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Previous experiments with 2-deoxyglucose (2-DG) suggested the existence of a critical period for the effects of monocular depriva- 
tion in the nucleus rotundus of zebra finches. The present study concerns the time course of this sensitive period for the morphological 
effects of monocular deprivation in two areas of the tectofugal visual pathway of zebra finches, the nucleus rotundus of the thalamus 
and the telencephalic ectostriatum. Cell size and volume changes were measured in birds subjected to 40 days of unilateral eye closure 
starting at ages spaced regularly throughout the first 70 days of life. The results show that monocular deprivation markedly affects cell 
size in both areas if the treatment starts at one or 10 days posthatch. The differences between deprived and non-deprived neurons de- 
cline monotonically with increasing visual experience prior to deprivation. However, deprivation onset at day 40 again causes as se- 
vere effects as early monocular closure. Deprivation as from day 50 or later no longer leads to abnormalities. The measurements of the 
volume of the nucleus rotundus parallel the cell size measurements, with the exception that the second increase in sensitivity occurs 
with deprivation onset at day 50 instead of day 40. These data indicate that the time course of the sensitive period for the effects of 
monocular deprivation may be double-peaked: the sensitivity for external stimuli declines from hatch until day 30, but has another 
peak at 40-50 days of life. The definite end of the sensitive period, as determined with this method, can therefore be assumed to be at 
around day 50-60. 

INTRODUCTION 

In recent  years many publ icat ions have repor ted  

that drastic al terat ions of the behaviora l  and neu- 

ronal  deve lopment  by envi ronmenta l  manipula t ions  

are often restr ic ted to a l imited t ime in the ear ly onto-  

geny of an animal,  the so-called 'cri t ical  per iod '  or 

'sensitive phase ' .  Besides the wel l -known sensitive 
phases for imprint ing 3,29,36,37, song learning 35'42 

( Br hne r  unpubl ished)  and acoustic local izat ion 39 a 

large body of  l i tera ture  has accumulated  concentrat -  

ing on critical per iods  in the deve lopment  of  visual 

functions 4,12,21. Especial ly  the sensitive per iods  for 

the effects of monocular  depr ivat ion  in the cat (e.g. 

refs. 6, 10, 11, 31, 33, 38, 45, 50, 51) a n d - - t o  a lesser 
degree - -  in the monkey  5'14,1s,58 have been  s tudied in- 

tensely with various methods  and with differing re- 

Suits. For  example ,  whereas  the beginning of the sen- 

sitive per iod  for visual depr ivat ion in the cat has been 

de te rmined  by most  researchers  to be a round  the 

third postnata l  week,  there  is d isagreement  concern- 

ing its end (compare  refs. 11, 33, 45, 51, 57). 

In zebra finches the anatomical  effects of monocu-  

lar depr ivat ion in the nucleus ro tundus  and the ectos- 

tr iatum, two areas of the tectofugal  pa thway in 
birds 24'26'27'49, resemble  in some respects  those estab- 

lished in the geniculocort ical  pa thway of various 

mammals  (e.g. refs. 20, 22, 56, 60), al though these 

regions are non-homologous .  This is remarkable ,  as 

earl ier  studies had claimed this tectofugal  pathway to 

be mainly monocular ly  driven 2'53. Recent  electro- 

physiological 15 and anatomical  47 evidence from our 

lab, however ,  suggest a high degree  of interact ion in 

both of these areas in the zebra  finch, so that  the ob- 
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served changes following monocular eye closure 

should also be a result of disturbed competitive inter- 

actions. In addition, the results of our monocular de- 

privation experiments can only be interpreted as a 

disturbance of competition between the inputs from 
both eyes  2~'26"27'49. 

As previous experiments with 2-deoxyglucose (2- 

DG) suggested the existence of a sensitive period for 
the effects of unilateral occlusion in zebra finches 26, 

the aim of 'this study was to determine the exact time 

course of this sensitive period by measurements of 

cell size and volume changes in two areas of the zebra 
finch brain, the nucleus rotundus of the thalamus and 

the telencephalic ectostriatum. 

Of the two most common methods for the determi- 

nation of a sensitive period, reverse suture experi- 
ments at different ages and onset delay of the depri- 

vation period, we chose the second one, i.e. a period 

of 40 days of monocular eye closure was imposed on 

zebra finches at different ages. The period of 40 days 

was chosen as previous experiments have shown that 

this period creates stable asymmetries in cell size in 
nucleus rotundus 26, whereas longer deprivation time 

leads to a decrease of soma size differences in the ec- 
tostriatum 27. 

Due to the complete crossing of the optic nerve in 

birds, the hemisphere contralateral to the deprived 

eye is called 'deprived hemisphere', the side ipsilat- 

eral to the deprived eye is termed 'un-' or 'non-de- 

prived hemisphere'. The asymmetry in cell size be- 

tween both hemispheres was used as a measure for 

deprivation effects. We have previously published an 
abstract of these findings 28. 

MATERIALS AND METHODS 

Animals 
A total of 26 zebra finches (Taeniopygia guttata 

castanotis) of both sexes from the institute's stock 
were subjected to 40 days of unilateral eye closure 
starting at ages spaced regularly from birth until 
adulthood. Eye closure was accomplished by glueing 
dark plastic caps with Dow Coming medical adhesive 
over one of the eyes. 

The birds were deprived at the age of 1 or 2 (n = 
4)*, 10 (n = 1), 20 (n = 4), 30 (n = 3) 40 (n = 5), 50 (n 

* Data of this age group were taken from previous studies 26,27. 

Fig. 1. Cross-section through a zebra finch brain, showing the 
main stations of the tectofugal pathway. E, ectostriatum; Rt, 
nucleus rotundus: TeO, tectum opticum. Bar = 1 ram. 

= 3), 60 (n -- 3), and 70 days (n = 3). Immediately af- 

ter the deprivation period of 40 days the birds were 
deeply anaesthetized with 0.03 ml Nembutal and per- 

fused via the left ventricle with 0.9% NaC1, followed 

by 10% formaline in 0.9% NaC1. The brains were 

postfixed in formaline, removed from the skull and 

stored in a solution of 30% sucrose in 10% formaline 
overnight. Then they were cut into 30-/zm-thick serial 

sections and every third section was mounted on ge- 

latine-coated slides, counterstained with 1% Cresyl 
violet, dehydrated and coverslipped. 

Cell size 
For quantitative measurement of the cell size the 

outlines of 100 neurons with a visible nucleolus in the 
left and right nucleus rotundus and ectostriatum of 
each brain were drawn with a drawing tube attached 
to a Zeiss microscope. The microscopic magnifica- 
tion for the rotundus was × 800, ectostriatat neurons 
were drawn under oil at a magnification of x 1250. In 



order to compare identical regions in all animals, 

measurements were made in the medial section in 
rostrocaudal direction, and within this section only 
medial regions were selected. The cell size areas 
were calculated with the aid of a Hewlett Packard 
Graphics Tablet linked to an HP-Computer.  The 
data were stored and size frequency histograms were 
plotted. The 100 cell size data of each brain were 
tested for left/right asymmetries (deprived vs non-de- 
prived) with a two-tailed t-test and a U-test. Then the 
data of all brains of each age group were pooled ac- 
cording to hemisphere (deprived vs undeprived) and 
brain region (rotundus and ectostriatum). From 
these stored data the mean, median and standard de- 
viation was calculated and the statistic comparison 
was performed by using a two-tailed t- or U-test. As 
mean and median never differed by more than 2.5% 
and even the level of significance was identical, we 
only present the data of the t-test here. A significance 
level of P < 0.05 was chosen as confidence coeffi- 
cient. In total, the size of 8800 neurons were mea- 

sured. 

Volume 
Due to the undefined boundary of the ectostriatum 

in Nissl preparations (see Fig. 1) the volume of this 
area could not be calculated with sufficient reprodu- 
cibility. Therefore we only calculated the volume of 
the nucleus rotundus of the birds deprived at differ- 
ent ages. The cross-sectional surface of each nucleus 
rotundus in rostrocaudal direction was drawn at a 
magnification of x79 and measured with an HP 
Graphics tablet. These values were multiplied with 
90/~m, (= intersection distance) and added up. For 
statistical comparison, again, the Students' t-test was 
used. 

RESULTS 

Cell size 
The results of the cell size measurements, ex- 

pressed as percent difference between deprived and 
non-deprived values, in the nucleus rotundus and in 
the ectostriatum of birds deprived at different ages 

are shown graphically in Figs. 2 and 4. Table I shows 
the individual results with means, S.D. and changes 
in percent. 

Nucleus rotundus. Deprivation starting at one or 
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two days posthatch results in a 15.6% asymmetry. 

Neurons in the deprived hemisphere exhibit a value 

of 175.09/~m 2. In the non-deprived hemisphere a 
value of 205.80 pm 2 was measured. The data show 
that monocular occlusion affects soma size in both 
visual areas, even if the deprivation onset is delayed. 
If zebra finches are deprived from day 10 until day 
50, neurons in the deprived rotundus are 9% smaller 
than neurons in the corresponding non-deprived eye 
(t = 2.586, P < 0.0052, 140.9pm 2 (dpr) vs 154.9/~m 2 

(n-dpr). 
In two of the birds deprived from day 20 until day 

60, rotundal neurons in the deprived hemisphere 
were significantly smaller than their undeprived 
counterparts. In two other birds of the same age 
group no size differences were found. The pooled 
data of these 4 birds reveal a significant asymmetry of 
4% (174.5pm e vs 181.8/~m 2, t = 1.9417, P < 0.0027). 

Neurons in the deprived rotundus of birds, de- 
prived from day 30 to 70, are 3.2% larger than the 
corresponding neurons in the contralateral hemi- 
sphere. The result, however, is statistically not sig- 
nificant (t = 1.3212, df = 594, P > 0.08). 

In contrast, deprivation onset at day 40 produces 
highly significant asymmetries in cell size: neurons 
contralateral to the deprived eye are significantly 
smaller by 13.6% than those ipsilateral to the de- 
prived eye (171.7/~m 2 vs 199.0 #m 2, t = 6.7531, P < 

0.0001). One brain (FL), however, did not show a 
significant left-right difference. 

Monocular occlusion starting at 50, 60 or 70 days of 
age does not seem to have measurable effects on the 
soma size in the nucleus rotundus: In all 9 birds de- 
prived from day 50 (EE, EY, EZ, t = 0.5842, P > 
0.25), day 60 (EN, EX, EU, t = 0.1618, P > 0.4) and 
day 70 (EM, FM, TN, t = 0.0035, P > 0.4) the differ- 
ences in soma size between deprived and non-de- 
prived neurons, ranging from 0.4 to 3.6%, are not 
significant in any case. 

Ectostriatum. If zebra finches were deprived from 
birth until day 40, the interhemispheric asymmetry in 
the ectostriatal neuron size was calculated to be 
18.4% (73.33 ~m 2 (dpr) vs 89.88/~m 2 (n-dpr)). 

In zebra finches deprived from day 10 until day 50 
the mean soma size was 72.3/~m 2 in the deprived ec- 
tostriatum and 78.03/,tm 2 in the non-deprived hemi- 
sphere. The difference of 7.4% is statistically signifi- 
cant (t = 2.57, df = 198, P < 0.0054). 
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TABLE I 

Soma size +__ S.E. in the nucleus rotundus (a) and the ectostriatum (b) of zebra finches deprived at different ages 

ZF, zebra finch; d/n-dpr (%), percental difference between deprived and non-deprived neuron size. 

ZF Soma size (pro e) 

Deprived Non-deprived d/n-dpr (%) 

a. Nucleus rotundus 
Day 1-40 BW 149.12 + 46.42 183.78 + 43.80 -18.86"** 

AT 176.13 + 43.13 190.75 _+ 49.15 -7.66* 
BK 200.01 + 62.47 242,87 + 65.87 -17,65"** 
Mean 175.09 + 55.82 205,80 __. 60.42 -14.92"** 

Day 10-50 EG 140.90 + 36.38 154.91 + 39.55 -9.04** 
Mean 140.90 + 36.38 154.91 _+ 39.55 -9.04** 

Day 20-60 CM 155.81 _+ 37.88 169.24 _+ 41.98 -7.94** 
CO 192.74 + 63.05 192.36 + 73.43 +0.20 n.s. 
CT 181.54 ___ 54.69 180.48 + 58.64 +0.59 n.s. 
DG 167.88 + 52.67 184.92 _+ 61.09 -9.21"* 
Mean 174.49 _+ 54.45 181.81 _+ 60.23 -4.03* 

Day 30-70 CI 193.77 + 48.83 180.29 + 47.97 +6.96* 
CR 201.70 _+ 54.79 190.80 + 66.94 +5.41" 
CU 192.35 _+ 54.59 198.07 + 62.20 -2.89 n.s. 
Mean 195.94 + 52,83 189.81 + 60.13 +3.23 n.s. 

Day 40-80 CG 203.78 + 54,34 241.44 + 73.46 -15.60" * * 
DX 184.54 + 59.27 206.29 + 62.86 -10.54"** 
EW 162,94 _+_ 42.88 188.49 + 49.10 -13.56"** 
FL 144.76 + 57.14 151.21 + 55.82 -4.40 n.s. 
FK 162.42 + 43.00 207.61 + 64.90 -21.77"** 
Mean 171.69 + 55.52 199.01 + 67.53 -13.59"** 

Day 50-90 EE 157.43 ___ 43.07 158,13 + 45.01 -0.44 n.s. 
EY 170.23 + 56.45 167.00 + 56.45 +1.93 n.s. 
EZ 214.39 _ 65.80 208.43 + 73.45 +2.86 n.s. 
Mean 180.69 + 60.51 177.85 + 65.02 +1.60 n.s. 

Day 60-100 EN 135,41 + 48.52 134,77 + 54.05 +0.47 n.s. 
EX 159.02 + 44.30 161.85 + 38,72 - 1,75 n.s. 
EU 193.07 __+ 58.07 188,12 + 54.94 +2.63 n.s. 
Mean 162.50 + 56.70 161.58 + 52.96 +0.57 n.s. 

Day 70-110 EM 128.55 + 45,68 130.50 + 50.77 - 1,49 n.s. 
FN 156.03 + 44.26 159.56 + 46.93 -2.21 n,s, 
FM 168.20 _+ 45.58 162.43 + 47.24 +3.55 n.s. 
Mean 150.93 _+ 48.10 150.83 + 50.20 +0.07 n.s. 

b. Ectostriatum 
Day 1-40 

Day 10-50 

Day 20-60 

Day 30-70 

BW 61.35 + 17.14 72.65 + 16.43 -15.55"** 
AT 76.84 + 16.00 84.33 + 20.26 -8.88** 
BK 81.81 + 18.09 112.65 + 28.11 -27.38*** 
Mean 73.33 + 19.16 89.88 + 27.27 -18.41"** 

EG 72.28 + 15.86 78.03 + 15.86 -7.37** 
Mean 72.28 + 15.86 78.03 + 15.86 -7.37** 

CM 62.65 + 15.00 69.41 + 16.58 -9.74** 
CO 72.76 + 15.83 82.32 + 19.03 -11.29"** 
CT 78.64 + 15.80 81.73 + 21.43 -3.78 n.s. 
DG 77.83 + 19.06 87.39 + 22.25 -10.94"** 
Mean 72.97 + 17.08 80.21 + 18.09 -9.20*** 

CI 72.53 + 14.37 65.35 + 14.95 +10.99"** 
CR 64.13 + 14.97 67.63 + 15.47 -5.17" 
CU 86.81 _+ 19.32 81.90 + 18.93 +6.00* 
Mean 74.49 + 18.86 71.63 + 18.09 +3.99* 

(con~nued) 
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TABLE I (continued) 

ZF Soma size (l~m 2) 

Deprived Non-deprived d/n-dpr (%) 

Day 40-80 CG 65.30 
DX 87.28 
EW 65.30 
FL 73.18 
FK 70.69 
Mean 72.42 

Day 50-90 EE 75.65 
EY 67.68 
EZ 75.09 
Mean 72.81 

Day 60-100 EN 72.71 
EX 86.22 
EU 57.73 
Mean 72.22 

Day 70-110 EM 60.56 
FN 76.51 
FM 75.46 
Mean 70.84 

+ 13.55 75.07 + 15.63 -13.01"** 
+ 23.07 102.77 + 19.20 -15.07"** 
+ 20.82 93.71 + 30.72 -29.90*** 
+ 17.93 71.27 + 17.70 +2.68 n.s. 
+ 15.62 92.45 + 27.80 -23.56*** 
+ 19.78 87.05 + 27.10 -16.81"** 

+ 23.28 78.89 + 16.98 -4.11 n.s. 
+ 16,77 69.04 + 15.36 -1.97 n.s. 
+ 21.46 77.62 + 20.57 -3.25 n•s. 
+ 20.60 75.18 + 18.90 -3.15 n.s. 

+ 15.53 73.08 + 16.93 -0.51 n.s. 
+ 16.60 87.46 + 17.96 - 1.42 n.s. 
+ 12.35 58.09 + 15.59 -0.62 n.s. 
+ 15.61 72.88 +__ 17.34 -0.91 n.s. 

___ 14.18 60.88 + 12.54 -0.53 n.s. 
+__ 16.13 79.10 + 17.99 -3.37 n.s. 
+ 15.72 79.42 + 18.61 -4.99 n.s. 
+ 16.93 73.13 + 18.65 -3.13 n.s. 

***P < 0.0001, **P < 0.001, *P < 0.05, n.s., not significant. 

M o n o c u l a r  dep r iva t ion  f rom day 20 to 60 also re-  

suits in a s ignif icant  l e f t - r i g h t  a symmet ry :  neu rons  in 
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the  dep r ived  ec to s t r i a tum are  s ignif icant ly smal le r  (t 

= 5.3732, P < 0.0001) than  those  in the  n o n - d e p r i v e d  

h e m i s p h e r e  (72.97/~m 2 vs 78.08/~m2). T h e  d i f fe rence  

is 9 .2%.  

The  results  for  cell  size af ter  m o n o c u l a r  occ lus ion  

f rom day 30 unti l  70 are  no t  ve ry  clear .  In  two of  the  

brains neu rons  in the  d e p r i v e d  ec tos t r i a tum are  6 and 

11% larger  ( C U :  t = 1.836, P < 0.034, CI:  t = 3.42, P 

< 0.0004) than  the  c o r r e s p o n d i n g  neu rons  in the  

non -dep r ived  h e m i s p h e r e ,  w h e r e a s  the  m e a n s  of  the  

soma  size m e a s u r e m e n t s  o f  bra in  C R  show the  oppo-  

site result .  T a k e n  toge the r ,  the  resul t  is a 4 %  hyper -  

t rophy  of  neu rons  in the  d e p r i v e d  h e m i s p h e r e  (74.49 

/~m 2 vs 71.63/~m 2, t = 1.8743, P < 0.03)• 

As  in the  nucleus  ro tundus ,  m o n o c u l a r  dep r iva t ion  

f rom day 40 to 80 resul ts  in ve ry  drast ic  effects:  the re  

is a highly signif icant  d i f fe rence  in the  s o m a  size be-  

tween  the  dep r ived  and the  n o n - d e p r i v e d  hemi-  

sphere  of  16.8% (72.81/~m 2 vs 87.05/~m 2, t = 9.86, P 

< 0.0001). 

Fig. 2, Effects of monocular deprivation on cell size in the nu- 
cleus rotundus (A) and ectostriatum (B) of zebra finches sub- 
jected to 40 days of monocular occlusion at various ages. The 
percental difference between the neuron size in the deprived 
and non-deprived hemisphere is plotted against the age at de- 
privation onset (the non-deprived hemisphere was set 100%). 
A ' - '  indicates smaller neurons in the deprived hemisphere, a 
' + '  stands for larger neurons in the deprived side. 
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In zebra  f inches dep r ived  f rom day 50, neurons  in 

the dep r ived  ec tos t r i a tum are  3 .15% smal le r  than 

those  in the co r r e spond ing  n o n - d e p r i v e d  hemi-  

sphere.  The  d i f fe rence ,  h o w e v e r ,  is statist ically not  

significant at the 95% level  (72.81/,tm 2 vs 75.18/~m 2, t 

= 1.4031, P < 0.081). 

Uni la t e ra l  occlus ion at day 60 o r  70 again does  not  

inf luence the size o f  neu rons  in this t e l encepha l i c  

area.  The  in te rhern i spher ic  d i f fe rence  in birds de-  

p r ived  at day 60 is 0 .91% (72.22 ~ m  2 vs 72.88 ktm2), 

and for depr iva t ion  at day 70 an a s y m m e t r y  of  3 .13% 

was ca lcula ted  (70.84¢tm 2 vs 7~. 13ktm ", t 1.4814, P 

> 0.065). 

Volume 

The  results  of  the  m e a s u r e m e n t s  of  the  vo lume  of  

the nucleus  ro tundus  in birds dep r ived  at d i f ferent  

ages are  shown in Figs. 3 and 5 and Tab le  II. 

M o n o c u l a r  depr iva t ion  s tar t ing at bir th results in a 

significant l e f t - r i g h t  a s y m m e t r y  in the ro tundus  vol-  

ume  of 10.64% (0.403 m m  3 vs 0.451 mm3). 

In the  bird dep r ived  f rom day 10 unti l  50 the differ- 

TABLE H 

Rotundus volume of zebra finches deprived at different ages 

ZF, zebra finch; d/n-dpr(%), percental difference between the deprived and the non-deprived rotundus-volume. 

ZF Volume (mm 3) 

Deprived Non-deprived d/n-dpr (%) 

Day 1-40 BW 0.350 0.389 - 10.02 
AT 0.448 0.481 -6,86 
BK 0.375 0.463 - 19.01 
CC 0.437 0.472 - 7.42 
Mean 0.403 _+ 0.048 0.451 + 0.042 -10.64 

Day 10-50 EG 0.370 0.418 - 11.48 
Mean 0.370 0.418 - 11.48 

Day 20-60 CT 0.443 0.490 -9.59 
CO 0.371 0.401 -7.48 
CM 0.424 0.437 -2.97 
Mean 0.413 _+ 0.037 0.443 + 0.045 -6.68 

Day 30-70 CU 0.361 0.382 -5.50 
CR 0.364 0.398 - 8.54 
CI 0.371 0.400 -7.25 
Mean 0.365 + 0.005 0.393 + 0.010 -7.12 

Day 40-80 CG 0.398 0.412 -3.40 
DX 0.397 0.427 -7.03 
EW 0.462 0.449 +2.90 
FL 0.536 0.536 +0 
FK 0.333 0.350 -4.86 
Mean 0.425 ___ 0.077 0.435 + 0.067 -2.30 

Day 50-90 EE 0.324 0.358 - 9.50 
EZ 0.490 0.486 +0.82 
EY 0.459 0.516 - 11.04 
Mean 0.424 + 0.088 0.453 _+ 0.084 -6.40 

Day 60-100 EN 0.394 0.382 +3.14 
EX 0.351 0.353 -0.57 
E U 0.484 0.496 - 2.42 
Mean 0.410 + 0.068 0.410 + 0.062 -0.13 

Day 70-110 EM 0.335 0.337 -0.59 
FM 0.429 0.428 - 0.23 
FN 0.357 0.377 - 5.70 
Mean 0.374 + 0.049 0.381 + 0.046 - 1.84 
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Fig. 3. The effect of 40 days of monocular deprivation at vari- 
ous ages on the rotundal volume of zebra finches. The data 
show the differences in percent. For further explanation see 
Fig. 2. 

ence between deprived and non-deprived rotundal 
volume is 11.5% (0.350 mm 3 vs 0.418 mm3). 

Monocular occlusion in zebra finches deprived 

from day 20 to 60 results in a 6.8% difference in ro- 
tundus volume of the deprived and undeprived hemi- 
sphere. Due to the large individual variations, how- 
ever, this difference is statistically not significant 
(0.413 mm 3 vs 0.443 mm3). 

On the contrary, the interhemispheric asymmetry 
of 7% in rotundus volume of birds deprived from day 
30 until 70 is highly significant (0.365 mm 3 vs 0.393 
mm 3, t = 4.3611, df = 4, P < 0.006). 

Deprivation onset at day 40, however, does not 
lead to significant changes in the rotundus volume 
(0.425 mm 3 vs 0.435 mm3). 

If zebra finches are deprived from day 50 to 90, the 
quantitative measurements reveal a non-significant 
asymmetry of 6.4%. Deprivation at day 60 or 70 does 
not influence the rotundus volume either (day 60: 
0.410 mm 3 vs 0.410 mm3; day 70:0.374 mm 3 vs 0.381 
mm3). 

DISCUSSION 

One of the most interesting phenomena in visual 
deprivation is the fact that the morphological and 
physiological effects following monocular occlusion 
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in mammals are phase specific. They occur only, if 

deprivation starts early in ontogeny during the so- 

called sensitive period. In contrast to a host of liter- 
ature covering this topic in mammals (for reviews see 
refs. 4, 16, 44, 55, 59), no such information is avail- 
able about birds so far. This paper is the first to dem- 

onstrate the existence of a sensitive period for the ef- 
fects of monocular deprivation in an altricial bird, the 
zebra finch. 

Two main conclusions can be drawn from our ex- 
periments: firstly, a period of normal visual experi- 
ence prior to monocular deprivation reduces the sen- 
sitivity of the nucleus rotundus and the ectostriatum 
to anatomical changes caused by deprivation. Sec- 
ondly, the sensitivity curve, derived from the ana- 
tomical changes, seems to be double-peaked. 

In zebra finches, the susceptibility to the effects of 
eye closure seems to start directly after hatching. As 
these birds usually open their eyes at around day 5, it 
is most likely that the sensitive period for alterations, 
caused by a reduced visual input, starts at this age. 

The sensitivity to external stimuli, measured as the 
difference between deprived and non-deprived 
hemisphere, declines then monotonically with 

delayed deprivation onset. This result of the decreas- 
ing effects of monocular deprivation with increasing 

binocular visual experience is in accordance with an- 
atomical 14'58 and physiological data from the genicu- 
locortical 5,6,33'3s'51 and extrageniculocortica133 path- 

way of cat and monkey. 
However, in contrast to these one-peaked sensi- 

tive periods obtained from many physiological stud- 
ies in mammals, the sensitive period for the effects of 
monocular deprivation in zebra finches seems to be 
double-peaked: our data reveal a second peak in sus- 

ceptibility, if the birds are deprived from day 40 (cell 
size) or day 50 (volume). Interestingly, such a second 
rise in sensitivity after the end of the originally pre- 
sumed critical period was also demonstrated in the 
lateral geniculate nucleus (LGN) of primates 22. It 
must be emphasized that in monkeys neurons in the 
deprived and non-deprived hemisphere are affected 
by shrinkage, which does not seem to be the case in 

zebra finches. 

The nature of the morphological changes: shrinkage 
or hypertrophy? 

Due to the lack of data from normally reared birds 
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Fig. 4. The sensitive period for the effects of monocular depri- 
vation derived from the cell size data of rotundal and ectostria- 
tal neurons. The absolute difference between the soma size in 
the deprived and non-deprived hemisphere following neonatal 
eye closure for 40 days was set 100% (= maximum possible 
change). The left-right differences following delayed depriva- 
tion refer to this value. 

of the same age in this study we have no direct infor- 

mation on the nature of these morphological effects 
of delayed deprivation onset, which could either re- 

sult from shrinkage of the deprived neurons or from 
growth of cells in the non-deprived hemisphere. In 
spite of the variations among animals, which often 
make interindividual comparison difficult to inter- 
pret, our data concerning cell sizes in the nucleus ro- 
tundus 26 and the ectostriatum 27 following neonatal 

lid closure for at least 40 days provide evidence that 
the deprivation effects are due to a hypertrophy of 
neurons in the non-deprived hemisphere rather than 
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Fig. 5. The sensitive period for the effects of monocular depri- 
vation as revealed from the rotundus volume• For further ex- 
planation see Fig. 2. 

a result of shrinkage of the deprived neurons. This 
phenomenon was also demonstrated in monocularly 
deprived monkeys 22 and cats 3~. However, we do not 

definitively know whether this also holds true for 

birds deprived later in life. 
One clue comes from normally reared zebra 

finches. In these birds the size of rotundal as well as 
ectostriatal neurons declines monotonically from day 
20 until adulthood 25. Comparing the calculated 

values for animals of the age of day 50, 60, 70, 80 and 

90, with the deprived birds of this study, at least the 
second rise in the left-right asymmetry following de- 
privation from day 40 to 80 is also a result of a hyper- 
trophy, i.e. a growth of neurons on the non-deprived 
hemisphere and not a shrinkage of the deprived neu- 
rons. 

The reason for cell size changes is still unclear. 
Based on a series of experiments Guillery 19 and 
Guillery and Stelzner e° hypothesized that the 

changes induced by deprivation reflect the extent of 
axonal arborization. This idea was recently con- 
firmed by Pearson et al. 52 and Hendrickson and De- 
neen 23. Further research in the zebra finch wilt 

address this question. 

Early versus late plasticity 
The explanations for the high sensitivity to exter- 

nal stimuli of the nervous system early in ontogeny 
are all based on the assumption, that during this 
period the synaptic contacts are still weak and easily 
modifiable• A series of developmental studies of the 
nucleus rotundus and the ectostriatum has provided 
evidence for this assumption, For example, the vast 
majority of dendritic spines and synapses are formed 
during the early postnatal period both in zebra 
finches and in mammals 7'9"24'28"6°. Additional evi- 

dence comes from studies of Le Vay et al. 4°'41 and 
Shatz and Stryker 54. They demonstrated that the oc- 

ular dominance columns in the visual cortex of cat 
and monkey develop by a retraction of genicutocorti- 
cal synapses (segregation), which means that in early 
ontogeny not only progressive but also regressive 
processes seem to take place, a phenomenon which 
has been studied extensively in the visual system of 
rabbits 46, cats 9,6°, monkeys 7,17,32, man 13,34,43 and 

birds 24'25. These results nourish the idea that the 
existence of an early sensitive period is perhaps gen- 
erally linked to the presence of overabundant or re- 
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dundant synaptic material 46 from which only func- 

tional connections are selected and stabilized, as 
Changeux's hypothesis claims 8. This view is sup- 

ported by many ontogenetic studies in which a tran- 
sient overshoot and subsequent reduction of spines 
or synapses in some way always coincides with the 
presence of a sensitive period 1'5'7'9'24'25'33'46'51'60 (the 

present study, Herrmann and Bischof, submitted). 
The interpretation of the second sensitive period 

has to be based on other arguments. At day 40, the 
onset of the deprivation period, the development of 

the nucleus rotundus and the ectostriatum has 
reached the adult morphology, yet the reduction pro- 
cess is still in progress. It may be speculated, that the 
drastic effects result from the elimination of the pos- 
sibility to functionally verify those contacts which are 
to be stabilized. Another line of interpretation might 
be, that the drastic effects of deprivation starting at 
day 40 are due to late-occurring developmental pro- 
cesses, such as the establishment of new projections 
which might be activity dependent. Recent electro- 
physiological results from our lab showing that the 
physiological patterns of visual areas are probably 
not complete at day 40 (Engelage and Bischof, in 
preparation), support this second idea. 

In all phases of development there seems to be a 
delayed response of the total rotundal volume to 
monocular deprivation in comparison with the cell 
size (Figs. 4 and 5). The effect of occlusion during the 
first peak declines more slowly and the second peak 
occurs with deprivation onset at day 50 instead of day 
40. As the volume of a whole brain nucleus might re- 
flect the total neuropil, the parameter  'neuron size', 
which correlates with the cytoplasmic mass of axon 
and dendrites, precedes the changes in volume. 

In any case these data show that the capacity of the 
nervous system of birds to react to external stimuli is 
not restricted to the very early postnatal period. Af- 
ter monocular deprivation later in development 
other events, such as additional projections estab- 

lished later (see above), could well contribute to or 

interfere with later proliferative or regressive pro- 
cesses. 

Correlation with physiological data 

At present the correlations of morphological and 
physiological events following monocular depriva- 
tion are rather speculative. In a second series of ex- 
periments we tried to link the morphological effects 
after delayed occlusion with functional metabolic ac- 
tivity with the aid of the 2-DG method. These data, 

which will be presented elsewhere in detail, parallel 
the double-peak, but in contrast to ai:lecreased activ- 
ity in the areas of the deprived hemisphere following 
neonatal deprivation, the areas in the deprived hemi- 
sphere are more heavily labeled if occlusion starts be- 
tween day 20 and 60. Moreover, there seems to be a 
correlation between the severe anatomical effects of 

monocular deprivation starting at day 40 and electro- 
physiological results (Engelage in preparation). 

Based on our experiments we cannot definitely de- 
cide, whether the sensitive phase for the effects of 
monocular deprivation is age or experience depen- 
dent, a question which was recently raised in a paper 
of Knudsen and Knudsen 39 for sound localization in 

owls. Due to the existence of a second peak following 
occlusion at day 40, we favour the idea that the criti- 
cal period is age dependent. However, experiments 
with zebra finches binocularly deprived prior to mon- 
ocular deprivation should help to solve this question 
definitely. 
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