlst)glg;T_%eg'lgeasl_,(igggfl\iggr\év:toi?iégg?, RBI) and p,L-2-amino-5-phosphonovaleric acid (AP5; 100

i ) uM; RBI), as indicated in the Results.
Sanes et al,, 1998; Thornton et al., 1999; Vale and After 6 daysin vitro (DIV), slices were immersion fixed

Sanes, 1999). When we attempted to study the regen-in 49, paraformaldehyde in 0.181 phosphate buffered
erative capacity of axons in animals at P12 and older, sajine (PBS) for 1 h, rinsed in PBS, and then incubated in
there was a complete absence of neuron survival in IC 1% H,0,. After several washes in PBS, the free-floating
organotypic cultures. Therefore, we are interested in sections were incubated in 5% goat serum for 30 min and
determining whether neuron survival is a sufficient transferred to one of four primary antibodies (mouse anti-
precondition to permit axon regeneration in this sys- B-tubulin, provided by Dr. A. Frankfurter, University of
tem. Toward this end, growth factors and glutamate Virginia, Charlottesville, VA; mouse anti-MAG, provided
receptor antagonists were employed in an attempt to by Dr. M. Schachner, Swiss Federal Institute of Technol-

promote survival, and the regenerative capacity of the °9Y» 2urich. Switzerland; mouse anti-neurofilament, pro-
. vided by Dr. D. Dahl, Boston, Massachusetts; and mouse
rescued neurons was assessed in P12 cultures.

anti-GAP43, Sigma Chemical) overnight at 4°C. Slices
were washed in several changes of PBS, and then incubated
in the appropriate secondary antibody (biotinylated goat

MATERIALS AND METHODS anti-rabbit or goat anti-mouse; Sigma). Sections were again
washed in PBS and then incubated in avidin—biotin—horse-
Organotypic Cultures radish peroxidase complex (ABC-HRP; Vector Labs) for

2 h. The tissue was washed in 0L Tris-buffered solution
Gerbils Meriones unguiculatysat P12-21 were used for  (TBS), incubated in diaminobenzidine (DAB; 50 mg/100
organotypic culture experiments, as described previously mL TBS) for 15 min, and then reacted in a DAB solution
(Stoppini et al., 1991; Hafidi et al., 1995). Animals were with 0.03% H,0,. Sections were mounted on gelatin-coated
alcohol-sterilized and decapitated, and the brains were re- slides, dehydrated, and coverslipped with permount.
moved and put in a cooled solution of minimum essential
medium (MEM) containing 0.6 g/mL of glucose. Vibratome
sections of 25Qum were collected in MEM at 4°C, well-  Semithin Sections
preserved slices were selected, and the pial membrane was
removed. Sections were transferred through several drops of After 6 DIV, slices were fixed in 4% paraformaldehyde and
the culture medium (50% MEM, 25% Earle’s balanced 2% glutaraldehyde in 0.M phosphate buffer. The slices
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A Control (P12) B Commissure Transection (P12)

C IC-1.SO Coculture (P12) D ICC on Substrate (P6. P12)

~substrate’

Figure 1 Schematic of the four culture conditions employed in this study. (A) Transverse sections
of the IC from P12 animals containing an intact commissure were grown for 6 DIV. (B) The
commisure was transected in transverse IC sections from P12 animals, and the sections realigned
and grown for 6 DIV. (C) Transverse sections of one IC lobe and the superior olivary nuclei from
P12 animals were aligned as shown, and grown for 6 DIV. (D) The central nucleus of IC from
P6-21 animals was placed on substrate and grown for 6 DIV. ICC-central nucleus of the inferior
colliculus; SC-superior colliculus; CIC-commissure of the inferior colliculus; substrate, polyorni-
thine-, and laminin-coated insert.

were washed, osmificated in 1% Ogs@hcubated in uranyl However, one limitation of the counting method is that
acetate, dehydrated, and embedded in epoxy resin. Semithinabnormally small neuronal somata would not have been
sections (1um) were obtained on an LKB ultramicrotome, included in these counts. Neurons that contain vacuoles in
stained with 0.5-1% Toluidine blue in saturated borate, and their cytoplasm were not counted. Astrocytes were distin-
mounted for light microscopic observation. guished by a small cell body, lightly stained cytoplasm, and
lightly stained nucleus with a thin rim of condensed chro-
matin lining the membrane. Oligodendrocytes were distin-
guished by dense cytoplasm and nucleoplasm (clumps of
The morphological criteria used to count neurons are iden- chromatin). All counts were taken from the center of the
tical to those described previously (Hafidi et al., 1994). Only explant in an 8Qxm? grid using ax 100 oil objective. Three
clearly recognizable neurons (large soma, substantial cyto- squares were counted in each section, and sampled sections
plasm, and large nucleus with nucleolus) were counted. were a minimum of 10um apart. Control counts were

Morphological Criteria for Cell Counts
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Figure 2 Neuron survival under different conditions is shown in semithin sections. (ApAivo

P12 slice did not display dying neurons. (B) A control P12 organotypic culture displayed many
dying neurons after 6 DIV. (C) A P12 slice grown for 6 DIV in glutamate receptor antagonists (AP5
and CNQX). Neurons and glia are present within the slice at a level far above that seen in control
media, and these neurons exhibited well-preserved morphologies= Bérum.

obtained from P12n situ tissue that was prepared in an  animals, an age at which neurotrophin receptors are
identical manner to the cultured tissue (see above), and highly expressed in the gerbil IC (Hafidi et al., 1996).
organotypic tissue that was incubated for 6 DIV in serum-  gemithin sections from the neurotrophin-treated slices
containing medium or N2 defined medium without the - ;g ot reveal a positive action on neuron survival as
addltlt_)n of growth factors, KCI, or glutamate receptor an- compared to thén vitro control slices (not shown),
tagonists. L

beyond a very few remaining neurons at the edge of

the explants. Most of the cells present in the explant
RESULTS a_\ppeared to be phagocytic gli_al cells with microglia-
like features (cf. small cell bodies and nuclei, and very
dense nucleoplasm with patches of chromatin). Sim-
ilarly, NGF did not enhance neuronal survival, nor did
FGF (not shown). Although depolarizing agents pro-
Control tissue obtained from freshly cut slices that mote neuron survivah vitro at young ages (Franklin
were fixed immediately exhibited well-preserved neu- etal., 1995; Lohmann et al., 1998), increasing the KCI
ron morphology. Neuronal perikarya did not display concentration (25, 50, or 75M) in the serum-con-
any characteristic of cell death beneath the vibratome- taining culture medium did not enhance IC neuron
cut surface [Fig. 2(A)]. Neurons did not contain vacu- survival, although there were a large number of cells
oles in their cytoplasm, although some cells had with astrocytic features.
darkly stained cytoplasm. The extracellular space was The ameliorative effect of glutamate antagonist
prominent, as expected in tissue of this age. In con- treatment on IC neuron survival was pronounced [Fig.
trast, IC slices that were grown in normal or defined 2(C) and Table 1]. Slices treated with AP5 or CNQX,
N2 media for 6 DIV exhibited a dramatic loss of or both in combination, contained neurons with a
neurons. In many sections there was a total absence ofpreserved morphology across the entire explant.
neuronal cell bodies, particularly within the center of Three different neuron morphologies were observed
the explant [Fig. 2(B)]. A few glial cell bodies, how- in semithin sections from treated cultures. One pop-
ever, were present in the explants. ulation of neurons appeared healthy, without the pres-

Brain-derived neurotrophic factor and NT3 were ence of cytoplasmic vacuoles or other signs of struc-

added, alone or in combination, to cultures from P15 tural degeneration. There was no differences between

Glutamate Receptor Antagonists and
Neuron Survival

Table 1 Neuron Survival Improved by Glutamate Receptor Antagonists Compared to Controln Vivo and In
Vitro Conditions

AP5 + CNQX AP5 CNQX In Vitro Control In Vivo Control
Neurons/80um? 89+17 42+1.2 3.5+ 0.7 0 6.4+ 1.1
Total neurons 145 97 67.9 115

No. of slices 19 23 20 8 20




Survival Without Regeneratidn Vivo 271

this morphology and that found in freshly cut control reach the contralateral IC nucleus. A few axons also
tissue from P12 animals. A second population of ran along the lesion without penetrating and crossing
neurons appeared pyknotic and contained cytoplasmicit [Fig. 3(F,H)], and a few were observed to grow
vacuoles. The number of vacuoles per neuron was back into the ipsilateral IC.

variable but tended to be greatest when the neuron MAG immunostaining revealed both oligodendro-
showed other signs of cell death (cf. eccentric nu- cyte cell bodies and myelinated fascicles throughout
cleus, shrunk and darkly stained nucleus, darkly P12 IC cultures. In P12 slices with a transected com-
stained cytoplasm). These first two subpopulations missure, MAG-positive fibers could be found within
represent the majority of neurons observed in treated the central nucleus and around its edge, but no stain-
cultures. A third, infrequent group of neurons (2—3/ ing was observed crossing the midline lesion (Fig. 5).
section) exhibited a healthy morphology except for

dense chromatin clumping, sometimes with a rosette-

like appearance, inside the nucleus. Axon Regeneration in Cocultures

Only: the neuronal popu!atlon that exh|b|teq & 70 test whether a different axonal projection to the IC
healthy morphology (the first subtype described . :
. was better able to regenerate across a lesion, a region

above) was counted, and the results are presented in oY . .
Table 1. The cell counts showed that either AP5 or of P12 SOC containing the lateral superior olivary

. nucleus (LSO) and the medial nucleus of the trapezoid
CNQX alone was able to rescue a significant number body (MNTB) was cocultured with one lobe of the IC
of neurons, although AP5 had a more potent affect. y

When used in combination, AP5 and CNQX had a for 6 DIV' Robust NF immunoreactivity was ob-
) . . served in axons and some neuronal cell bodies on both
greater ameliorative affect than either alone. In P15

and P18 explants, both neurons and glial cells could sides of the explant. At the site of contact (dorsal SOC

occasionally be found after 6 DIV, although the num- gl)?oc:Sd ﬁgjrzci?,ts;?vgzn&alclrgig ir::r?:;i;:r?ger %f)
ber of pyknotic neurons clearly increased with age of . 9.

. . - compared to the transected IC slices. The number of
explanation. Dying neurons were rarely observed in : ; . :

. crossing axons in the SOC-IC slices varied from 0 to

P21 cultures, suggesting that cell death occurred rap- )
A 36 axons per slice and there were a total of 166
idly in these cultures. A very few healthy neurons

were present in P21 cultures after 6 DIV, although the crossing ‘?‘XO”S“ = 17 cultures). In general, the
X . . regenerating axons were very large caliber and some
explants were filled with morphologically preserved

astrocytes and oligodendrocytes of them gmerged .from the .reticular formation.

' GAP43-stained sections also displayed a number of
axons that crossed the lesion (not shown), and these
Axonal Regeneration also tended to be large caliber axons.

Having identified a procedure (AP5 and CNQX) that

maintained P12 IC slices vitro for 6 DIV, we tested Axon Outgrowth on Substrate-Coated
whether transected commissural axons were able O|nserts

cross the lesion site, as occurs in P7 cultures (Hafidi et

al., 1995). The axons were stained with an antibody To determine the growth potential of P6 and P12
directed against neurofilament (NF), and staining was axons, inserts were coated with a mixture of polyor-
occasionally present in neuronal cell bodies. In P12 nithine and laminin, and the outgrowth of axons from
slices with an intact commissure, the NF antibody the central nucleus of the IC was assessed in both
apparently stained most axons within both lobes of the N2-defined and serum-containing medium. Slices
IC, and the commissural axons that coursed through from P12 animals were grown in the presence of
the midline [Fig. 3(A,B)]. In P12 slices with a glutamate receptor antagonists, but slices from P6
transected commissure, robust NF staining was ob- animals were not. In defined medium, robust axonal
served in axons within each central nucleus of the IC, outgrowth onto the substrate was observed in P6
as well as the cut commissural axons that remained atexplants [Fig. 7(A,B)], while the outgrowth in P12
the midline [Fig. 3(C-H)]. Many labeled commissural explants was quite limited [Fig. 7(C,D)]. In serum-
axons terminated in large varicosities or terminal containing medium, both P6 and P12 explants exhib-
bulbs (Fig. 4). The vast majority of these commissural ited very little axonal outgrowth onto the substrate
axons did not cross the lesion site, and a total of 15 [Fig. 7(E—H)]. A perimeter of nonneuronal cells sur-
crossing axons were observed & 23 cultures). rounded the explant shown in Figure 7(G), and the
However, these axons did not extend for a long dis- stained axons grew within the explant but did not
tance and never traversed the entire lesion site to extend onto this veil.
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Figure 3 Neurofilament (NF) staining of P12 IC slices grown from 6 DIV with intact or transected
commissure. (A,B) In a control section, NF labeling is present in axons throughout both sites of the
slice as well as axons coursing through the midline. (B) At higher magnification [box in (A)], a



Figure 4 Four examples of the enlarged terminal endings
(arrows) of cut axons near the midline. Bar10 wm.

DISCUSSION
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of central auditory axons from juvenile animals at
P12. At first, IC neurons fronre=P12 animals did not
survive in the organotypic conditions that had previ-
ously proved suitable for P7 tissue. However, it was
possible to rescue a significant fraction of P12 neu-
rons with the addition of the glutamate receptor an-
tagonists, AP5 and CNQX (Fig. 2 and Table 1). Most
importantly, the prevention of cell death allowed ax-
ons to survive within the explant, thus making it
possible to study regeneratian vitro. The results
indicate that neuron survival was not sufficient to
permit axon regeneration across a lesion site. Further-
more, failure to regenerate was apparently due to a
nonpermissive environment at the lesioned midline.

Cell Survival and Glutamate Receptor
Antagonists

The data reveal a nearly complete loss of neurons in
IC tissue explanted from P12 and older animals. This
cell death appears to be glutamate associated. Neither
supplementing the medium with growth factors nor
continuous depolarization with elevated potassium
had a positive effect on neuronal survival. In contrast,
addition of ionotropic glutamate receptor antagonists
rescued a significant number of neurons in P12 ex-
plants (Table 1). Either AP5 or CNQX alone pre-
vented many neurons from degenerating, but AP5
appeared to have a more potent survival action. More-
over, the two antagonists seemed to have a synergistic
action (Table 1), as has been found in hippocampal
cultures in which glutamate levels are raised with a
transport blocker (Vornov et al., 1995). The higher
neuron counts observed in the AP5/CNQX-treated
slices compared to freshly cut control tissue were
probably due to the gradual thinning of organotypic

In a previous study, we reported that cut axons would slices from an initial thickness of 300m to a final
regenerate across the lesion site in P7 organotypicthickness of 10Qum. These results suggest that exci-

cultures of auditory midbrain (Hafidi et al., 1995).

totoxic injury to IC neurons occurs during tissue prep-

The present study examined the regenerative capacityaration at P12. In contrast, P6 neurons survive without

dense array of NF-positive axons were observed crossing the midline. (C-H) In P12 slices
grown for 6 DIV with a transected commissure, NF staining was present in axons throughout
the IC central nucleus of each side, and commissural axons survived at the lesion site. As shown
at higher magnification (D,F,H), these axons did not cross the lesion site, although some of them
did grow along it or back into the ipsilateral IC [see stars in (F,H)]. Some cut endings terminated
as large varicosities or terminal bulbs. A very few axons grew into the lesion site but did not traverse
the full distance to reach the other IC lobe (arrows). Sections shown in (A—C) were grown in the
presence of AP5 and CNQX for 6 DIV, and the section in (D) was grown in AP5 and CNQX for

3 DIV. Bar = 300 um for low-power micrographs (left column) and 40m for high-power

micrographs (right column).
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Figure 5 MAG staining in P12 organotypic slice at 6 DIV following transection of the commis-
sure. (A) MAG-positive oligodendrocytes and axonal sheaths were found within both side of the
slice. (B) At high magnification, MAG-positive fibers were not found at the midline.-B&00 um

for (A) and 40um for (B).

the addition of glutamate receptor blockers (Hafidi et
al., 1995).

sion of NMDA receptors (R1 and R2A subunits) in
the rat inferior colliculus that increases during the

The present data are in agreement with previous second postnatal week (Watanabe et al., 1994). This

reports of rat P15 cerebellar organotypic cultures that NMDAR expression may correlate with the increased
show a total loss of Purkinje neurons (Dusart et al., vulnerability of IC neurons to the endogenous gluta-
1997), and from hippocampus where spontaneous py-mate in our P12 explants. Nevertheless, the amelio-
ramidal cell death was prevented by the block of rative effect of glutamate receptor antagonists de-
glutamate ionotropic receptors (Pozzo-Miller et al., clined in older tissue.

1994). The latter study indicates that glutamate recep- Depolarizing agents such as high KCI have been
tors mediate decreased survival of CNS cultures from used successfully to promote neuronal surviiral
P12 and older tissue. The vulnerability of neurons to vitro (Franklin et al., 1995; Lohmann et al., 1998).
glutamate during this developmental period may be However, increasing the potassium concentration in
due to the acquisition of specific glutamate receptor our culture medium did not have a positive effect on
subclasses (Watanabe et al., 1994). The degree of ICneuron survival. This was expected, since membrane
maturation is clearly a key factor in glutamate cyto- depolarization would likely increase calcium influx
toxicity in vitro, since slices from P6 animals survive through voltage-gated channels (Kingsbury and Bal-
in normal serum-containing media (Hafidi et al., azs, 1987) or glutamate release (Didier et al., 1993).
1995). However, it is important to note that a recent study

Activation of glutamate receptors is thought to
result in neuronal injury and death by increasing in-
tracellular free calcium. A number of previous studies

has shown depolarization to be crucial to the survival
of rat auditory brainstem explants obtained from early
postnatal animals (Lohmann et al., 1997).

have shown that neuron can be protected against such The presence of the neurotrophin receptors in the
excitotoxicity by preventing the elevation of calcium developing IC (Hafidi et al., 1996) suggested that the
using glutamate receptor antagonists or calcium chan- addition of specific growth factors to the culture me-

nel blockers (Choi and Hartley, 1993) or by buffering
intracellular calcium (Tymianski et al., 1994).
AMPA/kainate receptor-mediated cytotoxicity de-
pends on extracellular calcium (Hori et al., 1985;
Rothman et al., 1987; Ellren and Lehmann, 1989;
Brorson et al., 1994; Lu et al., 1996), and thie
methyl-o-aspartate (NMDA) receptor-coupled chan-
nel is known to have a significant permeability to
calcium (MacDermott et al., 1986). Conditions that
limit influx of calcium through NMDA receptors are
particularly efficient in blocking glutamate excitotox-
icity.

An in situ hybridization study revealed an expres-

dia might enhance neuron survival. However, neither
the use of three neurotrophins nor FGF rescued neu-
rons in P12 or older cultures. It is possible that glu-
tamate-associated cell death was too fast for the
growth factors to have a beneficial affect (Mattson et
al., 1993). Moreover, BDNF may actually increase the
electrical activity of neurons (Shen et al., 1994), and
could have potentiated cell death in our system (Koh
et al.,, 1995). Thus, these growth factors may not
constitute a survival signal for the IC neurons at this
stage.

Most dying neurons within the slice cultures ex-
hibited distinct structural characteristics, including the
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Figure 6 Two examples of neurofilament-stained cocultures of the IC and the SOC from a P12
animal grown for 6 DIV. (A) A coculture is shown at low magnification with IC to the left of the
arrows, and the SOC on the right. The interface between the two slices (box) is shown at higher
magnification in (B). (B) NF staining showed some fibers at the interface between the two sections,
although many more avoided the lesion site. A few thick axons from the SOC slice were observed
to cross the lesion site, but they may emanate from reticular neuronss B80 um for (A) and

70 um for (B). (C) Neurofilament-stained cocultures of the IC and the SOC from a P12 animal
grown for 6 DIV. (C) A second coculture is shown at low magnification with IC to the left of the
arrows, and the SOC on the right. The interface between the two slices (box) is shown at higher
magnification in (D). (D) Many thick axons from the SOC slice were observed to cross the lesion
site. Both cocultures were treated with AP5 and CNQX for 6 DIV. Ba260 um for (C) and 50

pm for (D).

presence of vacuoles within their cytoplasm that in- chromatin clumping. These cells may represent an
creased with age of explant. A few neurons had a early stage of the cell death process. The presence of
normal morphology, except that their nuclei contained vacuoles in neurons has been associated with injury



Figure 7 Explants of the central nucleus of the IC grown on polylysine and laminin coated inserts.
(A,B) P6 tissue grown in N2 defined medium displayed robust axonal outgrowth onto the substrate.
The axons shown at higher magnification (B) are from the area delineated by the box in (A). (C,D)
P12 tissue grown in N2-defined medium displayed little axonal outgrowth compared to that seen at
P6. The axons shown at higher magnification (D) are from the area delineated by the box in (C).
(E,F) P6 tissue grown in serum-containing medium displayed little axonal outgrowth onto the
substrate. The axons shown at higher magnification (F) are from the area delineated by the box in
(E). (G,H) P12 tissue grown in serum-containing medium displayed no axonal outgrowth onto the
substrate. Instead, these axons appeared to avoid the veil of glial cells (stars) that surrounded each
explant (outer limit is denoted by line). The axons shown at higher magnification (D) are from the
area delineated by the box in (C). The P6 cultures were stainggHfiaboulin and P12 cultures were
stained for neurofilament (see Materials and Methods). P12 slices were cultured in glutamate
receptor antagonist-containing medium. Bar320 um in (A,C,E,G) and 4Qum in (B,D,F,H).



with glutamate or its agonists (Sperk et al., 1983;
Clarke, 1990; Portera-Cailliau et al., 1995). The pat-
tern of neuronal injury observed here correlates with
a slow injury characterized by vacuolation and chro-
matin clumping. At present, we have no direct evi-
dence concerning the mode of cell death (Wyllie et
al., 1980; Van-Lookeren et al., 1995).
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Ghooray and Martin, 1993; Kapfhammer and
Schwab, 1994; Varga et al., 1995; MacLaren, 1996).
These experiments suggest that failure to regenerate is
due to growth-inhibitory molecules on myelin, or
molecules that are strongly adhesive and which pre-
vent axons from rapid growth. Thus, embryonic neu-
rons would not express such ligands and are able to

In P21 slices, the cell death appeared different grow in the mature central nervous system (Wictorin
from that observed in P12 cultures since few degen- et al., 1990; Davies et al., 1993; Li and Raisman,
erating neuron cell bodies were observed after 6 DIV. 1993; Li et al., 1995; Shewan et al., 1995; Stichel et
However, swollen perikarya were observed at this al., 1995; Dusart et al., 1997).
age, suggesting that cell death and their clearance Similar data on the failure of axons to reinnervate
were occurring more rapidly in P21 tissue, and necro- their targets in slice cultures were reported (Chen et
sis is likely to be involved. al., 1995; Li et al., 1995; Dusart et al., 1997). These
studies revealed an age-related failure of axon regen-
eration due to the intrinsic maturational changes of
axons themselves rather than to the extrinsic changes
In a previous study, we showed that IC cultures from of their environment. In our case, axons can grow for
an early postnatal period (P6—8) can sunviveitro a long distance inside each side of the interface;
and retain the capacity to regenerate axonal processesiowever, they do not cross the lesion site. Some axons
through a midline commissural lesion (Hafidi et al., grew along the lesion site without crossing it, sug-
1995). The regenerated axons can make synaptic con-gesting inhibitory cues within the lesion area. More-
tacts within the contralateral IC neurons. After rescu- over, when axons cross the lesion, they do not make
ing a significant fraction of neurons in P12 cultures, it to the contralateral target field. Substrate experi-
we examined whether they also had the ability to ments revealed a remaining outgrowth capacity of IC
regenerate axonal processes. Glutamate antagonist-axons. Growing axons became more restricted to the
treated P12 cultures displayed an intact commissural nonneuronal perimeter with maturation, as discussed
projectionin vitro. However, following a commissure  below.
transection, there was almost a complete absence of The decrease of axonal outgrowth seems to be an
regeneration across the lesion (Fig. 3). There were age dependent rather than a structure-specific phe-
only a few axons that crossed the lesion in P12 cul- nomenon. Coculturing slices of the SOC with the IC
tures, although there were many axonal processes onrevealed a similar failure of axons to cross the injury.
either side of the midline lesion. Therefore, the ca- However, the number of crossing axons is higher in
pacity to regenerate axons is present at P12, but thethe IC-SOC cocultures than in the IC-IC ones, re-
ability to traverse a lesion site seems to decrease with vealing a great capacity of axonal regeneration in the
age. As discussed below, these results lead us tofirst case. Although it was not easy to delineate the
conclude that (a) the lesion site contains one or more exact origin of individual crossing axon (IC or SOC),
growth inhibitory molecules, (b) P12 axons have it looks as though the majority of these axons come
some growth potential and would be able to extend from the SOC area, especially the large caliber axons
across a lesion site in the absence of these putativethat may represent nonauditory neurons of the retic-
signals, and (c) MAG-positive oligodendrocytes are ular formation, and these axons may have a different
probably not involved in this inhibition. Sprouting growth potential.
may be robust within each lobe of the IC both because = Substrate experiments were designed to address
the MAG-positive cells are immature and do not whether growth-inhibitory activity was due to the
express growth-inhibitory molecules, and because presence of inhibitory cues within the axonal environ-
there is not an injury site within the depth of the ment. If given a favorable substrate, the axons may
tissue. display a normal outgrowth (David and Aguayo,

This result is in accordance with previous studies 1981; Li et al., 1997; Ramon-Cueto et al., 1998). The
showing a transient period for axonal outgrowth substrate experiments showed a decrease in the axonal
across a lesion site (Kalil and Reh, 1982; Xu and growth depended on tissue age, as well as the growth
Martin, 1989; Shimizu et al., 1990; Hasan et al., 1993; media. The greatest amount of growth was found in
Lietal., 1995; MacLaren and Taylor, 1995; Dusart et P6 explants grown in N2-defined medium [Fig.
al., 1997), a period that coincides with limited myeli- 7(A,B)]. The least outgrowth onto the substrate was
nation (Jhaveri et al., 1992; Keirstead et al., 1992; found in P12 explants grown in serum-containing

Axonal Regeneration
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medium. Serum-containing medium is known to en-  the regeneration of retinal ganglion cell axons severed in

hance glial cell proliferation, and highly proliferative the optic nerve. J Neurocytol 25:147-170.

astrocytes are |eSS Supportive Of neurite Outgrowth Bregman BS, Goldberger ME. 1983. Infant lesion effect. III.

(Banker and Kimberly, 1991; Wang et al., 1994). Anatomical correlates of sparing an recovery of function

Therefore, the explant experiments suggest that the after spinal cord damage in newborn and adult cats. Brain
i : . Res 285:137-154.

lesion site in P12 tissue may be populated by prolif-— o T a0 S i b willer RJ. 1994, Cazentry

erating astrocytes that express growth-inhibiting mol-

i : via AMPA/KA receptors and excitotoxicity in cultured
ecules (McKeon et al., 1991; Carbonetto, 1991). This cerebellar Purkinje cells. J Neurosci 14:187-197.

suggests that the astrocyte response to injury changeszanpn y Cajal S. 1928. Regeneration and degeneration of

with age, since axons do grow across the lesion site in  the nervous system. (Reprint) (May RM, Trans.). New

P6 explants of the inferior colliculus (Hafidi et al., York: Hafner, 1959.

1995). Carbonetto S. 1991. Facilitatory and inhibitory effects of
The appearance of MAG during development glial cells and extracellular matrix in axonal regeneration.

(Hafidi et al., 1995) correlates with the inhibitory Curr Opin Neurobiol 1:407—-413.

growth of axons in this nucleus. Oligodendrocytes in Chen DF, Jhaveri S, Schneider GE. 1995. Intrinsic changes

older culture slices showed a more mature and reac- in developing retinal neurons result in regenerative fail-

tive state, as revealed by the strong MAG immuno-  Ure of their axons. Proc Natl Acad Sci USA 92:7287-

staining in comparison to P6 slices (Hafidi et al., 7291. _

1995). MAG has been showim vitro to have an ~ CNoi DW, Hartley DM. 1993. Calcium and glutamate-

inhibitory activity for neurite outgrowth (Mckerracher induced cortical neuronal death. In: Waxman SG, editor.

] - Molecular and cellular approaches to treatment of neuro-
et al,, 1994; Mukhopadhyay et al., 1994) and disrup- logical disease. New York: Raven Press. p 23-34.

tion of the gene for MAG improves axonal regrowth  ~,.: DW, Koh JY, Peters S. 1988. Pharmacology of glu-

(Schafer et al., 1996). . . tamate neurotoxicity in cortical cell culture: attenuation
In summary, the progressive decrease in the regen- ,y NMDA antagonists. J Neurosci 8:185-196.

erative process may be essentially due to two phe- Clarke PGH. 1990. Developmental cell death: morpholog-

nomena. The first is the changing cues given by the ical diversity and multiple mechanisms. Anat Embryol

environment (David and Aguayo, 1981), essentially ~ 181:195-213.

owing to the maturation of glia. The second explana- David S, Aguayo AJ. 1981. Axonal elongation into periph-

tion is a decrease in the capacity of the axons them- eral nervous system “bridges” after central nervous sys-

selves to grow (Fawcett, 1992; Chen et al., 1995; Liet  tem injury in adult rats. Science 214:931-933.

al., 1995). The experiments using the substrate favors Pavies SJA, Field PM, Raisman G. 1993. Long fibre growth

the latter proposition. Our experiments reconcile the Y aons of embryonic mouse hippocampal neurons mi-

two hypotheses in that there is both a decrease in the crotransplanted into the adult rat fimbria. Eur J Neurosci

axonal growth in old IC tissue and an increase in the 5:95-106.
- . . Davies SJA, Fitch TM, Memberg SP, Hall AK, Raissman G,
maturation of the glial environment.
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