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BRD50832 

The development of GABAergic neurons in the rat hippocampal 
formation. An immunocytochemical study 

Lfiszl6 Seress* and Charles E. Ribak 
Department of Anatomy and Neurobiology, University of California, lrvine, CA 92 717 (U. S.A.) 

(Accepted 26 July 1988) 
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Recent studies have indicated that hippocampal GABAergic neurons in both the dentate gyrus and Ammon's horn are generated 
prenatally. Although the adult distribution of GABAergic neurons has been previously described by numerous investigators, the early 
postnatal appearance of these neurons has not been described. In the present study, immunocytochemical methods were used to loca- 
lize GABAergic neurons with antisera to both GABA and its synthesizing enzyme, glutamate decarboxylase (GAD). The GABA- 
positive neurons appeared at the earliest postnatal day (PND) examined, 4 PND. In contrast, GAD-positive cells were not observed 
until 6 PND, and the number of these neurons remained less than that of the GABA-positive neurons until 14 PND. These findings in- 
dicated that immunocytochemically detectable amounts of GAD were not present in many young GABAergic neurons. Both GABA- 
and GAD-positive hippocampai neurons showed two large increases in number during the 4-8 PND and 12-16 PND time periods, 
and they reached about 90% of adult levels before 18 PND. The regional distribution of GABA- and GAD-positive neurons through- 
out the hippocampal formation was homogeneous for all ages examined except 4 PND. At this age, the GABA-positive cells appeared 
in clusters in the proximal CA3 and the distal CA1 relative to the dentate gyrus. In addition, the number of hippocampal neurons im- 
munostained in adult preparations for both antisera to GABA and GAD showed a similar number and distribution. The data on the 
developmental appearance of GABA and GAD immunoreactivities are consistent with biochemical data for the development of 
GABA concentration and GAD activity in the hippocampal formation. Together, these data provide important information about the 
functional maturation of the hippocampal GABAergic system in the first 3 weeks of rat brain development. 

INTRODUCTION 

y-Aminobu ty r i c  acid ( G A B A )  is the principal  in- 

hibi tory neuro t ransmi t t e r  in the mammal ian  brain.  

The dis t r ibut ion of  G A B A e r g i c  neurons in the hippo- 

campal  format ion  of  adul t  rats has been  descr ibed 
using ant iserum against  G A B A  5'11'41 and glu tamate  

decarboxylase  ( G A D ) ,  its synthesizing enzyme 23' 

34,36. These studies showed that  the classically de- 

scr ibed local circuit neurons  of  the h ippocampal  for- 

mat ion  8'2° are immunoreac t ive  for G A B A  and G A D  

whereas  the ma jo r  pro jec t ion  neurons  of  the hippo-  

campus and denta te  gyrus,  the pyramida l  and gran- 

ule cells, respect ively,  are not  labeled.  These  find- 

ings do not  exclude the possibi l i ty that  G A B A e r g i c  

neurons  in this bra in  region have long project ions  be- 

cause it has recent ly  been  demons t ra ted  that  a small 

p ropor t ion  of G A B A e r g i c  neurons display projec-  

tions to the contra la tera l  h ippocampus  19,33. In con- 

trast  to the numerous  studies of  G A B A  neuronal  

function in adult  rats,  only a few studies have ana- 

lyzed the deve lopment  of G A B A  neurons in the hip- 

pocampal  format ion.  

The t ime that  G A B A e r g i c  neurons are genera ted  

in the rat  h ippocampal  format ion has been deter-  

mined.  Since all neuronal  genera t ion  in the A m m o n ' s  

horn occurs prenata l ly  7, the G A B A e r g i c  neurons in 

this region are p robab ly  genera ted  before  birth. The 

si tuation is different  in the denta te  gyrus where  gran- 

ule cells are  genera ted  both pre- and postnatal ly 1. 

However ,  the G A B A e r g i c  neurons in this region 
have been  shown to be genera ted  prenata l ly  4,22'43. 
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Therefore, the data on the generation of GABAergic 
neurons indicate that they are formed prenatally 
throughout the hippocampal formation. Consistent 
with this conclusion is the finding that hippocampal 
neurons obtained from 17-21-day-old fetuses syn- 
thesize GABA in culture j4. 

Two approaches have been used to obtain data on 
the functional development of GABAergic neurons. 
The first has used biochemical methods to measure 
GAD activity, GABA content and G A B A  receptor 
binding in the developing brain. At birth, only 50% 
of the adult level of G A B A  and 10% of the adult lev- 
el of GAD activity are detectable 9,45. During the first 

4 weeks of postnatal development, some regions such 

as the cerebral cortex exhibit a 30-fold increase in 

GAD activity. Thus much greater levels of GABA 
are present at birth relative to its biosynthetic en- 
zyme, GAD. In contrast, the development of GAD 
activity follows closely the development of G A B A  
receptor binding, and therefore GAD activity may 
provide a more accurate index of the differentiation 
of the GABAergic synapses than GABA levels 9. Re- 
cently, Swannet al. 44 have shown a similar finding for 
the hippocampal formation in that G A B A  content 
was relatively larger at birth than GAD activity. In 
addition, they showed that GAD activity in the CA3 
and CAI subregions developed at similar rates. 

A second method that can be used to analyze the 
functional development of GABAergic neurons is 
electrophysioiogy. Swann et al. 44 have shown that in- 

hibitory postsynaptic potentials (IPSPs) that can be 
blocked by GABA antagonists are found as early as 5 
or 6 postnatal days (PND) for CA3 pyramidal cells in 
rats. However, such IPSPs develop 1-2 days later in 
CA113'4~. This functional difference in the develop- 

ment of inhibition in the hippocampus does not corre- 
late with the developmental changes in GAD activity 
(see above). Therefore, a number of factors may be 
involved in the functional development Of GABAer-  
gic neurons; i.e. presynaptic maturation, receptor 
maturation, membrane characteristics, etc. Togeth- 
er, these data indicate that important developmental 
changes of the GABAergic system may take place 
during the first 3 postnatal weeks. 

Consistent with this notion of a functional postna- 
tal development of GABAergic inhibition are the 
data for the axonal and dendritic development of 
hippocampal neurons. The axon arborization of Gol- 

gi-impregnated local circuit neurons in 1- and 4-day- 
old rats is considerably shorter than in young adult 
rats 39. Only a few studies have described the develop- 

ment of identified cell types in the rat hippocampal 
formation, and the results are consistent with the no- 
tion that a significant amount of dendritic and axonal 
growth occurs postnatally 1,21,>'~5. 

The present study was undertaken to determine 
the postnatal appearance of GABA- and GAD-im- 
munoreactive neurons of the hippocampus and den- 

tate gyrus. This immunocytochemical approach was 
used to provide additional information about the 
functional development of GABAergic inhibition in 
the hippocampal formation. With this method, we 
wanted to determine: (1) whether some parts of the 

hippocampal formation display GABA- and GAD- 
immunoreactive neurons earlier than other regions, 
(2) when the first GABA-  and GAD-immunoreac- 
tive neurons appear and (3) the age when the number 
of immunoreactive neurons reaches adult numbers. 

MATERIALS AND METHODS 

Animals 
Sprague-Dawley rats that were obtained from Si- 

monsen Laboratories (Gilroy, CA) were used in this 
study. Litters were generated from these rats, and 
the young pups were used at various postnatal ages. 
The day that the rats were born was denoted as PND 

0. The rats that were used in the immunocytochem- 
ical study for the localization of GAD were 4, 6, 8, 
10, 12, 14, 16, 18, 20, 24 and 90PND of age. Two ani- 
mals were used at each of these ages. The rats used to 
localize GABA were 4, 6, 8, 14, 16 and 90 PND. 
Either 2 or 3 rats were studied at each of these ages. 

lmmunocytochemistry 
All animals were anesthetized with Nembutal and 

transcardially perfused with a fixative that contained 
either 4% paraformaldehyde in 0.1 M phosphate buf- 
fer (pH 7.4) for GAD immunocytoehemistry or 4% 
paraformaldehyde and 1.0% glutaraldehyde in 0.1 M 
phosphate buffer (pH 7.4) for GABA immunocy- 
tochemistry. The day following the perfusion, brains 
were dissected from the crania and placed in phos- 
phate-buffered saline (PBS) and 15% sucrose until 
they sunk. Frozen sections (40 pm) in the coronal 
plane through the hippocampal formation were 



placed in PBS before they were processed for immu- 

nocytochemistry. 
The immunocytochemical methods used for the lo- 

calization of GAD and GABA were similar. Sections 
that were processed for GAD immunocytochemistry 
used a sheep anti-GAD serum characterized by Oer- 
tel et al. 24, and they were processed according to a 
modification of their protocol that employed an avi- 
din-biotin-horseradish peroxidase complex 28. Sec- 
tions that were processed for GABA localization 
used a rabbit anti-GABA serum (Immunonuclear 
Co.), and they were subsequently incubated in re- 
agents from a similar type of avidin-biotin-horserad- 
ish peroxidase complex kit (Vectastain, Vector Lab- 
oratories) as used for GAD immunocytochemistry. 
Briefly, free-floating sections were incubated in 0.1 
M D,L-lysine in either 10% normal rabbit serum (for 
GAD) or 10% normal goat serum (for GABA) in 0.1 
M PBS for 2-4  h followed by incubation in the pri- 
mary antiserum for 24-48 h. Both GAD and GABA 
antisera were diluted to 1:2000 in PBS. Then, the sec- 
tions were washed (3 10-min rinses in PBS) and incu- 
bated for 45 min in biotinylated secondary antibody. 
After another wash, the sections were incubated for 
45 min in the avidin-biotin peroxidase complex. 
Then, the sections were reacted for 15-30 min in a di- 
aminobenzidine (DAB) solution (6 mg DAB/10 ml 
PBS + 0.002% hydrogen peroxide) and washed 
again. Following the immunocytochemical process- 
ing, the sections were mounted on slides, dried, de- 
fatted and coverslipped. 

Adjacent sections were stained with a 1% Cresyl 
violet solution to provide cytoarchitectonic informa- 
tion about the various regions of the hippocampal 
formation. In addition, one section from each rat was 
processed as described above except that the primary 
antiserum was omitted. These latter sections dis- 
played no specific staining. 

Quantitative analysis 
Neurons that displayed GAD-immunoreactivity 

contained a dark brown reaction product in their 
perikaryal cytoplasm. The nuclei and most dendritic 
processes were unstained. In contrast, neurons that 
had GABA immunoreactivity contained reaction 
product in both the nuclei and cytoplasm (Figs. 1-4). 

Sections from the middle of the dorsal hippocam- 
pus were used for the quantitative analysis of immu- 
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noreactive neurons in the hippocampal formation. 
This level is found between 4.5 and 4.9 mm rostral to 
the interaural line 25. Five to 10 sections from this lev- 
el were counted, and only sections that displayed 
good immunostaining were used. Immunoreactive 
neurons were counted in all parts of the hippocampus 
and dentate gyms. The variation between sections at 
the same age was large, e.g., some sections showed 
25-30% more immunostained neurons than a section 
that was 150-200 gm away from it. At the earlier 
ages, the more rostral sections consistently displayed 
more immunoreactive neurons than the caudal sec- 
tions, and this variation could arise from the delayed 
development of the hippocampus in the rostral-cau- 
dal plane 12. This variation caused the standard devia- 

tions to be more than 20% of the mean values. In ad- 
dition to this intra-animal variation, animals in the 
same age group showed variations. These variations 
may be real or they could reflect differences in the 
immunocytochemical procedure. 

RESULTS 

GABA immunocytochemical data 
The youngest brains examined in this study dis- 

played GABA-positive neurons in the hippocampus 
and dentate gyms. Thus, at 4 PND GABA-positive 
neurons in the dentate gyms were found in the hilus 
and molecular layer. Virtually all of these neurons 
were found in the hilus where they were observed in 
both superficial (close to the granule cell layer) and 
deep portions (Fig. 1). In contrast, the molecular lay- 
er rarely displayed GABA-immunoreactive neurons. 
At the same age, a few GABA-positive neurons were 
found in the CA1-3 areas where they were located 
either in stratum pyramidale or within 150 ~m of this 
stratum in the adjacent strata oriens and radiatum. 
For CA3, most of the neurons were found in the sub- 
field bordered by the two blades of the dentate gyrus, 
the CA3c. The CA1 region also showed a clustering 
of GABA-immunoreactive neurons, and this oc- 
curred in the part of CA1 that was most distal from 
CA3. The mean number of GABA-positive neurons 
per section was 9 for the dentate gyms, 12 for CA3/2 
and 9 for CA1. 

The next examined age was 6 PND. The GABA- 
positive cells displayed similar staining characteris- 
tics as those studied at 4 PND, except that some 
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showed immunoreac t ion  product  within the proximal  

dendri tes .  The  extent  of  this staining was inadequate  

for the identif icat ion of  a par t icular  cell type.  More  

G A B A - p o s i t i v e  neurons  were  observed in the den- 

tate  gyrus at this age but  the rat io of  neurons  in the hi- 

lus as compared  to the molecular  layer  appea red  to 

be similar to that  found at 4 PND.  Thus,  most 

G A B A - p o s i t i v e  cells in the denta te  gyrus at 6 PND 

were present  in the hilus as indica ted  in the d iagram 

(Fig. 5) .The C A 1 - 3  regions also displayed more  

G A B A - p o s i t i v e  neurons  at this age. In addit ion,  

their  dis t r ibut ion was more  homogeneous  through- 

out  these regions as c o m p a r e d  to 4 PND.  The same 

strata  d isplayed G A B A - p o s i t i v e  neurons  as that  ob- 

served at 4 PND but  no signs of  neuronal  clustering 

appeared  in specific parts of the C A  subregions (Fig. 

5). The mean number  of  G A B A - p o s i t i v e  neurons  

was 19 in the denta te  gyrus, 10 in the CA3/2 and 19 in 

CA1. 

The number  of GABA-pos i t i ve  neurons at 8 PND 

was much greater  than that  observed at 6 and 4 PND 

(Table I). In addit ion,  dendri t ic  staining was more  

frequently observed in the 8 PND prepara t ions .  A 

larger number  of immunoreact ive  neurons  was found 

in the molecular  layer at this age as well but  the large 

major i ty  of GABA-pos i t i ve  neurons  was located in 

the hilus, a finding consistent with the ear l ier  ages 

analyzed.  Many of the hilar neurons were found at 

the hilar/granule cell layer border .  Some of these 

neurons had a major  dendri te  or iented perpendicu lar  

to the axis of  the granule cell layer and f requent ly  ex- 

tended such dendri tes  into this layer  (Fig. 2). Neu-  

rons with these features were tentat ively identif ied as 

basket  cells, a common G A B A e r g i c  cell type in the 

adult  denta te  gyrus 34'36. Other  G A B A - p o s i t i v e  neu- 

rons were located deeper  in the hilus, and some of 

them displayed dendri tes  or ien ted  paral le l  to the 

granule cell layer. These cells were p robab ly  a type 

of fusiform cell 2"31. The dis t r ibut ion of G A B A - p o s i -  

8 

6 

7 

Figs. 5-7. Diagrams that show the distribution of GABA-posi- 
tire cells in the hippocampal formation at 3 postnatal ages from 
representative, individual 40/tm sections. The orientation on 
the left side of these figures is similar to that shown in Fig. 14 
with regard to the layers and subregions of the hippocampal 
formation. In addition, these figs. show CA3/2. Fig. 5 is from a 
6 PND preparation. Fig. 6 is an 8 PND preparation. Fig. 7 
shows a 14 PND preparation. 

tive neurons  in C A 1 - 3  was homogeneous  through- 

out  the s t ra ta  as indica ted  in the d iagram (Fig. 6). 

However ,  the CA1 region displayed more  neurons 

than the CA3/2 region.  A few cells in the s tratum py- 

ramidale  d isplayed a ma jo r  dendr i te  or ien ted  paral-  

lel to the plane of  or ien ta t ion  of  pyramida l  cell den- 

drites.  These  cells were p robab ly  basket  cells asso- 

ciated with the s t ra tum pyramida le  37. The mean 

number  of G A B A - p o s i t i v e  neurons  was 34 in the 

denta te  gyrus,  20 in CA3/2 and 33 in CA1.  

Figs. 1-4. Light photomicrographs of GABAergic neurons in the developing dentate gyrus. Fig. I shows a GABA-positive soma from 
a 4 PND preparation in a part of the hilus (H) found subjacent to the granule cell layer (GL). The presence of a dendrite oriented par- 
allel to the GL indicates that this neuron may be a fusiform cell 31. Note the GABA-positive puncta (arrows) found apposed to the so- 
mata of unlabeled granule cells, x 1500. Fig. 2 shows a GABA-positive pyramidal basket cell from an 8 PND preparation. It displays a 
thick apical dendrite (large arrow) that ascends through the granule cell layer and a thin basal dendrite (small arrow) in the hilus (H). 
x 1100. Fig. 3 shows a GAD-positive cell in the molecular layer of the dentate gyrus from a 6 PND preparation, Only a few GAD-posi- 
tive puncta are found in the adjacent neuropil, x 1600. Fig. 4 shows two GAD-positive cells from an 8 PND preparation. One of these 
cells is a basket cell (large arrow) that lies within the granule cell layer whereas the other appears to be a fusiform cell (small arrow) in 
the hilus, x 1300. 
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TABLE I 

Mean number of  GABAergic neurons during posmalal develop- 
ment as demonstrated with antisera to GABA and GAD 

Brain region 4 PND 6 PND 8 PND 14 PND 16 PND 

GABA-positive neurons 
Dentate gyrus 9 19 20 38 59 
CA3/2 12 10 20 20 45 
CA1 9 19 33 50 73 

GAD-positive neurons 
Dentate gyrus 15 16 15 34 52 
CA3/2 20 14 19 36 45 
CA 1 30 33 27 64 70 

The 14 PND hippocampi  showed most of the same 

features as that observed in prepara t ions  from 8 

PND. A small increase in the number  of G A B A - p o s -  

itive neurons occurred in the denta te  gyrus and 

CA3/2. In contrast ,  the number  of neurons in CA1 in- 

creased much more in comparison with 8 PND (cf. 

Figs. 6 and 7), The extent  of dendri t ic  staining was 

similar in both the 8 and 14 PND prepara t ions .  The 

mean number  of GABA-pos i t i ve  neurons at 14 PND 

was 38 in the dentate  gyrus, 20 in CA3/2 and 50 in 

CA1. 

The 16 PND preparat ions  showed a similar num- 

ber and distr ibution pat tern of GABA-pos i t i ve  neu- 

rons as that observed in adult  prepara t ions .  The 

number  of G A B A - p o s i t i v e  neurons was about 90%. 

of the adult  values. These findings at 16 PND were so 

similar to the adult  that o lder  rats were not exam- 

ined. The adult  dis tr ibut ion of GABA-pos i t i ve  neu- 

rons was similar to the results previously descr ibed 

for the dis tr ibut ion of GAD-pos i t i ve  neurons 34'36. 

The mean number  of G A B A - p o s i t i v e  neurons per  

section in the 16 PND prepara t ions  was 59 in the den- 

tate gyrus, 45 in CA3/2 and 73 in CA1.  

The deve lopment  of G A B A - p o s i t i v e  puncta or 

punctate  structures was more  difficult to describe. 

These puncta in the adult  have been corre la ted  with 

the distr ibution of axon terminals  34. However ,  the 

early PND prepara t ions  displayed GABA-pos i t i ve  

puncta that may represent  o ther  structures,  such as 

dendri tes  or  axonal growth cones. The 4 PND prepa-  

rations displayed some puncta  that were associated 

with somata  of G A B A - n e g a t i v e  neurons  (Fig. 1). 

However ,  the 6 PND prepara t ions  showed more 

wel l -developed G A B A - p o s i t i v e  puncta in the gran- 

ule cell layer and the s tratum pyramidale .  Prepara-  

tions from older  ages examined in this study also dis- 

p layed G A BA -pos i t i ve  puncta and their  number  in- 

creased with age. 

G A D  i m m u n o c y t o c h e m i c a l  data 

The number  of GAD-pos i t i ve  neurons at any age 

up to 14 PND was less than the number  of G A B A -  

positive neurons.  The youngest  p repara t ion  that was 

used for G A D  immunocytochemis t ry ,  4 PND,  lacked 

immunostaining.  This result was unexpected because 

G A B A - p o s i t i v e  cells were present  in prepara t ions  at 

this age. The next examined  age, 6 PND,  displayed a 

small number  of GAD-pos i t i ve  neurons in both the 

denta te  gyrus and h ippocampus  (Fig. 3). Their  num- 

ber  was only about  2 - 4  GAD-pos i t i ve  neurons per  

section. This finding was remarkable  because the 

number  of G A B A - p o s i t i v e  cells at this age was 48 per 

section. Thus,  the presence of GAD- immunoreac t iv -  

~ ~ ° " t 

9 • :. . ........... 1 4  

~o " ~'~Adult 
Figs. 8-10.  Diagrams simi lar in or ientat ion as those in Figs. 
5-7 but showing the distribution of GAD-positive cells in the 
hippocampal formation from three ages. Fig. 8 shows GAD- 
positive cells from a 12 PND preparation. Fig. 9 is from a 14 
PND preparation. Fig. 10 is from an adult preparation. 
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ity in the rat hippocampal formation occurs at a later 
age than that for GABA-immunoreactivity. 

The number of GAD-positive neurons and their 
distribution at ages 8-12 PND were similar (Table I). 
At 8 PND, the number of GAD-positive cells was 15 
in the dentate gyms, 20 in CA3/2 and 30 in CA1. The 
distribution of these neurons was similar to that 
found for the distribution of GABA-positive neurons 
in preparations from 6 PND. The GAD-positive neu- 
rons in the dentate gyms were mainly located in the 
hilus with only a few found in the molecular layer. In 
addition, the amount of dendritic staining was signifi- 
cant so that some cell types in the dentate gyrus could 
be identified, such as the basket cells at the granule 
cell layer/hilar border and the fusiform cells in the 
deep hilus (Fig. 4). The hippocampus showed many 
GAD-positive cells in the stratum pyramidale with 
others located in the strata oriens and radiatum as 
shown in the diagram (Fig. 8). The data for 10 and 12 
PND were similar in that the mean number of GAD- 

positive cells in the dentate gyms at these two ages 
were 16 and 15, respectively. At each of these ages, 
CA1 displayed larger numbers of neurons than 
CA3/2; CA1 had 33 and 27 cells per section at these 
two ages, respectively whereas CA3/2 displayed 14 
and 19, respectively. 

A large increase in the number of GAD-positive 
neurons was found in the 14 PND preparations as 
compared to the 12 PND ones (cf. Figs. 8 and 9). In 
fact, the number of GAD-positive neurons doubled 
in both the dentate gyrus and hippocampus during 
this two day period (Fig. 11). The dentate gyms 
showed a significant increase in the hilus (Fig. 12). 
However, the increase in neuron number was the 
greatest in CA1 (Fig. 13). The mean number of 
GAD-positive neurons per section at 14 PND was 34 
in the dentate gyms, 64 in CA1 and 36 in CA3/2. 

Between 16 and 20 PND, the number of GAD- 
positive neurons slowly grew in number to approxi- 
mate 90% of the number found in adult preparations 

Number of cells 

% 
100- 

9 0 .  

~ o  

70" 

6 0 -  

50" 

4 0 -  

3 0 -  

2 0 -  

10o 

/ • ~ ' / /  

/ / 

• * D G  GABA • - - - • A H  

GAD * * DG 
* - - - - * A H  

• j Age 
11 4 ; ; 10 12 14 16 1 Adult 

Fig. l 1. Graph of the number of GABA- and GAD-positive cells in the dentate gyrus (DG) and Ammon's horn (AH) at various post- 
natal ages expressed as a percentage of adult values. GABA-positive cells appear earlier than GAD-positive cells. Both show rapid in- 
creases in number between 4-8 PND and 12-16 PND. 
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Figs. 12 and 13. Light photomicrographs  of a G A D  immunocytochemical  preparation of the hippocampus obtained from a 14 PND 
rat. Fig. 12 shows two GAD-pos i t ive  cells in the dentate  gyrus. One  is in the hilus (H) and the other  is in the molecular layer (ML). 
x 1200. Fig. 6 shows a GAD-posi t ive  cell from CA1. It displays numerous  dendrites (arrows) in s t ratum oriens (SO) as well as a den- 
drite oriented toward s t ra tum pyramidale (PL). x 1200. 
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Fig. 14. Light photomicrograph of GAD-positive neurons in a hippoeampal section from a 24 PND rat. The distribution of GAD-posi- 
tive cells is similar to that found in the adult. The dentate gyrus contains most of these cells in the hilus (H) and the adjacent granule 
cell layer (G). The molecular layer (ML) of the dentate gyrus contains few GAD-positive cells. The CA1 shows GAD-positive ceils in 
all layers, x80. 

(cf. Figs. 10 and 14). The distribution of GAD-posi -  

tive neurons in the adult was similar to the results 
previously described 34,36. 

DISCUSSION 

The present study was conducted to determine the 
number  and distribution of GABAerg ic  neurons at 
various PND. Antisera to G A B A  and G A D  were 

used for these studies because both antibodies have 
been used to detect the same population of G A B A e r -  

gic neurons, the only difference being that one recog- 

nizes the neurotransmitter whereas the other recog- 
nizes its synthesizing enzyme 29. In fact, the coexis- 

tence of these two substances within the same hippo- 

campal neuron was directly demonstrated by Somo- 
gyi et al. 42. The immunocytochemical results of  the 
present study indicated that GABA-posi t ive  neurons 
are detected earlier in development than GAD-posi-  
tive neurons. Although GABA-posi t ive  neurons ex- 
ceed the number  of  GAD-posi t ive neurons at the 
earlier ages analyzed, the numbers of labeled neu- 
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rons immunostained with either antisera are similar 
at 16-18 PND when they reach adult levels. Before 
these data can be compared to biochemical and phys- 
iological results of the development of GABAergic 
inhibitory function in the hippocampal formation, 
potential problems with the immunocytochemical 
method should be discussed. 

GABA and GAD immunocytochemistry 
Immunocytochemically detectable levels of 

GABA are found at 4 PND in the present study and 
have been reported to be present before birth (ref. 17 
and Van Eden, personal communication). In con- 
trast, detectable levels of GAD are not found before 
6 PND in the present study. However, a recent study 

has demonstrated GAD-positive axon terminals as 
early as 5 PND 2a. Thus, it is apparent that GABA- 

positive neurons appear in younger preparations 
than GAD-positive neurons even though GAD,  the 

synthesizing enzyme for GABA,  should be present 
within a neuron before G A B A  is formed. A few pos- 
sibilities could explain this phenomenon. First, the 
most plausible explanation is that a young developing 

GABAergic neuron may only require a small number 
of GAD molecules for its proper function, and such a 
small number may go undetected with immunocyto- 
chemical methods. In contrast, the same neuron may 
synthesize a large number of GABA molecules that 
could be detected with immunocytochemical meth- 
ods. As the neuron grows, the number of GAD mole- 
cules may increase significantly to produce a larger 
number of GABA molecules that would be required 
for the maturing neuron with its numerous axonal 
and dendritic processes. A second possibility, and a 
corollary to the first one, is that the young neurons at 
1-6 PND are too immature to concentrate GAD in 
the perikaryal cytoplasm to detectable levels because 
the GAD may be widely dispersed in the cytoplasm 
in very low amounts. A third possibility is that the 
GAD molecule in very young rats is not antigenic be- 
cause it may have a different conformation or may be 
packaged in an inaccessible cellular compartment in 
immature neurons. In any event, the inability to de- 
tect GAD at the same early developmental ages 
when G A B A  is detected appears to be a major find- 
ing of this immunocytochemical study. The cellular 
basis or cause for this finding remains to be deter- 
mined. 

Rate of development of GABA- and GAD-positive 
n e u r o n s  

The percentage values of GABA- and GAD-posi- 
tive neurons as compared to adult values show that 
the numbers of these neurons undergo a large in- 
crease in the 4-8  PND period and a second large in- 
crease in the 12-16 PND period. These two periods 
of rapid development are separated by a middle pla- 

teau period where only a small increase in the num- 
ber of immunostained neurons occurs. Even though 
the development of GAD-positive neurons lags be- 
hind that of the GABA-positive neurons, both pop- 
ulations of neurons show a similar rate of develop- 
ment during these two periods that are characterized 
by large increases in the number of immunostained 
neurons. 

The rate of development of GABA- and GAD- 
positive neurons can be compared with biochemical 
data on GABA and GAD activity in the developing 
cerebral cortex and hippocampus. Although the 
number of immunostained neurons fails to account 
for all of the GABA and GAD in the tissue because 
neuronal processes such as dendrites and axon termi- 
nals also contain these substances, it does provide a 
reasonably good indicator since cell bodies are easily 
quantifiable structures that can be used to generate a 
percentage value of adult levels. When the numerical 
values of cell bodies are used, it is remarkable how 
similar the rate of development of GABA- and 
GAD-immunostained neurons is with the biochemi- 
cal development of GABA content and GAD activi- 
ty that was recently shown by Swann et al. 44. A com- 
parison of the immunocytochemical data with the 
biochemical data indicates that the data for GABA 
development are very similar. In contrast, the bio- 
chemical levels for GAD activity expressed as a per- 
centage of adult values are consistently lower than 

the values for the number of GAD-positive cells after 
10 PND. Nevertheless, it is interesting that both sets 
of data show that GABA levels are higher at earlier 
ages than GAD levels. Therefore, a developmental 
lag occurs for GAD and this lag may have anatomical 

and physiological correlates. 
It is interesting to note that the greatest increase in 

the number of GAD-positive neurons occurred be- 
tween 12 and 14 PND. A significant increase of GAD 
activity was also detected during this same period 44. 
At this time, most of the granule cells in the dentate 



gyrus are formed, and they have begun to develop 
their dendritic arbor as well as their axonal plexus 1. 
This growth probably increases the synaptic surface 
for inhibitory connections, and it also increases the 
number of excitatory synapses from granule cell ax- 
ons in the hilar region. It is known that GABAergic 
basket cells as well as other types of hilar neurons are 
contacted by axon terminals of granule cells 3°-32. To- 
gether, these data suggest that the rapid increase in 
GAD activity and GAD-containing neurons is trig- 
gered by a sudden increase of synaptic (afferent and 
efferent) connections of GAD-positive hilar neurons 
which probably results in a higher rate of production 
of GABA as well as its synthesizing enzyme, GAD. 
Concomitant anatomical changes have been ob- 
served during this period in that significant ultra- 
structural changes occur in both the cytoplasm and 
nuclear structure of hilar GAD-positive neurons dur- 
ing the period between 10 and 16 PND 38. It is inter- 
esting to note that a study of the development of 
GABAergic neurons in the cat neostriatum has dem- 
onstrated results which are consistent with this con- 
clusion. Fisher et alJ ° showed that more neurons 
contain GAD and each neuron contains more of the 
enzyme with increasing age. In addition, they 
showed that the development of GAD-positive neu- 
rons and axon terminals paralleled the known bio- 
chemical increases in GAD activity. Therefore, the 
use of immunocytochemical methods for the descrip- 
tion of the development of GABAergic neurons ap- 
pears to provide a good indicator of their postnatal 
maturation. 

A functional indication of the development of in- 
hibitory circuits during this period is the appearance 
of theta activity at 16 PND TM. This finding indicates 
that the circuit has matured enough at this age to pro- 
duce a synchronized theta activity which is a charac- 
teristic of the adult hippocampal formation. 

Distribution of GABAergic hippocampal neurons in 
development 

Both GABA-positive and GAD-positive neurons 
were found throughout the dentate gyrus and hippo- 
campus at each PND examined. The distribution of 
GABAergic neurons appeared to be somewhat 
homogeneous except for the GABA-positive neu- 
rons at 4 PND. At this early age, the GABA neurons 
were mainly found in the hilus and adjoining CA3c. 
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The distal part of CA1 showed another group of 
GABA-positive neurons. This distribution may re- 
late to the development of the trisynaptic excitatory 
pathways in the hippocampus 3. At 4 PND, many 
granule cells have axon terminals that form synapses, 
but most of these are in the hilus and in the most 
proximal part of CA3 (CA3c). Based on the recently 
demonstrated topography of projections from CA3 
to CA1 in the adult 15, it is known that the distal por- 
tion of CA1 receives input from CA3c pyramidal 
neurons. These anatomical data support the possibil- 
ity that the distribution of GABA-positive neurons at 
4 PND may reflect the location of active synaptic 
pathways at this age. Future physiological studies will 
be required to test this notion. 

In regard to the physiological results of Swann et 
al. 44 that show the development of inhibition in CA3 
prior to that in CA1, the results from the present 
study are unable to provide any anatomical basis for 
their findings. The data from our study show that the 
distribution of GABA-positive neurons at 6 PND is 
homogeneous throughout the hippocampus. Since 
the number of GABA-positive neurons at this age is 
much less than that found in adults, it is possible that 
some of their recordings from CA1 were taken from a 
region that lacked GABA-positive neurons. To de- 
termine if this was the case, future physiological stud- 
ies of the development of inhibition in the hippocam- 
pus should be accompanied by an immunocytochem- 
ical analysis to determine the location of recording 
sites and GABAergic neurons in the same prepara- 
tion. 

The quantitative data for the development of 
GABAergic neurons are important because they 
show that a similar number of neurons are labeled 
with antibodies to GAD and GABA at the latest 
postnatal ages studied. Similar findings were ob- 
served in adults. Together, these results provide fur- 
ther support for the earlier studies of the number and 
distribution of GABAergic neurons in the hippocam- 
pal formation 34'36. Specifically, both GABA and 

GAD immunocytochemical preparations show a 
small number of GABAergic neurons in the molec- 
ular layer of the dentate gyrus and a more substantial 
population in the hilus, including the GABAergic 
neurons located at the granule cell layer-hilus bor- 
der as well as numerous types found deeper in the hi- 
lus. This finding is pertinent because reports from 
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Sloviter 4~ and Sloviter and Nilaver 4l indicate that 

very few G A B A e r g i c  neurons exist in the deep hilus 

whereas many somatosta t in  cells are found in this re- 

gion. It was suggested that the discrepancy in the 

number  of G A B A e r g i c  neurons in the deep hilus may 

have resulted from different  fixation protocols  27. 

Fur ther  support  for this suggestion was provided in 

the present  study where G A B A  immunocytochem- 

ical p repara t ions  that were prepared  with high con- 

centrat ions of  g lu tara ldehyde in the fixative showed 

large numbers  of GABA-pos i t i ve  neurons in the 

deep  hilus. In addi t ion,  Kosaka  et al. 16 have recently 

shown that about  90% of the somatosta t in-contain-  

ing cells in the hilus are GAD-pos i t ive .  Therefore ,  it 

is now apparent  that the same populat ion of G A B A -  

ergic hilar neurons  are stained with ant ibodies  to 

both G A B A  and G A D .  

It is general ly  bel ieved that the essential  t imetable  

of brain deve lopment  does not vary fundamental ly  

among mammals .  The only substantial  differences 

with respect  to brain deve lopment  are represented  

by the t iming of birth in relat ion to the stage of brain 

maturat ion.  F rom this point  of view, it may be useful 

to compare  our present  data  in the rat with similar re- 

sults from human brain.  

In the human cerebrum,  G A D  activity increases 

from 5 to 19% of adult  levels between 4 - 6  months of 

fetal age to birth. During the following 7 months 

G A D  activity doubles  to reach 38% of the adult lev- 

el 6. A similar increase occurs in the rat h ippocampus 

during the second postnatal  week when the number  

of GAD-pos i t i ve  neurons increases from 5 to 40% of 

adult  levels. Al though there are no data for the ear- 

liest age when G A D  activity reaches adult  levels in 

humans,  it is known that for rats this occurs around 

18 PND which is roughly equivalent  to the second 

year  of life in humans.  Therefore ,  the analysis of the 

deve lopment  of inhibi tory circuits in the rat hippo- 

campal  format ion during the second and third post- 

natal weeks may provide a bet ter  understanding of 

some deve lopmenta l  events during the late f e t a l -  

early postnata l  and infant per iods  of humans. These 

data  may be impor tant  for studying the environ- 

mental ,  hormonal  and drug effects on the develop- 

ment  of the human hippocampus during this period.  
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