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    Abstract  

  Many patients with temporal lobe epilepsy display structural changes in the 
seizure initiating zone, which includes the hippocampus. Structural changes 
in the hippocampus include granule cell axon (mossy fi ber) sprouting. 
The role of mossy fi ber sprouting in epileptogenesis is controversial. 
A popular view of temporal lobe epileptogenesis contends that precipitating 
brain insults trigger transient cascades of molecular and cellular events that 
permanently enhance excitability of neuronal networks through mechanisms 
including mossy fi ber sprouting. However, recent evidence suggests there is 
no critical period for mossy fi ber sprouting after an epileptogenic brain injury. 
Instead, fi ndings from stereological electron microscopy and rapamycin-
delayed mossy fi ber sprouting in rodent models of temporal lobe epilepsy 
suggest a persistent, homeostatic mechanism exists to maintain a set level of 
excitatory synaptic input to granule cells. If so, a target level of mossy fi ber 
sprouting might be determined shortly after a brain injury and then remain 
constant. Despite the static appearance of synaptic reorganization after its 
development, work by other investigators suggests there might be continual 
turnover of sprouted mossy fi bers in epileptic patients and animal models. 
If so, there may be opportunities to reverse established mossy fi ber sprout-
ing. However, reversal of mossy fi ber sprouting is unlikely to be antiepilep-
togenic, because blocking its development does not reduce seizure frequency 
in pilocarpine-treated mice. The challenge remains to identify which, if any, 
of the many other structural changes in the hippocampus are epileptogenic.  
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13.1         Introduction 

 Temporal lobe epilepsy is common and its under-
lying mechanisms remain unclear [ 12 ]. Many 
patients have a history of an initial brain insult 
followed by a latent period [ 30 ]. A common view 
of temporal lobe epileptogenesis is that during 
the latent period, cascades of molecular and 
cellular events together alter the excitability of 
neuronal networks, ultimately causing spontaneous 
seizures [ 38 ]. According to this view, following 
an injury there is a critical period when tempo-
rary treatment might permanently prevent network 
reorganization. Substantial network reorganiza-
tion occurs in the hippocampus of many patients 
with temporal lobe epilepsy [ 29 ]. The hippocampus 
is prone to epileptic activity [ 40 ] and is a site of 
seizure initiation in patients [ 37 ,  45 ]. Therefore, 
it is logical to ask whether structural changes in 
the hippocampus give rise to the epileptic state 
and whether blocking the development of 
structural changes during a critical period would 
prevent epileptogenesis. Structural changes in 
the hippocampus of patients with temporal lobe 
epilepsy include specifi c patterns of neuron loss 
[ 29 ], including inhibitory interneurons [ 11 ], 
hypertrophy of some surviving interneurons 
[ 28 ], GABAergic axon sprouting [ 1 ], dispersion 
of granule cells to ectopic locations [ 19 ], exces-
sive development of hilar basal dendrites on 
granule cells [ 53 ], and mossy fi ber sprouting 
(reviewed in [ 2 ]). 

 Philip Schwartzkroin’s research included work 
on mossy fi ber sprouting. His laboratory’s slice 
experiments on tissue resected to treat patients 
revealed a general correlation between mossy 
fi ber sprouting and hyperexcitability [ 13 ]. In 
those experiments, intracellular labeling and elec-
tron microscopy showed sprouted mossy fi bers 
synapsing with dendrites of granule cells and 
interneurons. Those fi ndings were supported and 
extended by experiments with kainate-treated rats 
that included evidence of autaptic synapses by 
sprouted mossy fi bers [ 58 ]. However, Phil and 
colleagues cautioned that the results provided no 
direct evidence that mossy fi ber sprouting was either 
necessary or suffi cient for hyperexcitability [ 13 ]. 

Phil and colleagues characterized mossy fi ber 
sprouting in other animal models, including 
p35-defi cient mice with cortical dysplasia [ 57 ], 
different mouse strains treated with kainic acid 
[ 31 ], and infant monkeys after limbic status 
epilepticus [ 16 ,  56 ]. Phil’s laboratory also helped 
localize the zinc transporter- 3 to mossy fi ber syn-
aptic vesicle membranes [ 55 ], which has become 
a useful marker for visualizing mossy fi ber 
sprouting. 

 Despite much investigation, the role of mossy 
fi ber sprouting in epileptogenesis remains 
unclear and controversial. It has been proposed 
to be proepileptogenic [ 48 ], antiepileptogenic 
[ 44 ], and an epiphenomenon [ 15 ]. Recent evi-
dence reviewed here raises questions about 
whether there is a critical period for mossy fi ber 
sprouting after epileptogenic injuries and 
whether mossy fi ber sprouting contributes to the 
generation of spontaneous seizures.  

13.2     Is Mossy Fiber Sprouting a 
Homeostatic Mechanism? 

 Neuron loss in the hilus of the dentate gyrus is a 
common structural change in patients with tem-
poral lobe epilepsy [ 29 ] that is replicated in 
animal models. Nadler et al. (1980) fi rst showed 
that the excitotoxin kainic acid kills hilar neurons, 
whose axons degenerate in the inner third of the 
molecular layer into which mossy fi bers later 
sprout. To quantify the initial loss of synapses 
onto granule cell proximal dendrites in the inner 
molecular layer and the later restoration of excit-
atory synaptic input from sprouted mossy fi bers, 
we used stereological electron microscopy to 
evaluate a rat model of temporal lobe epilepsy 
[ 49 ]. Tissue was obtained: (1) from rats 5 days 
after pilocarpine-induced status epilepticus to 
measure loss of synaptic input to granule cells 
before axon sprouting had occurred and (2) after 
mossy fi ber sprouting was well established 
3–6 months after status epilepticus. Numbers of 
granule cells were estimated from Nissl stained 
sections. Numbers of excitatory synapses in the 
molecular layer, where granule cell dendrites 
extend, were estimated in serial electron micrographs 
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that had been processed by post- embedding 
immunocytochemistry for GABA to avoid counting 
inhibitory synapses. Subsequently, numbers of 
excitatory synapses per granule cell were calculated 
for each rat (Fig.  13.1a ). Analysis of the inner 
third of the molecular layer revealed that the 
number of excitatory synapses per granule cell 
decreased to only 38 % of controls by 5 days after 
pilocarpine-induced status epilepticus (Fig.  13.1b ). 
This substantial loss of synapses probably is 
attributable primarily to loss of hilar mossy cells. 
Mossy cells, which were fi rst characterized elec-
trophysiologically by intracellular recording and 
anatomical labeling techniques in Phil’s labora-
tory [ 39 ], project most of their axon collaterals to 
the inner molecular layer of the dentate gyrus 
where they form glutamatergic synapses with 
proximal dendrites of granule cells [ 6 ,  8 ,  54 ]. 
Epileptogenic injuries, like status epilepticus, kill 
mossy cells [ 4 ] and thereby denervate proximal 
dendrites of granule cells. The extent of mossy 
cell loss correlates with the extent of mossy fi ber 
sprouting [ 23 ]. However, mossy cell loss alone is 
insuffi cient to cause mossy fi ber sprouting [ 24 ], 
and the molecular signals necessary for trigger-
ing mossy fi ber sprouting are not yet known.

   After initial loss, numbers of excitatory syn-
apses per granule cell in the inner molecular 
layer partially rebound to 84 % of controls in rats 
3–6 months after status epilepticus (Fig.  13.1b ). 
This recovery probably is attributable primarily 
to mossy fi ber sprouting [ 9 ], but other sources of 
excitatory synaptic input to the proximal den-
drites of granule cells include surviving mossy 
cells and proximal CA3 pyramidal cells [ 60 ]. 
Synapses with proximal dendrites of granule 
cells at 3–6 months after status epilepticus are 
1.3-times larger than in controls and twice as 
likely to be perforated [ 49 ]. Large, perforated 
synapses are likely to be functionally stronger 
than small, nonperforated synapses [ 14 ,  33 ,  35 ]. 
To maintain functional stability in the face of 
change, brains use an array of homeostatic 
mechanisms, including synaptic scaling [ 50 ]. 
Larger, stronger mossy fi ber synapses in the 
inner molecular layer of epileptic rats might be a 
homeostatic mechanism to compensate for fewer 
synapses (84 % of controls, in this case). 

 Similarly, on granule cell distal dendrites in 
the outer two-thirds of the molecular layer, 
numbers of excitatory synapses decrease to 69 % 
of controls by 5 days after status epilepticus, but 
rebound to 101 % of controls by 3–6 months 
(Fig.  13.1b ). With more complete recovery of 
synapse numbers, synapse size in the outer 
molecular does not change signifi cantly [ 49 ]. 
Initial loss of synapses with distal dendrites of 
granule cells probably is attributable to partial 
loss of layer II entorhinal cortical neurons caused 
by status epilepticus [ 26 ]. And recovery of syn-
apses probably is attributable to sprouting of 
axons of surviving layer II neurons [ 46 ]. Together, 
fi ndings from the inner and outer molecular layer 
suggest a homeostatic mechanism maintains 
excitatory synaptic input to granule cells in 
response to synapse loss after an epileptogenic 
injury.  

13.3     No Critical Period for Mossy 
Fiber Sprouting 

 If a homeostatic mechanism controls the number 
of excitatory synapses with granule cells, signals 
underlying that control might persist as long as a 
synaptic defi cit continues. Persistent signals con-
trast with the view of a transient cascade of 
molecular and cellular events that peak and then 
diminish after a critical period following a brain 
injury. To address these issues, we determined 
whether mossy fi ber sprouting would occur after 
a 2 month delay [ 27 ]. Rapamycin, which inhibits 
mossy fi ber spouting [ 3 ], was administered to 
mice daily beginning 24 h after pilocarpine- 
induced status epilepticus. After 2 months, mossy 
fi ber sprouting was suppressed almost by half in 
the rapamycin group compared to vehicle-treated 
controls (Fig.  13.1c ). Another cohort was evalu-
ated 6 months after the end of treatment, which 
was 8 months after status epilepticus. Mossy 
fi ber sprouting was well developed in both vehi-
cle- and rapamycin-treated mice, indicating that 
signals stimulating mossy fi ber sprouting must 
have persisted for more than 2 months. These 
fi ndings suggest there is no transient critical period 
for mossy fi ber sprouting after an epileptogenic 
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  Fig. 13.1    Excitatory synapse loss and mossy fi ber sprout-
ing of granule cells in pilocarpine-treated rodent models of 
temporal lobe epilepsy. ( a ) Number of putative excitatory 
synapses per granule cell in control rats and in rats 5 days 
and 3–6 months (epileptic) after pilocarpine-induced sta-
tus epilepticus. ( b ) Number of synapses with granule cell 
dendrites in the inner one-third and outer two-thirds of the 
molecular layer. Values represent mean ± sem. Sample size 
indicated at base of bars. Asterisks indicate differences 
from the control value unless specifi ed by a horizontal line 
(p < 0.05, ANOVA, Student-Newman Keuls method). ( a ) 
and ( b ) from Thind et al. [ 49 ]. ( c ) Extent of mossy fi ber 
sprouting in control mice and mice that experienced status 
epilepticus and were treated with vehicle or 1.5 mg/kg 
rapamycin every day for 2 months and then were perfused 
with no delay (0 delay) or after a 6 month delay (6 month 
delay) (From Lew and Buckmaster [ 27 ]). ( d ) Number of 

large hilar neurons (>12 μm soma diameter) per hippocam-
pus versus extent of mossy fi ber sprouting in mice that 
experienced pilocarpine-induced status epilepticus and 
were treated with vehicle or rapamycin for 2 months and 
then evaluated immediately (vehicle 0 months) or after 
another 6 months (vehicle or rapamycin 6 months). A lin-
ear regression line is plotted (R = 0.34, p = 0.021, ANOVA). 
( e ) Percent mossy fi ber sprouting was calculated by sub-
tracting the average percentage of the molecular layer plus 
granule cell layer that was Timm- positive in control mice 
and normalizing by the average value of mice that had 
experienced status epilepticus and were treated with vehi-
cle for 2 months. Averages of all groups are signifi cantly 
different from others (p < 0.05, ANOVA, Student-Newman-
Keuls method). ( f ) Percent seizure frequency was calcu-
lated by normalizing by the average of the vehicle-treated 
group. ( e ) and ( f ) from Heng et al. [ 18 ]       
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brain injury. Instead, preventing mossy fi ber 
sprouting might require long-term or continuous 
treatment. This scenario challenges the view of 
transient signaling cascades whose consequences 
could be permanently blocked by temporary 
treatment during a critical period. 

 One might question whether the precipitating 
injury in the mouse model was so severe that it 
maximally stimulated mossy fi ber sprouting 
toward saturation levels despite the delay caused 
by rapamycin. However, an all-or-none “toggle- 
like” signal and saturation effect is inconsistent 
with the graded degree of mossy fi ber sprouting 
among individual mice, which ranged over a fac-
tor of three and was correlated with the extent of 
hilar neuron loss (Fig.  13.1d ). Wide ranges in 
mossy fi ber sprouting between individuals were 
evident in vehicle-treated mice 2 months after 
status epilepticus and vehicle- and rapamycin- 
treated mice 8 months after status epilepticus, 
indicating that sprouting did not progressively 
develop toward saturated levels. These fi ndings 
suggest that a target level of mossy fi ber sprout-
ing in an individual might be determined shortly 
after a brain injury and then remain constant. 

 Together, fi ndings from stereological electron 
microscopy and rapamycin-delayed mossy fi ber 
sprouting suggest a persistent, homeostatic 
mechanism exists to maintain a set level of excit-
atory synaptic input to granule cells. If mossy 
fi ber sprouting were epileptogenic, this might be 
an example of a normally adaptive homeostatic 
mechanism that became pathogenic in response 
to an injury, which has been proposed previously 
as a theoretical possibility [ 10 ]. More generally, 
epileptogenesis might be an unintended side- 
effect of the brain’s homeostatic mechanisms, 
which evolved to maintain function in the face of 
plasticity. Epileptogenic injuries might trigger 
changes so much more extensive than normal 
plasticity that they push homeostatic responses 
into a range that creates a network that generates 
spontaneous seizures. Phil proposed a similar 
idea [ 41 ]: “I believe that the brain has been 
designed to operate at a knife’s edge. The evolu-
tionary demand for plasticity – a key attribute of 
higher order learning, memory, and all those 
complex functions that are characteristic of the 

mammalian CNS – has necessitated a sacrifi ce in 
stability of neuronal function.” 

 On the other hand, if epileptogenesis is main-
tained by homeostatic mechanisms gone awry, 
there may be opportunities to reverse established 
epilepsy-related structural abnormalities. 
Although mossy fi ber sprouting appears to 
develop gradually, plateau, and then cease, there 
might instead be continual turnover. Mossy fi bers 
in tissue from patients with temporal lobe epi-
lepsy display evidence of continuing synaptic 
reorganization years after precipitating injuries 
[ 21 ,  32 ,  36 ]. At least some sprouted mossy fi bers 
arise from adult generated granule cells [ 22 ,  25 ], 
which might continue to be generated long after 
precipitating injuries (but see [ 17 ]). To test 
whether mossy fi ber sprouting could be reversed 
after it had established, we infused rapamycin 
focally into the dentate gyrus for 1 month begin-
ning 2 months after pilocarpine-induced status 
epilepticus in rats, but there was no effect [ 3 ]. 
However, Huang et al. [ 20 ] reported that in 
chronically epileptic pilocarpine-treated rats, 
systemically administered rapamycin partially 
reversed already established mossy fi ber sprout-
ing. Moreover, grafts of CA3 pyramidal cells 
reduce mossy fi ber sprouting even when 
implanted 45 days after kainate-treatment, during 
which time considerable mossy fi ber sprouting is 
likely to have developed [ 42 ]. In addition, mild 
mossy sprouting generated by electroconvulsive 
shock was reported to decline over time [ 51 ]. 
Thus, more work is needed to test the reversibil-
ity of mossy fi ber sprouting.  

13.4     Mossy Fiber Sprouting Is Not 
Epileptogenic 

 Rapamycin also was used to test whether mossy 
fi ber sprouting was epileptogenic. Systemic treat-
ment with rapamycin at increasing doses to inhibit 
mossy fi ber sprouting to increasing degrees had 
no effect on the frequency of spontaneous sei-
zures in mice that had experienced pilocarpine- 
induced status epilepticus (Fig.  13.1e ,  f ) [ 5 ,  18 ]. 
These fi ndings suggest that mossy fi ber sprouting 
is neither pro- nor antiepileptogenic, but instead is 
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an epiphenomenon unrelated to seizure genesis. 
There are caveats with this conclusion, because 
rapamycin has side-effects [ 47 ], including suppres-
sion of axon sprouting by inhibitory GABAergic 
interneurons [ 7 ]. And rapamycin reduces seizure 
frequency in some rat models of temporal lobe epi-
lepsy [ 20 ,  52 ,  59 ] but not all [ 43 ]. It remains unclear 
whether rapamycin’s action in rats is antiseizure or 
antiepileptogenic. Nevertheless, the fi ndings from 
the mouse studies suggest mossy fi ber sprouting is 
not epileptogenic.  

13.5     Conclusions 

 Patients with temporal lobe epilepsy display many 
structural changes, especially in the hippocam-
pus. One possibility is that together numerous 
structural changes and other abnormalities all 
contribute partially to seizure generation. In that 
scenario, blocking the development of any one 
change, like mossy fi ber sprouting, might have 
negligible effects on epileptogenesis. Another 
possibility is that some or perhaps even many 
epilepsy-related structural changes are not epilep-
togenic, including mossy fi ber sprouting, and that 
seizure generation is attributable to one or two cri-
tical abnormalities whose importance has not yet 
been recognized. These alternate  possibilities – 
many abnormalities each contributing partially 
versus one or two abnormalities primarily respon-
sible for seizure generation–might require different 
therapeutic approaches, so it is important to dis-
tinguish between them. To do so, it will be useful 
to tap the ever-increasing knowledge base of 
molecular and cellular mechanisms underlying 
brain developmental processes and responses to 
injury. Creative application of ideas and reagents 
(for example, rapamycin), even from fi elds 
outside of epilepsy research, might yield useful 
approaches for specifi cally inhibiting or exacer-
bating individual epilepsy-related structural 
changes. Experimental manipulation of specifi c 
structural changes, one at a time, and rigorous 
measurement of effects on spontaneous seizures, 
might eventually reveal which, if any, are epilep-
togenic. If no single change alone appears to be 
responsible, then blockade of many or all could be 

used to test whether together they make the brain 
epileptic or if the cause of seizures is unrelated to 
structural changes in the hippocampus.     
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