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Abstract—The distribution and density of asymmetric synapses including biocytin-labelled corticostriatal
synapses of the rat neostriatum were examined at postnatal day 10 (P10), P15, P21 and in adults. The
density of asymmetric synapses in the adult neostriatum (28.0 synapses/100 pm?) was significantly greater
than that in neonates at P15 (14.4 synapses/100 um?®) and P10 (11.5 synapses/100 um?), but not at P21
(24.2£ 1.5 synapses/100 pm?). The increased density of asymmetric synapses in the adult neostriatum was
due primarily to an increase in the number of axospinous synapses. The density of axospinous synapses
was greatest in adults (22.3 synapses/100 pm?) und significantly less at P21 (15.3 synapses/100 um?), P15
(5.9 synapses/100 pm?), and P1) (2.0 synapses/100 um?). The density of axodendritic synapses, however,
remained similar at all ages (adult, 3.9% 1.1 synapses/100 um?; P21, 6.0+ 1.2 synapses/100 um*; P15,
5.7+0.8 synapses/100 um* or P'.0. 7.2+ 1.3 synapses/1 00 um?). Iontophoretic injection of biocytin into the
lateral frontal agranular cortex produced labelling of corticostriatal afferents which formed asymmetric
synapses in the neostriatum. The distribution of termination sites of biocytin-labelled corticostriatal
boutons showed a pattern of dzvelopment similar to the unlabelled asymmetric synapses.

The present study shows tha: the increase in the overall number of asymmetric synapses over the first
three postnatal weeks can be attributed to an increase in the density of asymmetric axospinous synapses.
During the same period little change is noted in the number or density of asymmetric axodendritic
synapses. These changes in exc.tatory synaptic input to medium spiny neurons may explain some of the
previously described electrophysiological differences noted between the neonatal and adult neostriatum.

> 1998 IBRO. Published by Elsevier Science Ltd.
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The majority of afferents to tke basal ganglia
terminate in the neostriatum. Various areas of the
neocortex, including the prefrontal, motor, somato-
sensory and visual areas, along w:th the thalamus,
form the primary excitatory inputs to the dorsal
neostriatum,'>'7-23%-28:3941 The mgjority of cortical
afferents in the adult neostriatum form asymmetric
synapses onto spine heads.'”?**¢34! Thalamic
afferents terminate onto both spine heads and
dendritic shafts.'”252%3% Both of these afferents are
believed to be excitatory and use glutamate or
another excitatory amino acid as their neuro-
transmitter.® The anatomy and ele:trophysiology of
cortical input to the neostriatum of the adult rat have
been studied extensively.®'®:!7-2437:46:31 The morpho-
logical and electrophysiological properties of the
medium spiny neuron, the principal neuron of the
neostriatum, have also been well characterized in
the adult rat.>'%!%5 [nformation is available on
the postnatal development of feline and primate
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Abbreviations: DAB, 3,3’-diaminobenz dine; EPSP, excita-
tory postsynaptic potential; IPSP, inhibitory postsynaptic
potential; P, postnatal day: PB, phosphate buffer.
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neostriatum.' 2139 However, only limited infor-
mation is available on the postnatal development of
the corticostriatal pathway'® and other afferents to
the rat neostriatal medium spiny neuron 224343

Light microscopic studies have shown that the
dendritic morphology of the adult and neonatal
medium spiny neuron differ significantly in felines,
primates and rats with the density of dendritic spines
increasing over development.!"'2?'4% 45 [ the adult
rat, the medium spiny neuron is highly spiny. with a
maximum spine density of 4-6 spines/um of dendrite
measured approximately 80 um from the soma.> In
the early neonatal rat, the medium spiny neuron is
almost totally aspiny, and possesses thin and varicose
dendrites.*® The greatest increase in spine density
occurs during the third postnatal week, correspond-
ing to the time when the majority of the cortical and
thalamic afferents innervate the neostriatum.'? This
timing also corresponds to the period when the
most significant electrophysiological changes are
nOted.34‘43.44

Characterization of corticostriatal and other
excitatory synaptic inputs to the medium spiny
neuron over postnatal development may provide a
basis for explaining functional differences between
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the developing neonatal and adult neostriatum and
medium spiny neuron.**?*39414344 Although it has
been suggested, on electrophysiological grounds,
that the cortex does innervate the neonatal neo-
striatum,*****  the synaptic organization and
postsynaptic targets of corticostriatal and other
excitatory afferents in neonales are not known.

The present study examines the morphology and
distribution of asymmetric synapses, including
biocytin-labelled cortical afferents over postnatal
development in the rat neosrriatum. Portions of this
work have been presented ir. abstract form.**!

EXPERIMENTAL PROCEDURES

Animals and tract tracing

Adult (greater than eight weeks-of-age), postnatal day 21
(P21; with P1 defined as the day of birth), P14/1S (P15) and
P9/10 (P10) Sprague-Dawley rats, supplied from either the
Institute of Animal Behavior, Rutgers, The State University
of NJ, Newark, NJ; or Charles River Laboratories,
Kingston, NY, were used for all experiments. For each
group, pups were obtained from three to four litters with at
least one pup from each litter. Five adults were utilized for
the experimental procedures. All animals were treated in
strict accordance with guidel.nes set forth in the PHS
manual, “Guide for the Care and Use of Laboratory
Animals”.

Rats were anaesthetized with ketamine (Research
Biochemicals International [RBI], Natick, MA; 80 mg/kg)
and xylazine (RBI, Natick, MA; 15 mg/kg) in 0.9% saline
administered intraperitoneally. Since ear bars could not be
used in neonates younger than P21, the pups were installed
in the stereotaxic apparatus by taping the snout (while not
blocking the airways) and caudal skull to a small stage
seated in the stereotaxic apparatus. Glass micropipettes
were pulled from 2 mm capillary tubing (World Precision
Inc., Sarasota, FL) on a vertcal pipette puller (Narishige
Scientific, Tokyo, Japan). The tips were broken back to
approximately 50 pm under m .croscopic control and micro-
pipettes filled with 3-5% biocytin (Sigma, St Louis, MO) in
1 M potassium acetate. Micropipettes were lowered into the
ipsilateral lateral frontal agranular cortex and biocytin was
iontophoretically injected (7.5 uA, 7 s pulse, 50% duty cycle,
for 15min in the neonates and for 40 min in adults).
Stereotaxic coordinates in adults were from Bregma:
anterior +2.5mm, lateral 3.4 mm, ventral 1.75 mm from
cortical surface.* Coordinates were empirically adjusted in
neonates to obtain similar injection Jocations in both adults
and neonates and ranged from anterior +2.3 to 2.6 mm,
lateral 2.0-2.2 mm, ventral 1.8-2.3 mm.

Tissue processing

Four to 24 h post-injection (time was age-dependent; the
older the animal the longer the post-injection time). rats
were given an overdose of urethane (Sigma. St Louis, MO),
perfused with 10-40 ml oxygzenated Ringer’s followed by
100-400 ml of a 4% paraformaldehyde-0.8"% glutaraldehyde
solution (pH 7.2) and the brain excised. The brains were
blocked and postfixed in the aldehyde fixative solution for
at Jeast 24 h. Parasagittal sactions (30-60 um) containing
neostriatum and the cortical injection site were obtained
using a Vibratome. Sections were processed for sequential
light and electron microscopy. The sections were rinsed in
0.15 M phosphate buffer {PB) and pre-incubated for 5 min
in 0.1 M glycine followed by Smin in 0.5% hydrogen
peroxide in PB. To increase antibody penetration without
critically compromising the ultrastructural preservation,
sections were incubated with 0.01% Triton (Electron
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Microscopy Sciences. Ft Washington, PA.) in PB for 30
(P10) or 60 (P15 and P21) min depending on age. The
Triton incubation was omitted in adults. Following multiple
PB washes, sections were incubated in an avidin-biotin—
peroxidase complex (Vector Labs, Burlingame, CA; 1:100 in
PB) for 24 h (room temperature or 4°C). After further
washes with PB, biocytin labelling was visualized by incu-
bating in 0.05% 3.3'-diaminobenzidine (DAB; Electron
Microscopy Sciences, Ft Washington, PA) containing
0.03% hydrogen peroxide for 15-20 min. Sections were
postfixed in 1% osmium tetroxide for 60 min, followed
by multiple PB washes. Sections were dehydrated in an
ascending series of ethanol, and stained en bloc with 1%
uranyl acetate for 60 min. Sections were infiltrated over-
night with Durcupan'® ACM (Fluka), were placed between
liquid release coated slides and coverslips and cured at 60°C
for 24-48 h.

Analysis

Tissue was initially evaluated at the light microscopic
level. Areas of biocytin labelling in the dorsal lateral neo-
striatum and the injection sites in the cortex were identified
and photographed. Coverslips were then removed and areas
of interest in the dorsal lateral neostriatum were trimmed
out and mounted onto Polybed 812" blocks using
cyanoacrylate glue. Ultrathin sections (50-80 nm) were
obtained using an American Optical Ultramicrotome and
collected on Formvar-coated slotted or 200 mesh grids.
Sections were stained with lead citrate (0.5%) and examined
using a Phillips CM10 transmission electron microscope
at 80kV. Only synapses forming asymmetric membrane
specializations were analysed.

The density of asymmetric synapses was determined by
analysing randomly photographed electron micrographs
taken at a magnification of 21,000 x . Sections from which
electron micrographs were obtain were selected randomly
via a computer generated random number table per animal.
When multiple sections were used per animal an appropri-
ate distance between sections was allow to assure that a
single synapse was not counted twice. Only micrographs
which included at least one asymmetric synapse were in-
cluded in the analysis. The total number of asymmetric
synapses in each group was divided by the total area of
tissue examined and expressed as the number of synapses/
100 um?. Specificity of the biocytin labelling was assured by
incubating tissue not exposed to biocytin in the avidin—
biotin-peroxidase complex followed by DAB. No labelling
was noted in these controls. Group means for the density of
synapses was compared by a one-way ANOVA followed by
a post hoc comparison (Fisher’s PLSD). All values are
reported as mean=+S.E.M. Significance was declared at
P<0.05 and P values which were less than 0.01 were
reported as P<Q.01.

RESULTS
Density of unlabelled asymmetric synapses

The density of asymmetric synapses (n=284, where
n” refers to number of synapses from 118 micro-
graphs) was compared among adult (#=86), P21
(n=82), P15 (n=85) and P10 (n=31) rats. Analysis
of variance revealed a significant age-dependent
increase in the density of asymmetric synapses
(F=8.0, d.f.=3, 113, P<0.01). Post hoc tests revealed
that the density of asymmetric synapses was signifi-
cantly greater in adults (28.0 £ 3.5 synapses/100 um?),
than at P15 (14.4+1.3 synapses/100 um?®) or P10
(11.5+ 1.5 synapses/100 um?*; P<0.01 for each com-
parison). At P21, the total density of asymmetric
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Postnatal development of neostriatal excitatory synapses 1165
Table 1. Density of asymmetric synapses from adult and neonatal rat neostriatum
Age
Adult P21 P15 P10
Total density of asymmetric synapses 28.0 (3.5) 242 (2.1) 14.4* (1.3) 11.5* (1.5)
Density of axodendritic synapses 39(1.1) 6.0 (1.2) 5.7 (0.8) 7.2 (1.3)
Density of axospinous synapses 223 (3.0) 15.3* (1.8) 5.9% (1.1) 2.0*% (0.7

All values are the number of synapses/100 um? (£ S.E.M.)

Note that the total synaptic density and density of axospinous synapses at P15 and P10 are significantly lower than in adults
while only axospinous values are significantly lower at P21. Values noted with (*) are significantly different from adult at
P<0.01. There were no significant differences among neonates and adults for axodendritic synapses. It should be kept in
mind that non-bias stereological techniques were not used therefore these values are used for comparisons and are not

absolute values (see Discussion).

synapses (24.2£2.1 synapses/100 pra®) was not sig-
nificantly different from that in adults (Table 1). The
greatest increase in the density of asymmetric syn-
apses occurred during the third postnatal week, be-
tween P15 and P21 (Table 1). It should be kept in
mind that non-biased stereological techniques were
not used, therefore the values for density of asymmet-
ric synapses are intended for comparison purposes
and are not absolute values (see Discussion). Figure 1
demonstrates the differences noted between adult and
neonatal (P15) neostriatum. In the adult (Fig. 1A)
asymmetric synapses are typically axospinous and
are significantly more numerous than in the neonate
(Fig. 1B) in which most asymmetric synapses form
axodendritic synapses.

Density of axospinous synapses

The increased density of asymmetric synapses in
the adult neostriatum appeared to be due primarily
to an increase in the density of axospinous synapses.
The synaptic input onto spine heads increased signifi-
cantly in an age related manner (¥=:33.3, d.f.=3,113.
P<0.01). The density of axospincus synapses was
significantly greater in adults (22 3+3.0 synapses/
100 um?) than at all other ages. P21 (15.3+1.8
synapses/100 um?), P15 (5.9+ 1.1 synapses/100 um?)
and P10 (2.0£0.7 synapses/100 urr?; P<0.01 for all
comparisons) (Table 1).

Density of axodendritic synapses

In marked contrast to axospinous synapses, the
density of asymmetric synapses terminating on
dendritic shafts did not differ significantly among
adults (3.941.1 synapses/100 um®), P21 (6.0+1.2
synapses/100 um?), P15 (5.7+0.8 synapses/100 pm?)
or P10 (7.2+1.3 synapses/100 um?®) neonatal rats
(Table 1).

Postsynaptic unlabelled  asymmetric

synapses

targets of

The ratio of asymmetric axospinous or axo-
dendritic synapses to the total number of asymmetric

synapses (relative synaptic organization) showed a
similar developmental pattern to that of synaptic
density (Fig. 3). Axodendritic synapses comprised 7%
of the asymmetric adult synapses in the neostriatum
while comprising 13%, 41% and 67% in the P21, P15
and P10 neostriatum, respectively (Figs 2B, 3A).
Axospinous synapses. however, comprised 89% of
the adult asymmetric synapses and 82%, 57% and
30% at P21, P15, and P10, respectively (Fig. 3A). The
postsynaptic target of the remaining synaptic profiles
were unidentifiable.

Anterograde labelling of corticostriatal fibres

Biocytin-labelled terminals were identified on
semi-serial sections (three to five sections). All
labelled corticostriatal synaptic profiles formed
asymmetric membrane specializations. Cortico-
striatal fibres most often terminated on spine heads
(87%) in adults (Figs 2A, 3B). In the cases when
biocytin-labelled fibres did not terminate on clearly-
identified spine heads, these labelled fibres either
ended on dendritic shafts (Fig. 1B), on the necks
of dendritic spines or on unidentified post-
synaptic targets. The proportion of labelled cortico-
striatal fibres terminating on spine heads showed
an age-dependent relationship similar to that noted
for unlabelled asymmetric synapses. P21 labelled
terminals were very similar to adult synaptic profiles,
with 83% of the labelled synapses forming axo-
spinous contacts (Fig. 3B). The remaining targets
were either axodendritic or unidentifiable. The axo-
spinous synapses at P21 (Fig. 4A-C) are well defined
similar to that noted in adults (Figs 1A, 2A) con-
trasted by axospinous synapses noted in the P15
(Fig. 5) and P10 (Figs 2B, 7) neonatal neostriatum.

Labelled corticostriatal terminals in P21 animals
showed a very different organization than in the P15
animals as demonstrated in Figs 4 and 1B, respect-
ively. At P15, the labelled terminals were generally
located on dendritic shafts (43%). However, in P15
and P10 animals several labelled terminals were
noted on spine heads, immature spine heads, and
spine necks of immature spines (Figs 5A, B, 7).
Immature spines (Figs SA, B, 7) can be distinguished
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Fig. 1. Representative electron micrographs of comparable areas in the adult and P15 neostriatum. Each

micrograph represents approximately 14 um® of area. Note the relatively high density of asymmetric

synapses in the adult (A} in comparison to P15 (B). In (A) all asymmetric synapses are onto spine heads

(s). Note the well defined and mature spine apparatus (arrows). In (B) note that the three synapses are

onto dendrites (D). Note the biocytin-labelled corticostriatal synaptic profile (arrow) terminating onto a
dendrite (D) containing a mitochondrion (m). Scale bars=0.5 ym.
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Fig. 2. Electron micrographs from an adult rat (A) and a P10 rat (B). In (A) a typical biocytin-labelled

corticostriatal synaptic profile (arrow) terminates on a dendritic spine (s). Note the densely packed small

round synaptic vesicles in the presynaptic synaptic profile. In (B) two synaptic profiles form asymmetric

synapses (arrow heads) onto a single dendrite (D). Note the relatively loose packing of synaptic vesicles in

the presynaptic terminal and the two mitochondria (m) and microtubules (arrow) in the postsynaptic

dendrite. In addition, an asymmetric synapse (*) onto another dendrite is also present. Scale
bars=0.25 pm.

from mature spines (Figs 1A, 2A) by the presence of
microtubule fragments and/or relat.vely large round
vacuoles.* These large round vacuoles (considered to
be immature spine apparatus) and microtubule frag-
ments noted in dendritic spines at P15 and P10 were
never noted in the P21 or adult neostriatum. In
addition, the frequency of biocytin-labelled corticos-
triatal terminals was much lower in the younger
neonates resulting in only a few abelled synapses
being located in P10 and P15 animals.

Synaptic profile characteristics

Boutons at P21 appeared to be well organized and
fully mature based on the number of synaptic vesicles
per synaptic profile, length of the active zone, the
ratio of vesicles per pum?® of synaptic profile and total
synaptic profile area (Fig. 6). Mean synaptic profile
area during development decreased in an age related
manner (F=10.4, d.f.=3,164, P<0.01) between P10
and adult. The synaptic profile area at P10
(0.523 + .096 um?) was significantly greater compared
to adult (0.249+.020 um?, P<0.01) (Fig. 6A) but
similar among adult, P21 and P15. In order to
establish whether the larger P10 synaptic profiles
were the result of an age-dependent tissue swelling
during processing, the mitochondrial cross-sectional
area was measured and compared over development.
This evaluation revealed an age-related increase in
mean mitochondrial cross-sectional area (F=7.4,
d.f.=3,156, P<0.01). Little difference was noted
between P10, P15 and P21. In contrast, adult mito-
chondria (0.044 +.003 um?) were significantly larger

than P21, P15 and P10 mitochondria (0.029 to
0.033£.002 um?, P<0.01 for all comparisons). These
data suggest that tissue swelling was not responsible
for the increase in synaptic profile area noted at
P10.

The number of synaptic vesicles per synaptic pro-
file showed an age-related increase between adult and
P15 for total asymmetric synapses and for axo-
spinous asymmetric synapses (F=3.3, d.f.=3,202,
P<0.05 and F=3.2, d.f.=3,146, P<0.05, respectively)
but not for asymmetric axodendritic synapses alone.
The numbers of synaptic vesicles per synaptic profile
for all asymmetric synapses combined and for axo-
spinous asymmetric synapses were significantly
greater in adults (40.1+2.9 and 40.7+3.0 vesicles/
synaptic profile, respectively) compared to P15
(28.6+2.5 and 27.1%3.2 vesicles/synaptic profile,
respectively; P<0.01) (Fig. 6C). The number of
vesicles per asymmetric synaptic profile at P21 and
P10 were not different from that noted in adults.
However, when the density of synaptic vesicles per
pum? of synaptic profile was compared over develop-
ment, an age-related increase was noted (F=3.8,
d.f.=3,256, P<0.01) (Figs 6B, 7). The density of
vesicles was significantly greater in adult (191.9£8.4
vesicles/lum’ area of synaptic profile) compared to
P10 (130.8 £21.3 vesicles/um? area of synaptic pro-
file, P<0.01) (Figs 6B. 7). Figure 7 demonstrates the
relatively loose packing of synaptic vesicles when
compared to the adult neostriatum (Figs 1A, 2B).

The length of the active zone for asymmetric
axospinous synapses increased slightly over develop-
ment, in an age related manner (F=2.6, d.f.=3,172,
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Fig. 3. Postsynaptic terminaticn sites of total relative asym-
metric (A) and biocytin-labellzd corticostriatal asymmetric
(B) synapses in the adult and neonatal neostriatum as a
function of age. In (A) note the high proportion of axo-
spinous synapses in the adut and P21 rats. In (B) the
proportion of biocytin-labelled corticostriatal axodendritic
synapses is low in adults and P21 rats and shows a large
increase in the P15 rats (insufficient number of biocytin-
labelled corticostriatal terminzls were noted for P10 rats to
be included in this comparison). Approximately half of the
P15 axospinous synapses were on immature spines (see text).

P=0.053) (Fig. 6D). Axospinous active zone length
in adults (319.0+ 13.1 um) was significantly greater
than that at P21 (268.8+15.0 um, P=0.05) and P15
(275.6£15.0 um, P<0.05). P10 active zone length
was slightly but not significantly greater than in
adults. This appears to be the result of the P10
synaptic profiles generally oeing larger in size and the
low number of axospinous synapses noted at P10.
Active zone length for axodendritic synapses were
similar at all ages evaluated.

DISCUSSION
Density of synapses

Approximately 95% of the cells of the neostriatum
are medium spiny neurons.'® The size and shape of
the neostriatal medium spiny neuron is similar in
adult and neonatal rats** and by the age evaluated
in this study, the number of cells in the neonatal and
adult neostriatum are equal.®'4*!*2 One of the con-
cerns of reporting synaptic density data is that bias
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may result due to changes in bouton size or the total
volume of the neostriatum that may occur during
development.®>#24% An increase in bouton size over
development could result in a greater number of
profiles being counted per bouton in older neostria-
tum.®?4%4% Additionally, if the volume of the neo-
striatum decreased over development the total
number of boutons could remain constant but appear
to increase due to the same number of synapses being
compressed into a smaller area. Neither of these two
concerns appears likely. Our data show that the
measured area of P10 synaptic profiles was signifi-
cantly greater than adults which strongly argues
against changes in bouton size accounting for the
observed developmental differences since larger
boutons would result in a greater number of synaptic
profiles being detected and counted in the neonate
compared to adult. Therefore these data actually
suggest that the developmental differences in our
density data may be underestimated.®%4*4%
Additionally, previous work of Fentress ez al.'* and
Fisher et al.'® has shown that the volume of the
neostriatum in rats and felines significantly increases
over development. Since neostriatal volume increases
over development, if the number of synapses
remained constant the density of synapses would
decrease over development. Again, these data
actually suggest that the developmental differences in
our density data may be underestimated. With this
said, it should be kept in mind that non-biased
stereological techniques were not used therefore the
synaptic density values reported must be con-
sidered as estimates used for comparisons and not as
absolute values.

In the present study, the synaptic connectivity of
the developing rat neostriatum was observed to
change significantly during the first three postnatal
weeks. The increase in the density of asymmetric
synapses noted during development can be attributed
primarily to the development of axospinous synaptic
terminals since the density of axodendritic synapses
remained relatively constant at all ages evaluated.
The density of terminals forming asymmetric syn-
apses ending on spine heads showed a significant
increase during postnatal development. Similar
results have been noted in the feline and primate
neostriatum.!'' The largest increase in the total
density of asymmetric and axospinous synapses
occurred during the third postnatal week, between
P15 and P21. This time period is in good agreement
with previous morphological studies in which neo-
natal medium spiny neurons were intracellularly
labelled in vivo with biocytin.**** The medium spiny
neuron appears generally aspiny. with thin and
varicose dendrites prior to the third postnatal week.*’
During the third postnatal week, as dendritic spine
density increases, medium spiny neurons begin to
take on their typical spiny appearance. The finding of
increased synaptic density in this study is also con-
sistent with the previous finding that the majority of
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Fig. 4. Electron micrographs of a single biocytin-labelled corticostriatal terminal from a P21 rat in
consecutive serial sections (A, B and C). Note that as in adults (see Figs | and 2) at P21 corticostriatal
afferents typically terminate onto the heads of dendritic spines. In all three micrographs the biocytin-
labelled corticostriatal input (arrowhead) terminates onto a well-defined mature spine head (sh). The spine
neck (arrow) for this dendritic spine can be clearly seen. This is substantially difterent from what is noted
at P15 and P10 (see Figs 1, 2 and 7) indicating that by the end of the third postnatal week cortical inputs

have reached a certain level of maturity. Scale bars=0.25 um.
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Fig. 5. Electron micrographs of biocytin-labelled corticostriatal terminals in P15 rats. In (A) note the

biocytin-labelled corticostriatal afferent (arrow) terminating on an immature spine (s). The spine contains

a relatively large vacuole (arrowhead) which has been associated with immature spine apparatus and

therefore dendritic spines.*® Also present is an apposition with an additional structure (*). In (B) a

biocytin-labelled (arrow) profile terminates onto an immature spine head (s). The spine head is considered

immature due to the presence of a large round vacuole similar to that noted in A (arrowhead).*® Scale
bars=0.25 um.

the cortical and thalamic affereats innervate the
neostriatum during the third postratal week.'?

contrasted by the total density of asymmetric syn-
apses which increases significantly over development.
These data show that the decrease in the proportion
of asymmetric axodendritic synapses is not the result

Relative synaptic organization . o
elative synaptic org, of a decrease in the number of axodendritic boutons

The proportion of axodendritic synapses decreases
over development while the density of axodendritic
synapses remains relatively constant. The changes
noted in the proportion of axodeadritic synapses is

during development, but is the result of a higher
density of asymmetric synapses in the adult neo-
striatum. The higher density of asymmetric synapses
in the adult is primarily due to a large increase in the
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Adult

Fig. 6. The synaptic profile area (A), the relative synaptic vesicle density (B, number of synaptic vesicles per
mm? of synaptic profile area), number of vesicles per synaptic profile (C) and the active zone length (D)
compared over develcpment. In (A) note that synaptic profile size at P10 is significantly greater than in
adults for axospinous, axodendritic and combined axospinous/axodendritic asymmetric synaptic specializ-
ations. In (B) note that the relative density of synaptic vesicles in adults is significantly greater than the
combined P10 axospinous/axodendritic asymmetric synaptic specializations. It appears that the relative
density of synaptic vesicles for axospinous and axodendritic synaptic specializations was not significantly
different from adult dae to a low “#” and high degree of variability at P10. In (C) note that the number of
vesicles per synaptic profile was significantly less at P15 for axospinous and axospinous/axodendritic
asymmetric synaptic specializations but not axodendritic synapses. In (D) note that the active zone length
is significantly shorter compared to adult for axospinous asymmetric synaptic specializations for P21 and
P15 while axodendriti: active zone length appears to change little over development (*P<0.01, **P <0.05).

density of asymmetric axospinous synapses with little
change in the density of axodendritic synapses. These
findings are consistent wita previous findings in the
primate, in which the relative proportion of neo-
striatal axospinous synapses also increased over
development.'! The origin of the asymmetric axo-
dendritic synapses as corticostriatal or thalamo-
striatal was not determinec: in this study. However, it
should be noted that a large proportion of asym-
metric axodendritic synapses in adults are known to
be mostly thalamic in orizin.>® Even though in the
feline corticostriatal and thalamostriatal afferents
appear to be equally present during postnatal devel-
opment,'® it may be the case that in the neonatal
rat thalamostriatal axodendritic synapses appear
relatively early in postnatal development and are thus

disproportionately distributed. Regardless of the
origin of excitatory inputs, by P21 the relative pro-
portions of axodendritic and axospinous synapses are
similar to that in adults. This suggests that excitatory
synaptic input to the neostriatum is almost fully
established by P21, suggesting that by P21, the neo-
striatum and medium spiny neuron should begin
to display adult-like functional properties (see
functional considerations below).

Biocytin-labelled afferents

Most of the labelled corticostriatal afferents in
neonates prior to P21 terminated on dendritic shafts
or immature spines. This is in contrast to what was
noted in older animals, where the majority of labelled
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Fig. 7. Electron micrograph showing two asymmetric axospinous synapses in the P10 neostriatum. Both

spines (sl and s2) are immature and contain relatively large segments of microtubules (arrowheads) as well

as large round vacuoles considzred to be immature spine apparatus (double arrows).*” The microtubule in

one spine (s2) appears to be embedded into an electron-dense vacuole. In the presynaptic terminals the

synaptic vesicles are relatively ‘oosely arranged (*) with one presynaptic terminal containing what appears
to be a large dense core vesicle (arrow). Scale bar=0.5 um.

corticostriatal fibres terminated cn spine heads as
previously reported.!®2*26-284! These data are also
consistent with both the synaptic density and general
synaptic organization, suggesting that the adult con-
figuration of corticostriatal excitatory afferents has
been established by P21.

Synaptic profile characteristics

The increase in the number of vesicles per synaptic
profile, the ratio of vesicles/um?® of synaptic profile
and active zone length over development. considered
with the above discussed data, suggest that excitatory
asymmetric synapses are functionally immature prior

to P21.%¢ Of particular interest is that the active zone
length at P21 and P15 is significantly smaller when
compared to adult for axospinous asymmetric syn-
apses but not for axodendritic synapses. These find-
ings are consistent with developmental studies of the
primate neostriatum in which active zone length was
also noted to increase over postnatal development.'?
Taken together, these data may indicate that axo-
dendritic synapses are more functionally mature than
existing axospinous synapses in neonates.*® This con-
clusion is supported by the observation that the den-
sity of axodendritic synapses remains constant over
development, suggesting that these synapses are estab-
lished earlier in the development of the neostriatum.
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Functional considerations

Morphological establishrient of the excitatory
inputs to the medium spiny neuron does not
necessarily indicate that these connections are
fully functional. The typical electrophysiological
characteristics of adult spiny neurons consisting
of the cortically-evoked excitatory postsynaptic
potential (EPSP)/long-lasting hyperpolarization/
depolarization,*%*°! up ard down states>® and the
irregular and bursty spontaneous activity.'® do not
begin to become evident prior to postnatal week 3.4
Cortical stimulation in the nzonate results in a simple
EPSP.****** The mean maximal EPSP amplitude
does not change over development even though the
number of excitatory inputs increases signifi-
cantly.'®**** The present study showed that in the
neonate the principal excitatory input to the neo-
striatum terminates onto deadritic shafts while in the
adult neostriatum the vas: majority of excitatory
input terminates onto spine heads. This change in the
termination sites of the newly arriving excitatory
inputs may help to explain why mean maximal EPSP
amplitude remains constant over development while
the overall level of excitatory input increases. Prior to
spine formation the medium spiny neuron is signifi-
cantly more electrotonically compact compared to
adults.”®*? Therefore, in neonates each individual
excitatory axodendritic synapse has the capability of
more strongly influencing the membrane potential of
the medium spiny neuron than is the case in the
adult. The arrival of the massive excitatory input and
the formation of dendritic spines and axospinous
synapses, increases the elsctrotonic length of the
spiny neuron significantly.’® Thus, each individual
excitatory input is attenuated by the dendritic spines
and contributes less to the overall membrane poten-
tial of the medium spiny neuron. The mean maximal
EPSP amplitude of the madium spiny neuron may
therefore remain constant over development despite
the increase in the number of excitatory synapses
because the synaptic “weight” of the axospinous
synapses is less than that of the axodendritic synapses
and the electrotonic length of the neuron increases
with spine development.

Spontaneous activity is essentially absent in the rat
neostriatum prior to P15.%*4* Despite the fact that
stimulation of the cortex is able to excite the medium
spiny neuron both in the neonate and in the adult,
there are significantly fewe: excitatory synapses in the
neonatal neostriatum. These data may help explain
the lack of spontaneous activity in the neostriatum.
Spontaneous activity can also be atfected by intrinsic
and/or feedforward inhibition since the reduced
density and/or activity of excitatory inputs might
unmask intrinsic inhibitory properties of the striatum
that are difficult to observe in adults. This unmasking
may be the result of inhibitory synapses being
relatively well developed prior to P10.*° In addition,
while passing through the neonatal cortex, en route
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to the neostriatum, little activity has been noted,
suggesting a low level of spontaneous activity in the
cortex.** Also the cortical afferents which are present
may not be fully mature, as demonstrated by the
significantly larger synaptic profile size and reduced
vesicle density at P10,

Long-lasting hyperpolarization in neostriatal
neurons following the initial EPSP-elicited by cortical
or thalamic stimulation has been hypothesized as
being the result of disfacilitation of corticostriatal or
thalamostriatal afferents® and not from feedback or
feedforward inhibition. Additionally, Wilson et al.,**
argue that the discrete up and down states of
membrane potential noted in the adult spiny neuron
in vivo result from an interaction of correlated
excitatory afferent input and intrinsic membrane
properties. The results of the current study lend
support to this conclusion since many of the mature
excitatory axospinous terminals are established
between P15 and P21, the same period when long-
lasting hyperpolarization and up and down states
first become apparent.*® If the long-lasting hyper-
polarization and up and down states resulted
from intrinsic inhibitory synaptic mechanisms one
would expect these properties to be apparent early
in development, because prior to postnatal week 3,
the axon collateral plexus, inhibitory synapses
and intrinsic GABAergic neurons are well devel-
oped®'+22404345 and medium spiny neurons are
responsive to application of GABA agonists.?® How-
ever, this is not the case.**** Since the long-lasting
hyperpolarization and up and down states only begin
to become apparent during postnatal week 3, the
results of this study support the idea that these
phenomena are relatively independent of intrinsic
inhibitory synaptic connections.

Prior to the third postnatal week, cortical stimula-
tion can result in an inhibitory postsynaptic potential
(IPSP) which is not seen in the adult neostriatum.*?
The fact that IPSPs can be more easily demonstrated
in the neonatal neostriatum than in the adult may be
due to the relatively low density of asymmetric
excitatory synapses. The effects of feedforward or
feedback inhibition on medium spiny neurons receiv-
ing relatively few excitatory boutons would be
far more apparent than in the adult striatum.*?
Additionally, some of the asymmetric axodendritic
synapses noted over development almost certainly
terminate onto dendritic shafts of intrinsic neurons,
including the parvalbumin GABAergic neurons.
Corticostriatal afferents, in the adult rat and monkey,
are known to form axodendritic synapses with
parvalbumin immunoreactive postsynaptic targets®*
which are known to make synaptic contracts with
medium spiny neurons.®*’ Since the density of axo-
dendritic synapses remains constant over develop-
ment, these data suggest that the postsynaptic target
of a portion of the axodendritic synapses noted in
this study may be parvalbumin interneurons which
might play a role in the cortically evoked IPSP
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noted in neonates.?” In support of this, simultaneous
whole-cell recordings from parvalbumin-containing
interneurons and medium spiny neurons have
demonstrated that parvalbumin interneurons are in
monosynaptic contact with medium spiny neurons as
early as P16. Stimulation of single parvalbumin
interneurons produce large IPSPs in medium spiny
neurons. The IPSP amplitude is substantially larger
in slices from early neonates compared to those slices
taken from pups after the third -ostnatal week.>*?
Taken together with these data present above would
suggest that the IPSP is more apparent in the neonate
due to fewer excitatory inputs being present and the
strong influence of parvalbumin interneurons on the
medium spiny neuron prior to P20.

The absence of the long-lasting hyperpolarization
and up and down states, the presence of IPSPs and a
lower spine density are not only characteristics of the
neonatal striatum but are also characteristics shared
by medium spiny neurons in grafts of fetal neo-
striatum.*?#7-233¢ The present study shows a similar
pattern of synaptic connectivity for the neo-
natal striatum as has been noted :n fetal neostriatal
neurons grafted to ibotenic or kainic acid treated
neostriatum.'>>* Both the neonatel neostriatum and
fetal grafts have a decreased density of asymmetric
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axospinous synapses with an increased proportion of
axodendritic terminals when compared to adults or
host striatum, respectively. This suggest that the
absence of the long-lasting hyperpolarization follow-
ing the cortically evoked EPSP and the IPSP seen
in neonatal neostriatal neurons in situ as well as
in grafted neostriatal neurons may derive from a
relative paucity of functional cortical afferents.

CONCLUSION

The anatomical establishment of excitatory axo-
spinous inputs to medium spiny neurons in the
neostriatum corresponds to and helps explain func-
tional changes noted over development in the electro-
physiology of the medium spiny neuron. These
findings allow for a greater understanding of the
functional role excitatory afferents play in both the
neonatal and adult neostriatum.
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