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BLAKER, W. D. AND S. D. GOODWlN. Biochemical and behavioral effects of intrahippocampal AF64A in rats. 
PHARMACOL BIOCHEM BEHAV 28(2) 157-163, 1987.--AF64A (ethylcholine aziridinium, 1 nmole) injected into the 
dorsal hippocampus of the rat decreased choline acetyltransferase activity there by 20% without greatly affecting adjacent 
areas. The decrease was maximal by 3 days, and persisted for at least 3 weeks. The acetylcholine concentration at the 
injection site was decreased by 25-30% from 3 days to 4 weeks. Rats were trained on a continuous reinforcement (CRF) 
food-reinforced lever press schedule and then injected bilaterally in the dorsal and ventral hippocampus. Subsequent 
switching to a daily CRF-extinction schedule resulted in increased responding during extinction compared to controls 
which persisted for at least 13 session. However, injection after switching schedules increased it for only 2 sessions. This 
indicates that the persistently increased extinction responding is due mainly to impaired learned habituation to a new 
schedule. Most of the extinction effect of the intrahippocampal AF64A was due to its injection at the dorsal site. Separate 
rats which were trained on the 8-arm radial maze task (a test of short-term spatial working memory) and injected as above 
only showed marginally impaired task performance even at higher doses. We conclude that even relatively minor, lo- 
calized, cholinergic deficits confined to the hippocampus can produce significant learning and memory impairments in 
situations where intermediate or long term memory formation is required. 

AF64A Ethylcholine aziridinium 
Choline acetyltransferase 

Hippocampus Radial arm maze Extinction Acetylcholine 

ETHYLCHOLINE mustard aziridinium ion (AF64A) has 
received attention as a neurotoxin with some specificity 
toward cholinergic neurons [15, 16, 23]. The degree of speci- 
ficity appears to vary considerably, depending upon the 
amount, location and mode of administration, with the most 
specific effects being found after microinjection of Suitably 
low doses into areas containing cholinergic nerve endings. 
Specifically, microinjection of AF64A into the rat hip- 
pocampus, an area known to receive a sizable cholinergic 
projection from the medial septum-diagonal band [5,14], 
produces deficits in presynaptic cholinergic markers without 
affecting those of noradrenergic or serotonergic neurons 
[16]. Since this cholinergic projection is also known to be 
important in memory function [2,17], we have sought to ex- 
plore the effects of relatively minor, localized, AF64A- 
induced cholinergic deficits in the rat hippocampus on mem- 
ory and learning functions. To this end, we have analyzed 
the regional distribution and time course of deficits in acetyl- 
choline and choline acetyltransferase after microinjection of 
AF64A into the hippocampus, as well as its effects on 
learned habituation to extinction of a food-reinforced lever 
press response and on radial arm maze performance (a 
measure of spatial working memory). 

METHOD 

Animals and Surgical Procedures 

Male Sprague-Dawley rats (150-200 g at the beginning of 
each experiment) were housed individually in quarters il- 

luminated with 12-hr light and dark periods at a constant 
temperature. Food and water were freely available except in 
behavioral experiments (see below). For AF64A injections, 
rats were anesthetized with pentobarbital (45 mg/kg, IP) and 
stereotaxically injected at coordinates AP-3.8 mm (from 
bregma), L-3.3 mm, V-2.7 mm (from dura) for the dorso-me- 
dial hippocampus and at AP-5.3, L-4.8, V-5.6 for the ventral 
hippocampus [22]. AF64A (Research Biochemicals Inc., 
Wayland, MA) was prepared the day of the injections [9] and 
was administered in a volume of 1 p.l over a period of one 
minute at each injection site. 

Behavior 

In experiments measuring habituation to extinction, rats 
were food deprived for 48 hours and then trained on a con- 
tinuous reinforcement schedule (CRF, 15 min per day) to 
lever press for food pellets (45 mg; Lab Animal Food, P.J. 
Noyes Co., Lancaster, PA). The training was performed 
using 21.5x21.5x28 cm chambers with Plexiglas sides and 
lid, a 5 cm wide response lever 7.6 cm above the grid floor 
and a food pellet cup 5 cm above the grid flood (Lafayette 
Instrument Co., Lafayette, IN). Chambers were housed in 
illuminated, sound-attenuated boxes and the reinforcement 
schedules and recording of responses were implemented by 
computer interface. The diet of the rats was supplemented 
with additional food (15-17 g daily) to maintain a rate of 
weight gain of 3 to 5 g/day throughout the experiment. The 
rats were trained on the CRF schedule for 6--7 sessions. The 
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FIG. 1. Effect of unilateral AF64A injection into the dorso-medial hippocampus on 
choline acetyltransferase activity. Two rats per dose were killed one week post-injection. 

TABLE 1 

EFFECT OF INTRAHIPPOCAMPAL AF64A ON REGIONAL 
LEVELS OF CHOLINE ACETYLTRANSFERASE ACTIVITY AT 1 

WEEK POST-INJECTION 

Tissue 

ChAT Activity 
(mean percent) 
of contralateral p of 
side ± SEM) Paired 

(N) t-Test 

Dorsal hippocampus 96 - 5.5 (7) - -  
Dorso-medial 81 _ 5.9 (7) 0.023 

hippocampus 
Ventro-medial 91 ± 3.3 (7) 0.029 

hippocampus 
Ventral hippocampus 98 _+ 3.7 (7) - -  
Neocortex 97 ± 2.9 (6) - -  
Superior colliculus 105 ± 1.2 (7) 0.005 

schedule was then shifted to a continuous reinforcement- 
extinction (CRF-EXT) schedule in which 5 minutes of con- 
tinuous reinforcement were followed by 10 minutes during 
which no reinforcements were given. This schedule was 
maintained for the remainder of each experiment. In one 
experiment, various doses of AF64A were injected bilater- 
ally into the dorso-medial and ventral hippocampus before 
initiation of the CRF-EXT schedule, while in another exper- 
iment the injection was made after 6 CRF-EXT sessions had 
been administered. In both cases, 3-4 days of post-surgical 
recovery was allowed before recommencing the behavioral 
training. Percentage of time responding was calculated by 
subtracting the time during which no responding occurred 
("si lent" periods of at least 30 sec) from the total time of the 
session and dividing this difference by the length of the ses- 
sion. Significant differences between dosed and control 
groups when examining each test day independently were 
determined either by Student 's  t-test (one dosed group) or by 
Dunnett ' s  multiple comparison test (two dosed groups) [25]. 
Such an analysis allows the determination of the temporal 
pattern of significant differences over time (e.g., is the effect 
transient). Significant differences between dosed and control 
groups when examined over the entire course of the post- 
injection period were determined by linear contrasts using a 
general linear models procedure [18]. This analysis is more 
sensitive, allowing for fewer animals per group, and analyzes 
only for overall differences over the entire time period 
studied. 

TABLE 2 

TIME COURSE OF EFFECT OF INTRAHIPPOCAMPAL AF64A ON 
ChAT ACTIVITY AT THE DORSO-MEDIAL INJECTION SITE 

ChAT Activity 
(mean percent 

Time of contralateral p of 
Post- side ___ SEM) Paired 
Injection (N) t-Test 

3 days 80 --_ 4.8 (5) 0.011 
1 week 81 x 5.9 (7) 0.023 
2 weeks 89 ___ 2.9 (5) 0.016 
4 weeks 92 ± 3.3 (5) - -  

In experiments measuring radial maze performance, rats 
were food-deprived for 48 hours and then placed in the 
eight-arm radial maze [20]. Briefly, the maze consisted of a 
central, octagonal, 28 cm diameter platform from which eight 
10×80 cm runaway arms extended like spokes of a wheel. 
Each arm was surrounded by an opaque wall and contained a 
depressed food cup 3 cm from the end. The entire apparatus 
was elevated 36 cm off the floor in a well-lit 2 × 3 m room 
containing permanent visual cues (doors, cabinets, etc.) and 
a white noise sound masking source. Each food cup con- 
tained a food pellet (190 mg; Lab Animal Food, P.J. Noyes 
Co., Lancaster, PA) and the diet of the rats was supple- 
mented as described above. After about 15 training sessions 
of a maximum of 10 minutes each, those rats which consis- 
tently made less than seven correct choices in the first eight 
arms entered, or those which consistently made more than 
half their choices by entering adjacent arms were eliminated 
from the experiment. The rats were then injected with 
AF64A as described above and after two days of recovery, 
the training recommenced. Significant differences between 
dosed and control groups for each test day were determined 
either by the Wilcoxon rank sum test (one dosed group) or 
Dunn 's  nonparametric comparison of several groups to a 
control (two dosed groups) [7]. 

Biochemistry 

At 3 days to 4 weeks after unilateral injection of AF64A 
into the dorso-medial hippocampus, choline acetyltransferase 
(CHAT) and acetylcholine (ACh) levels were determined in 
four equal ventral-to-dorsal hippocampal segments, the 
superior colliculus and the ca. 10 mg segment of neocortex 
through which the injection needle passed. The hippocampal 
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FIG. 2. Effect of intrahippocampal AF64A on responding during continuous reinforce- 
ment (CRF) and extinction (EXT). Values are the mean of nine rats per group. *Signifi- 
cant difference from 0 nmole group (p<0.05). 

TABLE 3 
EFFECT OF INTRAHIPPOCAMPAL AF64A ON ACETYLCHOLINE 
LEVELS AT THE DORSO-MEDIAL INJECTION SITE AT VARIOUS 

TIMES POST-INJECTION 

ACh Concentration 
(mean percent 

Time of contralateral p of 
Post- side _+ SEM) Paired 
Injection (N) t-Test 

3 days 73 _+ 10 (6) 0.039 
2 weeks 69 _+ 8 (5) 0.025 
4 weeks 74 ___ 7 (6) 0.013 

dissection of  each segment included the dentate, areas CAI 
to CA3, and subiculum, but not the pre-subiculum. For  
ChAT assays, the rats were killed by decapitation, the brains 
quickly removed,  and brain areas dissected on ice and stored 
frozen. The specific activity of ChAT in whole tissue 
homogenates (nmoles product/mg protein/hour) was deter- 
mined radiochemically [6]. Protein was assayed by the 
method of  Lowry et al. [12]. Significant differences were 
determined by two-sided paired t-test,  comparing injected 
side vs. contralateral side values for each rat. In the behav- 
ioral experiments utilizing bilateral injections, values from 
control and injected rats were compared for selected brain 
areas. 

For  ACh assays, rats were killed by head-focussed 
microwave irradiation (6 kW Vivostat, Cober Electronics, 
Stamford, CT) and the dissected brain areas stored frozen. 
The ACh concentrations (nmoles/mg protein) of the whole 
tissues (mean of  triplicate assays) were determined by 
radioreceptor assay [3]. Significant differences were deter- 
mined as described above. 

RESULTS 

Biochemistry 

Figure I shows that at low doses (0.3 to 3 nmoles), AF64A 
decreased the ChAT activity in the injection area by one 

week post injection without greatly affecting other hip- 
pocampal areas. The neocortex and superior colliculus were 
unaffected, even at high doses. The 10 nmole dose led to 
pronounced ChAT deficits at the injection site as well as at 
more ventral levels, most likely due to non-specific damage 
to fibers passing through the injection area. None of  the 
doses led to mortality when injected unilaterally at the 
dorso-medial site, but even 3 nmoles produced significant 
mortality when injected bilaterally at dorsal and ventral hip- 
pocampal sites (see below). 

The 1 nmole dose of  AF64A was chosen for more detailed 
biochemical study since this dose produces behavioral defi- 
cits in the extinction paradigm (see below). A larger group of 
rats was injected in the dorso-medial hippocampus and the 
distribution of  ChAT deficits was determined 1 week post- 
injection. The results shown in Table 1 confh'm the previous 
findings, in that the deficits were largely confined to the 
injection area. The statistically significant increase in ChAT 
in the superior colliculus is due to the unusually small stand- 
ard error and is probably not biologically significant. A time 
course of  the ChAT activity at the injection site was per- 
formed and the results are shown in Table 2. There was a 
rapid (~<3 days) decrease in CHAT. Although there appeared 
to be a trend toward a gradual recovery of  activity levels 
over the pursuing weeks, the magnitudes of  the deficits were 
not significantly different from one another by one-way 
ANOVA. 

In separate rats, the time course of ACh level deficits was 
determined at the dorso-medial hippocampal injection site 
and the results are shown in Table 3. A 25-30% decrease in 
ACh levels was apparent at three days post-injection and 
persisted through four weeks. 

Extinction Responding 

Rats were trained on a 15-minute continuous reinforce- 
ment (CRF) food-reinforced lever press paradigm. After 
stabilization of  the performance, the rats were injected with 
either 0, .3 or 1.0 nmole AF64A per injection site bilaterally 
into the dorso-medial and ventral hippocampus. The rats 
were then switched to a 5 minute continuous reinforcement 
10 minute extinction (CRF-EXT) paradigm and response pa- 
rameters in both phases of  the paradigm were measured over  
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FIG. 3. Effect of intrahippocampal AF64A on responding during continuous reinforce- 
ment and extinction (extinction schedule initiated before toxin treatment). Values are the 
mean of nine rats per group. *Significant difference from 0 nmole group (p<0.05). 
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FIG. 4. Regional effect of intrahippocampal AF64A on responding during continuous reinforce- 
ment and extinction. Values are the mean of 5-6 rats per group. 
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FIG. 5. Effect of intrahippocampal AF64A on radial maze perform- 
ance. Values are the mean of six rats per group (values in par- 
entheses are from less than six rats due to erratic post-injection 
behavior). Line at 5.6 indicates level of random arm choice. *Sig- 
nificant difference from 0 nmole group (p<0.05). 

subsequent  sess ions .  The results are shown in Fig. 2. While  
the percent o f  the t ime spent responding in the C R F  phase 
was  not different among the three groups,  this parameter was  
increased during the E X T  phase in the 1.0 group, but not in 
the 0.3 group. This  resistance to ext inct ion persisted through 
at least three weeks  o f  testing (ca. 13 sessions) .  A lmost  
identical results were  obtained w h e n  response  rates were  
used as the response  parameter, i.e. the 1.0, but not the 0.3, 
group s h o w e d  an increase in responding only in the E X T  
phase  which  persisted for ca. 3 w e e k s  (data not shown).  

Since this persistent increase in ext inct ion responding 
could be due to increased response  perseveration or im- 
paired learned adjustment to the post-injection extinction 
paradigm, a second experiment  was  performed to dist inguish 
be tween  these two possibil it ies.  Rats were  trained on a 15 
minute CRF paradigm, switched to the C R F - E X T  paradigm, 
trained to stabil ization,  and then injected with 1 nmole  
A F 6 4 A  as in the previous experiment .  The C R F - E X T  
paradigm was  cont inued and the results are s h o w n  in Fig. 3. 
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FIG. 6. Effect o f  intrahippocampal AF64A on radial maze performance. Values 
are the mean o f  six rats in the 0 nmole group and four in the 3 nmole group (values 
in parentheses are from less than four rats due to erratic post-injection behavior). 
• Significant difference from 0 nmole group (p<0.05). 

Although EXT responding was increased post-injection, it 
persisted for only 2 sessions the first of  which also showed 
CRF responding deficits. Again, response rates showed the 
same results (data not shown). The rats thus clearly have 
difficulty in habituating to extinction if initiated after the 
injection, but have little difficulty in retaining the habituation 
if established before the injection. We interpret these results 
as indicating that the persistently increased extinction re- 
sponding found when switching paradigms after AF64A in- 
jection is due mainly to impaired learned adjustment to the 
new paradigm. To test for proper  AF64A administration in 
these rats, ChAT levels at the dorso-medial injection sites 
were assayed 4 weeks post-injection. Since the injections 
were bilateral, the comparison was between injected and 
control rats and the injected values were found to be signifi- 
cantly decreased to 84-+7% of  control. The trend toward a 
greater deficit found here than in the time course experiment 
(Table 2) may be due to a small contribution from the ac- 
companying ventral hippocampal injection. 

The regional specificity of the extinction effect was tested 
and the results are shown in Fig. 4. The groups injected in 
the dorso-medial hippocampus and in both the dorso-medial 
and ventral hippocampus showed increased extinction re- 
sponding compared to the control group over  the course of 
the post-injection analysis period (p=0.007 and p=0.0008, 
respectively). The group injected at only the ventral hip- 
pocampus was not significantly different from the sham con- 
trol group (p=0.66). Proper AF64A administration at the 
ventral sites was shown by the fact that the ventrally injected 
and the ventrally plus dorso-medially injected rats showed 
significantly decreased ventral hippocampal ChAT levels at 
3 weeks post  injection (69-+ 17% and 67-+ 14% of control, re- 
spectively). Dorsally injected rats did not show significant 
effects at the ventral hippocampus. Thus most, if not all, of 
the effect of  intrahippocampal AF64A on extinction respond- 
ing is due to injection at the dorso-medial site. 

Radial Maze Performance 

Whereas the extinction experiments showed a decrement 
in learning requiring a memory span over  a period of several 
days,  the next experiments with radial maze performance 
were carried out to test for impairment of spatial working 
memory which spans only a few minutes. 

Rats were trained on an 8-arm radial maze to stabilization 
and then injected with 0, 0.3 or 1.0 nmole AF64A bilaterally 
into the dorso-medial and ventral hippocampus. Radial maze 
performance was assayed over subsequent sessions and the 
results are shown in Fig. 5. The 0.3 group showed no im- 
pairment in maze performance, while the 1.0 group showed 
some impairment which nevertheless was uneven and did 
not consistently reach statistical significance. Subsequently, 
a second similar experiment was performed with a dose of 
3.0 nmole AF64A. This dose did produce a persistent deficit 
in maze performance which more consistently reached 
statistical significance (Fig. 6). However,  this dose must be 
close to the LDs0 since 3 of the 7 injected rats died 1-2 days 
post-injection. Clearly, the effects of hippocampal AF64A 
are less pronounced on radial maze short term spatial mem- 
ory than on the more long term habituation to extinction. 
Both at the 1.0 and 3.0 doses, decrements in radial maze 
performance was often seen after a lapse in testing of  2-3 
days (Figs. 5-6). In an attempt to exploit this, an experiment 
was performed in which the post-injection testing (after a 1.0 
nmole dose) was administered only on days 2,7,10,14,17, and 
21 (data not shown). However,  the performance of the dosed 
rats was still not consistently different from controls and did 
not reach random choice levels (7 controls, 6 dosed). Control 
means ranged from 6.8 to 7.6 while dosed means ranged 
from 6.0 to 6.7. Only on two of the six testing days was the 
performance of the dosed rats significantly worse than the 
controls by the Wilcoxon Test. 

D I S C U S S I O N  

Literature results indicate that the specificity of the 
cholinotoxic effect of AF64A is dependent  on the amount, 
mode and location of the intracranial injection. It appears 
that cholinergic nerve terminals are much more sensitive to 
AF64A toxicity than are cholinergic cell bodies and that the 
specificity of the toxin is most readily achieved by suitable 
doses in microinjections confined to cholinergic terminal 
areas. For  example,  injection of 0.1-0.5 nmoles into the 
striatum, which is rich in cholinergic nerve endings, 
produces minimal nonspecific damage and moderate de- 
creases in cholinergic indices, while the same dose range 
produces unacceptable nonselective damage when injected 
into the nucleus basalis [13]. Others have similarly reported 
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destruct ion of  cholinergic per ikarya after local injection into 
the nucleus basalis and medial  sep tum only at dose levels 
which also produce  nonspecif ic  damage [1, 10, 19]. In con- 
trast, injections into the str iatum and h ippocampus  have 
consis tent ly shown dose- response  curves  having regions of  
good specificity for cholinergic indices [16,23]. Inject ion of  8 
nmoles  into the str iatum, which decreases  presynapt ic  
cholinergic,  but not  GABAerg ic  or  dopaminergic  markers ,  
leads to only a narrow (0.1 mm) zone o f  gliosis and no loss of  
cholinergic cell bodies  as defined as cells staining intensely 
for ace ty lchol ines terase  short ly after D F P  t rea tment  [23]. In 
addition, in t racerebrovent r icu lar  inject ions are likely to lead 
to areas o f  nonspecif ic  damage at the doses  needed to reduce 
cholinergic markers  in regions not  immedia te ly  bordering the 
ventr icular  surfaces.  Indeed,  such damage close to the intra- 
ventr icular  inject ion site has been repor ted  [9]. Nonspeci f ic  
damage found when applying an arbitrary dose of  the com- 
pound to areas largely devoid  o f  cholinergic neurons or  
nerve  endings [ 11] is not  re levant  to the determinat ion of  the 
specificity of  AF64A since dose levels  which would be 
select ive for cholinergic components  in the injected area 
cannot  be determined.  

The  decreases  in C h A T  and ACh found in the present  
study, al though significant, are more  modes t  than those 
found by others  using similar doses  of  the toxin [16,26]. This 
d iscrepancy may be due to systemat ic  differences in toxin 
preparat ion and purity. Never the less ,  these cholinergic 
deficits confined to the h ippocampus  are sufficient to 
produce  behaviora l  effects  which are consis tent  with those 
found by others  with in t rahippocampal  [26] and intracere-  
brovent r icu lar  AF64A as well as with o ther  methods  which 

disrupt the septa l -hippocampal  cholinergic system. Thus,  in- 
t racerebrovent r icu la r  AF64A produces  radial arm maze  per- 
formance  deficits [27] as do bilateral,  but  not  unilateral,  le- 
sions of  the f imbria-fornix [21], bilateral dorsal  h ippocampal  
lesions [28], and the sys temic  administrat ion of  the mus- 
carinic antagonist  scopolamine  [24]. H o w e v e r ,  we have 
found that habituat ion to ext inct ion is more consistent ly af- 
fected than is the short  term m e m o r y  componen t  of  the radial 
arm maze.  The prolonged increase in ext inct ion responding 
when AF64A was injected prior to exposure  to the ext inct ion 
paradigm is similar to findings with h ippocampal  [8] or  septal 
[4] lesions and is most  likely due to learning impairments .  

The advantage  o f  the present  in t rahippocampal  AF64A 
microinject ion approach to the study of  hippocampal  
cholinergic contr ibut ions to m e m o r y  and response  processes  
is that behavioral  effects  can be produced  by relat ively mod- 
est, local ized hippocampal  cholinergic deficits.  Such deficits 
cannot  be attained by more nonspecif ic  lesion methods  (e.g., 
kainic acid or  tract  cutting) which affect neurot ransmit te r  
systems indiscriminately,  by localized microinject ions of  
anticholinergics which are not long lasting, nor  by chronic  
systemic ant icholinergic administrat ion which produces  
non-local ized effects.  
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