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ABSTRACT

The postnatal development of the main neuron type in the ectostriatum,
the telencephalic station of the tectofugal pathway, was followed in normally
reared and monocularly deprived zebra finches by using the Golgi method.
Three parameters were investigated: dendritic field radius, branching index,
and spine density. The results show that all three exhibit the same develop-
mental trend—namely, an increase from day 5 until day 20, followed by a
subsequent reduction until adulthood (>100 days). Monocular deprivation
from birth until day 20, 40, or at least 100 does not seem to interfere with
the development of the dendritic field radius or branching index. Clear
changes in spine density result from depriving the birds for at least 40 days.
In these birds, neurons in the deprived hemisphere bear significantly fewer
spines than those in the nondeprived hemisphere, which is mainly due to a
lack of normally occurring spine reduction in the nondeprived hemisphere
rather than to spine reduction in the deprived hemisphere.
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An abundant literature has accumulated addressing the
nature-nurture dichotomy, i.e., the interaction of genetic
and epigenetic factors influencing the early developing ner-
vous system. Important contributions came from exper-
iments on the visual system of mammals, perhaps mainly
because of the relative ease of controlling the environmen-
tal factor by deprivation. Many researchers have confirmed
and extended Hubel and Wiesel’s results (e.g., Hubel and
Wiesel, *70; Wiesel and Hubel, ’63a,b, ’65) of monocular and
binocular deprivation, and it is now widely accepted that
early visual experience has major effects on the structural
and physiological development of the geniculocortical and
extrageniculocortical pathway (for review see Blakemore,
"78; Fregnac and Imbert, '84; Movshon and Van Sluyters,
’81; Sherman and Spear, *82).

Besides the well-studied deprivation-induced changes in
cell size in the lateral geniculate nucleus (LGN) of various
mammals (e.g., Casagrande and Joseph, ’80; Chow and
Spear, "74; Headon et al., '85; Hickey et al., *77; Guillery,
’72; Sherman and Wilson, ’75), the altered pre- and postsyn-
aptic structure of the visual cortex has been investigated in
many Golgi and EM studies. At the ultrastructural level
changes in synaptic density (Cragg, *75a; Fifkova, '70; Tie-
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man, '84; Turlejki and Kossut, ’85; Winfield, ’83), in the
number of vesicles (Garey and Pettigrew, '74; Vrensen and
de Groot, ’75), and in presynaptic terminal size (Fifkova,
"70; Tieman, '84) as a result of dark rearing or monocular
deprivation have been reported in cats, rats, and rabbits
(but not in monkeys: O’Kusky and Colonnier, ’85). When
using the Golgi method a decreased spine density was re-
ported in the visual cortex of monocularly deprived rats
(Fifkova, ’68; Rothblat and Schwarz, ’79), dark-reared mice
(Ruiz-Marcos and Valverde, '69; Valverde, ’67), and dark-
reared rats (Winckelmann et al., 76). Changes in the size
(Freire, '78) and shape (Globus and Scheibel, ’67) of cortical
dendritic spines in mice and rabbits have also been
documented.

In spite of the large literature for mammals, data on the
effects of monocular occlusion in birds are sparse. This is
particularly remarkable as the visual system of birds, with
its completely crossed optic nerve, provides an excellent
model for such studies.
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Most of the effects of early unilateral occlusion in mam-
mals have been attributed to the unbalanced binocular
competition. Most studies on birds deal with deprivation-
induced changes in the visual wulst (Bagnoli et al., 82, °83;
Burkhalter et al., ’82; Pettigrew and Konishi, 76), which is
probably homologous to the visual cortex in mammals
{Nauta and Karten, "70). In this pathway binocularity is
achieved by recrossing of thalamotelencephalic fibers. How-
ever, in the second ascending visual pathway, the tectofu-
gal system (comparable to the extrageniculocortical
pathway), monocular deprivation creates similar anatomi-
cal abnormalities to those described in the geniculocortical
pathway (Herrmann and Bischof, "86b,c; Nixdorf and Bis-
chof, '87), although many studies have claimed all stations
of this projection—tectum opticum, nucleus rotundus, and
ectostriatum—to be mainly monocularly driven (Benowitz
and Karten, ’76; Revzin and Karten, '66/67). The small
tectotectal as well as the tectocontralateral rotundus, wulst-
ectostriatum, and wulst tectum fibers have been considered
to be insignificant (Bagnoli et al., *77; Benowitz and Kar-
ten, "76; Hunt and Kiinzle, "76; Ritchie and Cohen, '77), as
no binocular neurons have been found in any of these areas
so far.

However, recent electrophysiological and anatomical evi-
dence from our lab (Engelage and Bischof, 88; Niemann et
al., ’87) suggests that in zebra finches there is a high degree
of interaction in the nucleus rotundus and the ectostriatum.
This is supported by the cell size and ultrastructural
changes found after monocular deprivation in these areas
(Herrmann and Bischof, '86b,c; Nixdorf and Bischof, ’87),
which can only be interpreted by an exchange of informa-
tion from left and right eye. Therefore, the morphological
changes induced by unilateral occlusion in zebra finches
seem to be comparable to those in the geniculocor-
tical pathway, although these regions are nonhomologous.

This study investigates the effects of early monocular
deprivation on dendritic parameters (e.g., spine density,
dendritic length, and branching index) of neurons in the
ectostriatum of zebra finches, the telencephalic station of
the tectofugal pathway. In addition to comparisons between
the deprived and nondeprived hemisphere in the monocu-
larly deprived birds we also compared these birds with
those which had been normally reared, because monocular
deprivation interferes with the neuronal development, and

transfer of information can occur between the two hemi-
spheres.

MATERIALS AND METHODS
Subjects

A total of 29 normal and monocularly deprived zebra
finches (Taeniopygia guttata castanotis) of both sexes were
used for this study. All birds were taken from the institute’s
stock. Normal development was studied in the following
age groups: 5 days (n = 3), 10 days (n = 5), 20 days (n = 5),
40 days (n = 3), and >100 days = adult (n = 4). Nine birds
were monocularly deprived from birth until death at day
20(n = 4),40 (n = 3) or as adults (n = 2).

The birds were deprived by gluing a dark plastic cap over
one of the eyes (left or right) with Dow Corning medical
adhesive. Deprivation began at 1 or 2 days posthatching, at
a time when the birds’ eyes are still closed (zebra finches
open their eyes at the age of 5 days).

Processing of the tissue

The birds were deeply anesthetized with 0.03 ml Nembu-
tal and perfused via the left ventricle with 0.9% NaCl
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followed by 10% formalin in 0.9% NaCl. After postfixing for
at least 1 week in this second solution, the brains were
removed from the skull. After additional postfixing the
brains were processed in toto by using a modification of the
Golgi Bubenaite method (Romeis, ’68): The brains were
placed in a solution of 2.5% potassium dichromate and kept
in the dark for 48 hours at 34°C. They were then washed
three times in a 2% solution of silver nitrate and stored in
the dark for 3 (the 5- and 10-day-old birds) or 4 days (ani-
mals older than 10 days) in a fresh 2% AgNOj solution.
Then the brains were transferred to a 1:1 mixture of 80%
ethanol and glycerol overnight. On the following day 90-
120-um-thick serial coronal sections were cut with a micro-
tome. The sections were dehydrated in methylsalicylate
and 100% ethanol, cleared in xylene, mounted, and cover-
slipped with DePeX (Serva).

In all deprived birds the data analysis was done “blind”;
i.e., the right hemisphere was marked with a needle, irre-
spective of whether it was the deprived or the nondeprived
hemisphere. The code was not broken until the end of all
measurements.

Data analysis

The neurons were analyzed from drawings made with the
help of a drawing tube attached to a Zeiss microscope at a
magnification of x1,250 under oil. For drawing, the cells
had to fulfill the following criteria: 1) good impregnation of
all dendrites with continuous staining over their full length,
2) all dendrites of one neuron in one section (to avoid follow-
ing up dendrites in serial sections), and 3) neurons clearly
in the ectostriatal core region (to avoid having to distin-
guish between “belt” and “core” regions).

By this procedure we obtained 435 drawings (normal
birds): 5 days (n = 37), 10 days (n = 48), 20 days (n = 42),
40 days (n = 27) >100 days (n = 85); deprived birds: 20
days (n = 84), 40 days (n = 68), and >100 days (n = 44).

Radius of the dendritic field. The size of the dendritic
field was determined by measuring the distance between
the center of the soma and the tip of the longest dendrite
with the help of an overlay with concentric rings superim-
posed over the soma center. It should be emphasized, how-
ever, that the radius of the dendritic field is an under-
estimation of the three-dimensional spread of the dendritic
field.

Branching index. For the quantitative evaluation of the
branching frequency the number of dendritic tree endings
(= free dendritic tips) was divided by the number of pri-
mary dendrites per neuron to obtain the number of den-
dritic tips per primary dendrite. We used this method to
correct for neurons that had three, four, or five primary
dendrites but nevertheless belonged to the same neuron
type (Figs. 1, 4a).

Spine counts. Spine counts were expressed as frequency
per 10-um linear dendritic length. The dendritic elements
were only selected for spine density measurements if they
were absolutely parallel to the plane of section and were
lornger than 10 um.

Every process protruding from the dendritic shaft was
counted as a spine, irrespective of its morphological shape
(stubby or pedunculated, with or without a terminal expan-
sion) provided it only appeared to be in direct continuity
with the dendritic shaft. Double spines, i.e., spines with two
heads or endings, were counted as two spines (Schiiz, '81),
but they were not frequent (about one to three per neuron).

The absolutely straight dendrites were marked during
drawing; their length was calculated with a Graphics Tab-
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Fig. 1. Camera lucida drawings of four typical Golgi-~impregnated type
I neurons of the ectostriatum of adult zebra finches. The axons are indicated

let; and the corresponding number of spines and their exact
location on the dendrite (p, s, m and t, see below) were
stored by means of an HP-computer linked to the Graphics
Tablet. We designed a program to calculate the number of
spines per 10 pm.

The dendritic elements were classified according to their
position in the dendritic tree as primary (p), secondary (s),
middle (m), and terminal (t) segments; this classification
has proved to be useful in the analysis of birds’ telence-
phalic neurons (Rausch and Scheich, *82; Wallh&usser and
Scheich, ’87). No attempt was made to correct for hidden
spines (Feldman and Peters, ’79), so our counts underesti-
mate the actual number.
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by an arrowhead. The neurons of this main cell type are characterized by a
small soma and three (b,¢) or four (a,d) primary dendrites.

Statistics

For the analysis of the branching frequency and the ra-
dius of the dendritic field, a mean value was calculated for
each animal. These means were used to determine the
mean value in each age group (three to five birds). The
differences were tested with a Student’s t-test.

For the spine measurements we pooled all the values of
one age group and one hemisphere, although it is clear that
the observations for each animal were not independent.
However, because of the small sample size and the fact that
the dendritic elements came from a differing number of
neurons, we decided to treat each spine count/10 ym as one
observation. These results did not differ significantly from
those obtained in separate measurements for each individ-
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Fig. 2. Photographs of the ectostriatal type II neurons of different ages.
a,b: Adult. ¢,d: twenty days. e,f: ten days. This rarely impregnated neuron
type is characterized by a large soma, which gives rise to eight to 12 primary

dendrites (a,c,e). The dendrites bear only very few, usually small, unpedun-
culated spines at all age groups (b,d,0). Note the frequent somatie spines in
10-day-old birds. Bar is 10 ym.
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Fig. 3. Typical stages of maturation of the ectostriatal type I neuron at 5, 10, 20, and 100 days. For further

explanation see text.

ual bird. Differences between the age groups and differ-
ences between hemispheres (deprived/mondeprived) were
tested for mean value variations of the median with the
nonparametric U-test.

RESULTS
Qualitative observations

Figures 1 and 2 show the two types of Golgi—impregnated
neurons in the ectostriatum of adult zebra finches. The
main neuron type (Fig. 1), which has also been described in
the Japanese quail (Watanabe et al., '85) has a soma diam-
eter of about 15 um. Several (three to five) dendrites ema-
nate from the soma and arborize one to four times. They
are oriented radially; only dendrites near the LMD (lamina
medullaris dorsalis) or the FA (fasciculus archistriatalis),
the medial and ventral borders of the ectostriatum, are
oriented parallel to these fiber systems. Figure 4a shows
one neuron with radially oriented dendrites and another
lying adjacent to the ventral border of the ectostriatum.
The dendrites extend about 55 um from the soma but never
leave the ectostriatum to enter adjacent structures such as

the PA (paleostriatum augmentatum). The dendrites bear
spines of different shape. In some Golgi preparations axons
could be traced for more than 100 um. They arborize some-
times, and single axon collaterals could be traced into the
paleostriatum or neostriatum.

The second neuron type (Fig. 2) was impregnated very
rarely. Soma (diameter 20 um) and dendrites (length more
than 100 pm) are much larger than in neuron type I and
the number of primary dendrites (8 to 12), which bear only
very few spines in adult birds (Fig. 2), is twice as high. The
axons were not impregnated over long distances. Because
of the small sample size of the second neuron type (a total
of only 11 neurons in all brains examined), we only used
the type I neurons for the quantitative analysis of develop-
ment and deprivation effects. However, also in this neuron
type Il a reduction in the number of dendritic spines can be
observed (Fig. 2). Interestingly, in 10-day-old birds some
somatic spines can also be seen, which are absent in adult
animals.

In 5-day-old zebra finches the ectostriatal type I neurons
consist of typically undifferentiated cells with a small soma
(Figs. 3, 4b). The dendrites are irregularly thickened and
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Fig. 4. Photomicrographs of ectostriatal type I neurons in zebra finches
of different ages. a: Two neurons (normally reared 20-day-old male) with
different dendritic orientation. The arrowhead marks a neuron with four
radially oriented dendrites; the arrow marks a tripolar neuron with den-
drites oriented parallel to the ventral border of the ectostriatum. b: Two
neurons from 5-day-old zebra finches; arrowheads mark growth buds (swell-

bear growth cones and growth buds, which are often sites
of origin for filopodia (Fig. 4b). The rare spiny processes are
thin and lack peduncular endings. Between days 5 and 10
ectostriatal neurons exhibit a very rapid growth (Figs. 3,
4c). The soma diameter increases and the dendrites grow
massively and bifurcate. All dendritic parts are covered
with numerous thin spines, which sometimes already have
bulbous terminals. The soma contours are irregular in
shape, but in contrast to 10-day-old type II neurons, somatic
spines are hardly ever found (compare Figs. 2¢ and 4c).
Between day 10 and 20 ectostriatal neurons increase fur-
ther in soma size, dendritic length, and branching fre-
quency. The number of dendritic spines increases
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ings along the dendrites) and growth cones (terminal swellings); one filopo-
dium is marked by an arrow. ¢: Neuron of a 10-day-old zebra finch. At this
age the typical cell form is already achieved. d: Twenty-day-old bird: the
dendrites bear more spines than at earlier or later age groups. e: Forty-day-

old bird. f: Neuron of an adult zebra finch. Bar is 50 pm in a and 10 ym in
b-f.

dramatically and gives the dendrites the appearance of
barbed wire (Figs. 3, 4d). After day 20 a reduction in soma
size, dendrites, and the number of spines can be detected
even without quantitative analysis (Figs. 3, 4e,f).

Quantitative neuronal development

Radius of the dendritic field. The mean dendritic field
radius is shown as a function of postnatal age (Fig. 5, Table
1). Between day 5 and 10 the dendritic field radius grows
significantly more than twofold and reaches a mean value
of 55.10 um (P < .001). The radius increases again by 29%
from day 10 to day 20. After this age the dendritic field
radius of ectostriatal neurons decreases significantly by
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Fig. 6. Development of the branching index from postnatal day 5 until
adulthood. The data show the mean + S.E.

19.5% (t = 5.26, DF = 6, P < .009), whereas further decline
(8%) in the dendritic field radius after day 40 is only weakly
significant (t = 1.73, DF = 5, P < .073).

Branching index. The estimation of the branching index
is the number of terminals per primary dendrite and is
plotted in Figure 6 as a function of postnatal age (see also
Table 1). Between day 5 and 10 the branching index of
ectostriatal neurons triples and the further increase by 44%
in the following 10 days is also highly significant (P <
.0001). Between days 20 and 40, however, the number of
free dendritic terminals per primary dendrite decreases
significantly (t = 5.68, DF = 6, P < .006) by about 50%.
The further slight reduction in branching index between
day 40 and adulthood is not statistically significant. It is
remarkable that the branching index of ectostriatal neu-
rons of adult zebra finches lies below that of 10-day-old
birds.

Dendritic spines. Spine counts on ectostriatal neurons
are shown in Figure 7 as a function of postnatal age (and
see Table 2). The spine frequency varies systematically
with distance from the soma; i.e., usually the spine density
is low at primary dendrites and highest at middle or ter-
minal dendritic segments. However, with the exception of
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Fig. 7. Ontogenetic changes in spine density on the different dendritic
segments (primary, secondary, middle, and terminal) from postnatal day 5
until adulthood. Median values.

the primary dendrites, the ontogenetic changes in the num-
ber of spines per unit length of dendrite are similar along
all segments.

Primary segments. In primary dendritic segments the
number of dendritic spines doubles between days 5 and 10
(Z = 2.37, P < .025) and does not change significantly in
the following 10 days. Between days 20 and 40, however,
the number of dendritic spines increases significantly (Z =
2.605, P < .025), and after day 40 the spine density is
drastically reduced (Z = 3.47, P < .001).

Secondary segments. On secondary dendrites the num-
ber of spines increases dramatically between days 5 and
10 (Z = 3.12, P < .005), followed by another 12% increase
in the next 10 days, and declines between days 20 and 40
by 29% (Z = 2.05, P < .05). After day 40 there is a further
decline of 45.6% to the adult value, which lies 61.6% below
the maximum value at day 20.

Middle segments. In the ectostriatum of 5-day-old zebra
finches there are no “middle” dendritic segments of these
undifferentiated neurons (see Figs. 3, 4b). Between days 10
and 20 spine density increases significantly (Z = 2.93, P
< .005) and declines slightly in the following 20 days.
After day 40 the spine density is drastically reduced (Z =
4.15, P < .001). Thus, between days 20 and 100 the mean
spine density is reduced by 68%.

Terminal segments. A similar result can be obtained for
terminal dendritic branches: Spine density increases sig-
nificantly from day 5 until day 20 (5: 10-day—Z = 8.37, P
< .001, 10:20-day—Z = 8.07, P < .001) and decreases
significantly from day 20 to day 40 (Z = 7.06, P < .001).
The graph in Figure 7 shows that there is a further 47%
reduction from day 40 until adulthood (Z = 9.31, P < .001).

While no attempt was made to quantify morphological
diversity in spine shape, qualitative observations indicate
that dendritic spine shape changes quite dramatically with
age (Fig. 8). Dendritic spines grow in length and thickness
between day 10 and day 20. After day 20 further morpho-
logical differentiation leads to the formation of big, bul-
bous spine heads.

Taken together, spine density, dendritic field radius, and
branching index all show the same developmental pattern:
there is an increase until day 20 and a subsequent reduc-
tion to adult values.
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Fig. 8. Dendritic spines in the zebra finch ectostriatum of different ages.
a: Ten days: dendritic spines are still very small spicules; many protrusions
lack the typical bulbous spine heads. b: Twenty days: the size and number
of dendritic spines have drastically increased. (Many spines are not in
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focus.) ¢: Adult: the number of dendritic spines is reduced by about 50%
compared to neurons of 20-day-old birds. The photo shows a variety of
shapes and sizes of spines. Note that many spines are clearly mushroom-
shaped. Bar is 10 um.

TABLE 1. Mean Dendritic Field Radius (a.) and Branching Index (b.) + S.E. of Ectostriatal Type I Neurons
During Postnatal Development (n = number of neurons)

a. Dendritic field

b. Branching

Age (days) radius (um) n index n
5 22.87 + 6.43 37 1.61 + 0.54 31
10 55.10 + 5.58 48 5.33 + 0.69 42
20 71.33 + 3.53 42 7.68 + 0.88 38
40 57.41 + 3.79 27 444 + 0.52 25
=100 52,51 + 3.65 85 3.98 + 0.57 76

TABLE 2. Median Number of Spines + S.E. on Different Dendritic Segments (primary, secondary, middle, terminal) of Ectostriatal Neurons at the Ages
(days) indicated (n = number of neurons)

Spines per 10 um

Age Primary n Secondary n Middle n Terminal n

5 0.74 + 1.07 16 0.35 + 0.70 4 220 + 3.71 32
10 1.58 + 1.34 34 5.55 + 3.41 40 6.62 + 3.03 38 6.29 + 2.81 190
20 1.16 + 1.22 42 6.22 + 3.51 51 8.46 + 3.25 83 8.71 + 2.69 179
40 2.90 + 2.61 19 4.39 + 1.86 19 7.56 + 1.52 9 5.89 + 2,10 69
2100 0.70 + 0.90 69 2.39 + 1.85 67 2.71 + 1.43 20 3.10 + 1.34 221

Monocular deprivation

Dendritic field radius. Monocular deprivation does not
seem to interfere with the normal development and had no
major effect on the dendritic field radius of ectostriatal
neurons. After 20 days of monocular deprivation the den-
dritic field radius of neurons that receive their main input
from the deprived eye does not differ from that of cells in
the corresponding nondeprived hemisphere. However, the
nondeprived hemisphere shows a significantly (7.9%)
smaller radius (t = 2.03, DF = 7, P < .041) than that of the
cells in normally reared birds.

After 40 days of monocular occlusion no interhemispheric
asymmetry in dendritic field radius can be observed and
there is no difference between these birds and those raised

normally. Long-term deprivation until adulthood does not
lead to any measurable abnormalities in the dendritic field
size: the values of deprived, nondeprived, and normal ecto-
striatal neurons do not differ statistically (Table 3, Fig. 9).

Branching index. Monocular deprivation for the first 20
days has no effect on the branching index—i.e., the number
of free dendritic terminals per primary dendrite (Fig. 9,
Table 3)—and the reduction in the number of terminals
seen in normally reared zebra finches after day 20 is also
paralleled by the development in deprived birds. No statis-
tically significant differences between deprived, nonde-
prived, or “normal’’ ectostriatal neurons were found. Long-
term deprivation does not lead to any changes in branching
index.
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Fig. 9. Effects of various times (20, 40, >100 days) of monocular depri-
vation on dendritic field radius + S.E. (upper) and branchin index + S.E.
(bottom) of ectostriatal type I neurons. White columns: nondeprived hemi-
sphere; the shaded columns: deprived hamisphere; hatched columns: nor-
mally reared birds. Monocular deprivation has no major effect on both
parameters.

Dendritic spines

Figure 10 shows the median and standard deviation in
the spine density of monocularly deprived and normally
reared zebra finches at the age of 20, 40, and at least 100
days (see Table 4).

After 20 days of monocular deprivation spine densities of
primary dendritic segments of deprived, nondeprived, and
normal ectostriatal neurons do not differ significantly. The
number of protrusions on secondary dendrites is almost the
same in both hemispheres and the value obtained from
normally reared zebra finches is not significant (P > .1),
even though there is a difference of 14.5%. A similar situa-
tion is found in the middle segments, normally reared birds
bearing 21.5% and 14.2% more spines than both the de-
prived (Z = 3.16, P < .005) and the nondeprived hemi-
sphere, respectively (Z = 1.89, P < .095). In contrast,
terminal dendritic segments are not affected by 20 days of
monocular deprivation.

After 40 days of monocular deprivation no interhemi-
spheric difference can be observed on primary dendrites.
However, the comparison with the number of spines of
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type I neurons of zebra finches deprived from birth until day 20 (upper), 40
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columns: deprived hemisphere; hatched columns: normally reared birds.
The small numbers under the columns show the number of dendritic seg-
ments from which the counts were made.

terminal

primary

secondary

normally reared birds shows a significant reduction in spine
density in the deprived (Z = 2.69, P < .01) hemisphere. In
all other dendritic segments 40 days of unilateral lid clo-
sure leads to a clear interhemispheric asymmetry in spine
density: neurons in the deprived hemisphere bear a signifi-
cantly smaller number of spines than neurons in the non-
deprived hemisphere (secondary segments: 42.5%, Z = 3.28,
P < .05, middle segments: 37.8%, Z = 2.56, P < .05,
terminal segments: 17.5%, Z = 4.04, P < .001). The compar-
ison with normally reared birds is not quite as clear:
whereas in secondary and terminal segments the “normal”
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TABLE 3. Dendritic Field Radius (a.) and Branching Index (b.) + S.E. in the Deprived and Nondeprived Hemisphere of Zebra Finches, Deprived From
Birth Until Day 20, 40, or 100 (n = number of neurons)

a. Dendritic field radius (um)

b. Branching index

Age Deprived Non-depr. n Deprived n Non-depr. T Th
20 69.20 + 4.59 65.68 + 4.85 48 7.79 + 1.02 34 717 +1.49 36
40 56.59 + 8.14 52.71 + 0.16 26 4.57 £ 0.29 34 4.28 + 0.06 25
2100 57.21 + 0.18 5440 + 3.98 25 4.81 + 0.04 19 4.50 + 0.46 23

TABLE 4. Number of Spines (median + S.E.) in the Deprived and Nondeprived Hemisphere of Birds Deprived for 20, 40, or >>100 days!

Non-
Age (days) Deprived n Deprived n % diff. P
Primary 20 0.97 + 0.99 36 0.81 + 1.37 29 19.75 ns
40 1.26 + 1.63 49 1.73 + 191 34 27.17 ns
=100 0.65 + 0.92 20 0.78 + 1.09 22 16.17 ns
Secondary 20 5.32 + 3.14 51 5.66 + 3.38 47 6.01 ns
40 3.26 + 247 39 5.67 + 3.36 30 42.50 0.005
=100 2.36 + 1.62 15 5.14 4 1.87 19 54.09 0.001
Middle 20 6.65 + 2.61 53 7.26 + 245 44 8.40 ns
40 4.34 + 2.34 19 6.98 + 2.85 12 37.82 0.025
=100 2.72 + 1.77 4 6.11 + 1.03 2 54.36 0.05
Terminal 20 8.43 + 2.67 164 8.60 + 2.90 152 1.98 ns
40 5.45 + 2.22 123 6.61 + 1.85 96 17.55 0.001
=100 4.00 + 142 54 5.64 + 184 62 29.08 0.001
' = number of segments; % diff. = percental difference between deprived and nondeprived hemisphere: P = level of significance.
— ’ primary dendritic segments, neurons in the deprived hemi-
/" sphere bear significantly fewer spines than neurons in the

Fig. 11. Type I neuron in the deprived ecostriatum of a 20-day-old de-
prived zebra finch. The number of dendritic spines, dendritic field radius,
and branching index are not significantly affected by monocular deprivation
(except the number of spines on middle dendritic segments; see Results).
Not all the dendrites and spines are in focus. Bar is 10 pm.

values lie between those of the deprived and nondeprived
hemisphere, the spine density in middle segments in nor-
mally reared zebra finches does not differ significantly from
that found in the nondeprived hemisphere.

Extending the deprivation period until adulthood (<100
days) does not cause further changes concerning the left/
right asymmetries in deprived birds: with exception of the

corresponding nondeprived hemisphere. The differences are
54% for secondary (Z = 3.68, P < .001) and middle seg-
ments (Z = 2.20, P < .005), and 29% for terminal dendritic
segments (Z = 4.78, P < .001). However, these interhemi-
spheric differences do not result from a reduction in spine
density in the deprived hemisphere but rather from an
excess of spines in the nondeprived hemisphere, because
the spine density of normally reared birds is almost exactly
the same as in the deprived hemisphere of zebra finches
monocularly deprived until adulthood. In the nondeprived
hemisphere there are 115% more spines on the secondary
(Z = 4.92, P < .001), 120% more on the middle (Z = 3.26, P
< .005), and 82% more on the terminal dendritic segments
(Z = 8.85, P < .001) compared with normally reared birds.

These results show that a period of at least 40 days of
monocular deprivation leads to clear changes in spine den-
sity of ectostriatal neurons. However, the asymmetries are
mainly due to a lack of normally occurring spine reduction
in the nondeprived hemisphere rather than to a reduction
of protrusions in the deprived hemisphere.

DISCUSSION

In spite of some problems concerning the completeness,
selectivity, and predictability of the impregnation, the Golgi
method provides an excellent tool for studying the morphol-
ogy and ontogeny of dendritic processes. As combined Golgi,
EM, or HRP studies have confirmed earlier results based
solely on Golgi material, the criticism concerning the reli-
ability and capriciousness of the Golgi method does not
seem to be justified (e.g., Caceres and Steward, '83; Green-
ough, ’84; Mates and Lund ’83a,b; but see Feldman and
Peters, '79).

This is the first study to follow the development of neu-
rons in a primary visual nucleus of the bird’s brain, the
ectostriatum. Furthermore, these data show that monocu-
lar deprivation dramatically interferes with spine develop-
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ment in this forebrain area. The analysis of the Golgi
material of the zebra finch also confirms the findings of
Watanabe et al. (’85) in the ectostriatum of quails, who also
reported only one main neuron type in this telencephalic
region.

Three points deserve further discussion: first, the fact
that in such a huge brain area like the ectostriatum there
is only one main neuron type; second, the finding that all
three parameters studied here exhibit the same develop-
mental trend—namely, an increase from day 5 until day 20
and a subsequent reduction; and third, the result that mon-
ocular deprivation seems to have major influences on spine
density in the nondeprived hemisphere, i.e., the brain-side
driven mainly by the open eye.

Neuron types in the ectostriatum

Our Golgi material clearly demonstrates only one major
neuron type in the ectostriatum of zebra finches. This result
is in close agreement with the study of Watanabe et al. (85)
on the quail ectostriatum. Thus, the ectostriatum seems to
lack all “typical” telencephalic neurons found in the “vi-
sual wulst” (Watanabe et al., ’83), the hyperstriatum ven-
trale, pars caudale (HVc) (Rausch and Scheich, '82), the
nucleus robustus archistriatalis (RA) (Katz and Gurney,
’81), the medial part of the neostriatum and hyperstriatum
(MNH) (Wallhiusser and Scheich, ’87), and the hippocam-
pus (Molla et al., ’86). In addition, we found a few neurons
of a second type with a large cell body and eight to 12
primary dendrites. The comparison of its enormous size of
more than 300 pm? with size-frequency histograms from
Nissl material indicates that it is in fact a rare neuron type.
It seems remarkable that such an important primary visual
area consists only of two different neuron types, whereby
one is absolutely dominant. At present, we do not know
whether the main neuron type really represents one homo-
geneous population. Recent immunohistochemical studies
of Braun et al. ("85) and Braun et al. ('87) suggest that this
is probably not the case: both papers demonstrate small
fractions of parvalbumin- and GABA-positive neurons
throughout the ectostriatum.

Development with ‘“‘overshoot’’

It is now widely accepted that early neuronal develop-

ment is not only characterized by proliferative but also by
regressive phenomena. The data supporting this view come
from a variety of developmental studies on both mammals
and birds showing a quick rise in neuronal elements such
as dendrites (Duffy and Rakic, ’83; Furber, '84; Leuba and
Garey, ’84; Smith, ’81; Vaughn, *77), spines (Apfelbach, ’86;
Apfelbach and Weiler, '85; Boothe et al., *79; Dardennes et
al., ’84; Duffy and Rakic, ’83; Garey and Saini, '81; Murphy,
’84: Rakic et al., ’86; Rausch and Scheich, ’82), synapses
(Biahr and Wolff, '85; Cragg, *75; Holstein et al., '85; Purves
and Lichtman, ’80; Winfield, ’83), somata (Cowan, ’73;
Herrmann and Bischof, ’86a; Rager and Rager, '76), or
volume (Bottjer et al., '85; Fritschy and Garey, '86; Herr-
mann and Bischof, ’86a) followed by a subsequent reduction
in number and/or size.

The quantitative data of the present Golgi study in the
zebra finch are in close agreement with the above-men-
tioned developmental trend in clearly demonstrating a rapid
increase in dendritic field radius, branching index, and
spine density from birth until day 20 followed by a subse-
quent overshoot of synaptic connections at day 20, as longer
(dendritic field radius) and more numerous (branching in-
dex) dendrites allow contacts to more numerous and more
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distant neurons, and excess of spines most likely stands for
more synapses.

The spine counts should be interpreted with care, as the
morphology of the dendritic spines changes, and one cannot
exclude the possibility that the counts reflect different pop-
ulations. However, an EM study from our lab (Nixdorf and
Bischof, in preparation) clearly demonstrates that the ex-
cess of spines calculated in the present Golgi study is par-
alleled by an “overshoot” of axospineous synapses at day
20, so it can be taken for granted that the ectostriatum not
only forms but also loses spines during the early postnatal
period.

The reduction of dendrites and spines might correlate
with decreasing plasticity due to an elimination of non-
functional synapses. The theoretical work of Changeux and
co-workers (e.g., Changeux and Danchin, *76) provides evi-
dence for the functional significance of such developmental
trends involving a transient overabundance of synaptic con-
nections and subsequent reduction processes. According to
his hypothesis, the overshoot of synapses provides the con-
dition under which a selection process can eliminate those
connections that fail to function and stabilize functional
synapses. :

While such a model fits well with ontogenetic studies of
the visual cortex of cats and monkeys, where the loss of
spines might correlate with the retraction of geniculocorti-
cal afferents (e.g., Boothe et al., ’79; Le Vay et al., 78, ’80;
Shatz and Stryker, 78) or the nerve-muscle synapse (Chan-
geux and Danchin, ’76), competitive processes have not
been demonstrated directly in the ectostriatum of birds so
far, and future research should address this issue. Although
the ectostriatum has been long believed to be monocularly
driven, recent anatomical and physiological evidence from
our lab suggests there are binocular interactions in the
zebra finch ectostriatum (Engelage and Bischof, ’88; Nie-
mann et al., '87). Interestingly, another parallel can be
drawn between the development of the visual system in
both cats and zebra finches: the loss of spines or axospinous
synapses coincides with the end of the sensitive period for
monocular deprivation (Herrmann and Bischof, '88; Win-
field, ’83). According to Murphy ('84), however, the peak in
spine or synapse density coincides with the peak sensibility.
Therefore we do not know whether the parallel between
these results and those of Winfield ('83) is causal or merely
coincidental.

Effects of monocular deprivation

Several publications have documented dendritic parame-
ters such as dendritic field radius, branching index, and
spine density showing plastic changes after deafferentation
(e.g., Caceres and Steward, ’83; Deitsch and Rubel, '84;
Jones and Thomas, '62; Valverde, '68) or early environmen-
tal manipulations. De Voogd and Nottebohm ('81) also re-
ported sex differences in dendritic morphology of a song
control nucleus in canaries. Whereas rearing conditions
(e.g., “enriched” or “impoverished” environment) or elec-
tric stimulation has effects on both dendritic length (Fiala
et al., ’78; Juraska et al., ’80; Rutlege et al., 74) and branch-
ing index (Conner et al., ’82; Fiala et al., *78; Holloway, '66;
Rutlege et al., ’74; Volkmar and Greenough, '72), these
parameters are not significantly affected by dark rearing
(Borges and Berry, *78; Coleman and Riesen, '68). The pres-
ent data on deprived zebra finches also support the view
that unilateral lid closure does not lead to abnormalities in
dendritic field radius or branching frequency.
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In contrast, visual deprivation clearly interferes with
spine development in both mammals and birds. Often ex-
perience- or activity-dependent phenomena are accom-
panied by changes in synaptic density or shape (Apfelbach,
’86; Coss and Globus, '79; Globus et al., ’73; Koch and
Poggio, ’83; Miller et al., ’85; Riccio and Mathews, ’85a,b;
Turner and Greenough, ’85; Wallhdusser and Scheich, '87).
Dark rearing—a special kind of “impoverished” environ-
ment—has been reported to lead to a reduction in the num-
ber of spines of cortical neurons in both the rat
(Winckelmann et al., "76) and the mouse (Ruiz-Marcos and
Valverde, ’69; Valverde, ’67). This result was challenged by
Freire ("78), who reexamined Valverde’s (67) result in an
EM study and reported not a reduction in spine density but
rather a retardation in growth. On the basis of this evi-
dence the difference in the number of spines observed be-
tween control and dark-reared animals in the Golgi material
of Valverde can be explained easily, since many spines were
smaller than the resolution limit of the light microscope.
The absence of effects of dark rearing on spine density was
also confirmed by Bradley and Horn (*79) in the chicken
and by Globus and Scheibel ('67) in the rabbit; the latter
authors documented morphological deformations as a re-
sult of deprivation.

The effects of monocular deprivation on spine density,
however, seem to be similar in the two species tested so far
(zebra finch and rat). The two Golgi studies on unilaterally
deprived rats (Fifkova, '68; Rothblat and Schwarz, '80) both
report a reduction in the number of pyramidal dendritic
spines in the visual cortex contralateral to the deprived
eye, a result which was confirmed in an EM study by
Fifkova ("70). Therefore, in contrast to dark rearing, mon-
ocular deprivation seems to lead a reduction in both num-
ber (Fifkova, ’68; Rothblat and Schwarz, '79) and size of
spines (Tiemann, '84, for cats).

The present data indicate that monocular deprivation for
at least the first 40 days of life creates significant changes
in spine density: neurons in the deprived hemisphere bear
significantly fewer spines than those in the corresponding
nondeprived hemisphere. This result is in close agreement
with the above-mentioned Golgi studies if Fifkova ('68) and
Rothblat and Schwarz ('79). A deprivation period of only 20
days is too short a time to induce left/right asymmetries in
spine density in the zebra finch. As some premature results
from EM material in our lab (Nixdorf and Bischof, in prep-
aration) indicate no left-right asymmetries in dendritic
spine size following monocular deprivation, it seems un-
likely that a size effect could account for the numeric differ-
ence in spine density similar to the above-mentioned effects
of dark rearing (Freire, '78; Valverde, "67).

The comparison of the quantitative spine data of deprived
(=100 days) and normally reared birds, however, clearly
demonstrates that the spine density is not lower in the
deprived hemisphere but rather is higher in the nonde-
prived brain side. This excess of protrusions after long-term
deprivation can be interpreted as a failure to reduce the
number of spines found in normally reared zebra finches
after day 20. In contrast, the reduction process of dendritic
spines in the deprived hemisphere seems to be accelerated,
as in the 40-day-old birds the spine density is already lower
than in normally reared birds of the same age (although
not significantly in all dendritic segments).

Because of the lack of data from normal, undeprived rats
no interspecific comparison can be made. It is not known
for mammals whether the left/right asymmetry in spine
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density is also caused by maintaining connections on the
nondeprived hemisphere, although the cell size data in the
LGN of the cat (e.g., Hickey et al., "77) and monkey (Headon
et al., ’85) could be interpreted in this way. The Golgi data
of the present study parallel earlier results on soma size
changes (Herrmann and Bischof, '86b,c,d) in both the ecto-
striatum and the nucleus rotundus of zebra finches, where
we also presented evidence for the main deprivation effects
to be on the nondeprived hemisphere,

We can only speculate on the functional significance of
these results. However, the increase and subsequent reduc-
tion in spine density of the normally reared birds might be
explained by learning specialization, as mentioned previ-
ously. In monocularly deprived birds the enhanced spine
loss (seen at day 40) in the deprived hemisphere might be
due to a lack of functional verification resulting from the
deprived visual input. The problem then becomes one of
explaining why the number of spines does not continue to
decrease after 40 days of age. Perhaps this can be explained
by interhemispheric connections, such as the tectotectal,
tetocontralateral-rotundus, or wulst-ectostriatal projection
(Bagnoli et al., ’80; Benowitz and Karten, ’76; Hunt and
Kiinzle, 76, Niemann et al., '87; Ritchie and Cohen, ’77).
These projections could participate in the transfer of infor-
mation from the nondeprived eye to the deprived hemi-
sphere and in this way maintain the normal spine density.

In the nondeprived hemisphere there is considerably less
spine reduction. This might reflect the longer susceptibility
of the neuronal system to environmental changes, so that
the nervous system, remains open to learning should a
suitable experience arise. Another interpretation might be
that the amount of the processed stimuli positively corre-
lates with the number of spines. It could be argued that the
nondeprived hemisphere has to perform twice as much after
the elimination of the contralateral deprived hemisphere
and therefore retains more spines. A positive correlation
between the complexity of the stimuli and the spine density
is often claimed in studies involving different rearing con-
ditions (e.g., Renner and Rosenzweig, ’87). More recently,
Wallh#usser and Scheich ('87) proposed this argument in
connection with chickens imprinted on different stimuli.

The two hypotheses might not be mutually exclusive but
rather the cause and consequence of the same process. The
present results do not distinguish between the two hy-
potheses, but experiments are in progress in our laboratory.
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