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ABSTRACT

Histochemical methods were used to assess the distribution of 4 neurotransmitters thought to be involved in
cortical plasticity. They were measured in the primary auditory cortex of the ferret from just before the
onset of hearing. Acetylcholinesterase staining was strongest in layers I, IV and VI and there was a gradual
increase in the amount of staining from postnatal day (PND) 21 through to adulthood. Serotonin fibres
were located mainly in layers I-III and their density increased gradually over the same time period.
Noradrenergic fibres were sparsely scattered throughout the cortex but their density and distribution showed
little change over the age range studied. Dopaminergic fibres were densest in layers V and VI at all ages.
However, there was a transient doubling in their density that started round about the onset of hearing at
PND 28, peaked at PND 35 and had returned to baseline levels by 2 wk later. This transient peak in density
did not occur in the adjacent suprasylvian gyrus and did not appear to be a general phenomenon. The local
transient increase in dopaminergic fibres implies that they may have an important role during a short period
in auditory cortical development. This role may involve modifying the cortical circuitry that is involved in
analysing the input from the auditory periphery.
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INTRODUCTION

Significant progress has been made in our under-
standing of the structural and functional organisation
of the adult cortex over the past few decades (Scheich,
1991; Schreiner, 1992). Traditionally the cat has been
the most widely used species in studies of the mature
auditory cortex (Rose, 1949; Reale & Imig, 1980;
Wallace et al. 1991 a). We wished to study the
development of the auditory cortex and recently use
has been made of the ferret as a convenient model for
studying cerebral development. Ferrets are born very
immature and with a gestation period 3 wk shorter
than the cat, a considerable amount of cortical
development occurs postnatally in the ferret (Luskin
& Jackson et al. 1989). The ferret is of particular
interest as a model for studying auditory cortical
plasticity because it is the only mammal which has
been used to study developmental plasticity in the
auditory system at all levels within the hindbrain and
midbrain (Moore, 1991). There have been relatively
few studies of the immature auditory cortex in any

species and apparently there have been no direct
studies of the degree of plasticity occurring during
its development. This is in marked contrast to the
visual cortex, where critical periods during develop-
ment have been convincingly demonstrated (Hubel &
Wiesel, 1970; Mower, 1991). Because of our interest
in cortical plasticity, we wished to describe the normal
development of 4 subcortical afferent systems that are
thought to be involved in modifying the strength of
cortical connections.

It has been suggested that monoamines, particularly
noradrenaline (NA), are important agents in this early
plasticity of the visual cortex of cats. Local perfusion
of kitten visual cortex with 6-hydroxydopamine
prevented the effects of monocular deprivation in
kittens and reinfusion of NA restored this plasticity
(Kasamatsu et al. 1979). In kittens which were
deprived of vision until the 28th day of life and then
received monocular visual experience for 3 h, there
was a transient increase in serotonin levels (Kossut et
al. 1981). Serotonin levels have also been shown to
peak in layers IV and VI of the rat primary sensory
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cortical areas at postnatal days (PND) 7-17 and it has
been suggested that this transient serotonergic in-
nervation may exert a trophic influence on the
development of cortical circuitry and thalamocortical
connections (D'Amato et al. 1987). Acetylcholin-
esterase (AChE) levels have also been shown to peak
in layers III and IV of the rat primary visual cortex at
PND 12-14 (Robertson et al. 1985). This has also
been demonstrated in the rat primary auditory cortex
at PND 9-12 (Robertson et al. 1991). It has been
postulated that this transient AChE activity may serve
as a marker for the primary sensory thalamocortical
terminal fields and may be characteristic of geniculo-
cortical axon terminals.
We have therefore studied the ferret primary

auditory cortex (Al) during normal development to
measure the progressive changes in neurochemicals
thought to be involved in cortical plasticity. The ferret
does not start to hear until between PND 27 and 32
(Moore, 1982; Morey & Carlile, 1990) and the bulk of
cell migration in the cortex has ceased by PND 21
(Voigt & De Lima, 1991). Thus we studied ferrets
from PND 21 to adult and focused the study on
changes in neurochemicals occurring in the weeks
immediately after the onset of hearing. In addition to
studying serotonin and AChE we also studied tyrosine
hydroxylase and dopamine beta hydroxylase as these
are the enzymes involved in the synthesis of dopamine
and noradrenaline. Some of our results have pre-
viously been published in preliminary form (Harper &
Wallace, 1993).

MATERIALS AND METHODS

Twenty-three pigmented ferrets, raised in the College
animal house, were used. Three animals at PND 21
and 4 animals each at PND 28, 35, 42, 49 and adult
were killed by an overdose of sodium pentobarbitone
(Sagatal) intraperitoneally and perfused trans-
cardially with 4% paraformaldehyde. Blocks ofcortex
were then removed and left in phosphate buffer
containing 30°% sucrose for 24 h at 4 °C for cryo-
protection. Cryostat sections were cut at 30 gm
through the middle ectosylvian gyrus in the coronal
plane. The sections were collected in phosphate buffer
and mounted onto gelatin subbed slides. The sections
were divided into 5 series for different staining
protocols.

Noradrenergic fibres were visualised using an
antibody against dopamine beta hydroxylase (DBH).
DBH is the enzyme which converts dopamine (DA) to
noradrenaline (NA). Dopaminergic fibres were

hydroxylase (TH). TH is the rate-limiting enzyme in
the synthesis of dopamine but is also present in
noradrenergic fibres. Thus it is not entirely specific for
dopaminergic fibres but it appears that noradrenergic
fibres often contain too little TH for it to be
demonstrated histochemically (Foote & Morrison,
1987). In our results the large differences in the
staining patterns for TH and DBH implied that few if
any noradrenergic fibres were stained by the TH
antibody. Rabbit polyclonal antibodies against TH
(Chemicon) and DBH (Eugene Tech) were used at
dilutions of 1: 400 and 1: 500 respectively. The
blocking solution was 0.1 M phosphate buffer, pH 7.4,
containing 1% triton X-100 and 5% normal goat
serum. Primary and secondary antibodies were diluted
in this blocking buffer. Sections were preincubated in
blocking solution for 2 h and then incubated overnight
with primary antibody. The secondary antibody (goat
antirabbit IgG biotinylated (Sigma), used at a 1:200
dilution) was applied for 2 h, and then after 3 washes
in phosphate buffer, an avidin-biotin-peroxidase com-
plex (ABC elite) from Vector was applied for 90 min.
After washing, the sections were preincubated in
0.5 mg/ml diaminobenzidine for 10 min, then incu-
bated in 50 ml of 0.5 mg/ml diaminobenzidine con-

taining 17 gl of 30% hydrogen peroxide until de-
veloped. All incubation steps were performed at room
temperature. The use of a relatively high concen-

tration of triton X-100 (1 %) ensured the complete
penetration of all antibodies used. This was confirmed
by focusing down through the section using a x 100
oil immersion lense and identifying well-stained fibres
close to the surface of the slide. In sections where an

attempt was made to obtain antibody binding in the
presence of 0.1 % triton X-100, fibres were only
adequately stained in the part of the section closest to
the coverslip.
Mouse monoclonal antibody against serotonin

(Dako) was used at a dilution of 1:200. Exactly the
same experimental protocol was followed as above
except the blocking buffer was made of 0.1 M
phosphate buffer, pH 7.4, containing 1 % triton X-100
and 3 % normal horse serum and the secondary
antibody used was horse antimouse IgG biotinylated
(Sigma) used at a dilution of 1:200. As a negative
control the primary antibody was omitted in the
staining procedure and blocking solution applied on

its own for this incubation step. These sections
contained no immunoprecipitate. Another series of
sections was stained for acetylcholinesterase (AChE)
as described previously (Wallace et al. 1991 b). The 5th
series of sections was stained for Nissl substance with

visualised using an antibody against tyrosine thionin.
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To demonstrate the development of cortical fibres middle suprasylvian sulcus and the anterior and
containing TH, DBH and serotonin, drawings were posterior ectosylvian sulci. These are considered to
made using a camera lucida attachment and a x 20 delineate Al in the ferret (Kelly et al. 1986; Phillips et
objecitive, or the- x 40 objecitive for verification of finte al. 1988). The. nposition of this, area was, confirmedt hv

fibres. Nearby Nissl stained sections were used to architectonic criteria. Al has a cell-sparse layer V and
mark the layers on these drawings. All drawings were a blending of layer IV into layers II-III (Rose, 1949;
made from the middle of the area bounded by the Pallas et al. 1990) as shown by Nissl stains. It has also
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been reported that, in the adult ferret, Al can be
defined using AChE which marks its boundaries
(Pallas et al. 1990; Wallace & Bajwa, 1991).

Using the Cavalieri principle of systematic random
sampling, drawings were made from 12 equally spaced
(150 gm) sections throughout Al of each hemisphere
to give unbiased estimates of fibre density (Mayhew,
1990). The quantitative analysis of fibre density at
different postnatal ages was made using a map
measurer. This is a small mechanical device used to
measure the distance between two points on a map.
This method was found to be more accurate and
simpler to use than a digitising tablet and computer.
Measuring the total length of fibres in part of a section
meant that it was comparatively easy to calculate the
absolute length of fibres within a given area. Obtaining
absolute values allows direct comparison with other
cortical areas or other species. The total length of
fibres in a 9 cm wide rectangle of grey matter, that
included all 6 cortical layers, was measured for each
drawing. Each drawing was about 11 cm wide and
made at the dorsal pole of the ectosylvian gyrus in the
area immediately ventral to where the cortical laminae
started to curve towards the suprasylvian sulcus. Nine
cm on the drawing represented 450 gm on the tissue
section. The values for the total length of stained
fibres in each section were averaged to give a collective
figure for each hemisphere. The mean value and
standard deviation at each age were then calculated
and plotted on a graph after converting the arbitrary
values into more meaningful units. The units used
were total length of fibres in cm, contained in a cuboid
of cortex with a surface area of 1 mm2 that extended
through the full depth of the cortex, against age of
ferret in days.

RESULTS

Serotonin (5-HT)

The serotonin immunoreactive fibres in the auditory
cortex of both young and adult animals consist of
both thick and thin fibres. Well over 90% of the fibres
present were fine axons with small, sharply defined
varicosities (arrowheads in Fig. 1 A). A very small
proportion of the total was composed of thicker
fibres, which had large varicosities (arrows in Fig.
1 A). Occasional thick fibres without any varicosities
were rarely observed but these were considered to be
segments of the same fibres at a point where they
lacked axonal swellings. Although most fibres could
be assigned to the fine or thick groups, a few fibres,
especially where only a short length appeared in the
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Fig. 2. Representative camera lucida drawings of serotonergic fibres
in coronal sections of Al at 3 different ages: 28 d, 35 d and adult.
At all ages there is a higher density of fibres in layers I-III than in
V and VI. There is a gradual increase in density with increasing age.
Bar, 300 gim.

section, were intermediate in type. This ambiguity,
along with the small number of thick fibres, meant
that no attempt was made to distinguish between
them while making the drawings, or in the subsequent
analysis.
At PND 21 there were very few serotonin immuno-

reactive fibres in the upper layers of the cortex and
almost no immunoreactive fibres in layers V and VI.
By PND 28 there was a large increase in the density of
immunoreactive fibres in the upper layers where the
density was about 18 cm/mm2 (Fig. 2). There were
very few immunoreactive fibres in layers V and VI.
Over the next 3 wk there was little change in the
distribution of fibres (Fig. 2) but by adulthood the
density ofimmunoreactive fibres had increased further
in layers I-IV, to a level of 36 cm/mm2. In the adult
there was a dense plexus of immunoreactive fibres in
layers I-III, layer IV was less densely innervated and
there were very few immunoreactive fibres in layers V
and VI (Fig. 2). All the immunoreactive fibres were
oriented randomly.
These results were plotted on a graph to show the

density of fibres in layers I-IV and in layers V and VI
(Fig. 3A).There was considerable variation in values
between ferrets of the same age. However, the overall
trend was of an increase in the number of fibres in
layers I-IV between PND 21-28, then little change
between PND 28-49. From PND 49 to adulthood
there was a further increase in density in layers I-IV.
The increased density in the adult was significant at
the P < 0.02 level compared with the density at
PND 21 using an independent samples t test. In layers
V and VI the density of fibres remained low
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Fig. 3. Graphs showing the density of immunohistochemically stained fibres in layers I-IV and V-VI of ferret cortex at different ages.
Measurements were taken from 12 sections per hemisphere at each age and plotted as cm of fibre contained in a cuboid of cortex with a

surface area of 1 mm2. (A) Serotonin (5-HT) immunoreactive fibres in Al. The increase in density in the adult is significant at the P < 0.02
level (*) compared with the value at PND 21. (B) Tyrosine hydroxylase (TH) immunoreactive fibres in AI. The density of fibres remains fairly
constant during development in layers I-IV but shows a prominent peak in layers V and VI at PND 35. This peak is significant at the
P < 0.001 level (*) compared with values at PND 21 and adult. (C) Tyrosine hydroxylase (TH) immunoreactive fibres in the suprasylvian
gyrus (S.G.) In layers V-VI there is a rapid rise in density of fibres which peaks around PND 42 and is still high at PND 49. (D) Dopamine
beta hydroxylase (DBH) immunoreactive fibres in AI. The density in all layers remains low and shows little variation with age.

throughout the time course studied. However there the serotonergic fibres, the TH immunoreactive fibres
was a small increase in density between PND 21 and had a higher density in layers V and VI than in the
the adult. upper layers. In layers I-IV there were only a few

sparsely distributed fibres at all ages studied (Fig. 4).
However the density of TH immunoreactive fibres in
layers V and VI of the ferret Al was substantially less

The TH immunoreactive fibres formed a homo- than the density of serotonin immunoreactive fibres in
geneous population of slender axons with numerous layers I-III, at each age except PND 21 where the
varicosities along their length (Fig. 1 C). In contrast to density of serotonin immunoreactive fibres was very
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Fig. 4. Representative camera lucida drawings of tyrosine hydroxyl-
ase (TH) immunoreactive fibres in ferret Al at 3 different ages.
They illustrate the preponderance of fibres in layers V and VI at all
ages and the peak in density that occurs at PND 35. Bar, 300 gm.
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Fig. 5. Representative camera lucida drawings of dopamine beta
hydroxylase immunoreactive fibres in ferret AI at 3 different ages.
Fibres are scattered randomly throughout the cortex and there is no
significant change in density or distribution with increasing age.
Bar, 300 gm.

low and at PND 35 where there was a peak in density
of TH immunoreactive fibres.

Between PND 21 and PND 28 the density of fibres
in the deep layers remained low. However, between
PND 28 and PND 35 there was a rapid rise in the
density of TH immunoreactive fibres in the deep
layers and then an equally rapid fall in density from
PND 35 until 49. By PND 49 the adult pattern had
been reached where there were only a few immuno-
reactive fibres throughout each layer of the cortex.
The fibres were all randomly oriented. These results
were quantified and again plotted on a graph (Fig.
3B). The graph shows that between PND 21-35 the
density of immunoreactive fibres in layers V and VI
had more than doubled from 12 to 26 cm/mm2. There
was then a sharp drop in the density of immuno-
reactive fibres between PND 35-42. This decrease in
density continued and in the adult the density of fibres
in layers V and VI was down to about 9 cm/mm2. The
sharp peak in density was significant at the P < 0.002
level when the values at PND 35 were compared
with those at PND 21 and the adult by using an
independent samples t test.
To find out whether this peak in TH immuno-

reactivity was a general phenomenon occurring
throughout the neocortex, or was restricted to certain
localities, measurements were also made on a non-
auditory area present in the same sections. Thus TH
immunoreactive fibres in the adjacent suprasylvian
gyrus were drawn and the results quantified and
plotted on a graph (Fig. 3 C). In this part of the cortex
the density of immunoreactive fibres in layers V-VI
rises quite sharply between PND 21-28 and reaches a
peak around PND 42 at a level of 33 cm/mm2.
However, after this there is no rapid fall in fibre

density and the level remains above 20 cm/mm2
throughout the rest of the time course studied. The
density of immunoreactive fibres in layers I-IV is
lower and increases gradually throughout the time
course with the density reaching 10 cm/mm2.

Dopamine beta hydroxylase (DBH)

The DBH immunoreactive fibres form a population of
sparsely distributed axons with a very fine calibre
( < 1 gm) and numerous varicosities (Fig. 1 B). Their
density in the outer layers is the same as or slightly
higher than that in the deep layers throughout the
time course studied (Fig. 5). In both inner and outer
layers there was a small increase in the density of
fibres in animals aged between 21 and 42 d but there
was no evidence of a definite peak in density. The
DBH immunoreactive fibres were randomly oriented
and sparsely scattered throughout the cortex at each
age. These results were quantified and plotted on a
graph (Fig. 3 D). This showed that, in layers I-IV, the
density of DBH immunoreactive fibres was slightly
higher than the density of TH immunoreactive fibres
over the age range studied. By contrast, in layers V
and VI, the density of TH positive fibres was much
higher than the density of DBH positive fibres at all
ages studied.

Acetylcholinesterase (AChE)

At PND 21 there were only occasional AChE-stained
fibres and they did not form any discernible pattern.
There was no staining associated with cell bodies. By
PND 28 there were many more stained fibres, pre-
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dominantly in layers I, IV and VI of the cortex (Fig.
6A). There was also prominent staining in cell bodies.
These were primarily located in layer VI but a few
cells also occurred in more superficial layers and in the
white matter. Thereafter there was a gradual increase
in the level of AChE staining, with the highest levels
continuing to be in layers IV and VI and the lowest
levels in layer II. At PND 49, there were still some
prominently stained cell bodies (Fig. 6B) but in the
adult, staining of cell bodies, while still present, was
masked by the densely stained neuropil. In the older
animals and especially in the adult, the dense staining
of the neuropil made it difficult to identify individual
fibres. As a result, no attempt was made to quantify
the number of fibres at different ages. In the younger
animals the sparseness of the fibres meant that
densitometric measurements were also inappropriate.
Despite the absence of quantification, the smooth
gradual increase in the AChE staining was clearly
discernible. There was no evidence of a peak in AChE
containing fibres around the onset of hearing.

DISCUSSION

Significance ofAChE staining during development

The neocortex receives a highly divergent afferent
input from sources in the basal forebrain and
brainstem as well as a specific thalamic input. There is

evidence that AChE is a useful marker for studying
the development of the thalamic input to the rat
auditory cortex (Robertson et al. 1991). However this
was not found to be the case in the ferret. We observed
a gradual increase in the density of AChE staining in
ferret Al during development, with layers I, IV and VI
having relatively high levels at all ages. This staining
pattern is consistent with the interpretation that the
AChE is associated primarily with basal forebrain
afferents (Johnston et al. 1981; Bigl et al. 1982;
McKinney et al. 1983). There was no indication of a
transient expression ofAChE activity in layer IV early
in development that could be related to the growth of
thalamocortical projections into layer IV of the
primary auditory cortex. Such a relationship has been
observed in the rat auditory cortex where there is
dense AChE staining in layer IV during the second
postnatal week (Robertson et al. 1991). At later ages
lower levels of AChE activity are observed in layer IV
and this is associate with the input from the basal
forebrain. In this study the AChE levels were not
measured directly in the thalamus or basal forebrain
and so the relative levels of AChE activity in the
projecting neurons cannot be described. However,
some sections of the ferret striatum were stained at the
same time as the cortex. The dense black reaction
product observed confirmed that the AChE staining
was working well in the young ferrets.
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Role of brainstem afferents during development

Three brainstem afferent systems are known to project
to the neocortex. Each of these is associated with a

transmitter that has been implicated in synaptic
plasticity: (1) serotonergic neurons in the raphe nuclei
(Porrino & Goldman-Rakic, 1982; O'Hearn &
Molliver, 1984), (2) noradrenergic neurons in the
locus coeruleus (Foote et al. 1983) and (3) dopa-
minergic neurons in the substantia nigra-ventral
tegmental area (Foote & Morrison, 1987).

Serotonergic innervation

In the ferret Al serotonin immunoreactive fibres were

located mainly in the outer 3 layers of the cortex at all
ages studied. There was a large amount of variation in
the number of immunoreactive fibres between ferrets
of the same age. This was unlikely to have been due to
alterations in the affinity of antibody binding caused
by different degrees of fixation in different brains.
Much smaller amounts of variation were observed in
sections stained with antibodies to TH or DBH that
were taken from the same blocks. It may be that levels
of serotonin vary between different animals of the
same age. In general, the density of serotonin
immunoreactive fibres increased rapidly between
PND 21 and PND 28, and then there was a gradual
increase in density from PND 28 through to adult-
hood. Again this is in contrast to a peak in density
observed in layers IV and VI of the primary sensory

areas of the rat cortex (D'Amato et al. 1987).
Nevertheless, an immunohistochemical study on Al
of the cat revealed very similar results to these in the
ferret. By PND 21 the distribution of fibres in the cat
Al was densest in layers I-III. By PND 56 the fibres
had more than tripled their density in the outermost 3
layers since birth. In this study Vu & Tork (1992)
suggested that there are two systems of serotonergic
axons: the fine axon system characterised by small
fusiform varicosities up to 1 gm in diameter, and the
beaded axon system, the fibres of which have round
varicosities up to 5 gm in diameter. The density of fine
axons increased steadily from birth while the beaded
axons first appeared in the auditory cortex at PND 21
and gradually increased in number thereafter. In the
ferret auditory cortex thick fibres were observed at all
ages studied. However, these fibres were in such a

small proportion compared with the fine fibres that
they were not plotted on a separate graph. They
seemed to follow the same pattern as the fine fibres
during development and were taken into account in

visual cortex performed by Voigt & De Lima (1991) a
similar laminar distribution and developmental time
scale were reported, with the highest innervation
density found within layers I, II and III in the adult
cortex. These results could suggest that the main
action of serotonin is on the upper layers of the cortex.
The gradual increase in the density of serotonergic
fibres implies that they do not have any unique role
during development.

Specificity of staining for dopaminergic innervation

In this study antibodies to TH and DBH were used to
identify noradrenergic and dopaminergic innervation
in the cortex. The specificities of anti-TH and anti-
DBH antibodies for noradrenaline (NA) and dopa-
mine (DA) have been well documented (Campbell et
al. 1987; Gaspar et al. 1989). The enzyme TH is
essential for all catecholamine synthesis and is present
in neurons containing DA, NA and adrenaline. No
adrenergic fibres have been detected in the neocortex
(Hokfelt et al. 1974). Hence the antibody to TH may
recognise NA and DA positive fibres. However,
evidence has been reported to suggest that in the
neocortex anti-TH antibodies will predominantly
label DA containing fibres. Lewis et al. (1987)
observed no change in the pattern of TH immuno-
reactive fibres after the ascending NA projections of
the locus coeruleus were ablated in the squirrel
monkey. From this they concluded that only DA
axons were visualised with their TH antiserum. An
explanation for this apparent selectivity could be that
TH is found in lower amounts in NA than in DA
containing axon terminals of the cerebral cortex
(Schmidt & Bhatnagar, 1979). It may be thatNA fibres
do not normally contain a sufficient concentration of
TH to be detected with immunohistochemical tech-
niques. The antibody to DBH only recognises NA
containing fibres (Ericson et al. 1989). Even if all the
noradrenergic fibres were stained by our TH antibody,
subtracting the pattern of DBH labelling from the
pattern ofTH labelling would produce a conservative
representation of dopaminergic fibres. In this case the
peak increase in dopaminergic fibre density at PND 35
would be even more conspicuous than that shown in
Figure 3B.

Noradrenergic innervation

The density of DBH immunoreactive fibres remained
low throughout the age range studied and showed no
consistent change in distribution. In a similar study by
Foote & Morrison (1984) on the primary visual cortexall the measurements. In a related study of the ferret
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of the monkey, they found the density of DBH im-
munoreactive fibres increased from birth to about 2
months, when they reached an adult pattern. Since
this chemical has been implicated in plasticity (Kas-
amatsu et al. 1979) it might be expected that DBH
immunoreactive fibres would peak in density in the
cortex around the time of onset of hearing. However
no transient increase was observed. This would suggest
that although NA may be involved in plasticity it is
not particularly important during auditory cortex
development in the ferret.

Dopaminergic innervation

In contrast to DBH, TH immunoreactive fibres
showed a distinctive peak in density in layers V and VI
at PND 35 in the ferret Al. The steep decline in
density of fibres after PND 35 did not appear to be a
phenomenon widespread throughout the cortex since
there was no similar decline in density of TH
immunoreactive fibres in the suprasylvian gyrus after
PND 35. There may have been peaks in other primary
sensory areas but these were not examined in the
present study. The transience of the increase in
immunoreactive fibres could be due to a proliferation
of dopaminergic terminal branches in Al up until
PND 35, followed by an elimination of axon branches
similar to that seen in the initial exuberance and
subsequent pruning of callosal collaterals in the visual
cortex of the cat (Innocenti, 1981). Another ex-
planation would be that the peak in density is caused
by a temporary increase in enzyme expression during
this period that allows previously undetected fibres to
be visualised. From this study it is not possible to say
which of the two possibilities is correct.

There have been few developmental studies of DA
in any primary sensory area of any species. Cambell et
al. (1987) reported a significant rostral to caudal
gradient of decreasing density of TH immunoreactive
fibres in the adult monkey Al. No such gradient was
obvious in the ferret Al either in the rostral/caudal
or dorsal/ventral directions, but to prevent any small
differences arising from a gradient affecting our results,
all drawings were made from the middle of the gyrus.
Most studies of the development of cortical dopa-

minergic innervation have involved the prefrontal
cortex. In a study of the rat prefrontal cortex, using an
antibody to DA, Kalsbeek et al. (1988) observed DA
immunoreactive fibres already present in layers V and
VI immediately after birth. The density of these fibres
increased until PND 60. In a further study Kalsbeek
et al. (1989) depleted the prefrontal cortex of DA
innervation from PND 1 onwards by lesions of the

DA cell group (A10) in the ventral tegmental area.
These DA depleted animals showed a 30% decrease
in the total length of the basal dendrites of the
pyramidal cells in layer V of the prefrontal cortex. The
decreased dendritic length was due mainly to a
reduced branching frequency of the basal dendrites.
Since dopamine is already thought to have a trophic
role in neuronal differentiation of the prefrontal
cortex during development, it could have a similar
function in the auditory cortex in the 2 wk im-
mediately after the onset of hearing.
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