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Developmental Analysis of Hippocampal Mossy Fiber Outgrowth in a
Mutant Mouse with Inherited Spike-Wave Seizures
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Neural firing patterns are an essential determinant of normal
axon terminal growth and synaptic connectivity in devel-
oping afferent pathways, but the trophic role of synchronous
activity in associative neural networks is less well defined.
We examined the ontogeny of inherited synchronous hip-
pocampal network discharges and mossy fiber innervation
patterns at sequential stages of development in the star-
gazer (stg) mutant, a single-locus mouse mutation express-
ing generalized spike-wave epilepsy. Brief bursts of 6/sec
repetitive discharges arise spontaneously on postnatal days
17-18 and persistently activate neocortical and hippocam-
pal networks throughout adulthood. We found a striking pat-
tern of mossy fiber recurrent axon collateral sprouting in the
inner molecular layer of dentate gyrus in the adult stg hip-
pocampus. Sprouting is not apparent until 4-6 weeks fol-
lowing seizure onset, but then steadily intensifies with con-
tinued synchronous activation. In the adult mutant, axon
outgrowth is accompanied by a mild selective loss of hilar
interneurons without gliosis. These data indicate that hy-
persynchronous stimulation during late postnatal brain de-
velopment is linked, following a prolonged latent period, to
significant fiber outgrowth and synaptic reorganization with-
in the hippocampal formation. Since the pattern of synchro-
nous activation in the stg mutant strongly resembles that
seen in human spike-wave absence epilepsy, the synaptic
plasticity described in this model has important implications
for normal brain development in this common disorder.
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Activity-dependent plasticity of synaptic connections has been
demonstrated in the terminal projections of primary sensory
pathways in the mammalian CNS (Wiesel and Hubel, 1963;
Archer et al., 1982; Shaw and Cynader, 1984; Stryker and Har-
ris, 1986; Shatz and Stryker, 1988) and plays a key role in
Hebbian models of brain development (reviewed by Constan-
tine-Paton, 1990; Shatz, 1990). While most experimental par-
adigms have involved the prolonged reduction of nervous im-
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pulse activity following sensory deprivation or pharmacological
blockade, sustained increases in impulse activity can also alter
the organization of developing synaptic circuits (Chow et al.,
1978; Baumbach and Chow, 1981). The neural firing pattern
and level of postsynaptic coactivation, in addition to the ab-
solute amount of impulse traffic, are important determinants of
synaptic stabilization (Hube! and Wiesel, 1965; Mastronarde,
1983; Sretavan and Shatz, 1986). Together, these studies have
demonstrated a clear overall dependence of synaptogenesis in
afferent pathways on temporally correlated neuronal spike ac-
tivity, and illustrate the importance of epigenetic factors in re-
fining functional connectivity within the developing brain.

The plasticity observed during the selection and innervation
of postsynaptic targets in sensory pathways declines after a crit-
ical period in development, but various lines of evidence suggest
that impulse activity continues to influence the stability of axon
terminal connections during adulthood. Selective elimination
of one afferent input pathway can result in the sprouting of
uninjured neighboring terminals in mature animals (Lynch et
al., 1973; Zimmer, 1974; Laurberg and Zimmer, 1981; Mer-
zenich et al., 1983). Extensive synaptic reorganization also oc-
curs in the adult in associative neural networks such as the
dentate gyrus granule cell-mossy fiber system following exces-
sive synchronous activity in several models of hippocampal
seizures (Nadler et al., 1980; Sutula et al., 1988; Babb et al.,
1991), and in human temporal lobe epilepsy (Sutula et al., 1989;
Houser et al., 1990). While the mechanisms triggering axon
growth following seizures are clearly associated with neural net-
work hyperactivity, the synchronous discharges in each of these
models are also accompanied by extensive neuronal cell death,
synaptic loss, and gliosis (Nadler et al., 1980; DeLanerolle et
al., 1989; Cavazos and Sutula, 1990; Houser et al., 1990), and
the relative contributions of each of these linked phenomena
have not yet been well defined.

We recently described a new recessive neurological mutant
locus, stargazer (stg, Chr 15) with a highly stereotyped pattern
of generalized absence seizures resembling petit mal epilepsy
(Noebels et al., 1990). Each cortical EEG discharge consists of
a tetanic burst of spike-waves in the theta frequency range (6/
sec) lasting 1-10 sec and occurring at a mean rate of 1-2/min.
While the primary mechanism underlying these oscillations is
believed to be an enhancement of endogenous membrane burst
firing properties centered in the reticulothalamocortical circuit
(Steriade et al., 1990), other synaptically linked brain regions
in the stg mutant, in particular the hippocampus, also participate
as secondary targets of the hypersynchronous activity. The brief
episode of phasic neural firing during a nonconvulsive spike-



wave oscillation differs from the prolonged pattern of tonic
bursting observed in convulsive seizures in several distinctive
ways, most notably by the absence of postictal EEG depression,
a deleterious phenomenon that consists of an immediate flat-
tening of brain wave activity due to a massive depression of
postsynaptic potentials in the cortical neuropil. This period of
profound depolarization reflects the recovery from excessive
release of excitatory neurotransmitters, extracellular accumu-
lation of potassium ions, neuronal metabolic energy depletion,
and increased entry of intracellular calcium ions, predisposing
the circuit to excitotoxic cell death. In contrast, EEG activity
following a spike-wave discharge is unaltered, suggesting that
this specific pattern of synchronization activates the circuit with-
in the margins of normal intracellular metabolic demands.

In the present study, we sought to determine whether this
spontaneous pattern of endogenous network hypersynchrony
could serve as a sufficient stimulus to alter hippocampal con-
nectivity by examining adult stargazer mutant mice for evidence
of recurrent mossy fiber axon collateral growth and signs of
associated cell death. We ascertained the exact developmental
onset of the synchronous activity, correlated the subsequent
temporal pattern of the discharges with the growth and ectopic
distribution of dentate granule cell axon terminals, quantified
regional cell loss, and looked for a functional role, based on the
sequence of their appearance, these phenomena might play in
mechanisms underlying axonal sprouting and the inherited spike-
wave epilepsy phenotype.

Materials and Methods

Animals. Adult +/+ C57BL/6J, and stg/stg C3B6Fe+ mice from breed-
ing colonies of the Jackson Laboratory and Baylor College of Medicine
were kepton a 12 hr:12 hr light/dark cycle with food and water available
ad libitum. Heterozygous males (+/stg) and homozygous females (stg/
stg) were mated to produce stg/stg mice. Homozygotes could be distin-
guished from heterozygous littermates as early as 2 weeks postnatal by
their reduced body size and mild ataxia.

Chronic EEG recordings. Mice 2 weeks of age and older were anes-
thetized with Avertin (1.25% tribromoethanol/amyl alcohol solution)
by intraperitoneal injection (0.02 ml/gm). Silver wire electrodes (0.005
inch diameter) soldered to a microminiature connector were implanted
bilaterally into the subdural space over frontal and parietal cortices.
Electroencephalographic (EEG) activity was recorded daily during ran-
dom 1-2 hr samples for 2-7 d using a Grass model 6 electroencepha-
lograph. All recordings were carried out at least 24 hr after surgery on
mice moving freely in the test cage. EEG traces were reviewed for the
incidence and duration of spontaneous cortical spike activity. Discharg-
es with a minimum amplitude of twice the background EEG voltage
and minimum duration of 1 sec were considered for analysis, and spike
bursts separated by less than 1 sec were counted as a single discharge.

Stereotaxic surgery was performed in some mice to implant a twisted
pair of Teflon-sheathed depth electrodes in the dorsal hippocampus.
Under Avertin  anesthesia, mice were mounted in a stereotaxic frame
and the cranial sutures exposed. The points of bregma, lambda, and the
auditory meatus were used for reference. A correction factor for the
stereotaxic coordinates for mouse brain was calculated according to the
regression equation F' = F, — 0.66 (b/ — 3.8), where F’ is the predicted
frontal coordinate of a particular neural point, F, is the frontal coor-
dinate of that point given by a mouse brain atlas (Slotnick and Leonard,
1975), —0.66 is the mean regression coefficient determined from the
variability study, and b/ is the bregma-lambda distance of the mouse.
The anterior, lateral, and depth hippocampal coordinates used in adult
mutants were AP —2.0 mm, L 2.0 mm, and D 1.6 mm.

Zinc histochemistry: Timm’s and selenium stain. The Timm’s stain
method used was modified from Haug (1973). Mice were anesthetized
with Avertin and killed by transcardial perfusion with sodium sulfide
solution (1.2% Na,S in 0.15 M phosphate buffer, pH 7.4) at 25°C for 20
min. The brain was excised and frozen in CO, vapor. Coronal, sagittal,
and horizontal sections were cut in a cryostat at 20 gm. The sections
were fixed in 96% ethanol for 15 min, hydrated through an alcohol
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series, and stained in an aqueous solution consisting of 60 ml of 50%
w/v gum arabic, 10 ml of sodium citrate buffer, 30 ml of 5.7% hydro-
quinone, and 0.5 ml of 17% silver nitrate for physical development.
Slides were maintained in a dark box at 26°C for 40-60 min, and rinsed
in tap water for 5 min after development. The sections were then de-
hydrated in graded ethanol, cleared briefly in xylene, and coverslipped
with Permount.

An alternative zinc histochemical staining method, selenium stain,
was modified from Danscher (Danscher, 1982) to examine mossy fiber
trajectories further. Sodium selenite (Na,SeO,) was injected intraperi-
toneally (15 mg/kg), and the animals were anesthetized 1 hr later and
perfused transcardially with 0.9% NaCl. The brain was removed and
frozen with CO,. Horizontal sections were cut in a cryostat at 20 um
thickness. Dried sections were fixed in 100% ethanol at room temper-
ature for 15 min. The slides were hydrated in graded ethanol and coated
with 0.5% gelatin prior to physical development. The development was
carried out in a solution of 50% gum arabic (60 ml), sodium citrate
buffer (10 ml), 5.7% hydroquinone (15 ml), and 15 ml of 0.8% silver
lactate in a dark box at 26°C for 60-70 min. The slides were then rinsed
in running tap water at 40°C for 45 min, bathed in 5% sodium thiosulfate
for 12 min, dehydrated in graded ethanol, cleared in xylene, and cov-
erslipped with Permount.

Brain sections stained for the presence of vesicular zinc with both
Timm’s and selenium methods were used to ascertain the extent of
recurrent mossy fiber outgrowth. In preliminary studies at sequential
levels through the septal-temporal axis, we determined that the mossy
fiber sprouting in the dentate was most pronounced in the temporal
pole of the hippocampus, and therefore concentrated on this region for
the image analysis of staining density, localization of zinc-containing
mossy fibers in Timm’s stained electron microscopic sections, and the
developmental study of sprouting. Age-matched sections from each ge-
notype were processed simultaneously on the same slide rack to permit
accurate histochemical comparisons between groups. Sections of each
brain at the midtemporal hippocampus, the level where the dentate
gyrus in horizontal brain sections turns from a U-shape to a V-shape
(about 3 mm from dorsal surface; horizontal sections 131-155 in Sid-
man et al., 1971), were assigned a standard score from 0 to 3 related to
the density of inner molecular and granular mossy fiber staining (Tauck
and Nadler, 1985). Sections with no, or occasional, molecular or gran-
ular mossy fiber staining were scored 0. Sections with scattered mossy
fiber staining in the inner molecular layer (IML) were given a score of
1. Obvious dark staining forming a distinct band in the IML was scored
as 2, and sections with a dense, continuous band of black staining in
both IML and granular layer were scored 3.

Regional densitometry. A computer-assisted image analysis system
(RAS-DG3000, Loats Associates) was used to quantitate the relative
optical density measurements of regional staining patterns and specific
neuronal populations in the hippocampus. Mean optical density was
measured from three different regions of the Timm'’s stained horizontal
sections of temporal hippocampus in six adult +/+ and stg/stg mice at
matching levels along the temporoseptal axis. Regions selected were the
dentate hilus (area within the suprapyramidal and infrapyramidal blades
of the dentate granule cell layer), and the entire inner molecular and
granular cell body layers of the dentate, using the stratum lacunosum-
moleculare as an internal standard for comparison of background stain-
ing levels. Since the exact demarcation between the molecular layer and
adjacent granule cell body layers in digitized Timm’s stained sections
was usually indistinct, the two layers were combined for more accurate
mean optical density measurements. The analog video signal was cor-
rected for background illumination and digitized so that the optical
density of each 3 x 3 um area of the section, corresponding to one pixel,
represented a value from O to 225. The specific staining density in each
section was standardized across slides by subtracting the nonspecific
background density value in the stratum lacunosum-moleculare from
the density value in the hilar and molecular-granular regions. Differences
in the density between genotypes in identical regions were analyzed for
statistical significance by two tailed Student’s ¢ tests. Area measurements
of the granular cell body layer and CA3 pyramidal cell layer in 18-22
temporal hippocampal sections from each of three control and three
mutant stg mice were performed on cresyl violet-stained sections. The
Student ¢ test was used to compare the significance levels between the
mean areas in the two genotypes.

Electron microscopy of Timm’s stained hippocampus. The Neo-Timm’s
stain method was used for ultrastructural localization of zinc-rich axon
terminals (Danscher, 1981). Mice 4-5 months old were anesthetized
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with Avertin and perfused transcardially with 0.1% Na,S and 3% glu-
taraldehyde in Sorensen buffer. The hippocampus was dissected and
placed in the glutaraldehyde solution for 1 hr. Thick sections (100 wm)
were cut on a vibratome, rinsed with phosphate buffer, and stained in
the Timm’s stain developing solution for 70 min in a dark box at 26°C
with constant stirring. After a rinse in 0.1 M Sorensen phosphate buffer,
the sections were postfixed in 1% OsO, in 0.1 M phosphate buffer for 1
hr before embedding in Epon. Ultrathin sections were cut from poly-
merized Epon blocks, counterstained with 2% uranyl acetate and lead
citrate, mounted on grids, and examined with a JEOL JEM-1200 EX
II electron microscope.

Neuron counts. Cresyl violet-stained horizontal frozen brain sections
(16 pm thickness) prepared from three pairs of 5-month-old +/+ and
stg/stg mice and two pairs of postnatal day 17 (P17) +/+ and stg/stg
mice were examined to determine the morphological characteristics of
the three hippocampal regions. Ten horizontal sections across the tem-
poral pole of the hippocampus were used for neuron counting in each
mouse. Three cell populations, including granule cells, CA3 pyramidal
cells, and hilar polymorphic cells in the adult group, and one population,
hilar cells, in the immature group were counted using a Zeiss Videoplan
image processor interfaced with a light microscope through a Panasonic
video camera. A 100 x oil immersion objective lens focused on a circular
area of 3481 um? was used for neuronal counting. Three discrete areas
from the crest and the supra- and infrapyramidal limbs of the dentate
gyrus were used to determine granule cell number, the corresponding
hilar regions beneath the crest and both limbs of dentate were used for
hilar cell number, and the CA3a, -b, and -c subficlds were sampled for
CA3 pyramidal cell counts. The means of the three determinations were
used as the raw nuclear count for each section. To correct for neuronal
overlap in each field, only nuclei in contact with the upper and left
borders of the sample window were counted. To avoid subjective bias,
the genotype of all sections was not revealed until counting was com-
pleted.

Mean neuronal density (V) for each region was calculated from the
raw nuclear count (»n) using a correction factor: N = nT/(T + D), where
T is the section thickness, and D is the average nuclear diameter of the
specific cell population (Abercrombie, 1946). To exclude systematic
changes in tissue volume that alter neuronal density, the mean neuronal
densities were adjusted for potential volume changes according to the
formula N, = N (V,/V,), where V,, and V, are the average section
volumes of each region from the mutant group and the control group,
respectively. The mean section volumes of granule cells and CA3 py-
ramidal cells in adult +/+ mice were used as control volume (V). In
hilar cells, the average section volume of P17 +/+ mice was used as
V. for both adult and immature groups. The volume-corrected neuronal
density of each section was then analyzed by two-tailed Student’s ¢ test
for significant differences between the two genotypes.

Glial fibrillary acidic protein immunocytochemistry. One pair of anes-
thetized +/+ and stg/stg mice was perfused with 4% paraformaldehyde
in 0.1 M phosphate buffer (pH 7.4). Brains were removed, rinsed in
phosphate buffer overnight, and cryoprotected in graded sucrose in 0.1
M buffer solution. Horizontal brain sections (16 um) were cut in a cry-
ostat, mounted on subbed slides, and air dried. Sections were stained
for glial fibrillary acidic protein (GFAP) using rabbit anti-bovine poly-
clonal antibody (Accurate Chemical and Scientific Corp.) and the im-
munoperoxidase method (Beltz and Burd, 1989) with avidin-biotin
reagents (Vector Laboratory).

Results

Comparison of Hippocampal EEG and Timm’s staining
patterns in adult +/+ and stg/stg mice

Typical EEG traces recorded simultaneously from frontal cortex
and hippocampus of freely moving adult +/+ and stg/stg mice
are illustrated in Figure 1. The stg homozygote shows a highly
reproducible pattern of spontaneous bilaterally symmetrical 6—
7/sec spike-wave discharges in both cortical and hippocampal
regions. The hippocampal discharges are similar in morphology
and amplitude to those in neocortex, and can be recorded with
either bipolar depth electrodes (7 = 3) or monopolar hippocam-
pal electrodes referred to the inactive cerebellar surface (n = 2).
Apart from the spike-wave seizures, no other abnormal activity
could be recognized in chronic cortical or hippocampal record-

ings. The spontaneous seizure rate in adult stg/stg mutants rang-
es from 43 to 209 discharges/hr (mean of 130/hr), and the seizure
duration ranges from 1 to 66 sec (mean of 4-6 sec). Patterned
spike-wave synchronous discharges represent approximately 20%
of total EEG activity in the adult szg mutant (Noebels et al.,
1990; Qiao and Noebels, 1991).

Representative Timm’s stained horizontal brain sections from
the temporal hippocampus of adult +/+ and stg/stg mice are
shown in Figure 1. The dark Timm’s-silver precipitate is present
in regions corresponding to the mossy fiber terminal fields, and
the innervation pattern in the wild-type mouse is essentially
identical to that described in the rat (Haug, 1973; Gaarskjaer,
1978). Staining is dense in fibers traversing the hilar polymorph
region and extending into the mossy fiber bundle from the CA3
region to the terminus at the CA3/CA2 junction. No staining
is present in the IML of the dentate gyrus in the +/+ mouse
(Fig. 14, arrows), while a comparable section from the stg mu-
tant hippocampus shows a striking increase in staining along
the full extent of the dentate IML (Fig. 1.B). Although the ab-
solute intensity of the staining in the molecular layer varied in
different individuals, the increase was consistently observed in
five of six matched pairs of adult +/+ and stg/stg mice ex-
amined. Table 1 shows the corrected optical density measure-
ments of Timm’s specific staining in hippocampal sections from
six matched pairs of adult +/+ and stg/stg mice. Statistical
analysis of these results revealed no difference in the mean op-
tical density measurements of the hilar region in control and
stargazer sections, but showed a significant mean increase of
48% (P < 0.05) in Timm’s stain density within the inner mo-
lecular—granular cell layer of the mutant compared to the +/+
brain.

A similar result was obtained employing selenium, a second
histochemical staining method for zinc in the hippocampus (Fig.
2). Compared to the Timm’s method, selenium-stained sections
clearly revealed the abnormal staining in the IML of the mutant
while displaying a lower background and a more distinct laminar
structure within the dentate outer, middle, and inner molecular
layers. The micrographs in Figure 2 are cross sections of the
dentate gyrus at matching levels of mid- (4-D) and upper-tem-
poral (E—H) hippocampus in 6-month-old +/+ (4, C, E, G)
and stg/stg (B, D, F, H) mice, shown at medium (4, B, E, F)
and high magnification (C, D, G, H). Scattered staining of mossy
fiber collaterals was observed in the inner molecular and granule
cell body layers of the +/+ temporal hippocampus (Fig. 24,C).
In contrast, a thick and continuous band of intense selenium
stain covered the entire IML in the corresponding levels of the
mutant (Fig. 2B,D). At the medial hippocampal level (Fig. 2E-
H), both +/+ and stg/stg mice showed less staining in the IML
compared to their respective temporal regions, but the abnormal
staining in s7g/stg mutants still exceeded that present in +/+
sections. There was no IML staining within the septal region in
either genotype (data not shown).

Electron microscopy of stg mossy fiber sprouting

In Timm’s stained thin sections from the granule cell body layer
(Fig. 34) and IML (Fig. 3B) of the stg temporal hippocampus,
electron micrographs revealed clustered Timm’s positive par-
ticles intermixed with neurotransmitter vesicles and mitochon-
dria within mossy fiber terminal-like elements. The morphology
of these ectopic terminals was similar to, but substantially small-
er than, the mossy fiber terminals found in the hilus and in the
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Figure 1. Hippocampal mossy fiber sprouting and spike-wave seizures in the stargazer mutant mouse. 4 and B, Timm’s sulfide silver-stained
horizontal brain sections from the temporal hippocampus of adult +/+ (A4) and stg/stg (B) mice. The dark precipitate is present in regions that
correspond to the mossy fiber pathway. The staining is most dense in the hilar polymorph region (H), and the mossy fiber (MF) bundle extending
from the CA3 region to the junction of CA3-CA2. No staining is present in the IML bordering the granule cells of the dentate gyrus (4, arrows)
in +/+ mice. Comparable sections from the stg/stg mutant hippocampus show a striking increase in Timm’s stain granules in the IML (B, arrows),
forming a continuous dark staining supragranular band. Scale bar, 100 ym. C and D, EEG traces recorded simultaneously from left frontal cortex
monopolar electrode referred to cerebellum (fop trace) and from bipolar hippocampal electrode (bottom trace) in adult +/+ (C) and stg/stg (D)
mice. The stg homozygote shows spontaneous 6—7 spikes/sec spike-wave seizure discharges arising simultaneously in both cortical and hippocampal
regions. No other abnormal activity patterns were present in chronic hippocampal recordings from adult mutants.

CAJ3 region, confirming that the aberrant Timm’s staining pat-  formation between zinc-containing terminals and dendrites of
tern observed by light microscopy in stg hippocampus repre-  granule or basket cells, such as a clear postsynaptic density
sents actual staining of mossy fiber axon terminals. Axodendritic =~ associated with the zone of apposition, was observed. This may
contacts of these terminals were abundant in the mutant dentate  be related to the limited preservation of osmium staining when
molecular layer; however, no secondary evidence for synapse  combined with the sulfide silver staining technique.

Table 1. Optical density measurements of Timm specific staining in adult +/+ and stg/s1g

hippocampus
Sample number
Mice 1 2 3 4 5 6 Mean + SE  p
Hilar region +/+ 203 201 164 161 161 211 184+0.24
sig/stg 206 205 197 178 193 188 1.95=0.11 >0.05
IML region +/+ 0.18 024 014 012 0.11 020 0.17 +0.05

stg/stg 032 024 020 0.15 016 040 0.25=0.10 <0.05*
* Statistically different from control data.
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Figure 2. Comparison of the spatial distribution of mossy fiber collaterals in the IML (arrows) of selenium-stained sections of the temporal dentate
gyrus in 6-month-old +/+ (4, C, E, G) and stg/stg (B, D, F, H) mice. The selenium stain reveals the distinct laminar organization within the
dentate molecular layer, consisting of outer, medial, and inner molecular layers (OML, MML, IML). There is scattered staining of mossy fiber
terminals in the IML and the granule cell layer (GCL) of the +/+ temporal hippocampus (4; higher magnification in C). In contrast, a thick and
continuous band of intense staining covers the entire IML in the corresponding levels of stg mutant (B, D). At the medial hippocampal level (E-
H), both +/+ and stg/stg have less staining in the IML compared to their temporal regions, but the staining in the mutant still exceeds that in
control sections. H, hilus. Scale bars: 4, B, E, and F, 100 um; C, D, G, and H, 50 ym.



The Journal of Neuroscience, November 1993, 13(11) 4627

Figure 3. Timm’s stained electron micrographs from the granule cell layer (4) and IML (B) of the stargazer dentate gyrus. Clustered Timm’s
positive particles are found in mossy fiber terminals (MFT) intermixed with neurotransmitter vesicles and mitochondria. The zinc-containing
mossy fiber terminal in B is in close contact (arrowheads) with a dendrite (DEN), presumably originating from a granule cell (GC). N, granule cell
nucleus. Scale bars, 500 nm.

" ing development of stg mutant mice are illustrated in Figure 4.
Development of seizure expression and mossy fiber sprouting As indicated by serial EEG studies from 3-week-old stg mutants
Mice ranging from P14 to 6 months of age were used to study  (Fig. 44), no spike-wave discharges were ever recorded from
the ontogeny of seizure activity and mossy fiber sprouting. The P15 mice, but were always present by P18 (n = 4). With the
chronological onset and mean incidence of seizure activity dur-  exception of a slightly slower spike frequency (4-5/sec) during
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Figure 4. Onset and mean incidence of synchronous discharge activity in stargazer mutant mice during development. 4, Representative bilateral
EEG traces recorded on P15 and P18 in stg/stg mutants. No discharges were ever recorded from P15 mutants, but were always present by P18 in
the stg/stg mice (n = 4). Except for a slightly slower spike frequency during the burst (4-5/sec), the spike-wave discharges in the immature mouse
brain display a similar pattern and duration to those seen in the adult. B, Group data showing the mean incidence of cortical discharges in stg
mice at ages ranging from P15 to 6 months postnatal. Each age point includes mean data from two to eight mice + SE. Within 1 week of onset,
the expression of spontaneous discharges maintained a steady rate of approximately 150 bursts/hr.
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Figure 5. Developmental onset of mossy fiber sprouting visualized in selenium stained sections of the dentate gyrus from temporal hippocampus
in pairs of age-matched +/+ and stg/stg mice. At P15, before seizure onset, no mossy fiber outgrowth could be detected in the IML (arrow) of
either control or stg/stg dentate gyrus. At P30, 12 d post-seizure onset, evidence of selenium staining in the mutant IML is barely visible but not
significantly different from control staining patterns. At 2 months, selenium staining in the stg IML is clearly more intense compared to control
sections. At 4 months and 6 months, stg mutants show increasing selenium stain intensity in the IML and granule cell layer. Scale bars, 100 pm.




A
3 1
O +/+
§ B styssig
g 27
E
3
7]
o
€ ' SEIZURE
£ ONSET
] }
o -y
0.5 1 2 4 6
Age (months)
B
37 g P <0.001
o W stg/stg
§ 2
g y = 0.012x - 0.098
€
g 17
»
K
E 04 ¥ = 0.003x + 0.078
F 4
-1 T M T T 1
0 50 100 150 200
Age (days)
C
*]
P <0.022

y = 0.133 + 0.00389 x

Timm's Staining Score

v L) L ¥ T v T v 1
0 100 200 300 400 500 600
Accumulated Selzure Activity (hours)

Figure 6. Correlative analysis of dentate IML Timm’s staining with
genotype, developmental age, and seizure history. The mean Timm’s
staining score {+SE) is from midtemporal hippocampal sections in the
dentate gyrus in matched groups of mice (n = 4-8) at different ages.
Scores: 0, no or trace IML or supragranular mossy fiber staining; I,
scattered IML mossy fiber staining; 2, clear black staining forming a
distinct band in the IML; 3, a dense, continuous band of staining cov-
ering the IML and granular layer. 4, Comparison of Timm’s staining
score from +/+ and stg/stg mice at each of five different ages. A sig-
nificantly higher score in stg IML started at 2 months of age, 6 weeks
following seizure onset (P18, arrow), and the difference in mean staining
intensity steadily increased with age. B, Comparison of the slopes of
Timm’s staining score in +/+ and stg/stg mice during development.
Multiple linear regression analysis indicates a significant difference (P
< (.001) between the staining scores of the two genotypes, indicating
that genotype, not age, accounts for the difference over time. C, Cor-
relation between the accumulated seizure activity, calculated from the
average of the seizure time (hours/day), and the staining intensity of
the mossy fiber sprouting in stg mouse. Both seizure activity and staining
score increase with age. There is a clear positive correlation between
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the burst, discharges in the immature mouse brain displayed a
virtually identical pattern to that seen in the adult mutant. Data
from groups of two to eight mice at different ages showing the
mean incidence of cortical discharges in developing stg mice are
plotted in Figure 4B. Within the first week of seizure onset,
spontaneous discharges acquire a relatively steady rate of ap-
proximately 150 bursts/hr that is maintained at an essentially
constant level during later development, since no significant
changes in the mean discharge duration were found with in-
creasing age. As a result, the overall seizure activity in stg
mutants exhibits neither a dramatic increase nor decrease fol-
lowing the initial onset of generalized seizures.

To determine the developmental time course of mossy fiber
sprouting, five groups of age-matched +/+ and stg/stg mice
selected to span the period pre- and postseizure onset were
assessed for mossy fiber sprouting using the selenium stain.
Representative sections of the dentate gyrus from mutant tem-
poral hippocampus at these five ages are shown in Figure 5. At
P15, before seizure onset, no mossy fiber outgrowth could be
detected in the IML of either control or mutant dentate gyrus.
At P30, 12 d post-seizure onset, there was a barely visible but
not significantly different abnormal staining pattern in the mu-
tant. At 2 months of age, selenium staining in the szg molecular
layer was uniformly more intense than in control sections. At
4 months and 6 months of age, mutants showed a progressively
increasing pattern of staining intensity in the IML and granular
layer. Quantitative comparisons were also performed with these
staining sections. The mean Timm’s staining scores of the IML/
granular layer in the midtemporal dentate gyrus in each age
group (n = 4-8) from both genotypes are plotted in Figure 64.
Although dark staining in the +/+ dentate molecular layer also
increased slightly with age, there was a much steeper rate of
increase in the mutant sections (Fig. 6B), and multiple linear
regression analysis in the two genotypes indicated a significant
difference in their slopes (P < 0.001). Figure 6C summarizes
the relationship between seizure activity and staining intensity
of aberrant mossy fiber sprouting in the dentate during stg
development. Seizure history is expressed as the accumulated
seizure activity in hourly units attained by a given age, calculated
from the average daily seizure time (hours/day). Seizure time
is the product of the mean duration and the mean incidence of
discharges per hour, and neither parameter was found to vary
significantly with age in an analysis of 26 stg/stg mutants ranging
in age from P18 to 6 months. The mean score of mossy fiber
staining in the IML and granular layer of stg/stg mutant at
different ages was used to express the extent of aberrant sprout-
ing. As indicated, there is a clear positive correlation (P < 0.022)
between the accumulated continuous seizure activity and in-
creased mossy fiber sprouting, demonstrating that increased
staining in the stg mutant is not a simple result of age.

Neuronal density changes in stg hippocampus

To determine whether the synchronous activation and mossy
fiber outgrowth are accompanied by cell death, we performed
area measurements and cell counts in the stg hippocampus.
Using image analysis, the areas of the granule cell and CA3
pyramidal cell layers were measured bilaterally from 10-12 hor-
izontal cresyl violet-stained sections from midtemporal hip-

—

the accumulated seizure activity and increased mossy fiber sprouting (P
< 0.022).
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Table 2. Mean area measurements of granule and CA3 pyramidal
cell layers in adult +/+ and szg/stg hippocampus

Region +/+ stg/stg )/
Granule cell layer 172+ 04 18910 >0.05
CA3 pyramidal cell layer 249 +£0.7 27.7+18 >0.05

Mean areas of three mice are expressed as 1 x 10° um?, + SE. Two-tailed Student’s
t test was used.

pocampus (n = 20-24) in three pairs of adult +/+ and stg/stg
mice. The mean area measurements from each group are com-
pared in Table 2. A two-tailed Student’s # test shows no signif-
icant difference (P > 0.05) between the two groups. The same
sets of sections were used for cell counting. The mean neuronal
densities of the three sampled areas in each of the three neuronal
populations, including granule cells, CA3 pyramidal cells, and
hilar polymorph cells, are shown in Table 3. The neuronal den-
sities listed in the table were all adjusted by the Abercrombie
correction factor and standardized for tissue volume. These re-
sults showed no significant differences (P > 0.05) in the density
of granule cells and CA3 pyramidal cells between the two ge-
notypes.

In contrast, counting of individual cresyl violet-stained hilar
cells revealed that this population was significantly (P < 0.05)
reduced by 16% in the adult szg mutant compared to sections
from wild-type control mice. GFAP immunocytochemistry was
performed to examine the possibility that the lower total cell
number in the mutant hilus might reflect selective changes in
the hilar astrocyte population. Counting of matched sections
revealed no significant difference in the number of GFAP-pos-
itive hilar cells in 4+/+ and stg/stg (representing <6.5% of the
total hilar cell population), indicating that the difference in hilar
cell density reflects a specific decrease in neurons rather than
glia in the mutant.

In order to distinguish further whether the smaller number
of hilar neurons in adult stg mutants represented a loss asso-
ciated with the history of abnormal synchronous discharges or
a preexisting hippocampal phenotype expressed within this par-
ticular inbred genetic background, hilar cell counts were com-
pared in matched hippocampal sections from mutants prior to
seizure onset (P17) and compared with age-matched wild-type
mice (n = 2). At this young age, no significant differences were
found between the two strains (Table 3), indicating that the
reduction of hilar cells in adult stg mice represents an actual
loss of cells beginning after the onset of hippocampal seizure
activity.

Discussion

We have examined the innervation pattern of zinc-containing
mossy fibers in the hippocampus of a mutant mouse with in-
herited spike-wave seizures, stargazer, and have found an in-
creased density of ectopic Timm’s staining in the IML and
granular layer of the adult dentate gyrus. Electron microscopy
revealed that the Timm’s positive particles were localized within
vesicles confined to mossy fiber synaptic terminal profiles, con-
sistent with an aberrant outgrowth of mossy fiber axon collat-
erals. The ectopic mossy fiber terminals were typically seen
apposed to dendritic shafts within the inner lamina of the mo-
lecular layer, confirming that the light microscopic staining pat-
tern in this layer probably represents neosynaptogenesis. Ab-
errant axon sprouting followed the onset of hypersynchronous
discharges within the network by a prolonged latent period of
4-6 weeks and steadily increased with age. Finally, a mild but
statistically significant decrease in hilar interneuron number fol-
lowing seizure onset provided further evidence for a develop-
mental reorganization of the dentate granule cell circuitry as-
sociated with chronic intermittent synchronous activation of
the hippocampus by spike-wave seizures.

Timm’s and selenium staining methods define mossy fiber
axon trajectories

We used two complementary staining methods, Timm’s sulfide
silver and selenium, to trace mossy fiber axons in the sig
mouse brain. Both are sensitive techniques for selectively dem-
onstrating the distribution of zinc within vesicle-rich regions of
a subpopulation of primarily glutamatergic central axons (Haug,
1973; Danscher, 1981, 1982) and both reliably delineate the
mossy fiber terminal field as confirmed by comparisons with
alternate methods (Represa et al., 1989; Houser et al., 1990). A
particularly clear correlation of staining intensity and presyn-
aptic terminal density is found in mossy fibers, where the pre-
cipitate responsible for the staining is located in the synaptic
vesicles of the terminal boutons and in the associated synaptic
clefts (Danscher and Zimmer, 1978; Danscher, 1984; Perez-
Clausell and Danscher, 1985, 1986). In the present study, a
comparison of the results using both methods in the developing
mouse brain indicates that the choice of selenium may prove
superior to Timm’s stain, owing to a more distinct Zonation
pattern and higher contrast at the light microscopic level. At
the ultrastructural level, however, increased sensitivity favored
the Timm’s stain despite technical limitations encountered in
preserving cytoplasmic membrane detail.

The cellular origin of the ectopic dark-stained fibers appearing

Table 3. Mean neuronal densities in +/+ and stg/stg hippocampus

Regions +/+ stg/stg p
Adult (5 months, n = 3)
Granule cells 489.01 + 12.72 503.76 + 13.79 >0.05
CA3 pyramidal cells 240.79 £+ 10.34 237.85 + 8.46 >0.05
Hilar cells 175.28 + 5.68 152.21 = 5.01 <0.05*
Immature (postnatal 17, n = 2)
Hilar cells 156.92 + 2.04 151.19 = 2.40 >0.05

Mean densities are expressed as neurons per sample region (1 x 10% um?), + SE. Two tailed Student’s ¢ test was used.
* Statistically different from control data.



in the IML of the dentate has been considered for some time.
Early Golgi studies of rat hippocampus describe a small pop-
ulation of axons in the mossy fiber hilar plexus giving off re-
current collaterals that pass through the granular layer and reach
into the molecular layer (Ramon y Cajal, 1911; Lorente de No,
1934). The Timm’s method applied to adult wild-type mouse
brain also shows very sparse, dark mossy fiber terminal-like
staining in both the granular layer and the adjacent IML, prob-
ably representing a small population of recurrent axon collat-
erals branching from parent mossy fibers within the hilus. The
increased staining in the molecular layer following hippocampal
lesions is therefore generally assumed to represent de rovo pro-
liferation of this recurrent axon arbor, but the potential for
accumulation of historeactive zinc in other elements of the neu-
ropil or in the associated synaptic clefts cannot be excluded.
Several lines of evidence, however, support the idea that the
aberrant staining patterns in the IML do, in fact, represent mossy
fiber collaterals. First, using the Golgi—electron microscopic
technique, aberrant mossy fibers have been identified in the IML
of the deafferented rat hippocampus terminating on granule cell
dendrites (Frotscher and Zimmer, 1983). Second, opiates coexist
with zinc in mossy fibers, and dynorphin immunocytochemistry
has revealed a staining pattern fully coincident with that of the
Timm’s stain in the dentate IML in human epilepsy surgical
specimens (Houser et al., 1990).

We made additional attempts to visualize mossy fiber reor-
ganization directly in the stg mutant by labeling the mossy fiber
system extracellularly with a dicarbocyanine dye (Dil). Dil re-
vealed a sharp band of ectopic fluorescence in the IML of dentate
gyrus consistent with the Timm’s and selenium staining pattern
(X. Qiao and J. L. Noebels, unpublished observations). The
precise identity of these Dil-positive fibers remained ambigu-
ous, however, even when traced individually from the hilar
region to the IML, since the parent cell somata were not visible
in the 40 um section plane, and the possibility of colabeling
other afferent processes projecting into the IML, such as axon
collaterals from hilar mossy cells (Ribak et al., 1985) could not
be excluded. In parallel studies using thick (450 um) sections,
intracellular injections of neurobiotin into single stg/stg dentate
granule neurons revealed a marked increase in mossy fiber
branching complexity within the hilus compared with +/+ sec-
tions (L. Rihn and J. L. Noebels, unpublished results), com-
patible with interstitial axon budding (O’Leary and Terashima,
1988). Although no collaterals could be traced anterogradely
into the IML, these fibers have recently been visualized in hu-
man epileptic hippocampus (Isokawa et al., 1993).

The second approach used in our study was Timm’s stain
electron microscopy. Although the method has been widely used
for light microscopic localization of heavy metals in biological
tissues and selectively stains zinc-filled vesicles in mossy fiber
boutons, standard protocols for glutaraldehyde fixation and os-
mification interfere with the sulfide silver staining process and
limit optimal preservation of membrane detail at the electron
microscopic level (Danscher and Zimmer, 1978; Danscher, 1981;
Frederickson and Danscher, 1990). Using the normal ultrastruc-
ture of mossy fibers in the rodent dentate gyrus as a guide (Amar-
al and Dent, 1981; Claiborne et al., 1986), we focused on lo-
calization of the reaction product in the molecular and granule
cell body layers. As shown in Figure 3, the finding of Timm-
positive particles in neurotransmitter vesicles intermixed with
mitochondria in the IML and granular layers of the mutant
provides the best available evidence that the dark-staining band
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of precipitate seen by light microscopy represents presynaptic
mossy fiber terminals.

Mossy fiber sprouting and hilar interneuron loss are linked to
spike-wave seizures

In a previous study, Stanfield (1989) reported trace levels of
ectopic Timm’s stain in the IML of the adult tottering (tg) mouse,
a genetically unrelated (Chr 8) recessive mutant that shares a
similar (6 spikes/sec) but far less severe epileptic phenotype than
the stg mutant (Noebels and Sidman, 1979; Qiao and Noebels,
1991), and we have confirmed this finding using the Timm’s
stain in adult zg/zg mice (data not shown). The striking increase
in sprouting in stg mice corresponds to the twofold greater spon-
taneous discharge rate and duration in the stg mutant, where
seizures comprise roughly 20% of total waking EEG activity. In
Stanfield’s study there was no evidence of sprouting in immature
(P17) tg/tg mutants, however, it remained unclear from that
observation whether the sprouting phenotype represented a sec-
ondary result of the seizures, a polymorphism in the background
strain, or an unrelated action of the tg mutant gene.

Our findings in the stargazer mutation, a mouse mutant that
shares the spike-wave discharges as a common phenotype, ex-
tend this result to provide additional evidence that mossy fiber
sprouting is seizure- rather than gene-linked. In both mutants,
seizures predate the onset of sprouting. The serial study in de-
veloping stg/sig homozygotes reveals a steady correlation be-
tween accumulated spike-wave seizure activity and the degree
of abnormal mossy fiber sprouting. The two mutations are on
different inbred genetic backgrounds. Finally, the pattern of in-
tervening cellular defects underlying epileptogenesis in stg and
tgare now known to be heterogeneous (Qiao and Noebels, 1991).
Taken together, the results from both mutants demonstrate that
mossy fiber sprouting is unlikely to be a primary effect of either
mutant gene or background genotype, but is rather a shared
secondary consequence of the prolonged history of synchronous
spike-wave activation. Further evaluation of the intensity of
mossy fiber sprouting in these mutants following pharmacolog-
ical blockade of seizures beginning early in development would
provide an important additional test of this hypothesis.

Hippocampal sprouting follows seizure onset with a significant
developmental delay

An unexpected finding in the present study is that the devel-
opmental onset of mossy fiber sprouting follows the appearance
of spike-wave seizures in the stg mutant by a period of 4-6
weeks. This latency is significant from two points of view. First,
it provides a clear indication that the sprouting process is not
necessary for the generation of spontaneous spike-wave activity
within the hippocampus, and is therefore consistent with sub-
stantial evidence suggesting that the spike-wave pattern of gen-
eralized synchronization is generated primarily in thalamus and
neocortex (Jasper and Droogleever-Fortuyn, 1946; Fisher and
Prince, 1977; Gloor, 1984), with subsequent activation of other
synaptically linked brain regions. In the stg model, hippocampal
circuits serve as secondary targets for the spread of 6/sec thal-
amocortical discharges, presumably through efferent pathways
from entorhinal cortex and the thalamic nucleus reuniens (Wou-
terlood et al., 1990). Second, the delayed onset of sprouting in
stg provides important additional insight into the underlying
mechanisms mediating pathological neurite outgrowth (dis-
cussed below).



4632 Qiao and Noebels « Axon Sprouting and Spike-Wave Epilepsy

Mechanisms underlying mossy fiber reorganization

The mechanisms proposed to mediate axon terminal growth
and rearrangement can be divided into three major categories:
first, a presynaptic process solely dependent on alterations in
intrinsic neural excitability and impulse activity; second, a pro-
cess initiated primarily by postsynaptic signals (e.g., deaffer-
entation induced); and third, a nonsynaptic process mediated
by local neuronal cell death with associated glial activation. Each
of these factors, alone or in combination, might trigger patho-
logical axon elongation and neosynaptogenesis.

(1) Increased impulse activity. The clearest examples of in-
creased presynaptic activity leading to terminal outgrowth have
been shown in the PNS. In Drosophila, the inherited pattern of
hyperactivity induced by the genetic deletion of functional A-type
potassium channels in the Shaker mutant induces excess
branching of the motoneuron axon terminal projection, leading
to a striking pattern of muscle fiber hyperinnervation (Budnik
et al., 1990). At the crayfish neuromuscular junction, chronic
stimulation of phasic motoneurons also raises the number of
synapses formed at the terminal end-plate (Lnenicka et al., 1986).
These studies suggest that hyperactivity in presynaptic elements,
possibly when synchronized with postsynaptic depolarization,
provides a sufficient stimulus for terminal growth in the absence
of denervation or local cell injury.

(2) Local cell death. In the mammalian CNS, most experi-
mental lesions that lead to chronic hyperexcitability and axon
sprouting are also accompanied by extensive cell death, deaf-
ferentation, and gliosis. In the best-studied example, loss of hilar
interneurons and pyramidal neurons in the hippocampal CA3
region is seen along with mossy fiber reorganization following
lesions induced by kainic acid or focal electrical stimulation
(Cotman and Nadler, 1978). A similar complex pattern of patho-
logical axon rearrangement is also present in surgical specimens
from patients with temporal lobe epilepsy (DeLanerolle et al.,
1989; Sutula et al., 1989; Babb et al., 1991), where the extent
of aberrant sprouting appears related to the amount of cell loss
in the polymorph and CA3 fields (Houser et al., 1990). More
recently, the progressive decrease in interneuron density within
the hilar polymorphic region of the dentate gyrus found during
kindling has been proposed as a possible mechanism underlying
mossy fiber synaptic reorganization (Cavazos and Sutula, 1990).

Our findings in the stargazer mutant are consistent with either
of these general mechanisms, but help to delineate the necessary
and sufficient conditions for mossy fiber sprouting with further
precision. First, we found no evidence of dentate granule cell
or hippocampal pyramidal cell loss, and can therefore conclude
that damage to granule cells themselves or in their primary
postsynaptic target population is not specifically required for
pathological mossy fiber outgrowth. A corollary of this obser-
vation is that the loss of a secondary collateral postsynaptic
target (i.c., the hilar interneurons) may alone be sufficient to
initiate expansion of the remaining axonal arbor. Second, the
relatively mild degree of hilar neuron loss found in the advanced
stage of sprouting in the adult szg mutant (15%) is quantitatively
less significant than that described in other models (40-80%)
with a comparable intensity of sprouting, and thus the amount
of reorganization appears to correlate better with the absolute
amount of seizure activity than with the degree of regional cell
loss in the hippocampus (Cavazos and Sutula, 1990). Hilar cells
are among the most vulnerable population for excitotoxic cell
death in the hippocampus, and the loss of these inhibitory in-

terneurons are functionally significant in regulating excitability
in this circuit, since they not only exert feedforward inhibition
of pyramidal cells, but also feedback inhibition of granule cells.
Loss of these inhibitory synapses also creates postsynaptic va-
cancies on granule cell dendrites, an additional requirement for
reinnervation by aberrant mossy fiber collaterals. Finally,
sprouting in other models of focal hippocampal epilepsy is as-
sociated with sustained depolarizations that upregulate the ex-
pression of glial as well as neuronal genes (Steward et al., 1991);
it is plausible that reactive changes in astrocytes could subse-
quently trigger the initial steps in axon proliferation as a generic
response to regional metabolic injury. In the nonconvulsive
model of spike-wave hypersynchrony studied here, however, we
found no evidence for abnormal numbers of hippocampal as-
trocytes or reactive increases in GFAP, an inducible marker of
glial activation. The absence of an obvious glial reaction in the
stg model therefore suggests that the gliosis present in other
models is unlikely to play a critical role in stimulating granule
cell axon collateral outgrowth.

(3) Sprouting follows early seizures with a significant devel-
opmental delay. Age dependence is another factor related to
mossy fiber outgrowth in the stg dentate molecular layer. In
normal rat development, most granule cells (85%) are formed
postnatally in the hilus and cell proliferation is complete by 3
weeks after birth (Bayer and Altman, 1975; Bayer, 1980a,b).
Although the first mossy fibers reach the distal part of the regio
inferior on P1 (Gaarskjaer, 1985), and a well-defined mossy
fiber trajectory in the lateral hilus and adjacent suprapyramidal
portion of the proximal regio inferior can be traced by Timm’s
stain at birth, the mossy fiber projection continues to mature
throughout early postnatal development. By P24 in the rat, all
zones of the granule layer contain cells that project distally (Zim-
mer and Haug, 1978; Amaral and Dent, 1981), and there is a
remarkable similarity in the organization of the mossy fiber
system across a wide range of mammalian species (Gaarskjaer,
1986).

We found a 4-6 week delay between the onset of spike-wave
discharges in the immature stg/stg mutant mouse and significant
levels of mossy fiber sprouting. This latency is consistent with
evidence from kainic acid-lesioned rats that the immature brain
may be less susceptible to seizure-induced brain damage (Ni-
tecka et al., 1984) and sprouting during the first few postnatal
weeks (Sperber et al., 1991), since signs of mossy fiber sprouting
into the IML can be detected after only 4 d of kindling stimu-
lation in the adult (Cavazos et al., 1991).

One possible mechanism underlying this resistance to activ-
ity-stimulated growth in the immature brain may be reflected
in the age dependence of trophic factor gene expression. Growth
factors facilitate axon regeneration in the adult hippocampus
(Represa et al., 1987; Gage et al., 1990), and gene expression
for several neurotrophic factors is upregulated by epileptiform
discharges (Gall and Isackson, 1989; Ernfors et al., 1991; Is-
ackson et al., 1991; Dugich-Djordjevic et al., 1992a). Recently,
however, a clear dissociation between seizure activity and upre-
gulation of brain-derived neurotrophic factor mRNA expression
has been identified in immature brain (Dugich-Djordjevicet al.,
1992b), suggesting that the induction of gene expression for a
specific growth factor may not yet be coupled to electrical ac-
tivity. On the other hand, when dentate granule cells are partially
deafferented by perforant path lesions, mossy fiber collateral
sprouting appears in both immature (1-30 d old) and adult rats
during the second or third week postlesion, with the earliest



sprouting starting within 4-7 d postlesion (Laurberg and Zim-
mer, 1981); commissural fiber sprouting on granule cell den-
drites also shows a more vigorous response in immature animals
(Gall and Lynch, 1978). One of the possible explanations for
this discrepancy could be that the identity or intensity of growth
signals triggered by deafferentation are different from those
evoked in the kindling and inherited spike-wave models.

Studies in the kindling model confirm the possibility that the
intensity of the synchronous discharge may be an additional
determinant of the prolonged latency for the appearance of mossy
fiber sprouting following spike-wave seizure onset. Twice-daily
low-frequency perforant path stimulation (62 constant-current
biphasic pulses of 1.0 msec duration at 0.2 Hz) induces supra-
granular mossy fiber staining in 15 d, while twice-daily high-
frequency kindling stimulation (1 sec train of 62 Hz biphasic 1
msec pulses) requires only 5-6 d to produce visible synaptic
reorganization (Sutula et al., 1988). This dose effect could un-
derlie the steady increase in sprouting with continued seizure
history in stg mice, and would explain the quantitative difference
in sprouting intensities between the low-seizure-rate (¢g) and the
high-seizure-rate (szg) mutants.

A further aspect of age dependence is shown in our devel-
opmental control group. In +/+ mice, we found a small number
of ectopic mossy fiber terminals extending into the IML of the
temporal hippocampus that appeared gradually with increasing
age. Similar age-dependent changes in the distribution of mossy
fiber collaterals have been reported in unaffected rats (Gaar-
skjaer, 1978) and in humans (Cassell and Brown, 1984). Thus,
the sprouting phenomenon may represent a process occurring
during normal aging that slowly integrates the history of pat-
terned synchronous activity and hilar interneuron loss in hip-
pocampal pathways.

Physiological significance of synaptic reorganization in stg
hippocampus

An important question arising from the data on pathological
axon sprouting described in both human and experimental mod-
els of hippocampal seizures is whether the sprouting functionally
alters granule cell network behavior, either by serving as the
primary anatomical substrate for epileptogenesis, or by inter-
fering with other aspects of information processing in the circuit.
Zinc alters signaling at NMDA and GABAergic synapses (West-
brook and Mayer, 1987), and enhanced recurrent excitation
caused by mossy fiber sprouting could increase the excitatory
glutamatergic output from granule cells, while excess zinc release
might simultaneously induce giant depolarizing synaptic poten-
tials in CA3 cells by inhibitory actions on pre- and postsynaptic
GABA; receptors (Xie and Smart, 1991). Electrophysiological
evidence in the kainic acid model suggests that mossy fiber axon
collaterals form a functional recurrent excitatory circuit that
could favor seizure expression, particularly with coexisting dis-
inhibition (Tauck and Nadler, 1985; Cronin et al., 1992). A
correlation between mossy fiber synaptic reorganization and the
development, progression, and permanence of the kindling phe-
nomenon has also been shown in the rat (Cavazos et al., 1991).
It remains difficult, however, to assess the selective contribution
of mossy fiber sprouting to epileptogenesis in each of these
chronic lesions, since the outgrowth progresses in tandem with
synaptic disinhibition and other intrinsic membrane excitability
changes (Mody et al., 1990).

In the stg mutant, preliminary in vitro experiments in sprouted
stg hippocampal slices reveal alterations in potassium-induced
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CA3 pyramidal neuron network bursting compared to +/+
slices (Namgung and Noebels, 1991), and excess zinc release is
a candidate mechanism for this defect. However, we have found
no in vivo evidence of spontaneous focal hippocampal seizures,
even in 8-month-old mice. While the excitability thresholds to
convulsants applied iz vivo have not yet been examined, these
data suggest that circuit alterations triggered by the sprouting
process with only mild hilar interneuron loss do alter network
signaling in the szg lesion, but are insufficient to cause the spon-
taneous appearance of focal hippocampal epilepsy.

A major implication of the findings in the present study is
that spike-wave epilepsy may increase the risk for activity-de-
pendent pathological brain development in patients with this
seizure pattern, and that a prolonged history of generalized hy-
persynchronous discharges, like other more severe patterns of
convulsive seizure activity, may slowly induce cell death in
vulnerable neurons. Depth EEG studies in man have established
that hippocampal spike-wave activity can accompany thala-
mocortical synchronization in generalized absence epilepsy, and
have reported 3/sec spike-wave bursts in orbitofrontal cortex,
cingulate gyrus, hippocampus, and amygdala, indicating that
most synaptically linked structures within the limbic circuit as
well as the thalamus, subthalamus, and basal ganglia are in-
volved along with the neocortical discharge (Williams, 1953;
Angeleri et al., 1964; Niedermeyer et al., 1969). Bursts of gen-
eralized spike-waves can occur hundreds of times per day
(Browne et al., 1983) at frequencies ranging from 2.5 to 10 Hz,
and constitute the predominant EEG abnormality in a large
number of childhood epilepsy syndromes with diverse etiologies
and outcomes (Aicardi, 1986). Anatomical reorganization of the
mossy fiber terminals and other synchronized extrahippocampal
pathways, if present clinically, also suggests a potential mech-
anism for secondary epileptogenesis in the 40-50% of patients
with generalized absence epilepsy who later develop associated
convulsive seizure patterns.
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