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Abstract

Two experiments were conducted to investigate the effects
of training on a region of the chick brain known to be critically
involved in imprinting, the intermediate and medial extent of
the hyperstriatum ventrale (IMHV). In the first experiment,
three groups of chicks were used: (/) dark-reared (n = 9), (ii)
trained for 20 min (p = 17), and (iii) trained for 140 min (n =
7). Chicks were trained by exposing them when they were
approximately 21 hr old to a fiashing red light. Chicks were
killed when they were approximately 30 hr old and blocks of
tissue were removed from the right and left IMHV. Stereolog-
ical techniques were used to measure from electron micro-
graphs the numerical density of dendritic spine and shaft
synapses and the length of the postsynaptic density of these
synaptic junctions. There was a significant effect of training
only in the left IMHV and on only one measure, the overall
mean length of the postsynaptic density of spine synapses,
SP,. This measure was significantly greater by 17.2% in
chicks trained for 140 min than in dark-reared controls. There
was no significant effect of training for 20 min.

In the second experiment one group of chicks (n = 15) was
exposed to a rotating red box for a total of 3 hr. Another
group of chicks was dark-reared (n = 15). The chicks were
killed when they were approximately 46 hr old. Samples from
the hyperstriatum accessorium and IMHV of the right and left
sides were analyzed. Training was associated with a signifi-
cant change, an increase, only of SP, in the left IMHV. There
was a significant correlation between the extent to which
chicks ran toward the training object and values of SP_ in this
region of the brain. The results of the two experiments are
discussed in relation to the role of IMHV in the learning
process of imprinting.

When visually naive domestic chicks are trained by exposing
them for an adequate length of time to one of a wide variety of
objects, the chicks subsequently approach that object and avoid
others. The process by which young chicks learn to recognize
an object in this way is known as imprinting (see Sluckin, 1972).
Changes in the incorporation of radioactive uracil into RNA in
the forebrain were found to be closely related to this process
(see Horn et al., 1973; Horn, 1981). Incorporation was found to
be higher in a limited part of the cerebral hemispheres of trained
chicks when compared with that in controls (Horn et al., 1979).
The region implicated lay within the hyperstriatum ventrale (see
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Fig. 1A). The incorporation of radioactive uracil was higher in the
intermediate extent of the hyperstriatum ventrale, close to the
midline, a region referred to as IMHV (see Fig. 1B). This region
was also implicated in the imprinting process by Kohsaka et al.
(1979) using the [*C]-2-deoxyglucose technique.

When bilateral lesions were placed in IMHV and the chicks
were subsequently trained they failed to acquire a preference for
the training object, a rotating, flashing red box (McCabe et al.,
1981). When bilateral lesions were placed in the area shortly
after training, retention was severely impaired. This effect was
not obtained by lesions placed in two other regions of the
forebrain. Chicks with bilateral lesions of IMHV showed no
visuomotor impairment as judged by a number of criteria. Fur-
thermore, these chicks were able to discriminate between two
visual patterns when they were rewarded for making the correct
choice (McCabe et al., 1982). The lesion thus dissociated the
memory necessary for recognition from the memory necessary
for associative leaning (see also Johnson and Horn, 1985). These
two forms of memory may be dissociated in human diencephalic
and medial temporal lobe amnesias (for reviews see Weiskrantz,
1982; Zangwill, 1983), and an apparently similar dissociation
may be achieved by appropriately placed lesions in rhesus and
cynomolgus monkeys (Gaffan, 1974; Aggleton and Mishkin,
1983a, b; Zola-Morgan and Squire, 1984; Mahut, 1985). The
effects of lesions to IMHV together with the results of biochemical
(Horn et al., 1979; Davies et al., 1985) and electrophysiological
studies (Payne and Horn, 1982, 1984) suggest that IMHV is
critically involved in recognition memory.

Changes in neuronal connections have often been postulated
to underlie information storage in the brain (Tanzi, 1893; Ramén
y Cajal, 1911; Konorski, 1948; Hebb, 1949). The present study
was therefore undertaken to enquire whether training is associ-
ated with changes in synapses within IMHV. Two training regi-
mens were used in this study. In the first a moving horizontal
red bar of light was presented in such a way as to appear to
flash. This stimulus is a highly effective imprinting stimulus (Bate-
son, 1979). The second regimen, employing a different training
stimulus, was used to enable comparisons to be made with a
series of experiments which had been designed to investigate
some electrophysiological consequences of imprinting (Brown
and Horn, 1979; Payne et al., 1984; Payne and Horn, 1984). In
these experiments microelectrodes were used to record the
activity of neurons in IMHV and in the hyperstriatum accesso-
rium, a visual projection area (Hunt and Webster, 1972; Karten
et al., 1973; Miceli et al., 1975, 1979). We have therefore
enquired whether any changes in the structure of synapses can
be detected in these two brain regions in chicks subjected to a
training regimen similar to that used in the electrophysiological
experiments.

Preliminary accounts of some of these results have been
published (Bradley and Horn, 1979; Bradley et al., 1979, 1981).
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Materials and Methods

Experiment 1. A total of 33 domestic chicks (Ross 1) were used. Details
of the methods for incubation, hatching, and handling are described else-
where (Bateson et al., 1975). The chicks were derived from two batches of
eggs. The first batch contributed 14 chicks to the experiment. The age at
which chicks hatch is accurate to 2 hr; all statements about age have this
range of variation. The chicks were reared in darkness and in social isolation
until they were approximately 21 hr old. The chicks were then “primed”
(Bateson and Wainwright, 1972; Cherfas, 1978) by being exposed to diffuse
illumination provided by a 60-W bulb suspended 1.5 m above the incubator.
Priming lasted for 0.5 hr after which the chicks remained in the dark incubator
for an additional 0.5 hr. The chicks were then placed singly in running wheels.
Through the curved mesh floor of the wheel on which the chick walked it
could see the training stimulus 40 cm in front of the wheel. The stimulus was
a horizontal slit of red light 2 cm high and moving upwards at 47 cm/sec in
a window 10 cm wide X 15 cm deep (for details see Bateson, 1979; Horn
et al., 1979). The rate of movement was such that the stimulus presented
four separate upward-moving slits per second. This flash rate has been
found optimally attractive to day-old chicks (Gottlieb and Simner, 1969;
Simner, 1973). Above the flashing light was a loudspeaker which emitted the
natural maternal call of the domestic hen at an average intensity of 65 dB
(reference, 20 uNm™). The running wheel and the training stimulus were
housed in a temperature-controlled cabinet. As a chick attempted to ap-
proach the training stimulus the running wheel rotated. The number of
rotations made by the wheel was recorded and used as a measure of
approach activity. All chicks in this batch were exposed to the training
stimulus for 20 min. In order to select chicks which were behaviorally
responsive, inactive chicks were discarded. Active chicks were matched in
pairs and one member (“undertrained”) of the pair returned to the dark
incubator where it remained until it was killed. The other member (“over-
trained”) of the pair was trained for another 120 min in three 40-min sessions
interspersed with periods of 40 min which were spent in the dark incubator.
After the final session the chick was returned to the dark incubator for 3 hr.
At the end of this time the chicks were approximately 30 hr old. The second
batch of 19 chicks was reared in darkness and divided into two groups. Ten
chicks were trained for 20 min as described above. The remaining 9 “dark-
reared” chicks were individually housed in the dark incubator throughout the
experiment.

Immediately before the chicks were killed they were given a code number
and all subsequent procedures were performed “blind.” The code was only
broken after all measurements had been made (see below). Each chick was
deeply anesthetized when it was approximately 30 hr old and was perfused
with 0.1 M phosphate buffer, pH 7.4, followed by fixative consisting of 2%
paraformaldehyde/2% glutaraldehyde in the same buffer. The chick was
decapitated, the head was placed in a stereotaxic instrument, and a 1-mm-
thick coronal section was cut in the plane illustrated in Figure 18. The section
was cut under stereotaxic control. A 1-mm square block was then removed
from the right and left IMHV and prepared for electron microscopy.

The sampling technique used to obtain micrographs from each block has
been described elsewhere (Bradley et al.,, 1981). The micrographs were
printed to a final magnification of X 22,200. Point counting techniques
(Weibel and Bolender, 1973) were used to measure the volume occupied by
cell bodies. This measure was used in the derivation of the numerical density
of synapses (see below). The measure did not change significantly in any
analysis. Synapses were defined by the presence of synaptic vesicles in
conjunction with a synaptic cleft and a postsynaptic density (see Fig. 2). A
profile was identified as a spine if the connecting stalk with a dendrite was
visible with or without the presence of a synaptic density. Profiles without a
stalk but possessing a synaptic density were identified as spines using the
criteria given by Gray (1959). The mean caliper diameter, subsequently
referred to as the mean length of the postsynaptic density, was estimated
by the method of intersection counting (Weibel, 1969; Mayhew, 1979). The
mean lengths of the postsynaptic densities of spine synapses (SP.) were
treated separately from length measurements of synapses on dendritic
shafts. The numerical densities per unit volume of synapses on spines and
on dendritic shafts, respectively, were calculated from the expression (see
Weibel, 1979; Colonnier and Beaulieu, 1985):

when Ny is the number of synapses per unit volume of neuropil, N4 is the
number of synaptic profiles per unit area of neuropil, and PSD is the mean
length of the postsynaptic density, either of shaft or of spine synapses. The
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Figure 1. Diagrams of chick brain showing planes from which 1-mm
coronal sections were cut under stereotaxic control. A, Plane from which
blocks of the right and left hyperstriatum accessorium were removed. B,
Plane from which blocks of right and left IMHV were removed. The solid
areas represent ventricles. e. ectostriatum; h.a., hyperstriatum accessorium;
h.d., hyperstriatum dorsale; h.i., hyperstriatum intercalatus; h.v., hyperstria-
tum ventrale; i.m.h.v., intermediate and medial part of hyperstriatum ventrale
(IMHV): 1p.o., lobus paraolfactorius; n., neostriatum; p.a., paleostriatum
augmentatum; p.p., paleostriatum primitivum.

numerical densities were expressed relative to the volume of neuropil not
occupied by cell bodies, since axosomatic synapses were extremely rare.
Since the preliminary investigation (Bradley et al., 1981) had failed to implicate
in imprinting the areas of micrograph occupied, respectively, by presynaptic
boutons and dendritic spines, these features of the micrographs were not
studied in the extended sample of chicks.

For each structure sampled each chick contributed one mean value for
the left IMHV and one for the right IMHV. Only these values were used for
statistical analysis. Micrographs from the overtrained and undertrained chicks
of the pair were shuffled at least twice, and all measurements were made
without knowledge of either the brain hemisphere or the behavioral experi-
ence of the chick.

In batch 1, chicks were trained for 20 min or for 140 min; in batch 2 they
were trained for 20 min or were dark-reared. In order to exclude “between-
batch” variation, and to permit data from dark-reared chicks to be compared
with data from overtrained chicks, each data value was standardized by
subtracting from it the mean of the 20-min group in the same batch (see
Cochran and Cox, 1957). Data were then subjected to an analysis of variance
to compare the dark-reared, undertrained, and overtrained groups. Mean
values for dark-reared control chicks are given. Data for trained chicks are
given only where they differ significantly from those of controls.

Experiment 2. Thirty chicks were used in this experiment. The chicks were
hatched and reared in darkness. Approximately 21 hr after hatching, 15
chicks were primed for 0.5 hr and then remained in darkness for another 0.5
hr. Each of these chicks was then placed in a running wheel and exposed
to a rotating, flashing red box (McCabe et al., 1981) for 1 hr when they were
approximately 22 hr old and for 1 hr when they were approximately 24 hr
old. The rotating red box is an effective imprinting stimulus (McCabe et al.,
1982; Horn and McCabe, 1984). At the end of this period the chicks were
returned to the dark incubator where they remained until they were approxi-
mately 42 hr old. They were then placed in running wheels and exposed to
the red box for another 1 hr. These chicks were again returned to the
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Figure 2. Electron micrographs of spine {A) and shaft (B) synapses in IMHV. The thickened membrane between the arrowheads is the postsynaptic
density. d, shaft of dendrite; p, presynaptic bouton; s, spine connected to the shaft of a dendrite, Scale bar = 200 nm.

incubator and remained in the dark for an additional 3 hr. The number of
rotations of the running wheel during the 3-hr training period was recorded
as described above., The remaining 15 “dark-reared" chicks received no
visual experience at all, but stayed in individual compartments within the dark
incubator. All chicks were given a code number, and all subsequent proce-
dures were performed "blind.” When the chicks were approximately 46 hr
old they were killed as described for experiment 1. Coronal sections were
removed under stereotaxic control from the plane illustrated in Figure 1B,
and blocks of the right and left IMHV were prepared as described above.
Blocks from the right and left hyperstriatum accessorium were prepared from
coronal sections cut in the plane illustrated in Figure 1A. The stereotaxic
coordinates of both planes are given by Brown and Horn (1979). In addition
to the synaptic structures sampled in experiment 1, an estimate was made
of mean spine area (James, 1977) since the percentage of volume occupied
by spines had previously been shown to vary with visual experience (Bradley
and Horn, 1979). As in experiment 1, the volume occupied by cell bodies
did not change significantly in any analysis.

All data were subjected to an analysis of variance, the factors being
experimental treatment (dark-reared or trained), brain region (IMHV or hyper-
striatum accessorium), and side (left or right). Each morphological variable
was plotted against training activity, and product-moment correlation coeffi-
cients were calculated.

Results

Experiment 1

Data for dark-reared controls are given in Table I. The effects of
training were examined by comparing standardized measures for
trained chicks with corresponding measures for the dark-reared
birds. Training chicks for 20 min or for 140 min had no significant
effect on the numerical density of spine or shaft synapses or on the
length of the postsynaptic density of shaft synapses. There was,
however, a significant interaction between hemisphere and training
condition for mean length, SP,, of the postsynaptic density of spine
synapses (Fz 2z = 4.98; p < 0.025). Accordingly, this measure was
analyzed separately for each hemisphere.

There was a significant effect of training on SP, of the left IMHV
(Fs.30 = 5.17; p < 0.025). For dark-reared chicks the mean SP, was
286.0 + 12.24 (SE) nm. This mean was significantly less (t = 2.77,
p < 0.01) than that of the overtrained birds and not significantly
different from that of the undertrained birds. SP, was significantly
greater in overtrained birds than in undertrained birds (f = 3.02, p
< 0.01) (Fig. 3).

The mean value of SP, for the right IMHV of dark-reared chicks
was 294.4 + 7.18 nm. There was no significant effect of training on
this value (Fig. 3).

Experiment 2

Effects of training. The mean values of the various measures of
synapse morphology for dark-reared controls are given in Table II.
The data are set out according to brain region and hemisphere.
Analysis of variance revealed that the only measure significantly
affected by training was SP, (Fs,2s = 4.76, p < 0.05). For the left
IMHV, SP, in trained chicks was significantly greater than in dark-
reared chicks (Fig. 4). There were no significant differences between

TABLE |
Experiment 1: Measurements of synapses in IMHV of dark-reared chicks
Left Hemisphere Right Hemisphere

Numerical density/100 pm?®

Spine synapses 11.86 + 1.117 12.62 £ 0.78

Shaft synapses 10.42 + 0.65 10.38 = 0.88
Length of postsynaptic

density (nm)
Spine synapses 286.0 + 12.24 2944 +7.18
Shaft synapses 3334 £1273 340.7 +£19.93

#Values are means + SE.
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trained and untrained chicks in the right IMHV or in either side of the
hyperstriatum accessorium.

The refationship between approach activity during training (Table
I and the length of the postsynaptic density of spine synapses was
examined. Correlation coefficients were calculated using SP, and
approach counts as variables. For the left IMHV the correlation
between Sp, and approach counts made during the first hour of
training was significant (r = 0.52, df = 13, p < 0.05). The correlation
was not significant when approach counts during the second and
third hour of training were used as variables (r = 0.12 and r = 0.23,
respectively). None of the corresponding correlations between ap-
proach activity and SP, for the right IMHV or for the hyperstriatum
accessorium were significant.

IMHV and hyperstriatum accessorium compared. The two brain
regions were compared in dark-reared chicks (see Table Il). Hyper-
striatum accessorium differed significantly from IMHV in respect to
mean area of dendritic spine profiles (Fy 35 = 86.66, p < 0.001),
numerical density of shaft synapses (F; 35 = 747.5, p < 0.001), and
length of postsynaptic density of shaft synapses (Fy.ss = 20.21, p
< 0.001).

Age changes in synapse morphology in IMHV. At the time the
dark-reared chicks were perfused they were approxiamtely 30 hr old
in experiment 1 and approximately 46 hr old in experiment 2. The
data (Tables | and Il) suggest that statistically significant changes
occurred in several measures of synapse structure over this time
(unpaired t tests; p < 0.05 in all cases). SP, increased significantly
with age in both the left and right IMHV. There was a similar increase
in the length of the postsynaptic density of shaft synapses. However,
the numerical density of shaft synapses decreased significantly with
age in IMHV of each side.

Discussion

In the preliminary report of the effects of imprinting on the mor-
phology of synapses in IMHV only overtrained and undertrained
chicks were used (Bradley et al., 1981). In that report, data for the
length of the postsynaptic density had been obtained by combining
measures for shaft and spine synaptic junctions. Further training
was associated with a significant increase in the length of the
postsynaptic density of the junctions in the left IMHV. The slight
decrease in length of these junctions in the right IMHV was not
statistically significant. In the present study we have established
that: (/) 20 min of training was not associated with a significant
change in the length of the postsynaptic density compared with that
of dark-reared controls, (i) further training was associated with an
increase in the length of the postsynaptic density on dendritic spine
synapses in the left IMHV, whereas this measure for shaft synapses
was not significantly affected by overtraining, and (iii) there were no
significant changes associated with training in the length of spine or
shaft synapses in the right IMHV.

Relative to dark-reared controls the mean increase of 49.2 £ 17.7
nm in the length of spine junctions in the left IMHV represents a
17.2% change. If the synaptic junction is circular, then its diameter
is a simple function of the estimated junction length (Weibel and
Bolender, 1973). Accordingly, this increase in length would corre-
spond to an increase in area of approximately 37%.

Chicks which have formed an attachment to the training object
prefer it to a novel object. The strength of this preference provides
a measure of the strength of imprinting (Sluckin, 1972). When chicks
were exposed for 21 min to the training stimulus used in experiment
1, they did not prefer it to a novel object (Bateson, 1979). Although
the chicks’ preferences were not tested in the present study, it is

Figure 3. Experiment 1: Length of postsynaptic density of spine synapses.
A, Left IMHV; B, right IMHV. Data for the 20-min and 140-min trained groups
are shown relative to those of dark-reared controls shown as 0. The mean
difference between this value and the values for undertrained (hatched bars)
and overtrained chicks (open bars), respectively, are given. The error bar
associated with each mean is the standard error of the difference between
that mean and the dark-reared value.
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TABLE I
Experiment 2: Synapse measurements for dark-reared chicks given according to brain region and hemisphere

IMHV Hyperstriatum Accessorium
Left Right Left Right
Hemisphere Hemisphere Hemisphere Hemisphere
Numerical density/100 um?®
Spine synapses 13.26 + 0.93¢ 12.39 £ 0.94 13.73 £ 0.77 14.61 £ 0.85
Shaft synapses 7.03 +£0.66 6.58 + 0.36 15.96 + 1.02 13.52 + 0.92
Length of postsynaptic density
(nm)
Spine synapses 334.6 + 5.59 340.4 £ 6.45 350.4 £ 993 354.1 = 10.01
Shaft synapses 411.3 £ 16.76 416.4 + 11.47 375.0+£8.23 367.6 + 11.76
Area of spine profile (um?) 0.21 + 0.01 0.20 = 0.01 027 £ 0.01 0.27 = 0.01
@ Values are means + SE.
360 — TABLE Il
Experiment 2: Approach counts in each hour of training for chicks
exposed to the red box
First Hour Second Hour Third Hour
— - Time of beginning of 22 24 42
E training (hr after
c hatching)
~ Approach counts 4275+ 77.38% 516.6 + 86.04 664.3 +95.03
> 4Values are means + SE.
=
N
C
[0} .8 J 1 were exposed to the training stimulus well in excess of 81 min;
3 - thus, it may be inferred that they had formed a preference for it. The
Q o 345~ associated morphological change in these chicks was selective both
‘E B for side and for synapse type. A similar morphological consequence
> «© of training was found in experiment 2 even though the training object
2 §, and training schedule were different from those of experiment 1.
o @ Furthermore, in experiment 2 there was a correlation between ap-
c ‘8 proach activity during the first hour of training and the length of the
a a postsynaptic density of spines in the left IMHV. Approach activity is
w - correlated with preference for the training object (Bateson and
o Jaeckel, 1974); the more chicks run toward this object the more
- they appear to learn about it. This effect is probably asymptotic
B (Bateson et al., 1973), so that the chicks may have learned more
c about the object in the first hour of training than they did in the
9 second and third hours.
In spite of the consistency between the expectations based on
the different training schedules and the observed synaptic changes
330 in IMRV, it remains possible that these changes have little to do with
> learning. They might be a consequence of some side-effect of the
L_- I'_] training procedure and might be attributable, for example, to differ-
0 ences in the amount chicks moved during training. Movement per
se is unlikely, however, t0 be the critical factor. One reason is that
Dark- Trained only approach activity during the first hour of training was correlated
reared with the length of spine synaptic junctions. The corresponding

Figure 4. Experiment 2: Spine synapses in the left IMHV—Effects of
exposing chicks for a total of 3 hr to a rotating red box. The bars represent
the mean (£SE) length of the postsynaptic junction for dark-reared (solid
bars) and trained chicks (open bars). Training was associated with a
significant increase in the length of the postsynaptic density (t = 2.32, p <
0.05).

reasonable to suppose that the undertrained chicks had not formed
a preference for the training object. There were no changes in any
measure of synapse morphology in the left or right IMHV region of
these birds compared with their dark-reared controls, even though
the undertrained chicks had been primed and had been exposed to
the training stimulus for 20 min. In contrast, chicks exposed to the
training stimulus for 81 min showed a clear preference for it over a
novel stimulus (Bateson, 1979). The overtrained birds of experiment

correlation using the approach during the second and third hours of
training fell far short of statistical significance. Approach in the first
hour of training was, if anything, less than the other two hours.
Nevertheless, the general argument would be difficult to refute if the
reason for implicating IMHV in the learning process rested solely on
the synaptic changes found there after training. This is not, however,
the case. The studies which lead to the localization of IMHV had
excluded locomotor and sensory activity and a variety of other side-
effects of training as factors responsible for certain biochemical
changes which are associated with imprinting (see Horn et al., 1973).
These and other data (see Horn, 1981, 1985; Kossut and Rose
1984; Stewart et al., 1984; Takamatsu and Tsukada, 1985), including
the results of lesion studies (see the introduction), strongly implicate
IMHV in the process of information storage.

Changes in the size of presynaptic boutons (Hebb, 1949) and of
dendritic spines (Rall and Rinzel, 1971; Rall, 1974) have been
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postulated to underlie memory. There were no effects of overtraining
on the area of tissue occupied by these structures in either the left
or the right IMHV (Bradley et al., 1981). However, in that study the
samples of dendritic spines which were measured were predomi-
nantly of the spine head. Changes in the diameter of the spine neck
could exert a profound influence on the functional “weight” of a
synapse (Chang, 1952; Rall and Rinzel, 1971; Rall, 1974; Koch et
al.,, 1982). Such changes, if small and selective for particular kinds
of spine (Rall, 1974; Koch et al., 1982), might not have been detected
by the measures used by Bradley et al. (1981). Similarly, the absence
of an effect of overtraining on the numerical density of either type
of synapse does not exclude the possibility that the absolute number
of synapses present in IMHV may be affected by training. Such an
increase might be achieved if training was associated with an
increase in the branching of dendrites, provided that the newly
formed branches maintained the same density of synapses as in
the undertrained and dark-reared chicks. Although we do not wish
to exclude these possibilities, it is worth emphasizing the positive
findings of the present study, namely, that a change in length of the
postsynaptic density was identified in a region which is critical for
information storage. The region of the postsynaptic density may be
the site of high receptor density (Jacob and Lenz, 1979; Cohen,
1980). If so, an increase in the area of this region of membrane
specialization may represent an increase in the number of ligand-
binding sites. It is possible (Horn, 1962) that such a change, by
increasing the effectiveness of transmission, would functionally
weight the synapse and hence (Hebb, 1949) form a basis of memory.

The change in length of the postsynaptic density could occur
through the addition of new membrane to, or by the modification/
replacement of, nonsynaptic membrane in the spine head. If the
former process were involved, the increase in surface area would
be expected to lead to an increase in the volume of dendritic spines.
Such an increase in volume did not occur (Bradley et al., 1981). It
seems reasonable, therefore, to suppose that the increase in length
of the postsynaptic density was achieved either by a modification
of nonsynaptic membrane or by its substitution with synaptic mem-
brane.

Approach counts during the first hour of training were correlated
with SP, in the left IMHV. This training period took place approxi-
mately 24 hr before the chicks were killed; thus, the correlation is a
remarkable one. It is, however, no less remarkable than the findings
of an electrophysiological analysis of spontaneous impulse activity
in these two regions {Payne and Horn, 1982, 1984). In these studies
chicks were treated in the same way as the trained chicks in
experiment 2. After the final hour of training the chicks were anes-
thetized and the discharge of units was recorded. Because the
evidence of the preliminary electron microscopy study pointed to a
role of the left IMHV in imprinting, recordings were made in this side
of the brain only. The mean firing rate from three or more recording
sites was calculated for the left IMHV. There was a significant
correlation between approach counts in the first hour of training and
spontaneous impulse activity in this region (Payne and Horn, 1984).

The correlation between approach counts and SP, was positive:
the more chicks ran toward the training stimulus the longer was the
postsynaptic density of spine synapses. If these synapses are
excitatory, as has been suggested (Gray, 1959; Eccles, 1964), and
contribute to the generation of spontaneous impulse activity in the
postsynaptic cells, then the longer the junction the greater would be
the influence of the presynaptic fiber on the discharge of the
postsynaptic cell. Hence, even if the activity of the presynaptic fiber
is held constant, the longer the spine junction the more efficiently
would the activity of the presynaptic fiber be transmitted to the
postsynaptic neuron. Accordingly, if approach activity is positively
correlated with SP,, approach should also be positively correlated
with mean spontaneous firing rate. However, approach activity was
negatively correlated with spontaneous firing rate (Payne and Horn,
1984). Thus, the more strongly chicks approached the training object
the longer was SP, but the lower was the mean firing rate of neurons.
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This reversal in sign of the correlation could be achieved if an
inhibitory neuron were interposed between the cell with the modifi-
able synapse and the recorded cell.

The evidence of an asymmetry in the morphological response of
left and right IMHV to overtraining suggests that the two regions
may play different roles in the imprinting process. The suggestion is
supported by evidence provided by lesioning the right and left IMHV
(Cipolla-Neto et al., 1982; Horn et al., 1983). Hemispheric asymme-
tries in the control of behavior in domestic chicks (Howard et al.,
1980; Andrew and Brennan, 1983) and in certain passerine birds
(see Nottebohm, 1980) is now well established, so that the finding
of such asymmetry in imprinting, although originally unanticipated,
is not, perhaps, surprising.

There were no significant effects of training on any measure of
synapse morphology in the hyperstriatum accessorium. However, in
a preliminary account of the morphology of synapses in the hyper-
striatum accessorium Bradley and Horn (1979) found that the per-
centage volume occupied by spines was significantly increased in
the trained chicks compared with dark-reared controls. In that study
there were five chicks in each treatment group and the difference
was significant with a probability of less than 0.05 that the results
had occurred by chance. It is possible that this result had occurred
by chance since mean spine area was not significantly affected by
experience in the larger sample used in the present study. There
may, however, be other factors that might influence the likelihood of
detecting a morphological change in the hyperstriatum accessorium
as a conseqguence of training. Training affects both the responsive-
ness to visual stimulation and the spontaneous activity of units in
this region (Payne et al., 1984; Payne and Horn, 1984). These effects
were restricted to chicks which possessed a visually responsive
lamina deep to the hyperstriatum accessorium. When data from
chicks with and without this lamina were pooled, there were no
consistent effects of training either on spontaneous activity or on
visual responsiveness. If the visual experience of training in experi-
ment 2 is associated with morphological changes in the hyperstria-
tum accessorium, these would be predicted on the basis of the
physiological studies only for chicks with a visually responsive
lamina. These chicks were not identified in the present study.
Approximately half the chicks in a batch possess the lamina (Payne
et al., 1984). Hence, any effect of training might have been diluted
by the contribution of data from chicks which did not possess the
lamina.

At the time the chicks were perfused, those in experiment 2 were
approximately 16 hr older than those in experiment 1. Several
measures of synapse structure in IMHV had changed in the inter-
vening period as evidenced by a direct comparison of the dark-
reared birds in each group. Although the results of this comparison
should be treated with caution, because age and batch effects were
confounded, other evidence suggests that changes in the structure
of synapses are occurring in IMHV in the first few days after hatching
(Bradley, 1985). In the hyperstriatum accessorium, the adult distri-
bution of synapses on dendritic spines and shafts is achieved during
this time (Corner et al., 1977). The adult length of synaptic junctions
prepared from whole forebrains is also achieved by the first week
after hatching (Rostas et al., 1984). The evidence suggests, there-
fore, that during the period in which imprinting takes place IMHV is
in a labile state.

In the 46-hr-old dark-reared chicks of experiment 2, more shaft
synapses were present per unit volume in the hyperstriatum acces-
sorium than in IMHV. It is therefore of interest that the spontaneous
firing rate of neurons in the hyperstriatum accessorium is significantly
higher than that of neurons in IMHV (Payne and Horn, 1984).
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