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Direct commissural connections to the basket 
cells of the hippocampal dentate gyms: 
anatomical evidence for feed-forward inhibition 
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Department of Anatomy, University of California, Irvine 92717, USA 

Received 21 October 1983; accepted 4 November 1983 

Summary 

After lesions were placed in the hippocampal commissures, degenerating terminals could be 
localized above, inside and beneath the granule cell layer of the contralateral dentate gyms. The 
terminals formed asymmetric synapses with spines, dendritic shafts and somata of granule cells. 
Degenerating terminals also formed synapses with dendrites and somata of basket cells identified 
by the Golgi-electron microscope technique. These basket cells were located either at the hilar 
border of the granule cell layer or in the molecular layer and each formed an axonal plexus around 
the somata and proximal dendrites of granule cells. These observations provide an anatomical 
basis for the recently described feed-forward inhibition in this brain region. 

Introduction 

The commissural pathway to the dentate gyrus arises from neurons in the contralateral 
hilus (Laurberg, 1979; West et al., 1979; Berger et al., 1981; Voneida et aI., 1981) and 
terminates both above and below the granule cell layer (Blackstad, 1965; Laatsch & 
Cowan, 1966; Gottlieb & Cowan, 1973; Hjorth-Simonsen & Laurberg, 1977; Kishi et al., 
1980). Specifically, the terminals of this commissural pathway are found in the lowest 
one-third of the molecular layer and scattered diffusely throughout the hilus. These 
terminals form asymmetric synapses with spines and dendrites that are probably 
derived from granule cells and hilar neurons. 

Previous anatomical studies have not described any synaptic relationships between 
the commissural axons and the basket cells of the dentate gyms. Five types of basket 
cells occur in the dentate gyrus and they have somata located either in the granule cell 
layer or within 30 to 50/~m of this layer (Seress, 1978; Seress & Pokorny, 1981; Ribak & 
Seress, 1983). Using a combined Golgi-electron microscopic method that utilizes gold 
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toning of silver impregna ted  neurons ,  we recently demons t ra ted  that the axons of 
basket  cells form axosomafic and  axodendrif ic symmetr ic  synapses  with granule cells 

(Ribak & Seress, 1983). The localization of glutamate decarboxylase with 
immunocytochemica l  me thods  to basket  cells (Ribak et al. ,  1978; Seress & Ribak, 1983) 
indicates that these neurons  mediate  GABAergic inhibition of granule cells. These 
f indings are per t inent  because recent  electrophysiological observations show a 
feed- forward  inhibit ion of granule  cells following stimulation of the commissural  

pa thway  (Buzs~ki & Eidelberg, 1981). A neuronal  circuit that could explain such 
inhibit ion would  involve excitatory commissural  axons that synapse  with inhibitory 
basket  cells which inhibit granule cells. A combined Golg i -e lec t ron  microscopic and  

degenera t ion  me thod  was util ized in the present  s tudy to de termine  whe the r  
commissural  axons synapse  with identified basket  cells, and  thereby provide  anatomical 

data in suppor t  of a feed- forward  inhibi tory circuit in the h ippocampal  denta te  gyms.  A 
prel iminary repor t  of these results has been  p resen ted  (Ribak & Seress, 1982). 

Materials and methods 

Twenty-five young albino rats (30-35 days, 180-200 g) were used for these studies because 
neurons of such rats are better impregnated than those of older rats. Rats were anaesthetized with 
chloral hydrate and placed in a stereotaxic head holder. The hippocampal commissures were 
surgically cut on the right side with a stainless steel knife. Two or four days after the surgery, the 
rats were anaesthetized and their brains were fixed by transcardiac perfusion with a solution 
containing 4.0% paraformaldehyde, 1.0% glutaraldehyde and 0.002% calcium chloride in a 0.12 M 
phosphate buffer at pH 7.2. The perfused animals were stored overnight in the refrigerator. On 
the following day, the brains were removed and the left hippocampus was dissected away from 
the rest of the brain. The extent of the commissural cut was determined in 100/~m thick Vibratome 
sections. Specimens were obtained from only those animals which displayed an intact fornix in the 
left hemisphere, the side contralateral to the lesion. 

The left hippocampus was processed according to the Golgi-electron microscopic method of 
Fair6n et al. (1977). Briefly, the entire hippocampus was rinsed in an osmium dichromate solution 
(1 g of osmium tetroxide and 12 g of potassium dichromate in 500 ml of distilled water) and kept 
in 50 ml of this solution in the dark for four days. Then, the tissue was washed briefly with 0.75% 
silver nitrate and stored in this solution for three days. After the impregnation, the tissue was 
processed through 20, 40, 60, 80 and 100% solutions of glycerol before being cut. 

Blocks of impregnated tissue were embedded in agar and sectioned with the Sorvall tissue 
chopper at 100/~m. Sections were collected on slides, coverslipped and examined in the light 
microscope. Basket cells in the dentate gyrus were identified, drawn with a Zeiss microscope 
equipped with a drawing tube and photographed. 

Pieces of sections that contained impregnated basket cells were hydrated to distilled water 
through a series of glycerol solutions. Then, they were placed into a chilled 0.05% oxalic acid for 
2 rain. Then the sections were brought to room temperature and placed into a 1% solution of 
thiosulphate for 1 h. Afterwards the sections were processed for electron microscopy using a 
routine schedule that included post-staining with 2% osmium tetroxide, rapid dehydration and 
embedding in Epon. Serial thin sections were taken of the somata and proximal dendrites of 
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basket cells that were located in the region of commissural axon terminations. All sections were 
stained with uranyl acetate and lead citrate before examination in the electron microscope. 

Results 

Degenerating commissural axon terminals 
Following either the two- or four-day survival periods, degenerating axon terminals 
were observed in the hippocampal dentate gyrus in the hemispheres contralateral to the 
cut hippocampal commissures. These terminals displayed a marked increase in the 
electron density of their axoplasm, a loss of synaptic vesicles and swollen mitochondria 
(Figs. 1, 2). Astrocytic processes usually surrounded the degenerating axon terminal and 
contacted portions of the postsynaptic structure (Fig. 1). At any individual survival 
time, terminals were found that displayed early and late signs of degeneration. Thus, 
the commissural terminals did not appear to degenerate in a synchronous manner.  

The number  of degenerating terminals was greater from preparations with the 
four-day survival period than from those with the two-day period. However,  most of 
the degenerating terminals at this longer survival time were displaced away from 
postsynaptic structures and were completely surrounded by glial processes. For this 
reason, the two-day survival t ime was chosen as most  appropriate as it yielded 
numerous  degenerating cornmissural axons that had recognizable synaptic junctions. 

Degenerating axon terminals were observed in all three layers of the dentate gyms.  
Most of these terminals were found in the inner third of the molecular layer where they 
formed axospinous and axodendritic synapses (Fig. 1). Some of these terminals formed 
synapses with identified granule cell dendrites (Fig. 3). Other degenerating terminals 
occurred in the granule cell layer and in that part of the hilus 50-70 pm beneath the 
granule cell layer. A few degenerating terminals were also observed in the deeper regions 
of the hilus (Fig. 2). 

Identification of basket cells that are postsynaptic to commissural terminals 
The Golgi-electron microscopic method  facilitated the synaptic analysis of individual 
basket cells and their processes by allowing for the identification of these cells in light 
microscopic preparations prior to their examination with the electron microscope (Figs. 
4,5). Seven impregnated basket cells were analysed in the present study and 
degenerating commissural axons were observed to form synapses with their somata and 
dendrites. In addition, several non- impregnated somata of basket cells were 
encountered and they were also contacted by degenerating commissural terminals. The 
examples tlqat are illustrated were drawn from two of the five types of basket cell: 
pyramidal and  fusiform types (Ribak & Seress, 1983). 

The somata and dendrites of the analysed basket cells displayed the same 
ultrastructural characteristics that have been previously described (Ribak & Anderson,  
1980; Ribak & Seress, 1983). These features included a large n u d e u s  that displayed an 
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intranuclear rod or sheet and  extensive nuclear infoldings and  a large shell of perikaryal 
cytoplasm that  contained an  abundance  of cisternae of granular endoplasmic reticulum 
and Golgi complex as well as numerous  mitochondria,  ribosomes and  lysosomes (Fig. 
5). The dendri tes  of basket cells lacked spines (Figs. 6, 8) and were contacted by axon 
terminals that  made  both asymmetric  and  symmetric  synapses.  These features aided in 
the identification of gold-labelled basket cells in thin sections. 

Degenerat ing commissural  axon terminals formed synapses  with both  somata and  
dendri tes  of basket cells. The basket cell type contacted most  frequently on its soma was 
the molecular layer type. This f inding was not  surprising since most  of the degenerat ing 
terminals of cornmissural axons are found  in the molecular layer, the site of the somata 
of this basket cell type. The other types of basket cells have somata located within or 
beneath  the granule cell layer where  fewer degenerat ing commissural terminals are 
observed. Indeed,  only one of these other basket cells received an axosomatic contact. 
The dendri tes  of basket cells are also contacted by degenerat ing terminals of 
commissural  axons. Both basal dendri tes  in the hilus (Figs. 7, 8) and apical dendrites in 
the molecular layer are contacted by degenerat ing terminals. 

Fig. 1. Electron micrograph of a degenerating axon terminal that forms an asymmetric synapse 
(arrows) with a spine located about 70/~m above the granule cell layer, x 39 000. 

Fig. 2. Electron micrograph of a degenerating terminal that forms asymmetric synapses (arrows) 
with two dendrites in the hilus. Note the increased density of the axoplasm, x 35 000. 

Fig. 3. Electron micrograph of a gold-labelled granule cell dendrite (D) with a spine that is in close 
contact with a degenerating axon terminal (arrow). A normal terminal (t) forms an asymmetric 
synapse with this same spine, x 50 000. 
Fig. 4. Light micrograph of a fusiform basket cell that is embedded in Epon. The oval-shaped soma 
of this cell is located within the granule cell layer (GL). Basal dendrites (arrows) extend into the 
hilus (H) while a single prominent apical dendrite enters the molecular layer (ML). x 900. 

Fig. 5. Electron micrograph of the soma of the gold-labelled fusiform basket cell shown in Fig. 4. 
The nucleus (N) of this cell displays deep infoldings. The gold label appears concentrated 
beneath the plasma membrane and allows for the identification of a large Nissl body (ER) in the 
thick shell of perikaryal cytoplasm. The large size of this basket cell soma can be contrasted with an 
adjacent granule cell soma (G). x 7000. 
Fig. 6. Electron micrograph of one of the basal dendrites of this fusiform basket cell as it arises 
from the soma (S). A degenerating terminal forms a synapse (arrow) with this smooth dendrite. 
x 14 000. 
Fig. 7. Enlargement of the degenerating terminal that forms a synapfic contact (arrow) with the 
basal dendrite of the fusiform basket cell shown in Fig. 6. x 37 000. 

Fig. 8. Electron micrograph of an impregnated basal dendrite (D) of a pyramidal basket cell. A 
degenerating terminal is directly apposed to the dendrite, where gold particles (arrow) obscure the 
synaptic cleft and postsynapfic density. A process (A) from an astrocyte surrounds most of the 
degenerating terminal and a portion of the labelled dendrite, x 32 000. 
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Discussion 

In the present study, axons of neurons in the contralateral hilus were lesioned as they 
passed through the hippocampal commis~ures causing their terminals to degenerate in 
the dentate gyrus. The appearance of these degenerating terminals and their synaptic 
relationships with spines and dendrites in the molecular layer and hilus are consistent 
with previous reports (Blackstad, 1965; Laatsch & Cowan, 1966; Hjorth-Simonsen & 
Laurberg, 1977). Since most, if not all, of the spines found in the molecular layer arise 
from granule cell dendrites, the commissural axons have been assumed to contact 
granule cells. Our results using a combined Golgi-electron microscopic method have 
confirmed this assumption in that gold-labelled granule cells display synapses between 
their spines and degenerating commissural axons. 

Commissural axons terminate in the granule cell layer as well as in the hilus and 
molecular layer. The terminals in the granule cell layer represent a relatively small 
number of the total commissural axons and this finding is consistent with recent data 
from this laboratory using anterograde transport of horseradish peroxidase to label 
commissural terminals (Seroogy et al., 1983). Briefly, these latter results showed that 
most commissural axons contact the proximal dendrites of granule cells, but some form 
synapses directly onto their somata. Such axosomatic synapses derived from 
commissural axons would have a larger influence on the firing rate of granule cells than 
those axons terminating on the dendrites. The significance of these few synapses is 
unclear since commissural axons in the granule cell layer appear to be branches from the 
main axons that course either above or below this layer (Seroogy et al., 1983). 

The most significant finding of the present study is that commissural axons form 
synapses directly with basket cells of the hippocampal dentate gyrus. Our previous 
results showed that basket cell dendrites in the inner molecular layer are contacted by 
terminals that also form synapses with neighbouring dendritic spines (Ribak & Seress, 
1983). Thus, the smooth apical dendrites of basket cells that ramify in the molecular layer 
with the spinous dendrites of granule cells are in a position to receive the same afferent 
systems that synapse with the granule cells. The present study confirms this notion. In 
addition, commissural axons also form synapses with the somata and basal dendrites of 
basket cells that are located in the granule cell layer and hilus, respectively. Therefore, 
the commissural axons contact basket cells in every layer of the dentate gyms. 

The function of this connection between commissural axons and basket cells can be 
assessed with other knowledge of the circuitry of basket cells (see Fig. 9). Our previous 
study of basket cells in Golgi-electron microscopic preparations demonstrated two 
important neuronal connections (Ribak & Seress, 1983). First, the axons of basket cells 
form symmetric synapses with the somata and dendrites of granule cells. Second, the 
basket cell dendrites in the hilus are contacted by the mossy fibre axon collaterals of 
granule cells. These data indicate a reciprocal synaptic relationship between basket cells 
and granule cell populations. However, we were unable to determine if the same basket 
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Fig. 9. Summary diagram of findings from this and an earlier (Ribak & Seress, 1983) study that 
indicate commissural axons (COM) synapse with basket cells (left side) and granule cells (right 
side). These commissural axons distribute mainly in the molecular layer (ML) where they contact 
the smooth dendrites of basket cells and the spinous dendrites of granule cells. Other commissural 
axons terminate in the granule cell layer (GL) where somata are contacted while others synapse in 
the hilus (H) on basal dendrites of basket cells. In addition to these connections, the diagram 
illustrates the axon terminals (filled terminals) of the basket cell. These terminals contact the 
proximal dendrites and somata of granule cells. These two connections may underlie feed-forward 
inhibition in the dentate gyrus. Finally, the collaterals of granule cell axons make synaptic contact 
with the basal dendrites of basket cells, a finding recently described as an anatomical basis for 
feedback inhibition. This diagram represents the populations of neurons in the granule cell layer 
and does not suggest that one basket cell is reciprocally connected to one granule cell. 

cell which forms synapses  with an individual  granule  cell receives synaptic input  f rom 
that same granule  cell. Nonetheless ,  these findings are consistent  with previous  
immunocytochemica l  (Barber & Saito, 1976; Ribak et al., 1978; Seress & Ribak, 1983) and 
physiological (Andersen,  1975) data which indicate that feedback inhibitory mechanisms 
are media ted  via mossy  fibre collaterals which synapse  with GABAergic basket  cells. 
The findings of the present  s tudy  provide  an anatomical  basis for feed- forward  
inhibition in the denta te  gyms .  Such a mechan ism has been  demons t ra ted  in 
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physiological  s tudies  whe re  excitation of commissura l  axons  causes  basket  cell activation 
that  inhibits g ranule  cells (Buzs~iki & Eidelberg, 1981; Douglas  et al., 1983). A similar 

circuit was  recent ly descr ibed wi th  anatomical  m e t h o d s  in the CA 1 region of the guinea  

pig h i p p o c a m p u s  (Frotscher & Z immer ,  1983). Therefore ,  f eed- fo rward  inhibit ion 

appea r s  as a regular  feature  of the h i p p o c a m p u s .  
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