Brain Research Bulletin 77 (2008) 77–83

Contents lists available at ScienceDirect

Brain Research Bulletin
journal homepage: www.elsevier.com/locate/brainresbull

Research report

The morphological changes of pyramidal and spiny stellate cells in
the primary visual cortex of chronic morphine treated cats
Fan Hu a,b , Guangxing Li a,b , Zhen Liang a,b , Yun Yang a,b , Yifeng Zhou a,b,c,∗
a

Hefei National Laboratory for Physical Sciences at Microscale, University of Science and Technology of China, Hefei, Anhui 230027, PR China
School of Life Science, University of Science and Technology of China, Hefei, Anhui 230027, PR China
c
State Key Laboratory of Brain and Cognitive Science, Institute of Biophysics, Chinese Academy of Science, Beijing 100101, PR China
b

a r t i c l e

i n f o

Article history:
Received 27 December 2007
Received in revised form 12 May 2008
Accepted 18 June 2008
Available online 16 July 2008
Keywords:
Primary visual cortex (area 17)
Pyramidal neurons
Spiny stellate neurons
Dendritic branch order
Golgi-Cox

a b s t r a c t
Morphine exposure may have a negative effect on the receptive ﬁeld properties of neurons in primary
visual cortex of cats. The present experiment used morphological methods in order to investigate whether
chronic morphine treatment also affects dendritic characters of these neurons. According to the Sholl
analysis and dendritic branch order analysis, we obtained the dendritic length and calculated the spine
density on dendrites of the pyramidal neurons in layer III and the spiny stellate neurons in layer IV. The
results showed that morphine exposure induced signiﬁcant decreases in the total dendritic length and
spine density on both pyramidal and spiny stellate neurons. The further branch order analysis revealed
that spine density was decreased at every (ﬁrst to fourth) branch order of dendrites of pyramidal and spiny
stellate neurons. Decrease in dendritic length of the pyramidal neurons was observed only at the fourth
branch order, while the spiny stellate neurons had shorter dendrite at the second and third branch order.
These ﬁndings may underlie the degradation of receptive ﬁeld properties of the primary visual cortex
neurons following chronic morphine exposure.
© 2008 Elsevier Inc. All rights reserved.

1. Introduction
Chronic administration of morphine or heroin, which can
manipulate opioid system in the brain, is known to produce alteration of physiological properties and morphological changes in the
structure of neurons. The mesolimbic dopaminergic system comprising the circuit of VTA (ventral tegmental area)/NAcc (nucleus
accumbens)/PC (prefrontal cortex) is implicated in the dependence
of opiate substances. The opiate receptors, crucial for the opiate
effects on the brain, are broadly distributed in this system [34,35].
By binding to these receptors, opiate can excite VTA dopamine
neurons and VTA-DA projection neurons [25,42], and inhibit neurons in PC and NAcc [16,19]. Numbers of studies have shown the
morphologic dendritic changes of this system [49,50]. In opiatetreated rats, it has been found that the decrease of long-term
potentiation (LTP) in hippocampus, abundant in - and -opiate
receptors [45], is accompanied by the descent of dentritic spiny
density [48]. Signiﬁcant concentrations of opiate receptors have
also been observed in the visual system of rats, cats and macaques
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[30,64,68]. The fact thus leads to the speculation that visual system
may be subject to opiate modulation. The previous studies have
documented the existence of functional alterations in the visual
system related to opiate abuse, including down-regulated visual
sensitivity in humans, decreased visual discriminative function in
rats and impaired visual responses properties of primary visual
cortex (area 17) neurons in cats and rats [18,52,65]. Recent studies of our laboratory have revealed degradation of receptive ﬁeld
properties of the visual cortical neurons in morphine-treated cats
[21,22]. We suggest that these alterations could also accompany
morphine-related morphological changes of neurons in visual system.
The distribution of neurons with long and local association pathways in cat neocortex is well established [11]. Most pyramidal
neurons in layer III of primary visual cortex have axons projecting out of the striate cortex to furnish the corticocortical projection
with other cortical areas or forming local projection within primary
visual cortex. And these neurons are modulated by local neurons
(inhibitory) in the same layer and projection neurons (excitatory)
from other layers [7,11,37]. Spiny stellate neurons in layer IV of area
17 contact with excitatory and inhibitory neurons within-layer, projection neurons from other layers and neurons from LGN. All of
these neurons compose feedforward and feedback modules. Therefore, spiny stellate neurons play an important role in forming the
informational processing circuit [1,7,11,43].
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Table 1
Description about the gender, weight, injection volume of each cat
Cats (morphine, control group)

Gender (M/F)

Weight (kg)

Dose (mg) (weighta 10 mg/kg)

Volume (ml)

Morphine
Morphine
Morphine
Control
Control
Control

M
M
M
M
M
M

2.8
2.3
2.1
2.5
2.3
2.1

28
23
21
25
23
21

2.8
2.3
2.1
2.5
2.3
2.1

a

The concentration of morphine HCl in our present study was 10 mg/ml.

As mentioned above, many studies have been done to investigate alterations in the opiate-treated animals. However, the
morphologic integrity of neurons providing identiﬁed local-circuits
and corticocortical circuits has not been revealed with respect
to morphine-related changes. We wanted to determine whether
chronic morphine exposure leads to changes of the dendritic
arborization of pyramidal cells in layer III and spiny stellate cells
in layer IV of primary visual cortex of the cat.
2. Experimental procedures
2.1. Subjects and drug exposure
The experiments were performed on six healthy adult (2–4 years old) male cats
(2–3 kg). Three cats were randomly allocated to the morphine-treated group and
three cats to the control group. All of these cats were obtained from the Laboratory
Animal Center, University of Science and Technology of China. Protocols of morphine
treatment were similar to those used by other researchers [15,21,61]. Morphine HCl
(10 mg/kg) was administered by cervical subcutaneous injection twice per day at
9:00 a.m. and 9:00 p.m. for 10 days. Control cats were treated similarly by saline
instead of morphine (Table 1). All animal treatments were strictly in accordance
with the National Institutes of Health Guide for the Care and Use of Laboratory
Animals.

Fig. 1. Coronal section of a nissl-stained primary visual cortex of cat showing the
regions of analyses. Layer III and IV were analyzed. Scale bar = 500 m.

Twelve hours after the last injection of morphine or saline, cats were deeply
anesthetized with ketamine HCl (80 mg/kg), and then perfused through the heart
with 2000 ml of 0.9% physiological saline solution, followed by 1000 ml of ﬁxative
solution containing 4% paraformaldehyde dissolved in 0.1 M phosphate buffer (PB,
pH 7.2–7.4). Brains were removed from the skull, and then blocks of tissue containing
the area 17 (posterior to bregma 22–26 mm, lateral to midline 1–4 mm) [46] were
dissected out and processed by Golgi-Cox stain method, according to the procedures
described by Gibb and Kolb [17]. The blocks were ﬁrst stored in the dark for 14 days in
Golgi-Cox solution then 5 days in 30% sucrose. Blocks were sectioned at a thickness
of 120-m in the coronal plane with a vibratome (VT1000S, Leica). All sections were
collected on 2% gelatin-coated slides and stained with Kodak D-76 for 30 s, washed
with water three times, followed by Kodak Film Fix for 20 min, and then washed
with water, dehydrated, cleared, and mounted using a resinous medium.

For each neuron, the analysis of dendritic length was done by using a procedure
according to the Sholl’s method [29,53]. We placed concentric rings (10 m between
rings) over pictures of neurons and counted the number of intersections of the dendrites with the concentric rings. The length of every branch order of dendrites was
the number of intersections multiplied by the ring spacing (10 m), and the total
dendritic length was the summation of the length of all dendritic branches. Spine
density was deﬁned as the number of spines per unit length and was estimated
by photographing a segment of dendrite. We calculated the exact length (10 m)
of the dendritic segment which was chosen from the pictures of dendrites, at the
proximal part of all the branch orders (magniﬁcation of 1000×). The number of
spines along that length was counted and then the spine density was expressed as
spines/10 m.
Data from the neurons’ spine densities, dendritic length as well as the Sholl analysis of the number of ring intersections were analyzed by one-way-ANOVA (P < 0.05
was considered signiﬁcant).

2.3. Neuron-selection criteria and morphological analysis

3. Results

We analyzed two types of neurons, the pyramidal neuron in layer III and the
spiny stellate neuron in layer IV. All of these neurons, which were clearly shown
under the microscope, were photographed at a magniﬁcation of 400× (BX-60, Olympus Microscope).
To obtain all of the dendritic branches, we photographed a series of pictures for
each neuron at the same location and different focal planes. And then dendrites of
each order were photographed at high power (1000×). However, some spines and
dendrites below or above the plane of view may be invisible. Thus, this measurement
is apt to underestimate the total of spiny number and the total dendritic length.
In our experiment, each dendritic tree was quantiﬁed by the following parameters for each cell: (1) total dendritic length and spine density; (2) dendritic length
of each branch order; (3) spine density of each branch order.
The criteria used to select the two types of neurons for photographing and analysis were same as those described in the previous studies: for the pyramidal neurons
[26,54,63], (1) location of the cell soma in layer III (Fig. 1), (2) full impregnation of the
neurons, (3) medium triangular soma, (4) presence of at least three primary basilar
dendritic shafts, each of which branched at least once, (5) no morphological changes
attributed to Golgi-Cox stain; for the spiny stellate neuron [32,36], (1) location of
the cell soma in layer IV (Fig. 1), (2) presence of a star-like dendritic arborization,
(3) spiny dendrites, (4) absence of an apical dendrite, (5) no morphological changes
attributed to Golgi-Cox staining.

3.1. Dendritic morphology

2.2. Tissue preparation

We used one out of every 3 s and got about 5 s per animal. From
those sections, about 6 neurons per section were chosen and 204
neurons in all were collected for analysis, including 154 pyramidal cells (84 from the control group and 70 from the morphine
group) and 50 spiny stellate cells (25 from each group). The GolgiCox-impregnated neurons of the visual cortex were identiﬁed by
their characteristics. The pyramidal neurons have a triangular soma
shape, an apical dendritic extension toward the pial surface, and
numerous dendritic spines. The spiny stellate neurons have a starlike dendritic arborization with a high density of spines around its
soma.
From the pictures of these neurons, dendritic shafts and spines
of pyramidal and spiny stellate neurons in layers III/IV of primary
visual cortex were entirely ﬁlled with Golgi-Cox stain (Fig. 2A, B
and E, F, respectively). All of these neurons exhibited extensive den-
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Fig. 2. Photomicrographs showing Golgi-Cox impregnated dendritic arborization and dendritic spines of pyramidal neurons in layer III (A and B) and spiny stellate neurons
in layer IV (E and F) of primary visual cortex in cats. A, E show the result of morphine-exposed cats and B, F show the result of saline-control cats. The spiny segments of the
dendrites are also indicated in this picture, C came from A, D from B, G from E, H from F. Scale bar = 10 m (A, B, E and F). Scale bar = 4 m (C, D, G and H).

dritic branching with a large number of spines (Fig. 2C, D and G, H,
respectively).
3.2. Sholl analysis of dendritic arbors
The complexity of dendritic trees of pyramidal and spiny stellate
cells was assessed using Sholl analysis (Fig. 3A and B). Signiﬁcant morphine-related decreases in the numbers of intersections
between the dendrites and the Sholl circles occurred only between
50–100 m from the neuronal somata in pyramidal cells and
50–120 m in spiny stellate cells (Fig. 3A; P < 0.05, P < 0.001, Fig. 3B;
P < 0.05, P < 0.01, P < 0.001, respectively, t-test).
3.3. Quantitative analyses of dendritic length and spine density
According to Sholl analysis, the average total dendritic lengths of
pyramidal cells and spiny stellate cells in the morphine-treatment
cats were 483.86 ± 14.57 and 488.00 ± 36.35 m, respectively
(means ± S.E.M.), which was signiﬁcantly different from that in the
saline-control group (563.53 ± 14.83 m for pyramidal neuron and

680.80 ± 44.63 m for spiny stellate neuron). The total dendritic
lengths of pyramidal cells in layer III and spiny stellate cells in
layer IV of the visual cortex in the morphine group were obviously
shorter than that of the control group (Fig. 4A; P < 0.001 and P < 0.01,
respectively, t-test).
Similarly, an obvious morphine-related decrease occurred in
dendritic spine densities of pyramidal and spiny stellate cells.
Results revealed the decreased spine density of pyramidal cells
(42.3% decrease, P < 0.001, t-test) and spiny stellate cells (39.2%
decrease, P < 0.001, t-test) in the morphine-treated group (Fig. 4B).
3.4. Branch order analysis
The average dendritic branch length per branch order of pyramidal cells and spiny stellate cells was shown in Fig. 5. Decreases in
dendritic length of the pyramidal neurons were prominent at the
fourth branch order, while the spiny stellate neurons had shorter
dendrite at the second and third branch order (Fig. 5A and B).
The spine changes were further analyzed by measuring the spine
density per 10 m per branch order (Fig. 6). On both kinds of neu-
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Fig. 3. Sholl analysis of dendrites of pyramidal neurons (A) and spiny stellate neurons (B). Hollow circles indicate the morphine group (A, n = 70; B, n = 25) and
solid circles correspond to the saline cats (A, n = 84; B, n = 25). Asterisks indicate
statistically signiﬁcant differences across the dendritic tree (*P < 0.05, **P < 0.01,
***P < 0.001). Values represent means ± S.E.M. The abscissa and ordinate represent
distance from the soma, and the numbers of intersections.

rons, spine density decreased signiﬁcantly at the ﬁrst three branch
orders. Such decrease at the fourth branch order was only observed
at the pyramidal neurons, but not at the spiny stellate neurons
(Fig. 6A and B; P < 0.001, t-test).
4. Discussion
The experiments presented here show that chronic morphine
exposure induces the morphological alteration of the pyramidal
and spiny stellate neurons in area 17 of cats. The method of morphine administration used in our present study is known to produce
signiﬁcant tolerance and dependence to the drugs in rats [13,61].
Another study has revealed that chronic morphine administration
in adult cats (2.0 mg/kg, 15 days) once a day can elicit tolerance to
the behavioral effects of the drug [20]. De Andres and Caballero [8]
have found that this tolerance developed to the effects of morphine
upon both non-rapid eye movement (NREM) and rapid eye movement (REM) sleep. Chronic morphine exposure in cats using this
dosage also can induce their behavior changes, such as salivation,
licking, swallowing, and urination [9]. In our previous electrophysiological experiments in morphine-treated cats, this dosage clearly
resulted in the alteration of receptive ﬁeld properties in primary
visual cortex. Additionally, all morphine-treated cats showed some
behavioral changes compared with control cats (salivation, diar-

Fig. 4. Histograms showing total dendritic length and the density of dendritic spines
(spines/10 m) in visual cortex layer III pyramidal neurons and layer IV spiny stellate neurons of cats treated with saline or morphine. The bars represent the values
of mean plus S.E.M. Dendritic length was estimated using the Sholl analysis. The
dendritic length was decreased in morphine-exposed animals (Fig. 3A; pyramidal neuron, ***P < 0.001; spiny stellate neurons, **P < 0.01). Spine densities were
decreased in the morphine-exposed group compared with the control group (Fig. 3B;
pyramidal neurons, ***P < 0.001; spiny stellate neurons, ***P < 0.001). The different
effects of morphine on pyramidal neurons and spiny stellate neurons is statistically
signiﬁcant (Fig. 3A; the total length, **P < 0.01; Fig. 3B; the spiny density, **P < 0.01).

rhea and abnormal movement) [21]. Therefore, we selected the
10 mg/kg dosage for chronic morphine administration on cats.
We photographed a series of pictures for each neuron to quantify
the morphology of dendritic surface. Although this method rendered most dendritic tree clearly visible in these pictures, some
practical problems do exist at the present study. For example,
sectioning tissue at 120 m could not include the whole dendrite tree. Additionally, some branches may be absent in pictures
of each neuron due to the limited number of focal planes. Also,
difﬁculties in estimating tissue shrinkage under Golgi-Cox staining procedure may induce some degree of spatial distortion and
then lead to underestimation of the dendritic length of these
neurons. Furthermore, spines lying on the backside of the dendrites that were pointing directly up at the viewer cannot be
seen reliably with standard light microscopy [14,60]. Thus, in
our study, the spine density measured with the light microscope
may be inevitably underestimated. A better solution is the threedimensional reconstruction of neurons at high magniﬁcation using
confocal microscopy. Yet this method cannot be expected to eliminate such underestimation [51,60] and the process is extremely
time-consuming when analyzing large neocortical neurons [51].
Fortunately, these methodological limitations equally affected all
neurons in our samples and, therefore, had no direct effects on
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Fig. 5. Branch order analyses of average dendritic length at each branch order for
the pyramidal (A) and spiny stellate neuron (B) in morphine and saline cats. Statistically signiﬁcant differences are indicated by asterisks (*P < 0.05, **P < 0.01). Values
represent means ± S.E.M. Morphine-related dendritic length decreases in the forth
branch order of the pyramidal neuron and the second and third branch order of the
spiny stellate neuron.

the observed differences in dendritic length and spine density of
neurons between morphine-treated and normal cats.
In the present study, we observed that the dendritic length and
spine density decreased greatly in layer III/IV of area 17. On the
layer III, morphine-related decreases in dendritic length occurred
only at the forth branch order for pyramidal neurons. On the
layer IV, however, those changes were mainly at the second and
third order for spiny stellate neurons. Sholl analyses revealed that
morphine-related dendritic regressive changes were restricted to
a very limited portion of the dendrites in both kinds of neurons.
Those speciﬁc alterations of dendritic length on certain branch
order may reﬂect that morphine selectively affected these portions
of the dendritic tree. Previous studies have shown that dendrites
mainly receive excitatory projections and that different domains
of dendrites receive distinct synaptic inputs, for instance, proximal
dendrites receive excitatory inputs from local sources (collaterals in
the same area or from an adjacent area) [11,41,57]. Also, some spines
on certain locations of the dendrites have a greatly inﬂuence on the
integration of excitatory synaptic inputs. For example, spines which
locate on the distal dendrite can compensate for their distance
from the soma by scaling their conductance in order to normalize
their somatic inﬂuence [66]. Additionally, voltage-gated channels
also distribute on speciﬁc locations of dendrites or typical neurons. Many of these channels can affect the integration of synaptic
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Fig. 6. Branch order analyses for spine densities at each branch order for the pyramidal (A) and spiny stellate neurons (B) in morphine and saline cats. Statistically
signiﬁcant differences are indicated by asterisks (***P < 0.001). Values represent
means ± S.E.M.

potentials. Hyperpolarization-activated cation (HCN) channels are
expressed in a somatodendritic gradient along the apical dendrites
of layer V pyramidal neurons. Deactivation of HCN channels reduces
EPSP (excitatory postsynaptic potentials) duration and results in a
slight hyperpolarization following the IPSP (inhibitory postsynaptic
potentials), hence limits the expected distance-dependence of EPSP
temporal summation in the soma [33,67]. Furthermore, distinct
populations of GABAergic interneurons have important effects on
the information processing. Some GABAergic interneurons target
speciﬁc dendritic domains on pyramidal neurons [10,56]. Therefore, we suggest that preferential alteration of certain branch orders
of dendrites on our study may be due to the changes of information
processing and may result in alterations of receptive ﬁeld properties
in area 17 of morphine-treated cats [21,22]. Further studies of the
affects of morphine upon area 17 will help clarify the relationship
between changes of function and structure consequent to chronic
morphine exposure on cats.
Regressive dendritic changes in cortical pyramidal cells after
morphine treatment have been reported in the primary somatosensory cortex and hippocampus of rats [47], the NAcc and neocortex
of rats [49], and the visual cortex of rats [31]. Our study extends
these ﬁndings by showing the dendritic morphological changes of
spine stellate neurons in layer IV of area 17 in cats. And the changes
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of this kind of neuron are also in line with that of pyramidal neurons
in previous ﬁndings [31,47,49]. The alteration of spine stellate neurons in layer IV of area 17, which have important effects on visual
information processing [1,7,11,43], may directly result in the change
of function of the higher visual cortex and LGN.
We further analyzed the spine density on every dendritic branch
order of these layer III pyramidal neurons and layer IV spiny stellate
neurons. Spine density decreased uniformly among the different
branch orders in the two types of neurons. In morphine-treated
cats, the spine density was decreased by 42.3% in pyramidal cells
and 39.2% in spiny stellate cells. This apparent reduction of dendritic density produced by morphine in cats is consistent with
previous ﬁndings on adult rats [48–50].
It is widely known that dendrites with afﬂuent spines, which are
rich in receptors and receive synaptic inputs, are a striking feature
of excitatory neurons. The spines vary considerably in their size
and shape, and are highly plastic. However, their functional significance is not clearly understood. They might increase the dendritic
surface area in order to optimize the packing of a large number of
synapses onto a given length of dendrite [28,58]. Additionally, the
plasticity of the spines may be available to contribute to learning
and memories [5,27,38]. Tsay and Yuste [62] have found that spines
play an important role in regulating the electrical properties of the
neuron. Therefore, the alteration of spine density observed in our
study may reﬂect the loss of some speciﬁc spines and reduce the
dendritic surface area. These spiny alterations of dendrites might be
due to the changes of information processing in the visual system.
In the future, we will use other new methods to check the change of
spine size and shape. That will be useful for explaining the changes
of receptive ﬁeld properties of the visual system.
The decreases of dendritic length and spine density may cause
the alteration of pyramidal and spiny stellate neurons’ effects on
the within-cortex and corticocortical connections. These neurons
thus may presumably interact with other neurons differently than
before. Therefore, we speculate that these alterations of spiny and
length of dendrites may result in functional degradations of the
visual system in morphine-treated cats [21,22] through changes of
the information processing circuit.
How morphine cause changes in the dendritic arborization of
the pyramidal and spiny stellate neurons of the visual cortex is not
clear. It is possible that those morphine-induced changes described
here are associated with the fact that repeated exposure to morphine can compromise neuronal integrity in many cortical regions.
For example, repeated treatment with morphine alters growth factor [39], neuroﬁlament proteins and other cytoskeletal proteins
that regulate neuronal and synaptic structure [4,24] in cerebral
cortex, decreases axonal transport in VTA-NAcc system [2], and
decreases the size of dopamine cell bodies in VTA [55]. All of these
may contribute to alterations of dendritic arborization. The dendritic changes can also be explained at gene level. For example, one
report has showed the increase of the expression of pro-apoptotic
Fas receptor and the decrease of the expression of anti-apoptotic
Bcl-2 oncoprotein in the cerebral cortex of rats [3]. These results
may be related to a morphine-induced inhibition of neurogenesis
in the dentate granule cell layer [12] and the decrease in frontal
lobe volume as seen in opioid addicts [44].
In conclusion, our present study showed the fact that brain
changes following opiate substances treatment were accompanied
by signiﬁcantly morphological changes of neurons, such as the
spine density and the length of dendrite. Although a lot of work
has been done, the mechanism of opiate dependence is still unclear
[6,23,40,59]. It is worth ﬁnding the distribution of receptors and the
release of neurotransmitters which may directly explain the degradation of functional degradation of the opiate-treatment animal.
Additionally, the anterograde and retrograde labeling combined

with electron microscopy may supply much information about
excitatory and inhibitory projections. In one word, future work is
needed to further explore the relationship between the morphological changes in dendrites and the changes of electrophysiological
properties in visual cortex.
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