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Abstract

Unilateral injury to the forelimb-representation area of the sensorimotor cortex (FL-SMC) in adult rats results in use-dependent
proliferation of dendritic processes, followed by partial pruning, of layer V pyramidal neurons of the contralateral homotopic cortex. In
development, ‘exuberant’ growth of neurons is often followed by pruning, a process that has been associated with a glutamatergic-NMDA
receptor mechanism. A related mechanism may play a role in injury-related pruning of dendrites in adults. The N-methyl-D-aspartate
(NMDA) receptor antagonist MK801, administered throughout the pruning phase to adult animals with FL-SMC lesions, prevents
dendritic pruning and disrupts behavioral recovery. Ethanol (ETOH) also acts as an NMDA receptor antagonist. It has been shown to
reduce NMDA-active ion currents, inhibit NMDA-evoked electrophysiological responses, and decrease glutamate-binding in the
hippocampus and cortex. ETOH also affects neuromorphology in the developing and adult cerebellum, hippocampus, and cortex.
Ethanol’s involvement with NMDA receptor function and its influence on dendritic morphology led us to examine its effect on dendritic
pruning and behavioral recovery following unilateral FL-SMC lesions. Lesioned animals were exposed to moderate doses of ethanol in a
liquid diet only during the period of dendritic pruning. As with MK801, ETOH prevented pruning and reinstated chronic behavioral
asymmetries. © 1997 Elsevier Science B.V.
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1. Introduction cesses occurs [12]. Additionally, in vivo, glutamate antago-
nism has been found to prevent development-associated
selective elimination of synapses in the cerebellum [39].
Glutamate and the NMDA receptor also play an impor-
tant role during disease- and injury-related neurodegenera-
tion (for reviews, see [5,11]). Glutamate neurotoxicity has
been shown to play a role in neurodegeneration caused by
acute brain injury, ischemia, hypoxia, stroke, disease, or
aging [5,17,25-27,42]. From the study of a range of
compounds related to glutamate, a correlation emerged
between the degree of neuronal damage caused by these
compounds and their excitatory potency in electrophysio-
logical studies. This led Olney and colleagues [32,33] to
develop the ‘excitotoxicity hypothesis’ of neurodegenera-
tion, which stated that neuronal injury and death was a
direct consequence of excessive stimulation of receptors
that normally mediate the excitatory effects of excitatory

Following unilateral injury to the forelimb-representa-
tion area of the sensorimotor cortex (FL-SMC) in adult
rats, there occurs a two-phase process of use-dependent
overgrowth and glutamate-dependent elimination of neu-
ronal dendrites in layer V pyramidal cells of the homotopic
cortex opposite the lesioned hemisphere [14,15,20,44]
which is reminiscent of processes observed during devel-
opment. In development ‘exuberant’ growth or overpro-
duction of neurons is often followed by pruning, a process
that has been postulated to be activity-dependent and
associated with a glutamatergic mechanism [8,24,25,34,
38-40). For instance, glutamate receptors, such as the
NMDA receptor, are expressed during the period in devel-
opment when elimination of unnecessary neuronal pro-
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amino acids, such as glutamate. Neuronal degeneration
that resulted from elevations of extracellular levels of
excitatory amino acids occurred particularly in brain re-
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gions which possessed a high density of NMDA receptors
[55]. The most influential evidence of the involvement of
NMDA receptors stemmed from studies in which blockade
of the receptor prevented neuronal degeneration. Thus,
NMDA antagonists may help relieve signs of epilepsy and
other types of convulsive disorders, reduce neuronal dam-
age that follows hyperactivity, and reduce the intracellular
calcium accumulation that results in neuronal death follow-
ing a variety of hypoxic and ischemic insults (for reviews,
see [7,16,27,43,50]). This type of protection was not seen
or was very limited with antagonism of other types of
glutamate receptors, such as AMPA or kainate /quisqua-
late receptors.

The evidence for the involvement of the NMDA recep-
tor in neurodegeneration and developmentally induced
elimination of dendrites suggests that glutamate neuro-
transmission may play an important role in post-lesion
anatomical changes and in recovery of motor behavior
following sensorimotor cortex lesions. Previous studies
conducted in this laboratory have shown that MKS801, a
non-competitive NMDA receptor antagonist, administered
after lesion-induced dendritic growth occurs (i.e. during
the pruning phase) prevents dendritic pruning and causes a
chronic reinstatement of behavioral impairments on tests
that are learning-dependent [2,20].

Ethanol also has been characterized as an NMDA recep-
tor antagonist (for reviews, see [6,10,51,52]). It has been
shown to reduce NMDA-active ion currents [23,53], inhibit
NMDA-evoked electrophysiological responses [47], and
decrease glutamate-binding in the hippocampus and cortex
[9]. Morphologically, long-term ETOH exposure in adult
rats increases length of dendrites in hippocampal granule
cells (although the density of these hippocampal granule
cells was decreased) [4] and in the cerebellum [36]. On the
other hand, ETOH exposure also decreases the number and
length of dendrites in the substantia nigra [46], hippocam-
pus [35], CA1 pyramidal cells [28], and in layer III pyrami-
dal cells of the cortex [3]. Ethanol’s involvement in NMDA
receptor function and its effects on dendritic morphology
led us to examine its role in lesion-induced dendritic
pruning and in behavioral recovery after FL-SMC lesions.

2. Materials and methods
2.1. Subjects

The subjects were 36 individually housed, male, hooded
Long-Evans rats (400-650 g) that were maintained on a
12:12-h light/dark cycle. Prior to the experiment, they
were tamed by gentle handling; and food and water was
available ad libitum.

2.2. Surgical procedures

Animals were randomly assigned to either a lesioned
(n=20) or a non-lesioned (sham) group (n = 16). Rats

were anesthetized with equithesin (a cocktail of chloryl
hydrate, 150 mg/kg, and pentobarbital, 25 mg/kg, in a
concentration of 0.35 mg /100 g) prior to being placed in a
stereotaxic apparatus. The lesioned animals sustained a
unilateral injury to the forelimb representation area of the
sensorimotor cortex [13,31,54] by a 1.0-mA current admin-
istered through an electrode lowered 1.7 mm below dura
which was guided through a rectangular area of exposed
cortex between 3.0 and 4.5 mm lateral to midline, 0.5 mm
posterior to bregma and 1.5 mm anterior to bregma for 120
s. Sham-operated animals received all standard stereotaxic
surgical procedures up to, but not including, removal of
the skull and electrode placement.

2.3. Ethanol diet

2 days prior to surgery all animals were gradually
introduced to a nutritionally balanced liquid diet without
ETOH [29,48]. The diet was given daily at 17:00 h and
replaced with water the following morning at 10:00 h; and
daily measures of intake were recorded. The liquid diet
was administered daily following surgery until post-oper-
ative day 18. On post-operative day 18, lesioned and
sham-operated animals were randomly assigned to either
an ethanol diet (lesion + ETOH, n = 11; sham + ETOH,
n=28), or a control diet (lesion + vehicle, n =9; sham +
vehicle, n =8) group. Ethanol rats were gradually intro-
duced to a diet in which 35% of the total calories were
obtained from 95% ethanol. The control groups were
pair-fed the plain diet to control for weight loss or gain.
This regimen continued until the end of the study at
post-operative day 45.

2.4. Blood ethanol levels

To determine blood ethanol content, 50 ul tail blood
samples were collected from ETOH-treated animals once a
week during the period of ethanol administration [after day
18 post-injury, at the time of diet removal (10:00 h)]. A
single sample was also obtained immediately before be-
havioral testing (16:00—17:00 h) to ensure that animals
were not intoxicated during performance of the behavioral
tasks. The samples were analyzed with a Perkin-Elmer
Sigma 2000 gas chromatograph.

2.5. Behavioral methods

Animals were administered a battery of sensorimotor
and postural-motor tests prior to surgery and on days 2, 4,
7, 10, 14, 19, 26, 33, and 40 post-lesion (in the late
afternoon prior to receiving their daily diet).

2.5.1. Forelimb placing test

Asymmetries in vibrissae-stimulated forelimb placing
behaviors were assessed in the following manner
[2,14,15,20]. Animals were held with forelimbs hanging
freely and light stimulation was applied to one side of the
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animals’ vibrissae by moving them slowly and laterally
toward a countertop until the vibrissae of one side made
contact with the edge. Intact rats quickly placed the fore-
limb ipsilateral to the stimulation onto the edge of the
counter when either limb was tested. Lesioned animals
showed normal placing with the limb ipsilateral to the
lesion; however, placing of the contralateral limb often
failed to occur when the vibrissae contralateral to the
lesion were deflected by the counter top. 10 trials for each
forelimb were performed. The asymmetries were computed
as the percent unsuccessful contralateral forelimb placing.

2.5.2. Limb use observations

Asymmetrical limb use was measured by placing ani-
mals in a three-sided Plexiglas platform (53 X 16 X 26.5
cm) and videotaping their behavior for 4 min [15,20,45].
Forelimb use was observed during support on the floor,
during push off from the floor prior to rearing, and during
support against the walls of the platform. Asymmetries in
forelimb use were computed as the percent use of the limb
ipsilateral to the lesion (the non-impaired limb).

2.6. Histological procedures

45 days after surgery, animals were anesthetized (sodium
pentobarbital, 100 mg /kg i.p.) and perfused intracardially
with saline followed by a 10% formalin solution. Their
brains were removed and placed in Golgi Cox solution for
3 weeks. They were then processed using procedures
adapted from Ramon-Moliner [41] and embedded in an
epoxy resin [14,15]. The stained cerebral hemispheres were
then sliced coronally in 200-pum sections and mounted on
slides which were coded by an independent researcher
prior to quantification. Slices from the intact cortex be-
tween 1.8 mm anterior to bregma and 0.7 mm posterior to
bregma were examined under the light microscope at
500 X magnification. 10 pyramidal neurons from cortical
layer V of the forelimb representation area were chosen for
quantification. Cells which were not obscured by astro-
cytes, capillaries, or neural processes of neighboring pyra-
midals were chosen. To do this, the microscope was
initially focused on layer V in the dorsal medial aspect of
the FL-SMC area. The first visible, unobscured neuron
was chosen and drawn with a camera lucida drawing tube.
The microscope view was then moved laterally until the
next neuron was located, and so on. This was done for
= 34 slices or until 10 neurons were drawn.

The number and order of basilar dendritic branches,
including intermediate and terminal segments, were
counted using a centrifugal ordering system. The branch
arising directly from the soma was assigned an order of 1,
the branch bifurcating from the order 1 dendrite was
assigned an order of 2, and so on. The mean number of
branch points /order along with the mean total number of
dendritic branches /neuron were analyzed. Slices from the
lesioned hemisphere were analyzed for lesion size and

extent using camera lucida tracings. Animals with incom-
plete or overly large lesions were excluded from the study.

2.7. Statistical analysis

Data analysis was accomplished by SAS procedures for
general linear models with unequal cell sizes. The diet
consumption over days and the blood ethanol concentra-
tion over days were analyzed using SAS GLM procedures
for two-way ANOVA of group (treatment condition, i.e.
lesion + ETOH, lesion + vehicle, sham + ETOH, and
sham + vehicle) by day (treating day as a repeated factor).
The mean number of dendritic branches /neuron as well as
the number of branch points/order was analyzed using
SAS GLM procedures for one-way ANOVA for group
(treating neurons as nested variables within subjects). Be-
havioral data were analyzed using SAS GLM procedures
for repeated-measure, two-way ANOVA for group (treat-
ment condition. i.e. lesion + ETOH, lesion + vehicle,
sham + ETOH, and sham + vehicle) by day of behavioral
observation (repeated measure). For all measures, post-hoc
analyses were conducted using SAS univariate contrasts
for simple effects of treatment group at either different
days post-lesion or at different dendritic orders.

3. Results
3.1. ETOH consumption and blood ethanol levels

There were no significant differences in diet consump-
tion between groups over days both prior to and following
the addition of ETOH (i.e. day 18; see Table 1). Blood
ethanol analysis revealed no significant differences be-
tween the two ETOH diet groups (F(1,17)=0.34, P=
0.56; mean blood ethanol content: lesion + ETOH 85.6 +
32.8 mg/dl; sham + ETOH 92.9 + 34.3 mg/dl). This in-
dicated that both lesioned and sham animals were consum-
ing equal amounts of ethanol. Blood ethanol concentration
at the time of behavioral testing was measured in both
ETOH and vehicle-treated groups to assure that the behav-
ior being measured in the ETOH-treated animals was not
due to intoxication. There were no significant differences

Table 1
Mean daily diet consumption (g) per group before and after day 18
post-lesion

Group Consumption (g) Consumption (g)
before day 18 after day 18
Lesion + ETOH 101.01 £21.42 79.02+8.90
Lesion + vehicle 105.76 £19.52 85.63+9.16
Sham + ETOH 113.00+18.39 85.89+6.68
Sham + vehicle 109.30+£20.92 92.00+9.79

There were no significant differences between groups in the amount of
diet consumed at either time point. There was a slight but not significant
decrease in consumption following day 18.
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between groups (F(1,19) = 0.90, P =0.35), suggesting
that the animals were not intoxicated during behavioral
testing and that the behavioral differences between
ethanol-treated and vehicle groups were not due to the
intoxicating effects of alcohol (mean blood ethanol con-
tent: ETOH-treated groups 8.0 + 8.0 mg/dl; vehicle-
treated groups 0 + 0 mg /dl).

3.2. Morphological results

3.2.1. Total branches / neuron

A significant difference in the mean number of total
dendritic branches/neuron between groups was revealed
by one-way ANOVA (F(3,28) =23.072, P <0.0001).
Post-hoc analysis revealed no significant differences in the
mean number of dendritic branches /neuron between sham
+ vehicle and sham + ETOH groups (F(1,13) =0.019,
P =0.89). Therefore, these groups were pooled and la-
beled sham. Further post-hoc comparisons revealed no
significant differences between lesion + vehicle and sham
groups (F(1,22) = 0.004, P =0.94), suggesting that den-
dritic pruning occurred in lesioned animals that received
the control diet [14,20]. Lesioned animals that were fed an
ETOH diet from days 18-45 showed significantly in-
creased numbers of basilar dendritic branches when com-
pared to sham and lesion + vehicle groups [F(1,23) =
62.64, P <0.0001; F(1,16)=46.37, P <0.0001, respec-
tively (see Fig. 1A)]. Thus, ETOH treatment of lesioned
animals during the pruning period resulted in a prevention
of dendritic pruning (i.e. a maintenance of enhanced den-
dritic morphology), similar to that seen with MK80! ad-
ministration during the same time frame [20].

3.2.2. Branching pattern

A more detailed analysis of the branching pattern of
these basilar dendrites was also conducted using a centrifu-
gal ordering system. The importance of branch order lies
in the fact that increases in branching are more likely to
occur at distal (to the soma) segments rather than proximal
segments [49]. Also, changes in dendritic branching due to
ethanol are primarily seen in intermediate and terminal
segments [4].

One-way ANOVA revealed no significant differences
between sham + vehicle and sham + ETOH groups at each
of the branch orders (P values > 0.05). Thus, the two
sham groups were pooled and labeled sham. This result
suggests that the regimen of ETOH in this particular study
did not effect dendritic branching patterns in non-injured
animals. One-way ANOVA also revealed that there was a
significant difference in branching patterns between the
treatment groups at orders 15 (lesion + ETOH, lesion +
vehicle and sham, P < 0.05, see Fig. 1B). Post-hoc analy-
ses revealed that there were no significant differences
between lesion + vehicle and sham animals at all orders of
dendritic branching. This is consistent with the total
branching data which suggested that dendritic pruning

- ko

PER NEURON

SHAM VEHICLE ETOH

LESION

MEAN NUMBER OF DENDRITIC = MEAN DENDRITIC BRANCHES »

;é 8 .
&
=)
B2
5 ——o— LESION-ETOH
E I’”"“-‘E"--'-E, g LESION-VEHICLE
v 44 LY
z SHAM
E kY
o
A& 2
==
Z
0 ' Vs X
‘é 2 4 6 8

BRANCH ORDER

Fig. 1. A: mean number (+S.E.M.) of basilar dendritic branches per
neuron for sham, lesion-vehicle, and lesion-ETOH groups at post-oper-
ative day 45. Dendritic pruning was blocked in lesioned animals that
received ETOH. The number of dendritic branches for this group resem-
bled the number of dendritic branches of lesioned animals at post-oper-
ative day 18 and was significantly greater than in lesioned animals that
did not receive ETOH. ** P < 0.05 significantly different from sham and
from lesion + vehicle. * * Level of dendritic arborization at day 18 post-
injury. B: mean number of basilar dendritic branch points per neuron at
different branch orders from the soma. Lesion+ETOH animals showed
significantly more segments at orders 1-5 than lesion + vehicle or sham
animals. There were no significant differences in number of segments
between sham and lesion+ vehicle animals which suggests dendritic
pruning occurred in the lesion + vehicle animals. * P < 0.05 significantly
different from sham and from lesion + vehicle.

occurred in lesioned animals that received the control diet
[14,20]. However, there were significant differences be-
tween the lesion + ETOH animals and both the sham and
the lesion + vehicle groups at orders 1-5 (P values <
0.001). This suggests that ETOH treatment of lesioned
animals during the pruning period resulted in a prevention
of dendritic pruning (i.e. a maintenance of enhanced den-
dritic morphology). In addition, lesion + ETOH animals
not only showed a maintenance of enhanced dendritic
morphology they also showed an increase in the number of
first order dendrites, an effect not previously seen in
lesion + vehicle animals. ETOH therefore in an injured
system, may enhance proliferation of dendritic processes
as well as prevent dendritic pruning.
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Fig. 2. Percentage unsuccessful contralateral forelimb placing. All le-
sioned animals showed a deficit in forelimb placing immediately follow-
ing injury which recovered to near sham levels prior to the administration
of ETOH. ETOH chronically reinstated these deficits in lesioned animals
but did not affect placing behaviors in sham animals. * ' P <005 signifi-
cantly different from lesion + vehicle and sham groups.

3.3. Behavioral results

Repeated-factor, two-way ANOVA analyses of sham +
ETOH and sham + vehicle groups resulted in no signifi-
cant behavioral differences between groups, over days and
no significant interaction for both forelimb placing and
forelimb use tests (P values > 0.05). Therefore, the groups
were pooled and labeled sham. Further behavioral analyses
of group refer to differences among lesion + ETOH, lesion
+ vehicle and sham groups.

3.3.1. Forelimb placing

Repeated-factor, two-way ANOVA analysis revealed a
significant effect of treatment group (F(2,33) = 394.32,
P < 0.0001), day post-lesion (F(9,291)=59.72, P<
0.0001), and a significant group by day interaction
(F(18,291) = 33.23, P < 0.0001). Post-hoc analyses show
that immediately following surgery both groups of le-
sioned rats failed to place their contralateral forelimbs
consistently, compared to shams (F(2,18) =394.32, P <
0.0001). On day 14 (the last testing day prior to ETOH
administration), both groups of lesioned animals recovered
the ability to place the contralateral forelimb and were not
different from sham animals (F(2,33)=0.99 P =0.32).
The addition of ETOH to the liquid diet caused a reinstate-
ment of severe contralateral placing deficits in the lesion +
ETOH group (see Fig. 2). Post-hoc analyses at day 19 (1
day following the addition of ETOH) revealed a significant
difference between lesion + ETOH and sham groups
(F(1,33) = 2189, P <0.0001) and lesion + ETOH and
lesion + vehicle groups (F(1,33)=121.59, P <0.0001)
but not between lesion + vehicle and sham groups
(F(1,33) = 40.05, P =0.06). This reinstatement of the
deficit was chronic. At day 40 post-lesion, lesion + ETOH

animals did not consistently place the contralateral fore-
limb compared to lesion + vehicle (F(1,27) 143.10, P <
0.0001) or sham (F(1,27) = 428.36, P <0.0001) groups.
In summary, lesioned animals receiving a diet without
ethanol recovered the ability to place the contralateral
forelimb to sham levels whereas those receiving an ETOH
diet displayed a chronic reinstatement of contralateral fore-
limb placing deficits.

3.3.2. Limb use observations

Measurements of ipsilateral forelimb use showed a
pattern of results similar to that of forelimb placing. Over-
all repeated-factor, two-way ANOVA showed a significant
effect of treatment group (F(2,33) = 67.76, P < 0.0001),
day post-lesion (F(9,269) =12.65, P <0.0001), and a
significant group by day interaction (F(18,269) =5.70,
P < 0.0001). Following unilateral sensorimotor cortex in-
jury, both lesioned groups preferentially used the ipsilat-
eral (to the lesion) forelimb for postural-motor behaviors
when compared to shams ( F(2,33) = 67.76, P < 0.0001).
However, as in the forelimb placing test, this behavioral
deficit began to show some improvement over days
(F(9,269) = 12.65, P <0.0001). Post-hoc analyses re-
vealed that at post-lesion day 14 (prior to the addition of
ETOH to the liquid diet) the lesion + ETOH and lesion +
vehicle groups were still preferentially using the ipsilateral
limb (but to a lesser extent than immediately following
surgery) compared to shams (F(1,28) = 10.86 P < 0.002
and F(1,28) =8.97, P <0.005, respectively). However,
there were no significant differences between the two
lesioned groups (F(1,28) = 0.01, P =0.93) (i.e. they were
recovering at the same rate). The addition of ETOH to the
liquid diet caused a reinstatement of chronic preferential
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Fig. 3. Percentage ipsilateral forelimb use. All lesioned animals preferen-
tially used the ipsilateral forelimb for postural supporting behaviors
immediately following injury. Symmetrical limb use was beginning to
occur in lesioned animal prior to ETOH administration. ETOH chroni-
cally reinstated preferential ipsilateral forelimb use in lesioned animals
but did not affect limb use in shams. "' P < 0.05 significantly different
from lesion + vehicle and sham groups.






