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Noradrenergic denervation facilitates the release of acetylcholine and serotonin in the hippocampus: Towards a mechanism underlying upregulations described in MCI patients?
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Abstract. Patients with mild cognitive impairment (MCI), who are at risk for Alzheimer's disease (AD), or those with early AD, exhibit noradrenergic degeneration in the locus coeruleus. In MCI patients, upregulations of cholinergic and serotonergic functions were described in the hippocampus. To investigate the effects of selective noradrenergic denervation on hippocampal neurotransmitter functions, rats were treated with 50 mg/kg (i.p.) of N-2-chlorethyl-N-ethyl-2-bromobenzylamin (DSP-4). DSP-4 treatment reduced hippocampal noradrenaline (NA) by more than 90% (vs. controls), whereas dopamine and 5-HT levels were unaffected. The accumulation and electrically-evoked release (in nCi) of [3H]-NA in hippocampal slices were strongly reduced. Accumulation of [3H]-5-HT was reduced in DSP-4 rats, whereas spontaneous and electrically-evoked release of [3H]-5-HT were significantly enhanced, probably due to a weaker effect of endogenous NA via (2-adrenoceptors on serotonergic terminals. Accordingly, the (2-agonist UK-14,304 [5-bromo-6-(2-imidazolin-2-ylamino)-quinoxaline] more potently inhibited the evoked 5-HT release in DSP-4 rats, whereas the (2-antagonist idazoxan failed to exert facilitatory effects. Most surprisingly, the accumulation of [3H]-choline, and both the basal and electrically-evoked overflow of [3H] from hippocampal slices preincubated with [3H]-choline, were also significantly increased in DSP-4 rats. These observations suggest that noradrenergic damage in the locus coeruleus may facilitate cholinergic and serotonergic functions in the hippocampus. Although the current lesion model does not mimic the protracted evolution of neurodegenerative processes in MCI and AD, our data could point to an explanation for the upregulations of cholinergic and serotonergic functions described in the hippocampus of MCI patients.
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Introduction

Histo- and neuropathologically, Alzheimer's disease (AD) is characterized by neurofibrillary tangles, amyloid plaques, degenerative alterations in hippocampal and retrohippocampal regions, loss of cholinergic neurons in the basal forebrain (Braak and Braak, 1993; deToledo-Morrell et al., 2004; Palmer, 2002; Perry et al., 1978; Stoub et al., 2005), and a decrease in noradrenergic functions in the locus coeruleus (Adolfsson et al., 1979; Forno, 1966; Haglund et al., 2006; Palmer, 1996; Palmer, 2002). Although noradrenergic lesions generally do not affect memory functions in rats [e.g. (Lapiz et al., 2001; Sirviö et al., 1994)], they potentiate the amnesic effects that arise from either muscarinic blockade (Ohno et al., 1993; Ohno et al., 1997) or damage to the nucleus basalis (Abe et al., 1997). Moreover, such lesions alter the retrieval of intermediate-term memories in both mice and rats (Murchison et al., 2004). Interestingly, a recent experiment using the APP23 mouse model of AD (Heneka et al., 2006) showed that selective lesions of noradrenergic neurons in the locus coeruleus potentiated the amyloid plaque burden, reduced cerebral glucose metabolism, disrupted neuronal integrity and exacerbated memory deficits in comparison with age-matched transgenic controls (see also Kalinin et al., 2007). Heneka et al. (2006) attributed these observations to a lesion-induced reduction of anti-inflammatory effects of noradrenaline. However, such lesions might also affect cognition by altering the functional modulation of other neurotransmitter systems that respond to noradrenergic signalling and are weakened by the transgene. For instance, noradrenaline is known to presynaptically inhibit hippocampal serotonin release [see: (Vizi and Kiss, 1998)] and serotonergic-cholinergic interactions play a crucial role in memory functions [see: (Cassel and Jeltsch, 1995; Jeltsch et al., 2008; Ruotsalainen et al., 1998; Steckler and Sahgal, 1995)]. Interestingly, degenerative processes in the locus coeruleus have been described as an early event in patients with mild cognitive impairment (MCI) or early AD (Grudzien et al., 2007). Moreover, MCI patients, who are at risk to develop AD, exhibited upregulations of cholinergic and serotonergic functions in the hippocampus [e.g., (DeKosky et al., 2002; Truchot et al., 2007)]. Thus, the question of a possible involvement of noradrenergic degeneration in these apparently adaptative upregulations can be raised.

The present study investigated the effects of a selective noradrenergic denervation on the modulation of serotonin and acetylcholine release in the hippocampus. Noradrenergic lesions were induced by intraperitoneal injections of N-2-chlorethyl-N-ethyl-2-bromobenzylamin (DSP-4), which has been shown to induce lasting and selective lesions of noradrenergic neurons in the locus coeruleus (Fritschy and Grzanna, 1991; Grzanna et al., 1989), while peripheral sympathetic neurons recover within a few days (Archer et al., 1982; Jonsson et al., 1981). The toxicity of DSP-4 seems to involve both a high affinity to the noradrenaline transporter and the formation of aziridinium ions (Dudley et al., 1990; Jonsson, 1980; Zieher and Jaim-Etcheverry, 1980), followed by alkylation of neuronal noradrenaline uptake sites (Lee et al., 1982). 

Materials and Methods

Chemicals and Drugs 
Chemicals and drugs were obtained from the following sources: [3H]5-HT (5-[1,2-3H(N)] hydroxytryptamine creatinine sulphate, 30.0 Ci/mmol) and [³H]noradrenaline (norepinephrine, levo-[ring-2,5,6-³H], 56.4 Ci/mmol), from Perkin-Elmer, Rodgau, Germany; [3H]choline ([methyl-3H]-choline, 82 Ci/mmol) and [1-14C]acetyl-coenzyme-A from GE Healthcare GmbH, Freiburg, Germany; N-2-chlorethyl-N-ethyl-2-bromobenzylamin (DSP-4) and 6-nitroquipazine from Sigma-Aldrich, Taufkirchen, Germany; hemicholinium-3 from ChemCon, Freiburg, Germany; 3-[3-(Dimethylamino)propyl]-4-hydroxy-N-[4-(4-pyridinyl)phenyl]benzamide (GR-55,562) from Biotrend (Köln, Germany). The following drugs were kindly donated: 3-(1,2,5,6-tetrahydropyrid-4-yl)pyrrollo[3,2-b]pyrid-5-one (CP-93,129) by Pfizer (Groton, USA); (±)idazoxane HCl by Reckitt & Colman (Kingston-upon-Hull, UK); (+)oxaprotilin from Novartis, Basel, Switzerland; 5-bromo-6-(2-imidazolin-2-ylamino)-quinoxaline tartrate (UK-14,304) by Pfizer (Sandwich, Kent, UK).
Animals and housing conditions
Male Long-Evans rats (3-4 months; Centre d’élevage R. Janvier, Le Genest-St-Isles, France) were used for this study. All rats were housed individually in transparent Makrolon cages (42 x 26 x 15 cm) under controlled temperature (23°C) and a 12/12 h light/dark cycle (lights on at 7 a.m.). Food and water were provided ad libitum. All procedures involving animal care and experimentation were conducted in accordance with institutional guidelines that comply with the German law for animal protection (DtTSchG, 25.5.1998, last modification: 21.6.2005) and the European Communities Council Directive of 24 November 1986 (86/609/EEC; reference for the official licence to J-C.C. is # 67-215).

Treatment with DSP-4
Nineteen male Long-Evans rats were treated by intraperitoneal injection with 50 mg/kg DSP-4 dissolved in 0.9% NaCl at a concentration of 25 mg/ml (group: DSP-4). An additional 18 rats were treated with the corresponding volume of 0.9% NaCl (group: SHAM). 
Dissection of tissue
Between 14 and 42 days after pre-treatment the rats were anesthesized by carbon dioxide inhalation and sacrificed by decapitation. The brain was quickly removed and transferred into ice-cold modified Krebs-Henseleit (KH) buffer of the following composition (in mM): NaCl, 118; KCl, 4.8; CaCl2, 1.3; MgSO4, 1.2; NaHCO3, 25; KH2PO4, 1.2; glucose, 10; ascorbic acid, 0.6; Na2EDTA, 0.03; saturated with carbogen (95% O2/5% CO2), pH adjusted to 7.4. From the posterior part of the brain, the dorsal three quarters of both hippocampi were dissected out and cut along the septotemporal axis into 350-µm thick slices with a McIIwain tissue chopper; these slices were then used for superfusion experiments (see below). 
As in many of our former experiments in brain-damaged rats [e.g., (Birthelmer et al., 2003a; Birthelmer et al., 2002a; Birthelmer et al., 2002b; Birthelmer et al., 2003b; Cassel et al., 1995; Jackisch et al., 1999)], the remaining ventral part of the hippocampus was homogenized in 1 ml 0.32 M sucrose (in 2.5 mM HEPES, pH 7.4) using a Potter Elvehjem glass/Teflon homogenizer (8 strokes at 500 rpm) in order to assess the neurochemical effects of DSP4. From the crude homogenate the following aliquots were prepared and stored at –80°C until further neurochemical analysis (see below): a 40 µl sample (diluted with 360 µl 0.1 N NaOH) for measurement of protein (Lowry et al., 1951); a 100 µl aliquot for determination of choline acetyltransferase (ChAT); a mixture of 500 µl crude homogenate and 500 µl 0.2 N HClO4 (containing 250 mg Na2SO3 and 200 mg Na2EDTA per liter) for determination by HPLC of NA, dihydroxyphenylacetic acid (DOPAC), dopamine (DA), 5-hydroxyindole acetic acid (5-HIAA) and 5-HT levels. It should also be noted that both dorsal and ventral parts of the hippocampus, which were used for either transmitter release experiments or neurochemical analyses, respectively, contained all of the well known hippocampal subregions (e.g. dentate gyrus, CA1 to CA3, etc.). 
HPLC 
Tissue concentrations (in ng/mg protein) of DA, DOPAC, 5-HT, 5-HIAA and NA were determined by HPLC with electrochemical detection. Following thawing, the samples (see above) were centrifuged (10 min at 17.000 x g; 4°C) and the supernatants filtered using Millex-GV4 filters (0.22 µm; Millipore GmbH, Eschborn, Germany). Twenty microliters of the filtrated supernatants were injected onto a reversed phase HPLC column (Luna 5 µm C8; 250 x 4.6 mm column; Cat. No. OOG-4040-EO; Phenomenex, Aschaffenburg, Germany); separation was performed at 30°C with a flow of 1 ml/min (pump model 480, Gynkotek, München, Germany). The mobile phase had the following composition (per liter): 3.9 g sodium acetate, 4.0 g citric acid (monohydrate), 114 mg 1-octanesulfonic acid (sodium salt), 35.7 mg Na2EDTA, 138.1 ml methanol and 7.15 ml ethanol (pH adjusted to 4.2 with acetic acid). The amounts of the monoamines and some of their metabolites were determined using the electrochemical detector INTRO (Antec, Leyden, The Netherlands) set at 600 mV (at 30°C) with a standard calibration curve. The detection limits were as follows (retention times in parentheses): 1.0 pg for NA (5.4 min), 1.5 pg for DOPAC (8.0 min), 1.3 pg for DA (9.6 min), 1.5 pg for 5-HIAA (12.2 min) and 1.6 pg for 5-HT (19.2 min).

Choline acetyltransferase (ChAT) activity 
Enzymatic activity of ChAT in the crude homogenate samples (see above) was determined according to Fonnum (Fonnum, 1975), with modifications. In brief, 100 µl of the crude homogenate were diluted with 100 µl of a freshly prepared medium containing 0.32 M sucrose, 129 mM NaCl, 88 mM NaH2PO4, 2.5 mM HEPES, 0.9 mM EGTA, 0.9 mM Na2EDTA, 179 µM physostigmine and 0.45% Triton-X100. Twelve microliters of this mixture (all samples in triplicates) were added to 6 µl of choline bromide (32 mM). The incubation was started by the addition of 6 µl of [14C]acetyl-coenzyme-A (50 nCi/assay; 0.227 mM final concentration) and vigorous mixing. After 20 min at 37°C, twenty microliters of the mixture were pipetted into a mixture of 5 ml sodium phosphate buffer (10 mM; pH 7.4) and 2 ml sodium tetraphenylborate in acetonitrile (5 mg/ml). From this mixture the newly formed [14C]ACh was extracted by careful shaking with 10 ml of toluene scintillator. Following separation of the aqueous and organic phases, the samples were directly counted by liquid scintillation counting (LSC). In order to correct for non-specific effects, 2 samples were run at 0°C in each case.
Electrically-evoked release of [3H]NA, [3H]5-HT and [3H]ACh 
The hippocampal slices (see above) were washed three times with ice cold KH buffer and incubated in 2 ml KH buffer containing 0.1 µM of either [³H]NA, [³H]5-HT or [3H]choline, respectively, for 45 min at 37°C under a flow of carbogen. After incubation, brain slices were carefully washed with KH buffer (at 37°C), transferred into superfusion chambers (one slice per chamber) and superfused at a rate of 0.6 ml/min with oxygenated KH buffer at 37°C. In order to ensure similar extracellular neurotransmitter concentrations during the release of these various transmitters, the superfusion buffer was routinely supplemented with the reuptake inhibitors of 5-HT (6-nitroquipazine, 1 µM) and choline (hemicholinium-3, 10 µM); for experiments on evoked NA release and for most of those on 5-HT release, the extracellular NA concentrations were further increased by the addition of a specific NA reuptake inhibitor [(+)oxaprotilin, 1 µM; see legends to Figures and Table]. Please note, that (+)oxaprotilin was not present in ACh release experiments for two reasons: (1) we knew from previous experiments and the literature (see discussion) that an increase of the noradrenergic tone should not (or at least not directly) affect hippocampal ACh release; (2) based on the literature (see discussion), we expected that DSP-4 lesions would increase 5-HT release, an effect which was more pronounced in the absence of oxaprotilin (compare Table 1 with Figure 4). Therefore a larger 5-HT-mediated inhibitory effect on the evoked release of ACh after DSP-4 treatment was expected in the absence of oxaprotilin. After 25 min of superfusion, the slices were exposed to electrical field stimulations (18 rectangular pulses at 3 Hz, 2 ms, 4 V/chamber, 24-29 mA). Collection of 4-min fractions started after 49 min of superfusion. The overflow of [³H] was induced two to three times by electrical field stimulations (360 rectangular pulses at 3 Hz, 2 ms, 4 V/chamber, 24-29 mA) after 57 min (S1) and 85 min (S2) [or 113 min (S3)] of superfusion. Drugs to be tested were added to the superfusion buffer from 12 min prior to S2 (or S3) onwards (with concentration increasing from S2 to S3). At the end of the experiments the radioactivity of superfusate samples and slices (dissolved in 300 µl Solvable® 350; Perkin-Elmer, Rodgau, Germany) was determined by LSC. It should be noted that electrically-evoked overflow of [³H] in hippocampal slices preincubated with either [³H]NA, or [³H]5-HT or [³H]choline has been shown many times to represent action potential-induced exocytotic release of NA [e.g. (Taube et al., 1977)], 5-HT [e.g. (Jackisch et al., 1999)] or ACh [e.g. (Goldbach et al., 1998)], respectively. 

Calculations and statistics 
‘Tissue accumulation of [³H]‘ represents the [³H]content of the hippocampal slices at the beginning of fraction collection period. It is thus calculated (in pmoles [³H] per slice) as the sum of the tritium content of the slices at the end of the superfusion period, plus the [³H]outflow values of the corresponding fractions collected during superfusion. For the release data, the fractional rate of tritium outflow (in per cent of tissue tritium per 4 min) was calculated as: [moles tritium outflow per 4 min] x 100 / [pmoles of tritium in the hippocampal slices at the start of the respective 4-min period]; The ‘basal tritium outflow’ (b1-value) is given either as the ‘fractional rate of tritium outflow per 4 min (in % of tissue-³H)’ in the fraction preceding S1 (i.e. from 53 to 57 min of superfusion), or as the ‘absolute amount of radioactivity (in nCi)’ in this fraction. The stimulation-evoked overflow of tritium at S1, S2 or S3 was calculated either as a percentage of the tritium content of the hippocampal slices just before the onset of the respective stimulation period, or as the absolute amount of radioactivity (in nCi) in the corresponding fractions. In both cases it was calculated following subtraction of the basal tritium outflow; the latter was assumed to decline linearly from the 4-min fraction immediately before the onset of the stimulation to the 4-min fraction 12 - 16 min after the onset of the stimulation. Effects of drugs, added before S2 or S3, on the evoked overflow of [3H] were estimated as the ratio of the overflow evoked by the corresponding stimulation periods (S2/S1 or S3/S1) and then compared to the appropriate control ratios (no drug addition before S2 or S3). Effects of drugs, added before S2 or S3, on the basal outflow of [3H] were determined as the ratio (b2/b1 or b3/b1) of the fractional rates of [3H]outflow of the fractions preceding the corresponding stimulation periods and then compared to the appropriate control ratios (no drug addition before S2 or S3).
Given the homogeneity of the variances and normal distribution of the values, all neuropharmacological data were analyzed using analyses of variance (ANOVA) and, when appropriate, ANOVA was followed by multiple comparisons using the Newman-Keuls test (Winer, 1971). All values shown in the Figures and Tables are Means ± SEM, where n represents the total number of slices taken into account within each experimental condition, and N represents the number of rats used for the corresponding experiments.

Results

Neurochemical data

Pre-treatment of rats with DSP-4 (50 mg/kg i.p.) significantly decreased the NA concentrations in the ventral hippocampus by more than 90%, whereas those of dopamine, DOPAC, 5-HT and 5-HIAA were not significantly changed (Figure 1). 

*******************************

Insert Figure 1 about here

********************************

In order to check for possible alterations in the cholinergic innervation of the hippocampus after DSP-4 treatment, the activity of the cholinergic marker enzyme ChAT was determined in the homogenates of the ventral hippocampus. There was no significant difference between DSP-4- and SHAM-treated rats (ChAT activity [nmoles 14C-ACh formed per mg protein per min]: SHAM: 0.48 ( 0.02 (N=16); DSP-4: 0.47 ( 0.02 (N=17).

Noradrenaline (NA) release

Slices of the rat hippocampus were prepared and preincubated in the presence of [³H]NA (0.1 µM), as described in Materials and Methods. Subsequently, they were superfused in the presence of (+)oxaprotilin (1 µM), 6-nitroquipazine (1 µM) and hemicholinium-3 (10 µM), and electrically stimulated twice. In hippocampal slices prepared from rats pre-treated with DSP-4, the “tissue accumulation of [3H]NA” was significantly reduced compared to that of SHAM-treated rats (about 25% of SHAM; see Figure 2 A). Despite this reduced [3H]-accumulation in the tissue, the evoked overflow of [³H] at S1 (in % of tissue accumulation) was unchanged (Figure 2B, black columns) and that of the basal outflow of [³H] (in % of tissue accumulation) in the fraction (b1) preceding the first stimulation was actually increased (Figure 2C, black columns). On the other hand, the corresponding absolute values of S1 and b1 (in nCi [³H] outflow) were significantly diminished in hippocampal slices of DSP-4 rats (Figure 2B and 2C, grey columns).

*******************************

Insert Figure 2 about here

********************************

In some experiments, the (2-adrenoceptor antagonist idazoxan (1 µM) was added to the superfusion medium before S2. Whereas idazoxan potently enhanced the evoked overflow of [³H] in hippocampal slices from the SHAM group, its facilitatory effect was strongly reduced in DSP-4 treated rats, albeit still significantly above control levels [S2/S1 ratios in % of controls (no drug at S2): SHAM: 291.5 ( 6.8 (p<0.001 vs. controls); DSP-4: 153.4 ( 6.8 (p<0.001 vs. controls; p<0.001 vs. corresponding value of SHAM rats)]. It should be noted that idazoxan (1 µM) also slightly affected the basal outflow of [³H] from slices preincubated with [³H]NA: the b2/b1 ratio was decreased in slices of SHAM rats but unchanged in those of DSP-4 rats [b2/b1 ratio (in % of controls (no drug before S2): SHAM: 88.71 ( 2.89 % [p<0.05 vs. controls]; DSP-4: 109.82 ( 5.94 % [n.s. vs. controls; p<0.01 vs. corresponding value in SHAM]).

Serotonin (5-HT) release

Slices of the rat hippocampus were prepared and preincubated in the presence of [³H]5-HT (0.1 µM), as described in Materials and Methods. Subsequently, they were superfused in the presence of (+)oxaprotilin (1 µM), 6-nitroquipazine (1 µM) and hemicholinium-3 (10 µM) and stimulated electrically up to three times. Figure 3 shows the time course of superfusion experiments performed on hippocampal slices preincubated with [³H]5-HT. It should be noted in this context that data on the electrically-evoked release of [³H]NA (see above) and [³H]ACh (see below) were obtained using the same methodology, although only two electrical field stimulations (S1, S2) were used and the composition of the superfusion medium slightly differed (see Tables and Legends).
*******************************

Insert Figure 3 about here

********************************
In hippocampal slices from rats pre-treated with DSP-4, the accumulation of [3H]5-HT was slightly but significantly reduced compared to that of SHAM-treated rats (about 90% of SHAM; see Figure 4A). Despite this reduced [3H]-accumulation in the tissue, there was a significant increase in the evoked overflow of [³H] at S1 (in % of tissue accumulation; Figure 4B, black columns), as well as in the basal outflow of [³H] (in % of tissue accumulation) in the fraction (b1) preceding the first stimulation (Figure 4C, black columns). In addition, the corresponding absolute values (in nCi [³H] outflow) of S1 (but not that of b1) were also significantly higher in hippocampal slices from DSP-4 compared to those from SHAM rats (Figure 4B and 3C, grey columns). 

*******************************

Insert Figure 4 about here

********************************

Since the data shown in Figure 4 were obtained from experiments in which an increase in the endogenous levels of NA was induced by the presence throughout superfusion of the NA reuptake inhibitor (+)oxaprotilin (1 µM), some experiments were also performed in the absence of this drug. Comparison of Figure 4 with the data presented in Table 1 shows that in the absence of (+)oxaprotilin throughout superfusion, both the tissue accumulation of [³H]5-HT and the evoked overflow of [³H] at S1 were significantly higher in the absence of (+)oxaprotilin than in its presence (p<0.001 for the corresponding values of SHAM and DSP-4 rats). On the other hand, in the absence of (+)oxaprotilin, the evoked overflow of [³H] at S1 was significantly more pronounced in DSP-4 than in SHAM-treated rats (Table 1).

*******************************

Insert Table 1 about here

********************************

In some of the 5-HT release experiments, the (2-adrenoceptor antagonist idazoxan (1 µM) was added to the superfusion medium before S2 (Figure 5A). In order to increase the effects of endogenously released NA, but also to minimize the effects of the 5-HT1B autoreceptor, these experiments were performed in the presence of both (+)oxaprotilin and the 5-HT1B receptor antagonist GR-55,562 (1 µM each). Figure 5A shows that idazoxan enhanced the evoked overflow of [³H] in hippocampal slices from the SHAM group up to a value of about 130% of the controls, whereas its facilitatory effect was completely absent in slices of DSP-4 treated rats. In contrast, the concentration response curve of the (2-adrenoceptor agonist UK-14,304 (see also Figure 3) was shifted significantly to the left (p<0.05) in hippocampal slices of rats pre-treated with DSP-4 (Figure 5B; in contrast to Figure 5A, GR-55,562 was not present in these experiments). 

*******************************

Insert Figure 5 about here

********************************

On the other hand, the facilitatory effects of the 5-HT1B autoreceptor antagonist GR-55,562 (Figure 6A) and the inhibitory effects of the 5-HT1B autoreceptor agonist CP-93,129 (Figure 6B) on the evoked 5-HT release in hippocampal slices, respectively, did not differ significantly between SHAM and DSP-4- treated rats. 

*******************************

Insert Figure 6 about here

********************************

Acetylcholine (ACh) release

Slices of the rat hippocampus were prepared and preincubated in the presence of [³H]choline (0.1 µM) as described in Materials and Methods. Subsequently they were superfused in the presence of 6-nitroquipazine (1 µM) and hemicholinium-3 (10 µM) and electrically stimulated twice. Oxaprotiline was omitted from the superfusion medium in these experiments, since we did not want to diminish an initially expected inhibitory effect of endogenous 5-HT, the level of which would have been reduced in the presence of the NA reuptake inhibitor (see Discussion). In hippocampal slices prepared from rats pre-treated with DSP-4, the accumulation of [3H]choline was significantly increased in comparison to SHAM-treated rats (about 116% of SHAM; see Figure 7A). Moreover, both the evoked overflow of [³H] at S1 and the basal outflow of [³H] at b1 were significantly increased in DSP-4-rats when compared to SHAM-treated rats (Figure 7B and 6C), regardless of whether the relative values (in % of tissue-³H, black columns) or the absolute values (in nCi, grey columns) were considered. 

*******************************

Insert Figure 7 about here

********************************

Discussion

The hippocampal formation is innervated by cholinergic fibers from the medial septum/diagonal band of Broca, serotonergic fibers from the dorsal and medial raphe nuclei and noradrenergic fibers from the locus coeruleus (Amaral and Witter, 1995; Witter and Amaral, 2004). The mutual presynaptic interactions of these afferents have been reviewed (Fink and Göthert, 2007; Vizi and Kiss, 1998) and are shown schematically in Figure 8. Our current findings clearly demonstrate that DSP-4-induced lesions of noradrenergic neurons facilitate serotonergic and cholinergic transmission in the hippocampus. These findings will be discussed in reference to Figure 8.
*******************************

Insert Figure 8 about here

********************************

Effects of DSP-4 lesion on hippocampal content and release of NA

In agreement with previous studies [e.g. (al-Zahrani et al., 1997; Dooley et al., 1983; Hallman et al., 1984; Ho et al., 1995)], several findings in the present study confirm that intraperitoneal injections of DSP-4 treatment induce a selective lesion of central noradrenergic noradrenergic neurons including those innervating the hippocampus. Firstly, in DSP-4-treated rats, there was a marked decrease in NA content in the ventral hippocampus, whereas the amounts of 5-HT and DA (and their metabolites 5-HIAA and DOPAC, respectively) were unaffected (Figure 1). Secondly, the accumulation of [³H]NA in hippocampal slices of DSP-4 rats was strongly diminished (by 73%; Figure 2A), suggesting a reduced density of noradrenergic axon terminals. Moreover, when considered in terms of nCi, the spontaneous outflow (b1) and the evoked overflow of [³H] (S1) from these slices were significantly reduced (by 60 and 74%, respectively). In contrast, the relative S1-values (in % of tissue-³H) did not differ from those of SHAM rats (Figure 2B), suggesting that the exocytotic release machinery in the spared terminals was functioning properly. The increase in the spontaneous outflow of radioactivity (b1 in % of tissue-[³H]; Figure 2C) may be due to a leakage effect of DSP-4 on noradrenergic axon terminals, which seems to persist for several days after DSP-4 treatment (Hughes and Stanford, 1998; Kask et al., 1997), or may simply reflect an increased turnover of NA in the spared noradrenergic fibers. The spontaneous [³H]outflow has been shown to mainly represent the efflux of the [³H]metabolites of NA (Steppeler et al., 1982). Thirdly, the well-known (2-autoreceptor-mediated inhibition of hippocampal NA release (Starke et al., 1989) via endogenous NA was significantly modified in rats treated with DSP-4, as shown by the reduced facilitatory effects of the (2-adrenoceptor antagonist idazoxan (Dabire, 1986). This finding suggests that the inhibitory tone of endogenous NA in the vicinity of (2-autoreceptors (see Figure 8) of the remaining noradrenergic fibers was greatly diminished.

Effects of DSP-4 lesion on hippocampal release of 5-HT

As a consequence of hippocampal noradrenergic denervation, the relative and absolute evoked release of [³H]5-HT was enhanced in hippocampal slices from DSP-4-treated rats (Figure 4B). Most probably, this increase in evoked 5-HT release was due to a decrease in the inhibitory tone of endogenous NA at (2-heteroreceptors (see Figure 8). In support of this suggestion, similar observations were made when the superfusion experiments were performed in the absence of the NA reuptake inhibitor, (+)oxaprotilin, throughout superfusion (Table 1). Moreover, the lower concentrations of extracellular NA under these conditions led to a significant increase in the evoked release of [³H]5-HT in both SHAM and DSP-4 rats. 
The increase in the relative basal [³H]efflux, which was also observed in DSP-4 rats (Figure 4C), may be responsible for the significantly lower value of '[³H]5-HT accumulation' in these rats (Figure 4A). This value was obtained after a pre-superfusion period of 45 min, during which an increased basal [³H]outflow may have significantly diminished the [³H]content of the hippocampal slices. Moreover, during this pre-superfusion period an electrical pre-stimulation of the slices was routinely performed (see Methods), which also – due to a higher evoked [³H]outflow (see Figure 4B) - may have contributed to the lower value of ‘[³H]5-HT accumulation’ observed in hippocampal slices of DSP-4 rats. On the other hand, inhibitory effects of (2-adrenoceptor activation on the transport of 5-HT have been observed in studies on mouse brain synaptosomes (Ansah et al., 2003). Therefore, lower levels of endogenous NA in DSP-4 rats might also have increasing effects on 5-HT accumulation, effects which may have contributed in an opposite way to the overall 5-HT accumulation values observed.
In further support of a reduced inhibitory tone of NA on serotonergic terminals, the effect of the (2-antagonist idazoxan (Dabire, 1986) completely disappeared (Figure 5A), whereas that of the (2-agonist UK-14,304 (Cambridge, 1981) was significantly more pronounced in DSP-4 rats (Figure 5B); a similar observation has already been described (Benkirane et al., 1985). However, while Benkirane et al. attributed the enhanced effects of (2-agonists in DSP-4-treated rats to a supersensitivity of (2-heteroreceptors on serotonergic axon terminals, it is possible that the increased effect of the (2-adrenoceptor agonist is simply due to a decrease in the concentration of the endogenous agonist NA in the vicinity of the (2-adrenoceptor, which reduces the competition with the exogenous agonist; this notion is supported by findings reported in a similar previous study (Jackisch et al., 1999).

In contrast to the (2-heteroreceptor mechanism, the present data show that the well-known 5-HT1B autoreceptor [see: (Starke et al., 1989)] in hippocampal tissue of DSP-4 treated rats was unaffected by the noradrenergic lesion: neither the enhancement of the evoked 5-HT release by the selective 5-HT1B receptor antagonist GR-55,562 (Walsh et al., 1995) (Figure 6A), nor its inhibition by the selective 5-HT1B receptor agonist CP-93,129 [see: (Hoyer et al., 1994)] differed significantly between DSP-4 and SHAM rats (Figure 6B).

Effects of DSP-4 lesion on hippocampal ACh release

A direct (2-adrenoceptor mediated effect of NA on hippocampal release of ACh has not previously been observed [see: (Vizi and Kiss, 1998)], although, using in-vivo microdialysis, the group of Björklund (Nilsson et al., 1992) showed that 6-OH-dopamine lesions of noradrenergic afferents to the hippocampus affected the basal outflow of ACh. Since hippocampal release of ACh is known to be inhibited via 5-HT1B heteroreceptors [see Figure 8 and (Cassel et al., 1995; Fink and Göthert, 2007; Maura and Raiteri, 1986; Vizi and Kiss, 1998)], and an enhancement of 5-HT release was observed in the hippocampus of DSP-4 treated rats (see above), it was expected that the evoked release of ACh in hippocampal slices from DSP-4 rats would be lower than in SHAM rats. Surprisingly, however, in the lesioned rats, not only was [³H]choline accumulation in hippocampal slices significantly increased, but also the evoked and the basal outflow of [³H] from the same slices (Figure 7), thus suggesting a lesion-induced upregulation of the turnover and activity of cholinergic neurons. On the other hand, since both ChAT activity [present data and (Harrell et al., 2005)] and hippocampal ACh levels (Hörtnagl et al., 1989) were unchanged following DSP-4 lesions, a lesion-induced sprouting reaction of cholinergic fibers cannot explain this phenomenon.

One of several possible explanations for this finding is depicted in Figure 8. The lesion-induced increase of 5-HT release could lead to an enhanced stimulation of facilitatory 5-HT2A receptors on substance P (SP) interneurons, which in turn facilitates ACh release via neurokinin 1 receptors (Feuerstein and Seeger, 1997; Feuerstein et al., 1994; Feuerstein et al., 1996). Assuming that these facilitatory SP interneurons are also endowed with inhibitory (2-adrenoceptors (which is still unknown), a decrease in (2-adrenoceptor-mediated inhibition of SP neurons in DSP-4 rats might enhance the release of SP, thereby further facilitating the release of ACh. Another explanation [not depicted in Figure 8, see (Vizi and Kiss, 1998) for references] could be that glutamate facilitates the release of ACh, whereas (2-adrenoceptors reduce that of glutamate. Thus, although highly speculative, a lesion-induced diminution of NA release would indirectly enhance glutamatergic facilitation of ACh release.

General conclusions

Many previous investigations have evaluated the effects of DSP-4 lesions (alone or in combination with cholinergic manipulations) in cognition [e.g. (Archer et al., 1983; Decker and McGaugh, 1989; Lapiz et al., 2001; Ögren et al., 1980; Sirviö et al., 1994; Spangler et al., 1990)]. Moreover, as outlined in the Introduction, a noradrenergic denervation of the human CNS seems to be an early correlate of MCI and AD (Berridge and Waterhouse, 2003; Harrell et al., 2005; Heneka et al., 2002; Kalinin et al., 2006). Indeed, a recent report (Grudzien et al., 2007) has shown that in the locus coeruleus of subjects suffering MCI or early AD, the number of tyrosine hydroxylase-positive neurons associated with neurofibrillary tangles was larger than in controls. Interestingly, besides a possibly reduced anti-inflammatory effect resulting from noradrenergic degeneration, which was shown to increase the amyloid burden in transgenic APP models [e.g., (Heneka et al., 2006; Kalinin et al., 2007)], our current results are highly compatible with the idea that noradrenergic lesions also alter presynaptic regulatory mechanisms in the hippocampus: the electrically-evoked release of both 5-HT and ACh was increased in the rats with such damage. In this regard, it is noteworthy that also in patients with mild cognitive impairment, who are at risk for developing AD, an upregulation of both cholinergic (DeKosky et al., 2002) and serotonergic (Truchot et al., 2007) functions in the hippocampus has been observed. Although it has to be emphasized that both the time course and the much more dramatic loss of noradrenergic functions in the current DSP-4 model is far from reproducing the multiple and - at least in the beginning - more subtle pathological changes in various central transmitter systems found in MCI and AD, our current findings suggest that upregulations of cholinergic and serotonergic hippocampal functions could be a final presynaptic consequence of MCI- or early AD-related noradrenergic degeneration in the locus coeruleus.
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Table 1

5-HT release experiments in hippocampal slices in the absence of (+)oxaprotilin throughout superfusion: accumulation of [³H]5-HT, evoked overflow of [³H] at S1 and basal outflow of [³H] in the fraction (b1). Hippocampal slices of 3 SHAM- or 3 DSP-4-treated rats were prepared, preincubated in the presence of [³H]5-HT, superfused and evaluated as described in Materials and Methods. In contrast to the data shown in Figure 4, only 6-nitroquipazine (1 µM) and hemicholinium-3 (10 µM) were present during superfusion. Statistics: means ( S.E.M of n=71 slices; *p<0.05; **p<0.01; ***p<0.001 vs. SHAM; for statistical comparison with the data of Figure 4 see text.

	
	SHAM
	DSP-4
	DSP4 
(in % of SHAM)

	Tissue accumulation of [³H]

(pmoles/slice)
	0.47 ( 0.01
	0.44 ( 0.01*
	93.6 ( 2.3*

	Evoked overflow of [³H] at S1
(% of tissue³H)

(nCi)
	6.57 ( 0.18

0.85 ( 0.03
	8.73 ( 0.28***

1.06 ( 0.05**
	132.9 ( 3.2***

124.7 ( 4.7**

	Basal outflow of [³H] at b1
(% of tissue³H)

(nCi)
	4.19 ( 0.05

0.56 ( 0.02
	4.28 ( 0.06

0.53 ( 0.02
	102.1 ( 1.4

94.6 ( 3.8


Legends to Figures

Figure 1

Concentrations (ng/mg protein) of biogenic amines and their metabolites in homogenates of the ventral hippocampus of 18 SHAM- and 19 DSP-4 treated rats as determined by HPLC with electrochemical determination (see Materials and Methods). Abbreviations: NA: noradrenaline; DA: dopamine; DOPAC: dihydroxyphenylacetic acid; 5-HT: serotonin; 5-HIAA: 5-hydroxyindoleacetic acid. Statistics: ***p<0.001 vs. SHAM; N = number of individual rats. 

Figure 2

Tissue accumulation of [³H], electrically-evoked overflow of [³H] at the first stimulation (S1) and spontaneous outflow b1 of [³H] in hippocampal slices (preincubated with [³H]NA) of SHAM- and DSP-4-treated rats. Hippocampal slices of 2 SHAM or 2 DSP-4 rats, respectively, were prepared, preincubated in the presence of [³H]NA, superfused in the presence of (+)oxaprotilin (1 µM), 6-nitroqipazine (1 µM) and hemicholinium-3 (10 µM) and stimulated twice (S1, S2) as described in Materials and Methods. Tissue accumulation of [³H], as well as the evoked and the spontaneous outflow of [³H] were calculated as described in Materials and Methods. Statistics: ***p<0.001 vs. corresponding value of SHAM rats; n: number of slices; number of rats used for these experiments (SHAM/DSP-4): 2/2.

Figure 3

Time course of [³H]outflow of hippocampal slices preincubated with [³H]5-HT; effects of UK-14,304 Following preincubation, the slices were carefully washed and then superfused at a rate of 0.6 ml/min with oxygenated KH buffer containing 6-nitroquipazine (1 µM), hemicholinium-3 (10 µM) and (+)oxaprotilin (1 µM). Collection of 4-min fractions started after 49 min of superfusion. The overflow of [³H] was induced three times by electrical field stimulations (S1, S2, S3; 360 pulses at 3 Hz, 2 ms, 4 V/chamber, 24-29 mA) as indicated by the small horizontal bars in the lower part of the Figure. Upper part: control slices (no drug addition); lower part: UK-14,304 (UK, 0.1 and 3 µM) was added to the superfusion buffer from 12 min prior to S2 or S3 onwards as indicated by the horizontal bars; n: number of slices originating from 2 SHAM rats. For further details see Materials and Methods.
Figure 4
Tissue accumulation of [³H], electrically-evoked overflow of [³H] at the first stimulation (S1) and spontaneous outflow b1 of [³H] in hippocampal slices (preincubated with [³H]5-HT) of SHAM- and DSP-4-treated rats. Hippocampal slices of SHAM or DSP-4 rats, respectively, were prepared, preincubated in the presence of [³H]5-HT, superfused in the presence of (+)oxaprotilin (1 µM), 6-nitroqipazine (1 µM) and hemicholinium-3 (10 µM) and stimulated twice (S1, S2) as described in Materials and Methods. Tissue accumulation of [³H], as well as the evoked and the spontaneous outflow of [³H] were calculated as described in Materials and Methods. Statistics: ***p<0.001 vs. corresponding value of SHAM rats; n: number of slices; number of rats used for these experiments: (SHAM/DSP-4): 6/4.

Figure 5
Effects of (2-adrenoceptor antagonists and agonists on electrically-evoked 5-HT release in hippocampal slices of SHAM- and DSP-4-treated rats. Hippocampal slices of SHAM or DSP-4 rats were prepared, preincubated in the presence of [³H]5-HT, superfused in the presence of (A): (+)oxaprotilin (1 µM), 6-nitroqipazine (1 µM), hemicholinium-3 (10 µM) and GR-55,562 (1 µM); in the lower part (B): as above, but GR-55,562 was omitted. During superfusion the slices were electrically stimulated up to three times (S1, S2, S3), as described in Materials and Methods. (A) The (2-adrenoceptor antagonist idazoxan or (B) the (2-adrenoceptor agonist UK-14,304 were added to the superfusion medium before S2 or S3 in the concentrations shown on the abscissa. Their effects are expressed as the Sn/S1 ratios (in % of the corresponding control values (“contr.”). Statistics: ***p<0.001 vs. SHAM; ###p<0.001 vs. contr.; n: number of slices; number of rats used for these experiments: (SHAM/DSP-4): (A): 3/3 (B): 3/2.

Figure 6
Effects of 5-HT1B receptor antagonists and agonists on electrically-evoked 5-HT release in hippocampal slices of SHAM- and DSP-4-treated rats. Hippocampal slices of SHAM or DSP-4 rats were prepared, preincubated in the presence of [³H]5-HT, superfused in the presence of (A): 6-nitroqipazine (1 µM) and hemicholinium-3 (10 µM); in the lower part (B): as above, but (+)oxaprotilin was also present. During superfusion the slices were electrically stimulated up to three times (S1, S2, S3) as described in Materials and Methods. (A) The 5-HT1B receptor antagonist GR-55,562 or (B) the 5-HT1B receptor agonist CP-93,129 were added to the superfusion medium before S2 or S3 in the concentrations shown on the abscissa. Their effects are expressed as the Sn/S1 ratios (in % of the corresponding control values (“contr.”). Statistics: n.s. effects vs. SHAM; ###p<0.001 vs. contr.; n: number of slices; number of rats used for these experiments: (SHAM/DSP-4): (A): 3/3 (B): 2/3.

Figure 7
Tissue accumulation of [³H], electrically-evoked overflow of [³H] at the first stimulation (S1) and spontaneous outflow b1 of [³H] in hippocampal slices (preincubated with [³H]choline) of SHAM- and DSP-4-treated rats. Hippocampal slices of SHAM or DSP-4 rats, respectively, were prepared, preincubated in the presence of [³H]choline, superfused in the presence of 6-nitroqipazine (1 µM) and hemicholinium-3 (10 µM) and stimulated twice (S1, S2) as described in Materials and Methods. Tissue accumulation of [³H], as well as the evoked and the spontaneous outflow of [³H] were calculated as described in Materials and Methods. Statistics: **p<0.01; ***p<0.001 vs. corresponding value of SHAM rats; n: number of slices; number of rats used for these experiments: (SHAM/DSP-4): 3/3.

Figure 8
Schematic view of presynaptic modulatory interactions of cholinergic, serotonergic and noradrenergic afferents in the hippocampus [for reviews see: (Feuerstein, 2008; Fink and Göthert, 2007; Starke et al., 1989; Vizi and Kiss, 1998)]. In addition to the well-known inhibitory effect of 5-HT on cholinergic axon terminals via 5-HT1B heteroreceptors, data from the group of Feuerstein (Feuerstein and Seeger, 1997; Feuerstein et al., 1994; Feuerstein et al., 1996) suggest that 5-HT (indirectly) also enhances hippocampal ACh release. According to these authors, released 5-HT, whose levels are increased following DSP-4 lesion (data from this study), seem to facilitate substance P (SP) release via 5-HT2A receptors located on SP interneurons in this tissue [1. in the Figure]. In turn, SP enhances ACh release via neurokinin 1 (NK1) receptors. Moreover, a lesion to noradrenergic hippocampal afferents by DSP-4 may decrease the inhibitory effects of NA on (as yet unknown) (2-hetereoreceptors [2. in the Figure] and thus further enhance the facilitatory effect of SP on ACh release (see also text).
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