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Abstract

Several lines of evidence suggest that acetylcholinesterase inhibitors (AChE) inhibitors have their
cognitive enhancing effects by stimulating cholinergic receptors within the medial septum. However,
intraseptal administration of cholinergic enhancing drugs produce mixed results that appear to depend
on both the integrity of the medial septum as well as task demands. Three experiments were conducted
to determine the relationship between increased cholinergic activity within the medial septum and
hippocampus and behavioral recovery in a model of diencephalic amnesia produced by pyrithiamine-
induced thiamine deficiency (PTD). In Experiment 1, systemic tacrine (0.0, 0.75, 1.5 mg/kg) was
administered to PTD and pair-fed (PF) rats prior to a spontaneous alternation task. Without tacrine,
PF rats alternated at a higher rate than PTD rats. Both doses of tacrine increased alternation in PTD
rats to within the range of PF rats. In Experiment 2, three doses of intraseptal tacrine (2.5, 5.0, 12.5
ng) were administered to PTD and PF rats and changes in hippocampal acetylcholine efflux were
assessed. Both the 5.0 and 12.5 ng doses significantly increased hippocampal acetylcholine levels,
but the change was greater in the PTD rats. In Experiment 3, despite the fact that both intraseptal
doses of tacrine (5.0, 12.5 pug) increased hippocampal acetylcholine levels, only 5.0 ug significantly
improved alternation scores in PTD rats. Thus, when there is basal forebrain cholinergic cell loss in
conjunction with diencephalic pathology, the therapeutic range of AChE-I in the medial septum and
the effective doses do not directly map onto changes in acetylcholine efflux in the hippocampus.
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1. Introduction

Wernicke-Korsakoff syndrome, a diencephalic amnesia produced by thiamine deficiency, can
be modeled in rodents using pyrithiamine-induced thiamine deficiency (PTD). PTD-treated
animals display damage in the anterior and midline thalamus, mammillary bodies, (Langlais
and Savage, 1995; Langlais et al., 1996; Mair, 1994), and selective regional and phenotypic
loss of choline acetyltransferase (ChAT)-positive neurons in the medial septum/diagonal band
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(Savage et al., 2007). This neuropathology likely contributes to the loss of functional
acetylcholine efflux in the hippocampus in PTD rats that parallels their poor spatial
performance (Roland and Savage, 2007; Savage et al., 2007; Vetreno et al., 2008).

Previous work has shown that intrahippocampal physostigmine can increase spontaneous
alternation in rats that have a loss of cholinergic neurons in the medial septum (Chang and
Gold, 2004). Similarly, both systemic and intrahippocampal physostigmine administration
increases hippocampal acetylcholine release and spontaneous alternation performance in PTD
animals (Roland et al., 2008). However, it has been suggested that acetylcholinesterase (AChE)
inhibitors are likely exerting their cognitive enhancing effects via activation of cholinergic
receptors in the medial septum/diagonal band (Mulder et al., 2005; Wu et al., 2003). The medial
septum has abundant cholinergic receptors on both cholinergic and GABAergic neurons
(Alreja et al., 2000b; Gao et al., 1995) and modulation of these receptors affect hippocampal
neurochemistry and physiology (Freund and Buzsaki, 1996; Frotscher and Leranth, 1985; Wu
et al., 2000).

Behavioral studies that have examined intraseptal infusions of AChE inhibitors and other
cholinomimetic drugs have produced mixed results (Bunce et al., 2003; 2004; Frick et al.,
1996; Givens and Olton, 1990; 1995; Markowska et al., 1995; Pang and Nocera, 1999). For
example, intraseptal infusion of tacrine, at doses of 2.5 and 12.5 pg, has been shown to increase
memory performance in cognitively impaired young rats (Sabolek et al., 2004a), but impair
performance in aged (Sabolek et al., 2004b) and normal adult rats (Sabolek et al., 2005). Given
past research with tacrine and related drugs, it appears that cholinergic manipulations of the
medial septum/diagonal band may depend on the interaction of several factors, including brain
integrity, cognitive status and the task used for behavioral assessment.

The current series of studies combine behavioral and neurochemical approaches to directly
relate increased cholinergic receptor activity in the medial septum to changes in hippocampal
acetylcholine levels and behavior in control- and PTD-treated rats. This series of experiments
is the first to assess how systemic administration and direct infusion of tacrine into the medial
septum/diagonal band alter behavioral outcomes in normal and PTD-treated rats with a loss of
cholinergic neurons and diencephalic neuropathology. Furthermore, changes in acetylcholine
levels in the hippocampus were assessed after intraseptal infusion of tacrine and during
behavioral testing. Our laboratory has shown that increasing hippocampal acetylcholine levels
in PTD animals improved cognitive performance (Roland et al., 2008; Roland and Savage,
2009b). Consequently, these experiments are aimed at determining how increasing cholinergic
activity in the medial septum alters both behavioral and hippocampal functioning in normal
and amnestic rodents.

2. Materials and methods

2.1 Animals

Male Sprague-Dawley rats, initially 3-4 months old, were obtained from Harlan Corporation
(Harlan; Indianapolis, IN). The animals were pair-housed in clear plastic cages with free access
to water in a controlled vivarium [temperature: 22 £ 1 °C; humidity: 50 + 10%; 12-h light/dark
cycle (lights on at 07:00 AM)]. Naive groups of animals were used in each experiment (Exp

1-3). After cannulae implantation (Exp 2, 3), animals were individually housed. Every effort
was made to minimize animal suffering and the number of animals used. All experiments were
conducted according to the National Institutes of Health (NIH) Guide for the Care and Use of
Laboratory Animals (NIH Publications No. 8023, revised 1996). The experimental procedures
were approved by the Binghamton University Committee on Animal Care and Use (IACUC).
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2.2 Pyrithiamine-induced thiamine deficiency (PTD) and pair-fed (PF) treatment

Animals for all three experiments were randomly assigned to one of the following treatments:
(i) pair-fed control (PF), or (ii) pyrithiamine-induced thiamine deficiency (PTD). Subjects in
the PTD group were free-fed a thiamine deficient chow (Teklad Diets, Madison, WI) and given
daily injections (0.25 mg/kg, i.p.) of pyrithiamine hydrobromide (Sigma, St. Louis, MO). On
days 14-16 of treatment, animals displayed signs of local tonic-clonic movement of the front
and hind limbs, and generalized convulsions (seizures). Within 4 h of the onset of seizure,
PTD-treated animals were given an injection of thiamine hydrochloride (Sigma, 100 mg/kg,
i.p.) every 8 h until the seizure activity disappeared and the rats regained upright posture. The
PF animals were fed an amount of thiamine-deficient chow equivalent to the average amount
consumed by the PTD groups on the previous day of treatment, and were given daily injections
of thiamine hydrochloride (0.4 mg/kg, i.p.). After treatment, all subjects were placed on regular
chow and allowed to regain the weight lost.

2.3 Apparatus and non-rewarded spontaneous alternation testing

The testing apparatus used for all non-rewarded spontaneous alternation testing was a plus
maze with clear Plexiglas sidewalls 12 cm high and a painted black wood floor. Each of the
four arms was 55 cm from the center of the maze, and the maze was elevated 80 cm from the
floor. The maze was located in a moderately lit room that contained several extraneous cues
such as black geometric shapes, posters, chairs and a lamp.

During spontaneous alternation testing, animals were placed in the center of the maze and
allowed to roam freely for 18 min. Entry into an arm was defined as all four paws over a line
that was located at the entrance of the arm. The number and the sequence of arms entered was
used to determined percent alternation. An alternation was defined as alternating left or right
when the rat reached the center area. The percent alteration score was equal to the ratio of:
(actual alternations + possible alternations) x 100. The rate of perseveration behavior (defined
as re-entry into an arm within 3 choices) was also recorded.

2.4. Stereotaxic surgery

Three weeks after PTD/PF treatment and one week prior to microdialysis, subjects for
Experiments 2 and 3 were anesthetized with a Ketamine (8.25 ml)/Xylazine (1.75 ml) mixture
(50 mg/kg i.p.) in preparation for stereotaxic surgery. All animals in Experiments 2 and 3 were
implanted with a microdialysis guide cannula (CMA/11) aimed at the hippocampus and a drug
cannula aimed at the MS. Within each group, subjects were matched in terms of hippocampal
microdialysis cannula placement (right vs. left hemisphere). Stereotaxic coordinates were
obtained from the atlas of Paxinos and Watson (1986) and were based on previous studies (see
Chang and Gold, 2003a). The coordinates for the hippocampus microdialysis cannula were:
Anterior-Posterior (AP): —5.1 mm; Medial-Lateral (ML): £5.0 mm; Dorsal-Ventral (DV): —4.2
mm. The coordinates for the MS drug cannula (28 gauge; Plastics One, Roanoke, VA) were:
AP: +0.30 mm; ML: 0; DV: —5.0 mm. Acrylic cement and 2 skull screws were used to hold
the cannulae in place. Immediately after surgery, subjects were placed in a warm incubator
until they regained an upright posture. All subjects received the analgesic buprenorphine (0.3
ml, s.c.) directly after surgery and another injection 24 h later. Subjects were allowed to recover
for 1 week with ad libitum access to food and water.

2.5. Experimental Design

2.5.1 Experiment 1: Systemic injection of tacrine and spontaneous alternation
testing—In Experiment 1, animals (PF: n = 8; PTD: n = 8) were handled for 4 consecutive
days prior to behavioral testing for 10 min each day to reduce maze anxiety and were fasted
overnight to increase exploration behavior. Prior to i.p. injections, rats were habituated in the
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maze room in a 30 cm x 40 cm, depth 35 cm cage that contained wood shavings at the bottom
for 60 min. Following habituation rats were given i.p. injections of saline, 0.75, or 1.5 mg/kg
of tacrine. Drug order was counterbalanced over three consecutive days of behavioral testing
and all animals received all treatment doses. After receiving an injection, rats were placed back
in the holding cage for 18 min to allow the drug to be absorbed. Animals were placed in the
center of the plus maze for 18 min of spontaneous alternation testing. Upon completion of
spontaneous alternation testing, rats were transferred back to the holding cage

2.5.2 Experiment 2: Pharmacological challenge during awake in vivo
microdialysis and high performance liquid chromatography analysis for
acetylcholine—In Experiment 2, animals (PF: n = 7; PTD: n = 7) received intraseptal
infusions of saline (1 ul) and tacrine (2.5, 5.0, or 12.5 ug/ul) in conjunction with in vivo
microdialysis collection of hippocampal acetylcholine. Microdialysis occurred across three
sessions; each session included saline and one infusion of tacrine. Subjects were transported
to the testing room and placed in a microdialysis holding cage [acrylic cage (30 cm x 40 cm,
depth 35 cm) with wood shavings at the bottom]. The microdialysis probe (CMA/11, 3 mm)
was connected to a microinfusion system (CMA 100) and perfused continuously at a rate of 2
wl/min with artificial cerebrospinal fluid [aCSF (127.6 mM NaCl, 4.0 mM KCI, 1.3 mM CaCl2
dihydrate, 1.0 mM glucose, 0.9 mM MgCl2, 0.9 mM NaH2PO4, and 2.0 mM Na2HPO4, pH
7.0)], which contained the AChE inhibitor neostigmine (500 nM). Following an initial period
of habituation to the cage (60 min), dialysate samples (volume ~30 ul) were collected every
15 min for a period of 30 min to determine basal levels of acetylcholine in awake rats. After
baseline samples were collected the saline infusion was performed; a drug infusion needle
(Plastics One, 28 gauge) was inserted into the septal cannula and 1 ul of saline was infused
over 1 min. The drug needle was always left in place for an additional 2 min to allow the entire
compound to diffuse into the tissue. After the saline infusion, microdialysis continued for two
15 min time samples. Thirty min after the saline infusion, the infusion needle was inserted into
the septal cannula and 1 pl of tacrine (either 2.5, 5.0, or 12.5 pg) was infused over 1 min.
Tacrine administration was counterbalanced across subjects over 3 consecutive days of
microdialysis testing so that during each day of testing all animals received a saline infusion
followed by an infusion of one of the three doses of tacrine. The drug phase consisted of six
15 min samples for a total of 90 min. A study that administered tacrine (1 mg/kg; i.v. into the
jugular) and measured hippocampal dialysate for rate of elimination found that the half-life of
tacrine was 99.1 + 17.7 min (Telting-Diaz and Lunte, 1993). Following the drug phase, two
15 min post-baseline samples were collected. To test the reliability of the microdialysis probe,
the probe was placed into a standard solution (100 nM concentration of acetylcholine and
choline). After collection, brain dialysis samples were frozen at —30°C for later analysis using
high performance liquid chromatography (HPLC).

Acetylcholine output was assayed by HPLC (Epison, BAS, West Lafayette, IN) along with an
enzyme reactor. The assay system included an ion-exchange microbore analytical column
(BAS, MR-8904), a microbore acetylcholine/choline immobilized enzyme reactor containing
AChE and choline oxidase (BAS MF-8903), an auxiliary electrode with a radical flow
electrochemical thin-layer cell and 13 mm thin layer gasket, a wired enzyme electrode kit (a
redox polymer film containing horseradish peroxidase coated in the surface of a 3 mm glassy
carbon working electrode), and a low dispersion injected value with a 10 ul polytheretheketone
loop. The mobile phase was a 50 mM dibasic potassium phosphate buffer (pH = 8.5) containing
Kathon (BAS). The mobile phase was delivered at a rate of 140 ul/min by a PM-91 pump
(BAS) and the detection level was about 10 fentomoles. Acetylcholine standards (5 ul of 20
and 100 nM acetylcholine + Ch) were injected before and after samples to verify detection
stability.
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2.5.3 Experiment 3: Pharmacological treatment in combination with in vivo
microdialysis and HPLC analysis of acetylcholine before, during and after
behavioral testing—In Experiment 3, animals (PF: n=10; PTD: n = 10) received intraseptal
administration of vehicle and two doses of tacrine in conjunction with in vivo microdialysis
during behavioral testing. All animals received three sessions of microdialysis with
counterbalancing of drug infusion (Saline, 5.0 and 12.5 pg tacrine) across three sessions. Each
session started with the rats being transported to the testing room and placed in a microdialysis
holding cage [acrylic cage (30 cm x 40 cm, depth 35 cm) with wood shavings at the bottom].
The microdialysis probe (CMA/11, 3 mm) was connected to a microinfusion system and
perfused continuously at a rate of 2 ul/min with aCSF. Following an initial period of habituation
to the cage (60 min), dialysate samples (volume ~12 ul) were collected every 6 min for a period
of 18 min to determine basal levels of acetylcholine in awake rats. After baseline, a drug
infusion needle (Plastics One, 28 gauge, extended 0.5 mm beyond the cannula) was inserted
into the septal drug cannula and 1 ul of saline or tacrine (5.0 or 12.5 pg) was infused over 1
min. The infusion needle was left in place for an additional 2 min to allow for the entire
compound to diffuse into the tissue. Three 6 min samples were collected during this drug
infusion phase. Following the 18 min infusion phase, the animal was placed on the maze to
perform spontaneous alternation. All animals performed the non-rewarded spontaneous
alternation plus-maze procedure for 18 min. Microdialysis samples continued to be collected
every 6 min during the maze and post-baseline phases, which were both 18 min. The probe
was removed after the post-baseline period. To test the reliability of the microdialysis probe,
the probe was placed into a standard solution (100 nM concentration of acetylcholine and
choline). After collection, brain dialysis samples were frozen for later analysis using HPLC as
described in Experiment 2.

2.6 Histology

3. Results

After completion of each experiment, animals were anesthetized with 0.5 mg/kg, i.p. injection
of Sleep-Away (26% sodium pentobarbital in 7.8% isopropy! alcohol and 20.7% propylene
glycol solution; Fort Dodge, lowa). The brains were extracted, post-fixed in a 10% formalin
solution for at least 72 h and then transferred to a 30% sucrose solution. Coronal sections from
the brains were cut (60 pm thick) on a sliding microtome (Sm2000r; Lecia Instruments,
Wetzlar, Germany) and later stained with cresyl violet for assessment of thalamic lesion status
and probe locations. Only rats with the correct cannula and probe placements were included
in the final analysis for Experiments 2 and 3.

3.1 Histology

Figure 1 displays an intact PF brain (A) relative to PTD-induced thalamic neuropathology (B)
with arrows pointed at the midline thalamic lesion. In the lower panels are representative
cannula placements in the medial septum (C) and a microdialysis probe tract into the ventral
hippocampus (D). In Experiments 2 and 3, some rats had missed cannulae locations in the
medial septum and/or the ventral hippocampus. The final subjects counts were 12 for
Experiment 2 (PF = 6; PTD = 6) and 16 for Experiment 3 (PF = 8; PTD = 8).

3.2 Effects of systemic tacrine on spontaneous alternation

Counterbalancing the drug dose across sessions did not affect behavior (both F’s <1.6). Figure
2A displays that PTD rats had higher activity levels (number of arms entered) than PF rats
during spontaneous alternation testing. A mixed model design of one between-subjects factor
(Group: PF, PTD), one within-subjects factor (Dose: Saline, 0.75, 1.5 mg/kg) ANOVA
(StatView 5, SAS Institute Inc., Cary, NC, USA) provided statistical confirmation that PTD
animals were more active than PF rats (Group effect: F [1,14] = 4.77, P < 0.05). However,
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there was no effect of dose on the number of arms entered (F [2,28] = 1.26) nor a Group X
Dose interaction (F<1).

Given that the groups differed in activity, the data for alternation rates were corrected for only
the first 17 arms entered. The same ANOVA model [one between-subjects factor (Group), one
within-subjects factor (Dose)] on the modified alternation scores revealed the alternation
performance of two groups (PF and PTD) was differentially affected by the drug conditions
(Group X Dose interaction: F [2,28] = 5.53, P < 0.01; see Figure 2B; Note: The uncorrected
data also had a significant Group X Dose interaction, P<0.01). Follow-up analyses of the
interaction revealed that in the PTD rats, as the dose of tacrine increased, alternation scores
improved (F [1,14] = 6.36, P < 0.01). In contrast, there was no significant effect of dose on PF
animals. Pair-fed animals displayed a non-significant trend for a decrease in percent alternation
(F[1,14] = 1.32).

Control animals alternated at a significantly higher level than PTD animals when administered
saline (F [1,14] = 8.76, P < 0.01). When comparing the alternation rates between groups after
administration of the 0.75 and 1.5 mg/kg of tacrine, no significant differences were found [both
F’s (1,14) < 1.6]. PTD animals that received 1.5 mg/kg of tacrine performed at (56.2%)
comparable levels to PF animals on saline (58.9%), demonstrating complete behavioral
recovery.

Similarly to the alternation scores, systemic tacrine only affected the perseveration scores in

the PTD group (Group X Dose interaction: F [2,28] = 3.44, P < 0.05). Under the saline control
condition, the PTD group had more perseveration behavior than PF rats (PF = 24.27% =+ 3.09;
PTD = 43.45 + 6.36; F [1,14] = 7.35, P < 0.02). However, after i.p. injections of tacrine there
were no differences in perseveration behavior between the groups (0.75 mg/kg: PF = 38.64%
+7.51; PTD = 30.48 £ 5.88; 1.50 mg/kg: PF = 34.51% + 5.88; PTD = 36.37 = 6.14; both F’s
[1,14] <1).

3.3 Effects of intraseptal tacrine infusion on hippocampal acetylcholine efflux

Basal amounts of acetylcholine in fentomoles in the hippocampus were assessed with a one
between-subjects factor (Group: PF vs. PTD) ANOVA. The analyses revealed that there were
no differences as a function of Group for any condition (Mean PF = 138.25 + 13.04 [SEM];
PTD =106.90 + 19.45; all F’s [1,10] < 1). Given that there was a 20% rise in acetylcholine
efflux after the saline injection (relative to baseline), the data under each dose was transformed
to reflect change from saline. In other words, instead of calculating drug rise as a percent of
baseline it was calculated as a percent rise relative to saline to account for the increase in
acetylcholine efflux caused by the injection procedure. There was no overall order effect of
counterbalancing drug dose (F [1,10]< 1). Thus, a mixed model ANOVA with one between-
subjects (Group) and two within-subjects factors (Dose [2.5, 5.0, 12.5 pg]; Sample Time (15,
30, 45, 60, 75, 90 min) was used to assess changes in acetylcholine efflux across time.

As shown in Figure 3, intraseptal tacrine infusions increased hippocampal acetylcholine levels
in both groups, but the effect of the drug was greater in the PTD rats. There were main effects
for Group (F [1, 10] = 5.63; P < 0.05) and Sample Time (F [5,50] = 4.85; P <0.01) and a
significant interaction of Dose X Sample Time (F [10,100] = 1.95; P < 0.05; see Figures 3AB).
No other main effects or interactions were significant.

Follow-up analyses were conducted to investigate the main effect of Group and the Dose X
Sample Time interaction. One between-subjects factor (Group), one within-subjects factor
(Time: early, late) ANOVAs were conducted to contrast group differences as a function of
dose and time. The main effect of Group was caused by the PTD rats having an overall greater
change in hippocampal acetylcholine efflux, relative to PF rats, at the early time points (15—
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45 min) at both 5.0 and 12.5 ug (both F’s [1,10] > 5.49; P < 0.05). Furthermore, the change in
acetylcholine efflux persisted longer (from 60-90 min) in the PTD group, relative to the PF
group, at 12.5 pg (F [1,10] = 8.3; P < 0.05). The Dose X Sample Time interaction was driven
by 12.5 ug across both groups, creating a greater rise in hippocampal acetylcholine efflux than
2.5 pg shortly after infusion (F [1,10] = 9.05, P < 0.05) and for a longer duration than 5.0 ug
(F[1,10]1 =7.74, P < 0.05).

3.4 Effects of intraseptal tacrine infusion on behavioral performance and hippocampal
acetylcholine efflux

3.4.1 Effects of intraseptal tacrine infusion on behavioral performance—An
analysis of order effects revealed that counterbalancing the drug condition across sessions did
not affect alternation rates, number of arms entered or acetylcholine efflux in either group (all
P’s>0.17). Amixed model ANOVA with one between-subjects (Group) factor and one within-
subjects (Dose) factor revealed that there were no differences in activity scores as a function
of group (F [1,14] = 1.56), drug dose (F [1,14] = 1.02) or the interaction of those variables (F
[1,14] < 1; Figure 4A).

Figure 4 displays the significant difference in percent alternation between PF and PTD-treated
rats under saline as well as after intraseptal infusion of tacrine. Given that tacrine produced an
inverted-U function in PTD rats, the non-monotonic relationship was assessed with three
separate one between-subjects factor (Group), one within-subject factor (Dose) ANOVAS to
assess saline vs. 5.0 pg tacrine and saline vs. 12.5 pg tacrine, 5.0 ug vs. 12 ug (similar to the
recommendation to use Dunnet’s test when non-monotonic curves exist (see Henck, 2002).

When performance between the groups was compared after saline infusion, PTD rats had
significantly lower alternation performance than PF rats (F [1,14] = 21.46; P < 0.001). After
5.0 ug of tacrine there was a significant (10%) increase in the percent alternation of PTD
animals (F [1,7] = 6.81; P < 0.05), but not the PF rats (F [1,7] < 1). However, when comparing
the alternation rates between Groups after the infusion of 5.0 ug of tacrine, PF rats still had a
significantly higher (16%) rate of percent alternation than the PTD rats (F [1,14] = 12.48; P <
0.01). Thus, although 5.0 ug of tacrine increased performance in the PTD animals, it did not
result in alternation rates comparable to PF animals.

When the high dose of tacrine was contrasted to saline there was no change in behavior in
either group (no effect of Drug [F < 1]). Within each group, 12.5 ug of tacrine did not increase
alternation levels above saline (both F’s [1,14] < 1). Thus, the PF rats alternated at significantly
higher levels than the PTD-treated rats (F [1,14] = 12.13; P < 0.01).

Furthermore, when the performance of all rats was contrasted between when they were given
5 pg to when they were administered 12.5 pg, PF rats had higher alternation scores than PTD
rats regardless of drug condition (main effect of Group: F [1,14] = 23.34; P < 0.01). These data
suggest an inverted-U type of function.

A mixed model design of one between-subjects factor (Group), one within-subjects (Dose)
ANOVA revealed that rates of perseveration were greater in the PTD rats (39.6% + 1.79)
relative to the PF rats (28% + 2.21; main effect of Group: F [1,14] = 26.5, P <0.01). In addition,
the main effect of Dose was significant (F [2,28] = 4.9, P < 0.05): Intraseptal administration
of tacrine produced an overall reduction in perseveration (Saline: 39.8% * 2.8; 5.0 pg: 29.7%
+2.8; 12.5 nug: 32% = 2.5) in both groups.

3.4.2 The effects of intraseptal tacrine infusion on hippocampal acetylcholine

efflux prior to, during and after behavior testing—A one between-subjects factor
(Group), one within-subjects factor (Dose) ANOVA verified that basal amounts of
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acetylcholine (fentomoles) in the hippocampus were not different as a function of Group or
Dose condition (PF = 139.96 + 13.04; PTD =112.11 £ 15.87; all F’s [1,10] < 1). An area under
the curve analysis, which collapsed acetylcholine values across phase and sample time for each
dose (saline, 5.0, 12.5 pg) revealed that the two doses of tacrine infused into the medial septum
increased acetylcholine levels beyond the saline infusion in both groups (main effect of Dose
(F [2,28] = 3.31, P = 0.05; Group, Group X Dose, F’s<1). This composite of changes in
acetylcholine levels as a function of dose is shown in Figure 5-A.

However, given that the two groups responded differently to tacrine as a function of time in
Experiment 2, two separate three within-subjects (Dose: saline, 5.0, 12.5 pg), Phase (baseline,
infusion, maze, after), Sample time (1-3) ANOVAs were conducted for each Group (PF, PTD).
In the PF group, acetylcholine efflux increased during the infusion phase and behavioral testing
phase as a function of time (Phase [F (3,21) = 21.64, P < 0.01), Sample Time (F [2,14] = 7.33,
P <0.01), Phase X Sample Time interaction (F [6,42] = 6.05, P < 0.01). The Phase X Sample
interaction was driven by an increase in acetylcholine efflux during all sample times during
the infusion of 12.5 pg (all t’s [24] > 2.25, P’s < 0.05) and during maze testing (all t’s [24] >
4.35, P’s < 0.01), but a gradual decrease in acetylcholine efflux as a function of sample time
in the post-baseline phase (S1 and S2: t’s [24] > 3.36, P’s < 0.01; S3: t [24] < 1). Performing
on the maze increased acetylcholine level beyond the infusion phase by 52.82%, 67.5% and
46.94% in PF rats in the saline, 5.0 ug and 12.5 pg conditions, respectively. This effect is seen
in Figure 5B.

In the PTD group, acetylcholine levels also changed during the infusion phase and testing
phase, but the different doses effected peak acetylcholine levels at different time points (Phase
[F (3,21) =51.96, P < 0.01), Phase X Sample Time interaction (F [6,42] = 8.69, P < 0.01),
Dose X Phase X Sample Time interaction (F [12,84] = 1.89, P < 0.05). Dunnett’s test was used
as a method for comparing means to the saline reference given the significance of the 3-way
interaction from the F-test. The Dose X Phase X Sample interaction was due to the fact that
during the infusion phase, 5.0 ug of tacrine created a greater rise in acetylcholine efflux, relative
to saline, during sample periods 1 and 2 (both t’s [14] > 3.1, P’s < 0.01). In contrast, during
the maze-testing phase 12.5 ug of tacrine, relative to saline, produced a greater change in
acetylcholine efflux during sample period 1 and 2 (both t’s [14] > 2.56, P’s < 0.05). Performance
on the maze increased acetylcholine level beyond the infusion condition by 57.29%, 29.3,%
and 57.57% in PTD rats in the saline, 5.0 ug and 12.5 ug conditions, respectively. Figure 5C
displays the changes in the PTD rats as a function of drug dose and phase.

3.5 Comparison of behavior across systemic and intraseptal infusion experiments

Across the behavioral experiments, rats with intraseptal cannulae, regardless of treatment
condition (PF, PTD), were more active on the maze (arms entered: 26.75+ 1.54 vs. 20.31+
1.85; F[1,28]=8.52, P < .01). However, there was not a significant difference in alternation
scores between the two experimental conditions (F[1,18]<1). No other differences in behaviors
across the studies were observed.

4. Discussion

There has been some debate as to the putative neural targets for AChE inhibitors to exert their
therapeutic pro-cognitive effects (Wu et al., 2004; Wu et al., 2003). In subjects with
compromised cholinergic function, there is often improvement with systemic (Beninger et al.,
1995; Chang and Gold, 2008; Matsuoka et al., 1991; Roland et al., 2008), intrahippocampal
(Chang and Gold, 2004; Roland et al., 2008), and intraseptal (Frick et al., 1996; Sabolek et al.,
2004a) infusions of AChE inhibitors. Currently, systemic tacrine dose-dependently increased
spontaneous alternation behavior in PTD-treated rats to within the range of PF rats. However,
intraseptal infusion of 5.0 ug of tacrine, but not 12.5 g, led to partial recovery of spontaneous
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alternation behavior in PTD rats. Nevertheless, neither systemic nor intraseptal administration
of tacrine significantly altered the behavior of intact PF rats.

Rats with a loss of cholinergic neurons in the medial septum/diagonal band have suboptimal
levels of hippocampal acetylcholine (Chang and Gold, 2004) and intraseptal infusions of drugs
like tacrine may enhance the signaling capability of the septohippocampal circuit to within a
functional range. However, in normal rats these drugs may increase signal capacity within the
septohippocampal pathway transforming hippocampal theta activity into an epileptiform that
adversely affects behavior (Sabolek et al., 2004b; Wallenstein and Hasselmo, 1997). Evidence
from a number of preparations suggests that there is a restricted range of acetylcholine levels
in the medial septum and hippocampus that optimizes cognitive functions (Hasselmo, 2006;
Roland et al., 2008; Sabolek et al., 2004a).

A caveat of microdialysis studies is that handling (Nilsson et al., 1990) and restraint (Imperato
etal., 1991) increase hippocampal acetylcholine levels. Thus, the physiological stimulation
created by the infusion procedure increased hippocampal acetylcholine levels greater than 20%
in both PF and PTD rats. This procedure-induced change in acetylcholine efflux masked the
behavioral differences in acetylcholine levels seen between PTD-treated and PF rats reported
in our previous non-drug studies (Roland et al., 2008; Roland and Savage, 2007; Savage et al.,
2003; Savage et al., 2007; Vetreno et al., 2008). However, as shown in Figures 4 and 5,
intraseptal tacrine significantly increased hippocampal acetylcholine levels beyond saline
infusion for the 12.5 ug dose in PF rats and both doses in PTD rats.

The behavioral differences seen after septal administration of tacrine between PF and PTD rats
can be partially explained by differential reactions to the drugs effect of increasing hippocampal
acetylcholine levels. PTD-treated rats had an overall greater change in hippocampal
acetylcholine levels, relative to PF rats, at the early time points at both 5.0 and 12.5 pg of
tacrine. Behaviorally, intraseptal administration of tacrine produced an inverted U curve in
PTD rats: 5.0 ng improved performance, but the higher 12.5 pg dose had no effect.
Neurochemically, there was also a trend for 5.0 pg to produce an initial accelerated rise in
hippocampal acetylcholine levels in PTD rats in Experiment 2 and in Experiment 3 during the
pre-testing infusion phase. However, 12.5 ng of tacrine also increased acetylcholine levels
during maze testing. Thus, there is no direct linear relationship between the modulation of
medial septal acetylcholine receptor activation, hippocampal acetylcholine levels and
behavioral success. This is not a new finding as there are instances in which the effects of septal
pharmacological manipulations on memory do not parallel their effects on hippocampal
acetylcholine levels (see Parent and Baxter, 2004). Given that the septal region is rich in
muscarinic receptors that reside upon cholinergic, GABAergic and glutamatergic neurons
(Levey etal., 1995; Manseau et al., 2005; Rowntree and Bland, 1986; Van der Zee and Luiten,
1994), intraseptal drug infusion of AChE inhibitors have widespread effects on septal,
hippocampal and cortical physiology across a range of neurotransmitter systems.

The integrity of GABA neurons in the medial septum is critical for hippocampal functioning
(Givens and Olton, 1990; Smythe et al., 1992). In PTD rats, recovery of performance produced
by intraseptal infusions of the GABA antagonist bicuculline (Roland and Savage, 2009b) was
more complete than that observed in the present intraseptal infusions of tacrine. These results
suggest a significant role for drug therapies that modulate the synergistic interactions between
the forebrain cholinergic and GABAergic systems for the treatment of cognition decline.

Our previous work has demonstrated that ChAT-immunopositive medial septum/diagonal

band neurons, but not those in the nucleus basalis magnocellularis, are reduced after thiamine
deficiency (Savage et al., 2007). Furthermore, two populations of GABAergic medial septum/
diagonal band neurons (those immunopositive for parvalbumin or calbindin) are spared after
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thiamine deficiency (Roland and Savage, 2009a). The cholinergic neurons of the medial
septum/diagonal band may be particularly vulnerable to thiamine deficiency for three reasons:
(1) Thiamine deficiency induces the inhibition of acetylcholine synthesis due to a reduction of
the thiamine-dependent acetyl coenzyme A; (2) Thiamine deficiency leads to mitochondrial
dysfunction, glutamate-related excitotoxicity, and increased oxidative stress reactions (Todd
and Butterworth, 1999; 2001) and cholinergic cells have a higher demand for energy
production, are more sensitive to glucose deprivation (Szutowicz et al., 2007) and oxidative
stress (McKinney, 2005) relative to other neuronal populations; (3) The cholinergic neurons
of the medial septum/diagonal band, but not nucleus basalis magnocellularis, have the
neurotrophin p75 receptor that appear to pro-regulate cell death under neurotoxic conditions
(Kaplan and Miller, 2000).

It should be noted that significant brain pathology beyond the loss of cholinergic neurons in
the medial septum/diagonal band contributes to the amnestic syndrome in the PTD model.
Previous studies have shown that learning and memory impairments in the PTD rat are closely
related to damage in particular two key nuclei within the limbic thalamus: internal medullary
lamina and anteroventral thalamic nuclei (Langlais and Savage, 1995; Mair et al., 1991).

Furthermore, the loss of cholinergic neurons in the medial septum/diagonal band of PTD-
treated rats correlated with both behavioral impairment and midline thalamic tissue loss
(Roland and Savage, 2009a). Cortical abnormalities leading to decreased behavioral flexibility
may also play a role in cognitive decline after thiamine deficiency (Carvalho et al., 2006). In
contrast, simple cognitive and motor performance is relatively unaffected in the recovered
thiamine deficiency rodent (Langlais and Savage, 1995; Nakagawasai et al., 2001). Thus, the
severity of diencephalic amnesia is likely to be related to the extent of damage to multiple sites
in the limbic system.

The current results suggest that AChE inhibitors are likely modulating the reactions of the
depleted cholinergic neurons as well as the intact GABAergic neurons in the MS of PTD rats.
This dual reaction of intraseptal tacrine administration is likely through both the excitatory M3
and the inhibitory M2 muscarinic receptor subtypes present in the medial septum/diagonal
band region. The M3 receptors are located on the GABAergic neurons that project to the
hippocampus and when activated, hippocampal GABAergic neurons are inhibited leading to
an increase in the activity of hippocampal pyramidal neurons (Wu et al., 2003). However,
intraseptal AChE inhibitor infusion has also been shown to decrease acetylcholine production
through negative-feedback inhibition on the M2 receptor. Therefore, when acetylcholine levels
increase after intraseptal AChE inhibitor administration, the activity of the medial septum/
diagonal band cholinergic neurons is reduced—particularly in the intact subject (Levey et al.,
1995; Wu et al., 2003). Acetylcholinesterase inhibitors are likely to produce differential
behavioral-neurochemical reactions depending on the status of neuronal populations with in
the medial septum/diagonal band.

Intraseptal AChE inhibitor infusion may be creating two opposing mechanisms; increased
septohippocampal GABAergic activation and decreased acetylcholine production.
Intrahippocampal infusion of AChE inhibitors has consistently resulted in increased spatial
memory performance and hippocampal acetylcholine levels (Degroot and Parent, 2000;
2001; Roland etal., 2008), whereas intraseptal infusion of AChE inhibitors has produced mixed
results. Nevertheless, manipulations in both of these regions have demonstrated inverted-U
shape relationships in terms of memory improvement. Inverted-U shape functions have been
exhibited by intraseptal tacrine (Sabolek et al., 2004a), systemic glucose (Ragozzino et al.,
1996), intrahippocampal physostigmine (Roland et al., 2008) and intrahippocampal bicuculline
(Zarrindast et al., 2002), where low and high doses impaired memory or where ineffective --
but intermediate doses improved memory. High doses of memory-enhancing drugs may be
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increasing “noise” or attention to unimportant stimuli in the environment that is interfering
with the relevant to-be remembered information (Gold, 2006). As discussed previously, the
5.0 ug dose of tacrine could be a dose that produces a physiological balance between muscarinic
receptor activation across cholinergic and GABAergic neurons in the medial septum/diagonal
band. Again, the results point towards a model of septohippocampal function in which there
is an optimal range of cholinergic tone for optimal behavioral and hippocampal function
(Hasselmo, 2006; Roland et al., 2008; Sabolek et al., 2004a).

In summary, systemic administration of the AChE inhibitor tacrine restored the deficit in
spontaneous alternation in PTD-treated rats whereas intraseptal administration of tacrine
produced an inverted-U curve in behavior and increased hippocampal acetylcholine levels in
PTD rats. The effect of intraseptal tacrine on hippocampal acetylcholine levels was more
pronounced in PTD rats, relative to control PF rats. This suggests that the memory deficits and
the improvement after AChE inhibitors reflect the ability of dysfunctional forebrain cholinergic
mechanisms to respond when appropriately stimulated. Understanding how the modulation of
septohippocampal circuits in amnestic populations alters hippocampal function is critical to
the development of therapeutics for cognitive dysfunction.
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A. PF thalamus

C. Septal infusion cannula D. Hippocampal probe

Figure 1. Histology

Cresyl violet stained sections demonstrating the thalamus of a PF-rat (A) for comparison to a
PTD-induced lesion of the thalamus (B). The arrows on panel B point to the midline thalamic
lesion caused by thiamine deficiency. Panels CD shows acceptable placement of septal drug
probe (C) and the ventral hippocampal microdialysis probe (D). The arrows in panel C point
to the top and bottom of where the microdialysis probe was located (The infusion needle
extended 0.5 mm beyond the drug cannula). The arrows in panel D points to the end of the
cannula in the hippocampus and the beginning and end of the microdialysis probe tract.
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Figure 2. Experiment 1: Spontaneous alternation performance during systemic saline and tacrine
administration

Behavioral data (Mean + SEM) from spontaneous alternation testing for PF (n = 8) and PTD
(n = 8) rats after systemic administration of saline, 0.75 and 1.50 mg/kg of tacrine. Panel A
displays that across drug treatments; PTD rats were more active (entered more arms) than PF
rats (P < 0.05). Panel B shows the differences between PF and PTD-rats in modified (corrected
for number of arms entered) spontaneous alternation scores under the saline condition. In
addition, tacrine dose-dependently improved alternation scores only in the PTD group (P <
0.01).
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Figure 3. Experiment 2: Hippocampal acetylcholine release after intraseptal saline or tacrine
administration
Profiles of hippocampal acetylcholine release (Mean percent rise above saline = SEM) after

intraseptal tacrine infusions in PF (n = 6; Panel A) and PTD (n = 6; Panel B) animals shown
in 15-minute sample bins for 90 min after infusion. The lowest dose of tacrine (2.5 ug) did not
alter hippocampal acetylcholine effux in PF or PTD rats. Although the medium (5.0 ug) and
high (12.5 ug) doses of tacrine infused into the medial septum increased hippocampal
acetylcholine efflux in both PF and PTD rats, the percent change in acetylcholine efflux was
greater in PTD rats (all P’s < 0.05).
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Figure 4. Experiment 3: Spontaneous alternation performance after intraseptal saline or tacrine
administration

Behavioral data (Mean + SEM) from spontaneous alternation testing for PF (n = 8) and PTD
(n = 8) rats after septal infusions of saline or tacrine (5.0, 12.5 ug). Panel A shows that activity
on the maze was equal across groups and did not change as a function of drug dose. Panel B
shows the overall significant difference between PTD and PF rats in alternation behavior:
Regardless of drug condition PF alternated at higher rates than PTD rats (saline: P <0.001; 5.0
ug: P <0.01; 12.5 ug: P < 0.01). However, intraseptal infusion of 5.0 ug tacrine did improve
alternation rates in the PTD group (P < 0.05).
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Figure 5. Experiment 3: Hippocampal acetylcholine release after intraseptal saline or tacrine
administration

Panel A represents the overall change in hippocampal acetylcholine efflux of PF and PTD rats
collapsed across phase and time. In contrast, Panels B and C show the complete profiles of
acetylcholine efflux (Mean percent rise above baseline + SEM) in PF (n = 8; Panel B) and PTD
(n = 8; Panel C) rats as a function of intraseptal drug dose (Saline, 5.0, 12.5 ug) during the
phases of baseline (B1-B3), drug infusion (D1-D3), behavioral testing (M1-M3), and post-
baseline (A1-A3). The acetylcholine efflux form the samples collected at 6-min intervals is
expressed as percent change from baseline. There was a significant Dose X Phase X Sample
interaction in the PTD group (P < 0.05).
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