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BARTUS, R. T., M. J. PONTECORVO, C. FLICKER, R. L. DEAN AND J. C. FIGUEIREDO. Behavioral recovery 
fidlowing bilateral lesions of the nucleus basalis does not o~ cur spontaneously. PHARMACOL BIOCHEM BEHAV 24(5) 
1287-1292, 1986.--Recent studies have shown that rats given bilateral ibotenic acid lesions of the nucleus basalis (NBM) 
exhibit significant impairments on tasks requiring recent or trial-specific memory. However, despite the persistence of 
cholinergic deficiencies in the cortical projection area, the memory impairments gradually recover over a period of several 
months of training. Moreover, in one study, the behavioral recovery on a radial arm maze retention task was shown to 
generalize to a completely different behavior paradigm (passive avoidance) on which the animals had received no prior 
experience. The present study was performed to determine the extent to which this generalized recovery of performance on 
memory tasks is dependent upon extensive post-lesion training. Rats were given ibotenic acid lesions of the NBM and were 
then passively detained in their home cages for six months. Contrary to animals which had received post-surgical radial arm 
maze experience, the animals detained in their home cages displayed a significant retention impairment when tested on the 
Passive avoidance task, suggesting that the experience the animals receive is an important factor for whether post-lesion 
functional recovery occurs. This study also confirms that the loss of cholinergic markers following bilateral, NBM lesions 
persists for at least several months, or longer. 

Nucleus basalis Memory Cholinergic neurons Recovery of function Alzheimer's disease 
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IN recent  years increased at tent ion has been given to a dif- 
fuse cluster  of  large neurons whose pa renchyma  lie in the 
mammalian basal forebrain and whose  axons project  to the 
neocor tex.  These  neurons,  defined as the nucleus basalis 
magnocellularis  (NBM) in the rat, provide  a major  source of  
extrinsic cholinergic innervat ion to the frontal,  temporal  and 
parietal cor t ices  [12]. The increased interest  in this formerly 
obscure  brain region is, in part,  related to recent  observa-  
tions that the homologous  region in humans exhibits marked 
cell loss in patients suffering from certain prevalent  
neurodegenera t ive  diseases (e.g., A lzhe imer ' s  disease and 
Parkinson 's  disease).  Moreover ,  the identification and char- 
acter izat ion of  this cholinergic project ion has permit ted em- 
pirical invest igat ion of  a number  of  problems involving 
ana tomica l /neurochemica l /behaviora l  relat ionships [1, 5, 7, 
16, 17b]. 

Many exper iments  with animals have studied the effects  
of  artificially destroying the pa renchyma  compris ing the 
NBM.  Neurochemica l  analysis has revea led  a substantial 
loss of  convent ional  cholinergic markers  in the neocor tex .  
Thus,  marked decreases  in choline acetyl t ransferase  (CAT) 
activity,  high affinity choline uptake ( H A C U )  and acetyl-  
chol inesterase  (ACHE) his tochemical  staining have been 
consis tent ly repor ted  following damage to this brain region. 
Furthermore,  regarding the topography of  this projection, the 

greatest  loss in cholinergic markers  occurs  in the more 
anterior  half of  the neocor tex  and little or  no effect on 
cholinergic markers  is observed  in the poster ior  neocor tex  or  
in archi- or  paleo-cort ical  areas such as the hippocampus.  

Behavioral  studies fol lowing N B M  lesions demonst ra te  
impairments  in lesioned animals on a number  of  tasks, with 
some selectivity for tasks having learning/memory require- 
ments.  While the effects of  lesions of  the N B M  on multiple- 
trial, act ive avoidance  learning tasks have been mixed [7, 15, 
16, 17], robust  deficits have been reported on the reversal  of  
previously learned tasks [5b, 1 lb, 18b]. Moreover ,  clear  and 
consis tent  deficits have been found on retent ion o f  a single- 
trial passive avoidance  paradigm [1, 5, 6b, 7, 9, 16, 17]. Sub- 
sequent  studies testing NBM-les ioned  rats on the passive 
avoidance  paradigm have demons t ra ted  a steep, temporal  
retent ion gradient [1,17], suggesting that the deficit  may be 
partly due to accelerated forgetting or  some similar distur- 
bance in memory .  

More sophist icated behavioral  paradigms have con- 
vincingly demonst ra ted  that destruct ion of  the N B M  signifi- 
cantly impairs per formance  on m e m o r y  tasks, especial ly in 
situations requiring use of  recent ,  short- term, or  trial- 
specific types of  information [5b, 1 lb, 14b, 17b]. For  example,  
rats with N B M  lesions exhibit  a profound,  t ime-dependent  
deficit in their  ability to r emember  which arms of  a radial 
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maze have been entered several minutes or hours earlier in 
the test session [5]. In contrast, memory for arms entered 
only moments earlier, as well as more general skills learned 
in the maze (involving the availability of food and the rein- 
forcement contingencies related to obtaining the food) were 
not impaired. 

Because paradigms such as the radial arm maze proce- 
dure above permit unconfounded, multiple testing of the 
same subject, it has also been possible to study the longer 
term behavioral effects of NBM lesions. These studies on the 
longer term effects of the lesion indicate that (despite persis- 
tence of the lesion-induced neurochemical deficiencies) the 
major deficits on memory function eventually recover over 
the course of several months of continued testing [5]. It was 
discovered that when rats received training and testing on 
the radial arm maze task, the performance of the lesioned 
rats on the delay conditions gradually improved. By six 
months after surgery, the previously robust deficit in recent 
memory had apparently recovered, and retention of the 
lesioned rats on the task was no longer different from that of 
the sham controls. Following the occurrence of this func- 
tional recovery, the rats were trained and tested on the same 
passive avoidance task which had revealed a profound effect 
on NBM lesions in previous experiments [5,7]. Although 
control rats with short-term NBM lesions exhibited a 
profound retention deficit on the passive avoidance task, the 
long-term lesioned rats that had previously recovered recent 
memory ability on the radial arm maze task exhibited no 
retention deficit on the passive avoidance task [5]. Thus, the 
recovery of recent memory, which occurred over a period of 
several months of training and testing on the radial arm maze, 
apparently generalized to the passive avoidance task, on 
which no post-lesion practice had been received. 

As noted earlier, this recovery of behavioral function oc- 
curred in the absence of a corresponding neurochemical re- 
covery of CAT activity, HACU and muscarinic receptor 
binding in the innervated tissue, or compensatory changes in 
other cholinergic brain areas. In contrast, there have been 
scattered reports suggesting that, following unilateral lesions 
of the NBM, a gradual recovery of CAT activity and HACU 
may occur in the cortex, with levels returning to normal 
within four to twelve weeks [18b,21]. However, the neuro- 
chemical deficiencies following the bilateral NBM lesions 
administered in these behavioral studies do not display simi- 
lar recovery, and persisting reductions have now been 
documented for durations exceeding seven months [5]. 

In summary, this study demonstrated that although se- 
vere and selective deficits in recent memory were observed 
following destruction of basal forebrain cholinergic neurons, 
complete recovery of the memory loss gradually occurred 
over the course of several months, while no cholinergic or 
neuroanatomical correlate of this recovery was identified. 
Several clear differences in task parameters between the ra- 
dial arm maze and the passive avoidance procedure allowed 
one to exclude a number of salient variables from considera- 
tion as relevant to the recovery of function which was ob- 
served. These included the type of reinforcement used (food 
vs. shock), response requirement (active, discriminatory re- 
sponse vs. passive, inhibitory avoidance), and specific post- 
lesion task experience (several months on the radial arm 
maze vs. none on the passive avoidance task). What clearly 
remains unanswered is whether the dramatic recovery of 
function could occur spontaneously over a period of time or 
alternatively whether the recovery is dependent upon gen- 
eral stimulation and/or activation of memory-related neuro- 

logical systems (as occurred during the course of handling 
the animals and routinely testing them on the radial arm 
maze for six months following NBM destruction). The pres- 
ent study was conducted to address this question. 

Contrary to the preceding experiment, NBM-lesioned 
rats in the present study received no training or task experi- 
ence during the six-month interval between surgery and be- 
havioral testing. In fact, experimenter interaction during this 
time was limited to weekly cleaning and weighing, and daily 
feeding. The results of this study clearly show that when the 
NBM-lesioned rats were passively detained for six months 
following surgery, the deficit in the passive avoidance task 
persisted. Thus, the dramatic functional recovery observed 
on both the radial arm maze and the passive avoidance pro- 
cedures in the prior study [5] apparently did not occur spon- 
taneously, but rather was dependent upon the stimulation 
and/or experience gained from the routine, post-surgical 
training and testing on the radial arm maze task. 

METHOD 

Subjeets 

Sixteen male Sprague-Dawley rats (10 months of age) 
were divided into two equal groups and given either sham or 
NBM lesions. The rats were housed individually in standard 
plastic cages (with corn cob bedding) maintained on a 12 
hr light/dark cycle, and given food and water ad lib. 

Surgery 

Under Nembutal ® anesthesia (50 mg/kg IP), rats were 
placed in a stereotaxic apparatus with the incisor bar 2.4 mm 
below the interaural line. Lesioned rats were administered 
bilateral infusions of the neurotoxin ibotenic acid into the 
NBM. Ibotenic acid is a neurotoxic glutamate analogue that, 
like kainic acid, causes selective dendrosomatic degenera- 
tion, preferentially destroying dendrites and cell bodies, 
while sparing axonal processes [19]. Ibotenic acid was used 
rather than kainic acid because of evidence that it does not 
produce damage remote from the infusion site, a non-specific 
effect associated with the epileptogenic actions of kainic acid 
[10,13]. The ibotenic acid (Regis) was dissolved in saline in a 
concentration of 6 p.g//xl, with the pH adjusted to 7.4. The 
infusion apparatus consisted of a 10 /zl Hamilton mi- 
crosyringe connected by PE-10 polyethylene tubing (Intra- 
medic) to a 30 gauge stainless steel infusion needle. The 
infusion site for the NBM lesions was located 1.7 mm caudal 
to bregma, 3.1 mm lateral to bregma, and 7.7 mm ventral to 
the surface of the skull. Over a two minute period, 0.4/zl of 
the ibotenic acid solution was infused, and the needle was 
removed five minutes later. In sham animals the infusion 
needle was simply placed 2 mm rostral and 2 mm dorsal to 
the lesion site for five minutes. All rats received 0.1 ml Bicil- 
lin ® (30,000 units, IM) immediately post-operatively. 

Since NBM lesions have been associated with significant 
hypophagia [1, 6, 11, 16], rats were given a highly palatable 
supplemental diet including peanuts, chocolate chips, 
coconut, cookies and cereal. This supplemental diet was 
available beginning five days before surgery and was main- 
tained until the animals' body weight returned to pre-surgical 
levels (usually about two weeks). 

Passive Avoidance Task 

Following surgery and six months of detention in their 
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T A B L E  1 

BIOCHEMICAL DETERMINATIONS 

Choline Acetyltransferase Activity1- High Affinity 
Choline Uptake¢ 

Left Frontal Right Frontal 
Cortex* Cortex* Hippocampus Cortex* 

Sham 0.997 ± 0.020 1.066 ± 0.028 1.323 ± 0.050 
NBM-Lesioned 0.557 ± 0.028 0.647 ± 0.039 1.410 ± 0.085 

6.92 ± 0.327 
4.58 ± 0.259 

*p<0.001. 
~Expressed in nmoles ACh/mg protein/min + SEM. 
SExpressed in pmoles/mg protein/min _+ SEM. 
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FIG. I. Effects of sham or nucleus basalis magnocellularis (NBM) 
lesions on 24 hr passive avoidance retention, 24 weeks subsequent 
to surgery (p<0.001). Small shaded bars within larger open bars 
depict day l training latencies (p<0.1). 
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FIG. 2. Relative effects of NBM lesions measured either shortly 
after recovery from surgery (3.5 weeks post-lesion), following 6 
months of radial arm maze (RAM) training and testing, or following 
6 months of detention in home cage (i.e., no radial arm maze training 
and testing). *Adapted from Bartus et al. [51. 

individual home cages,  all rats were trained and tested on a 
passive avoidance  procedure ,  as repor ted  e lsewhere  [2, 4, 7]. 

On the training trial, each rat was placed in the front,  
i l luminated chamber  of  a two-chambered  apparatus.  Af ter  a 
3 second orientat ion period,  a guillotine door  was raised, 
al lowing access  to the rear chamber .  As soon as the rat 
placed all four  paws in the rear,  dark chamber ,  the door  was 
lowered  and a 1 mA scrambled shock was del ivered to the 
grid f loor for 3 seconds.  The rat was r emoved  from the rear  
chamber  5 seconds  later  and returned to its home cage. The  
latency to enter  the rear chamber  was recorded.  

Twenty  four  hours post-training,  the rats were  tested for 
retent ion of  the avers ive  exper ience .  The rat was placed in 
the front chamber  and the guillotine door  was raised 3 sec- 
onds later, as in the training trial, excep t  that no shock was 
del ivered.  The  latency to re-enter  the rear chamber  was re- 
corded (with a max imum cut-off  period o f  10 minutes).  The 
higher latencies on the test day presumably  reflect  greater  
retent ion o f  the prior,  pass ive  avoidance  training trial. 

Histology 

Upon complet ion  of  behavioral  testing, all rats were  sac- 
rificed, their  brains r emoved ,  and tissue samples dissected 
from the frontal cor tex  and hippocampus.  F rom the remain- 
ing brain, a block of  t issue including the needle track was 
prepared and fixed in 10% formaldehyde.  Frozen  coronal  
sect ions 40/z  thick were mounted  on slides and stained with 
cresyl  violet.  Unde r  microscopic  examinat ion,  the area of  
neuronal  degenera t ion  was def ined by the total absence of  
cells with visible nucleoi,  in areas where  neurons were  nor- 
mally present.  E lsewhere ,  the lesion area  was def ined by the 
presence  of  gliotic activity.  Coronal  sect ions showing the 
maximal  neuronal  degenerat ion produced by each lesion 
were  schematical ly  illustrated. 

Biochemistry 

Choline acetyl t ransferase  (CAT) act ivi ty in tissue 
homogenates  (approximately  100 ~g of  protein) was deter- 
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FIG. 3. Schematic representation of neuronal degeneration produced by infusions 
of ibotenic acid (2.4/xg/0.4/xl) into the NBM. For each of the 16 lesions in the 8 
lesioned rats, the coronal section depicted illustrates the rostro-caudal level at 
which the lesion (stippled area) reached its maximal extent. Section diagrams 
were modified from K6nig and Klippel [14]. Numbers at the bottom of each 
section refer to its distance (in microns) anterior to the inter-aural line. Numbers 
at the top of each pair of sections refer to the individual subject numbers. 
Neuroanatomical structures are labeled in the diagram on the upper left. Abbre- 
viations: AL, ansa lenticularis; CC, corpus callosum; CP, caudate-putamen; GP, 
globus pallidus; IC, internal capsule; LH, lateral hypothalamus. 

mined by measurement of the rate of formation of acetyl- 
choline from acetyl-CoA using the radiochemical method of 
Fonnum [8]. High affinity, sodium-dependent choline uptake 
(HACU) was determined by incubating aliquots of a crude 
mitochondrial fraction (P2: approximately 50/zg of protein) 
in a Krebs-Ringer phosphate buffer (pH 7.4) containing pH] 
choline (1.0/zM) for 4 minutes at 37°C, using the method of 
Simon, et al. [20]. Control incubations were maintained on 
ice (4°C) and the uptake of pH] choline subtracted to deter- 
mine net uptake of pH] choline. Incubation of aliquots of P2 
fractions at 37°C in the absence of Na +, resulted in values of 
PHI choline uptake similar to those obtained in Krebs- 
Ringer phosphate buffer at 4°C. 

RESULTS 

Behavioral testing in the passive avoidance procedure 
demonstrated that while the initial training latencies for the 
sham and NBM-lesioned rats were equivalent (Fig. 1, 
p>0.1),  a robust difference in latencies between the two 
groups was observed on the 24 hour retention test (Mann 
Whitney U=0.00, p<0.001). 

Biochemical determinations revealed a significant loss of 
CAT activity in both the left (approximately 44%,; 
t(12)=13.34, p<0.001) and right (approximately 39%; 
t(12)=9.35, p<0.001) frontal cortices, with no detectable loss 
in the dorsal hippocampus (t(11)=0.94, p>0.05). Finally, 

high affinity choline uptake in the frontal cortex was found to 
be significantly reduced (approximately 33%; t(13)=6.00, 
p<0.001; Table 1). 

The neurodegenerative changes produced by these le- 
sions were essentially the same as has been reported previ- 
ously [5,7]. The lesions were elliptical in shape and covered a 
little over 1 mm in their rostro-caudal extent. The area of 
degeneration was maximal at approximately A 6280 of K6nig 
and Klippel [14], at which level degeneration was usually 
present throughout the ventromedial two thirds of the globus 
pallidus. The infusion site was located farther caudal, in or 
adjacent to the ventromedial comer of the globus pallidus. 
The lesions produced a limited amount of damage ventral to 
the globus pallidus and internal capsule, almost always caus- 
ing some cell loss in the area of the ansa lenticularis and the 
dorsal part of the lateral hypothalamus or lateral preoptic 
area (see Fig. 3). Signs of spread of the neurotoxin to the 
caudate-putamen were rare, although in a few cases there 
was a slight invasion of the medial caudate adjacent to the 
ventral or dorsal globus pallidus. 

DISCUSSION 

The primary finding of this study is that rats detained in 
their home cage for six months following NBM lesions con- 
tinue to exhibit a passive avoidance deficit. This result con- 
trasts markedly with that previously found when rats were 
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rou t ine ly  t ra ined  and  tes ted  on  a radial  a rm maze  task  for  six 
m o n t h s  fol lowing N B M  lesions .  In the  p rev ious  s tudy,  ra ts  
g iven  pos t -surgica l  e x p e r i e n c e  on  the  maze  task  exh ib i t ed  a 
gradual  and  comple t e  r ecove ry  of  the  l es ion- induced  defici t ,  
and  w h e n  s u b s e q u e n t l y  tes ted  on  the pass ive  a v o i d a n c e  task,  
s h o w e d  no defici t  on  tha t  t ask  e i the r  (see Fig. 2). The  lack of  
s imilar  r e c o v e r y  in the  p re sen t  s tudy indica tes  tha t  the  func- 
t ional  r e c o v e r y  fol lowing N B M  les ions  o b s e r v e d  by  var ious  
labora tor ies  [5, 6, 1 lb,  18b] apparent ly  requires  some degree of  
pos t -ope ra t ive  s t imula t ion  or  task  exposure .  

A l though  these  resul t s  conf i rm an impor t an t  role of  the  
nuc leus  basa l i s  magnoce l lu la r i s  (and its chol inerg ic  projec-  
t ion to the cor tex)  in the  med ia t ion  of  tasks  requi r ing  learn ing  
and /o r  m e m o r y ,  m a n y  more  ques t ions  persis t .  Par t icular ly  
int r iguing is the issue of  wha t  cond i t ions  or  p a r a m e t e r s  are 
n e c e s s a r y  for  the  func t iona l  r ecove ry  to occur .  Specif ical ly ,  
is e x p e r i e n c e  on memory - r e l a t ed  tasks ,  per  se, r equ i red?  If  
so, then  how m u c h  is r equ i red?  Or,  a l t e rna t ive ly ,  would  gen- 
eral (i .e. ,  n o n - m n e n o m i c )  e n v i r o n m e n t a l  s t imula t ion  be suf- 
f ic ient?  A n o t h e r  ques t ion  the  p re sen t  s tudy  c a n n o t  add res s  is 
w h e t h e r  the effects  of  N B M  les ions  differ b e t w e e n  an imals  
which  are t e s t - soph i s t i ca ted  (versus  tes t -na ive)  at the  t ime of  
surgery .  

At the  same t ime,  cer ta in  in fo rmat ion  f rom s tudies  of  the 
N B M  may  have  more  prac t ica l  appl ica t ions .  A l though  it 
would  be dange rous  to ove r - in t e rp re t  the exis t ing data ,  the 
p re sen t  resul ts ,  none t he l e s s ,  p rov ide  d i rec t ion  and  
e n c o u r a g e m e n t  for  more  careful  clinical s tudies  c o n c e r n e d  

wi th  the  impac t  o f  the  pa t i en t ' s  e n v i r o n m e n t  on the symp-  
tomato logy  of  n e u r o d e g e n e r a t i v e  d i so rders ,  such  as Alz- 
h e i m e r ' s  d isease .  The  resul t s  f rom the  p re sen t  s tudy  imply 
tha t  it might  be poss ib le  to r educe  the  sever i ty  of  cer ta in  
clinical s y m p t o m s  (which  may  be part ial ly a s soc ia t ed  with 
NBM-cho l ine rg i c  degenera t ion)  by p rov id ing  an env i ron-  
men t  which  includes  m e m o r y - a s s o c i a t e d  tasks  and  o t h e r  
p r o p e r  remedia l  exper i ences .  Indeed ,  there  exis t  s ca t t e red  
repor t s  in the cl inical  l i tera ture  which  suggest  tha t  ac t iv i t ies  
of  this  type  might  be benef ic ia l  to A l z h e i m e r ' s  pa t ien ts  
[22,23]. The  p resen t  pape r  with  b ra in - l e s ioned  rats  adds  sup- 
port  to this  possibi l i ty  by d e m o n s t r a t i n g  that  the  long- te rm 
funct ional  c o n s e q u e n c e s  of  ar t i f ic ia l ly- induced degene ra t i on  
of  a bra in  a rea  ( impl ica ted  in the  pa thogenes i s  and  symp-  
tomato logy  o f  A l z h e i m e r ' s  d isease)  can  be af fec ted  by the 
na ture  of  the pos t - les ion e x p o s u r e  g iven  to the animals .  Fi- 
nally,  a l though  s tudies  with an imals  are c lear ly  l imited in the  
type  of  insight  they can p rov ide  abou t  human-spec i f i c  
n e u r o d e g e n e r a t i v e  disease ,  it is also a p p a r e n t  tha t  they can 
be useful  in he lp ing to ident ify issues  tha t  dese rve  fu r the r  
empir ica l  a t ten t ion .  
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