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ABSTRACT 

Angiotensin IV (AngIV: VYIHPF) related peptides have emerged as potential anti-

dementia agents. However, their development as practical therapeutics has been 

impeded by a combination of metabolic instability, poor blood-brain barrier permeability, 

and an incomplete understanding of their mechanism of action. This study establishes 

the core structure contained within Norleucine1-angiotensin IV (Nle1-AngIV) that is 

required for its pro-cognitive activity. Results indicated that Nle1-AngIV-derived peptides 

as small as tetra- and tripeptides are capable of reversing scopolamine-induced deficits 

in Morris water maze performance. This identification of the active core structure 

contained within Nle1-AngIV represents an initial step in the development of AngIV-

based pro-cognitive drugs. The second objective of the study was to clarify the general 

mechanism of action of these peptides by assessing their ability to affect changes in 

dendritic spines. A correlation was observed between a peptide’s pro-cognitive activity 

and its capacity to increase spine numbers and enlarge spine head size.  These data 

suggest that the pro-cognitive activity of these molecules is attributable to their ability to 

augment synaptic connectivity. 
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INTRODUCTION 

 Until recently the hexapeptide angiotensin IV (AngIV: Val1-Tyr2-Ile3-His4-Pro5-Phe6), 

was considered a biologically inactive metabolite of the octapeptide angiotensin II 

(reviewed in (von Bohlen und Halbach and Albrecht, 2006; Fyhrquist and Saijonmaa, 

2008; Vanderheyden, 2009)).  However, multiple reports indicate that AngIV and 

several AngIV analogues can facilitate long-term potentiation, learning, and memory 

consolidation (Braszko et al., 1988; Wright et al., 1999; Kramar et al., 2001; Lee et al., 

2004a), increase cerebral blood flow (Kramar et al., 1997), and provide neuroprotection 

(Faure et al., 2006).  Most importantly the acute application of one of these analogues, 

Nle1-AngIV, reverses deficits in dementia models induced by: 1) treatment with the 

cholinergic muscarinic receptor antagonist scopolamine (Pederson et al., 2001); 2) 

kainic acid injections into the hippocampus (Stubley-Weatherly et al., 1996); 3) perforant 

path cuts (Wright et al., 1999); and 4) ischemia resulting from transient four vessel 

occlusion (Wright et al., 1996).  Consistent with these behavioral and 

electrophysiological results, brain binding sites for [125I]-AngIV have been 

autoradiographically localized in structures known to mediate cognitive processing 

including the neocortex, hippocampus, and basal nucleus of Meynert (Harding et al., 

1992; Chai et al., 2000; Wright and Harding, 2008).  It should be noted that the AT1 

angiotensin receptor subtype may also contribute to the cognitive effects of AngIV (De 

Bundel et al., ,2010). 

 Not surprisingly AngIV-based pharmaceuticals have been suggested as anti-

dementia therapeutics (Mustafa et al., 2001; von Bohlen und Halbach, 2003; Gard, 
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2004; De Bundel et al., 2008; Gard, 2008; Wright and Harding, 2008).  Despite 

promising behavioral effects in animal models of dementia two critical physiochemical 

properties have precluded drug development, namely lack of metabolic stability and 

inability to penetrate the blood-brain barrier (BBB).  This later limitation of AngIV–related 

peptides results from considerations of molecular size, overall hydrophobicity, and 

hydrogen bonding potential as reflected by the size of the encompassing hydration 

sphere.  In an initial attempt to transform Nle1-AngIV into a efficacious drug, the present 

investigation examined the pro-cognitive activity of a series of C-terminal truncated 

peptides derived from Nle1-AngIV.  We initially focused on reducing the size of the 

agonist in order to determine the smallest active derivative.  The decision to work from 

the C-terminal was based on a previous study indicating that removal of the N-terminal 

Nle resulted in a loss of cognitive enhancing activity (Wright et al. 1999).  In order to 

assess pro-cognitive activity rats were made amnesic with scopolamine, followed by 

treatment with Nle1-AngIV or one of the C-terminal truncated analogues, and tested for 

spatial learning using the Morris water maze task.  This scopolamine preparation yields 

a widely accepted animal model of the spatial memory dysfunction similar to that 

observed in early to middle stage Alzheimer’s disease patients (Fisher et al., 2003). 

 One explanation for the pro-cognitive activity of AngIV-related molecules could be a 

capacity to expand synaptic connectivity and augment synaptic communication. Thus, 

the second goal of this study was to evaluate the ability of these truncated peptides to 

alter dendritic spine architecture, and to further determine whether this capability 

correlated with the cognitive enhancing capacity of the molecule. The decision to 

examine the influence of these peptides on dendritic spine numbers, size, length, and 
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spine association with pre-synaptic markers was based on previous findings that 

functionally linked these dendritic properties to cognitive performance (reviewed 

in(Kennedy et al., 2005)). 

MATERIALS AND METHODS 

Animals and Surgery.  Male Sprague-Dawley rats (Taconic derived) weighing 390-

450 g were maintained with free access to water and food (Harland Tekland F6 rodent 

diet, Madison, WI) except the night prior to surgery when food was removed.  Each 

animal was anesthetized with Ketamine hydrochloride plus Xylazine (100 and 2 mg/kg 

im. respectively; Phoenix Scientific; St. Joseph, MO, and Moby; Shawnee, KS).  An 

intracerebroventricular (icv) guide cannula (PE-60, Clay Adams; Parsippany, NY) was 

stereotaxically positioned (Model 900, David Kopf Instruments; Tujunga, CA) in the right 

hemisphere using flat skull coordinates 1.0 mm posterior and 1.5 mm lateral to bregma 

(refer to Wright et al. 1985).  The guide cannula measured 2.5 cm in overall length and 

was prepared with a heat bulge placed 2.5 mm from its beveled tip, thus acting as a 

stop to control the depth of penetration.  Once in position, the cannula was secured to 

the skull with two stainless-steel screws and dental cement.  Post-operatively the 

animals were housed individually in an American Accreditation for Laboratory Animal 

Care-approved vivarium maintained at 22±1° C on a 12-h alternating light/dark cycle 

initiated at 06:00 h.  All animals were hand gentled for 5 min per day during the 5-6 days 

of post-surgical recovery.  Histological verification of cannula placement was 

accomplished by the injection of 5 µl fast-green dye via the guide cannula following the 

completion of behavioral testing. Correct cannula placement was evident in all rats 

utilized in this study. 
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Behavioral testing.  The water maze consisted of a circular tank painted black 

(diameter: 1.6 m; height: 0.6 m), filled to a depth of 26 cm with 26-28° C water.  A black 

circular platform (diameter: 12 cm; height: 24 cm) was placed 30 cm from the wall and 

submerged 2 cm below the water surface.  The maze was operationally sectioned into 

four equal quadrants designated NW, NE, SW, and SE.  For each rat the location of the 

platform was randomly assigned to one of the quadrants and remained fixed throughout 

the duration of training.  Entry points were at the quadrant corners (i.e. N, S, E, and W) 

and were pseudo-randomly assigned such that each trial began at a different entry point 

than the preceding trial.  Three of the four testing room walls were covered with extra-

maze spatial cues consisting of different shapes (circles, squares, triangles) and colors.  

The swimming path of the animals was recorded using a computerized video tracking 

system (Chromotrack; San Diego Instruments, CA).  The computer displayed total swim 

latency and swim distance.  Swim speed was determined from these values. 

Each member of the treatment groups received an icv injection of scopolamine 

hydrobromide (70 nmol in 2 µl aCSF over a duration of 20 s) 20 min prior to testing 

followed by Nle1-AngIV or one of the analogues (in 2 µl aCSF) 5 min prior to testing.  

Control groups received scopolamine or aCSF 20 min prior to testing followed by aCSF 

5 min prior testing.  The behavioral testing protocol has been described previously in 

detail (Wright et al. 1999).  Briefly, acquisition trials were conducted on 8 consecutive 

days with 5 trials/day.  On the first day of training the animal was placed on the platform 

for 30 s prior to the first trial.  Trials commenced with the placement of the rat facing the 

wall of the maze at one of the assigned entry points.  The rat was allowed a maximum 

of 120 s to locate the platform.  Once the animal located the platform it was permitted a 
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30 s rest period on the platform.  If the rat did not find the platform, the experimenter 

placed the animal on the platform for the 30 s rest period.  The next trial commenced 

immediately following the rest period.   

Following day 8 of acquisition training, one additional trial was conducted during 

which the platform was removed (probe trial).  The animal was required to swim the 

entire 120 s to determine the persistence of the learned response.  Total time spent 

within the target quadrant where the platform had been located during acquisition and 

the number of crossings of that quadrant was recorded.  Upon completion of each daily 

set of trials the animal was towel-dried and placed under a 100 watt lamp for 10-15 min 

and then returned to its home cage. 

Compounds and peptide synthesis.  Scopolamine hydrobromide (#S-1875) was 

purchased from Sigma Chemical (St Louis, MO).  The peptides were synthesized on 

methylated 1% divinylbenzene cross-linked polystyrene resins substituted with the 

protected carboxy-terminal amino acid in a semi-automated peptide synthesizer 

(AAPPTEC Endeavor 90, Louisville, KY).  Amino acids were activated with l-ethyl-3-(3-

dimethylaminopropyl)-carbodiimide and coupling was monitored for completeness with 

the Kaiser ninhydrin test.  Crude peptides were cleaved from the resin and de-protected 

utilizing anhydrous hydrogen fluoride (HF) containing 10% anisole at 0o C for 45 min.  

The HF and anisole were removed under vacuum and the resin washed with anhydrous 

diethyl ether.  Peptides were extracted with 10% acetic acid and lyophilized.  Finally, the 

crude compounds were purified by reverse-phase HPLC in two steps on a preparative 

Dynamax C-18 21.4 mm X 25 cm column (Rainin).  The peptides were first separated 

isocratically using an appropriate ratio of buffer A and solvent B (typically between 14 
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and 1%), at 10 ml/min.  Buffer A consisted of l80 mM triethylamine phosphate, pH 3.0.  

Solvent B was acetonitrile.  The absorbance of the eluted material was monitored at 

210, 254, and 280 nm.  The collected peak was concentrated under a stream of 

nitrogen and further purified using a gradient elution: 0-30% B over 26 min, 30-30% B 

for 15 min, 30-50% B over 15 min at 10 ml/min (buffer A: 0.1% trifluoroacetic acid (TFA) 

in H2O, solvent B: 0.1% TFA acetonitrile).  Purities of the collected peaks were 

assessed by monitoring the ratio of 280 and 215 nm absorbance across the collected 

peak.  The purified peptide was lyophilized and stored desiccated at –20o C.  Final 

purity was determined by compositional amino acid analysis and HPLC.  All peptide 

purities were determined to be >98% while overall peptide content ranged from 70-75% 

with salts making up the remaining content.  Prior to use each compound was prepared 

in sterile artificial cerebrospinal fluid (aCSF) at the appropriate dose per 2 μl aCSF and 

stored at –20o C in siliconized sealed culture tubes. 

 

Hippocampal cell culture preparation. Hippocampal neurons (2x105 cells per 

square cm) were cultured from P1 Sprague Dawley rats on plates coated with poly-L-

lysine from Sigma (St..Louis, MO; molecular weight 300,000). Hippocampal neurons 

were maintained in Neurobasal A media from Invitrogen (Carlsbad, CA) supplemented 

with B27 from Invitrogen, 0.5 mM L-glutamine, and 5mM cytosine-D-arabinofuranoside 

from Sigma added at 2 days in vitro.  Hippocampal neurons were then cultured a further 

3–7 days, at which time they were either transfected or treated with various 

pharmacological reagents as described in (Wayman et al., 2008). 
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Transfection.  Neurons were transfected with mRFP-β-actin on day in vitro 6 (DIV6) 

using LipofectAMINE 2000 (Invitrogen) according to the manufacturer’s protocol.  This 

protocol yielded the desired 3-5% transfection efficiency thus enabling the visualization 

of individual neurons.  Higher efficiencies obscured the dendritic arbor of individual 

neurons. Expression of fluorescently tagged actin allowed clear visualization of dendritic 

spines, as dendritic spines are enriched in actin.  On DIV7 the cells were treated with 

vehicle (H20) or peptides (as described in the text) added to media.  On DIV12 the 

neurons were fixed (4% paraformaldehyde, 3% sucrose, 60 mM PIPES, 25 mM 

HEPES, 5 mM EGTA, 1 mM MgCl2, pH 7.4) for 20 min at room temperature and 

mounted. 

Slides were dried for at least 20 hours at 4°C and fluorescent images were obtained 

with Slidebook 4.2 Digital Microscopy Software driving an Olympus IX81 inverted 

confocal microscope with a 60X oil immersion lens, NA 1.4 and resolution 0.280 µm. 

Dendritic spine density was measured on primary and secondary dendrites at a 

distance of at least 150 µm from the soma. Five 50 µm long segments of dendrites from 

at least 10 neurons were analyzed for each data point reported. Each experiment was 

repeated at least three times using independent culture preparations.  Dendrite length 

was determined using the National Institutes of Health’s Image J 1.41o program (NIH, 

Bethesda, MD) and the neurite tracing program Neuron J (Meijering et al., 2004) Spines 

were manually counted.  

Immunocytochemistry.  Transfected neurons were treated and fixed as described 

above.  Following fixation, cells were rinsed in PBS and permeabilized with 0.1% Triton 

X-100 detergent (Bio-Rad; Hercules, CA), followed by two rinses in PBS and blocked 
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with 8% bovine serum albumin (Intergen Company; Burlington, MA) in PBS for 1 h.  

Cells were again rinsed with PBS, followed by a 24 hour incubation period with anti- α-

VGLUT1 (Synaptic Systems; Goettingen, Germany)  or anti-synapsin (Synaptic 

Systems; Goettingen, Germany), following the manufacturers protocol, at 4°C. 

Subsequently cells were rinsed twice with PBS, incubated in Alexafluor 488 goat-anti-

mouse following the manufacturer’s protocol (Invitrogen: Carlsbad, CA) for two hours at 

room temperature, rinsed again with PBS, and mounted with ProLong Gold anti-fade 

reagent (Invitrogen; Carlsbad, CA).  Imaging and analysis were performed as described 

above. 

Whole-cell recordings. Patch-clamp experiments were performed on mRFP-β-actin 

transfected cultured hippocampal neurons with PBS (vehicle control) or 1pM Nle1-AngIV 

pretreatment.  Recordings were made on DIV12-14. The culture medium was 

exchanged by an extracellular solution containing (in mM) 140 NaCl, 2.5 KCl, 1 MgCl2, 

3 CaCl2, 25 glucose, and 5 HEPES; pH was adjusted to 7.3 with KOH; and osmolality 

was adjusted to 310 mOsm.  Cultures were allowed to equilibrate in a recording 

chamber mounted on inverted microscope (IX-71; Olympus optical, Tokyo) for 30 min. 

before recording. Transfected cells were visualized with fluorescence (Olympus optical).  

Recording pipettes were pulled (P-97 Flaming/Brown micropipette puller; Sutter 

Instrument, Novato, CA) from standard-wall borosilicate glass without filament (OD = 

1.5 mm; Sutter Instrument). The pipette-to-bath DC resistance of patch electrodes 

ranged from 4.0 to 5.2MΩ, and were filled with an internal solution of the following 

composition (in mM): 25 CsCl, 100 CsCH3O3S, 10 phosphocreatine, 0.4 EGTA, 10 

HEPES, 2 MgCl2, 0.4 Mg-ATP, and 0.04 Na-GTP; pH was adjusted to 7.2 with CsOH; 
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osmolality was adjusted to 296 - 300 mOsm.  Miniature EPSCs (mEPSCs) were 

isolated pharmacologically by blocking GABA receptor chloride channels with picrotoxin 

(100 µM; Sigma), blocking glycine receptors with strychnine (1 µM; Sigma), and 

blocking action potential generation with tetrodotoxin (TTX, 500 nM; Tocris). Recordings 

were obtained using a Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, CA). 

Analog signals were low-pass Bessel filtered at 2 kHz, digitized at 10 kHz through a 

Digidata 1440A interface (Molecular Devices), and stored in a computer using Clampex 

10.2 software (Molecular Devices). The membrane potential was held at -70 mV at 

room temperature (25ºC) during a period of 0.5 – 2 h after removal of the culture from 

the incubator. Liquid junction potentials were not corrected. Data analysis was 

performed using Clampfit 10.2 software (Molecular Devices), and Mini-Analysis 6.0 

software (Synaptosoft Inc.; Fort Lee, NJ). The criteria for a successful recording 

included an electrical resistance of the seal between the outside surface of the 

recording pipette and the attached cell >2 GΩ and a neuron input resistance >240 MΩ. 

The mEPSCs had a 5-min recording time. 

Statistical Analyses.  The Morris water maze data sets, consisting of mean 

latencies and path distances to find the platform during each daily block of five trials, 

were calculated for each animal for each day of acquisition.  One-way ANOVAs were 

used to compare group latencies swum on Days 1, 4, and 8 of training.  Past 

experience with this task has indicated these days to be representative of overall 

performance.  Data collected during the probe trials (time spent in the target quadrant 

and entries into the target quadrant) were also analyzed using one-way ANOVAs. 
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Significant effects were further analyzed by a Newman-Keuls post-hoc test with a level 

of significance set at p < 0.05. 

One-way ANOVA was used to analyze the dendritic spine results and significant 

effects were analyzed by Tukey post-hoc test.  Linear regression analysis was used to 

determine the correlation between spine characteristics and latency to find the platform 

in the water maze task.  Multiple comparisons of electrophysiological results were made 

using a one-way ANOVA followed by a Newman-Keuls post-hoc test with a level of 

significance set at p < 0.05.  Numerical data are expressed as mean ± SEM. 

 

RESULTS 

Behavioral testing.  Spatial learning was assessed using the Morris water maze task in 

which rats learn to locate a submerged platform by using extra-maze cues.  Figure 1 presents 

the mean search latencies for days 1-8 of training.  Panel A provides contrasting learning 

(latency) profiles for fully functional control rats (aCSF-vehicle followed by aCSF), and memory 

impaired rats (scopolamine followed by aCSF).  Panel B shows the results from rats pretreated 

with scopolamine and subsequently treated with Nle1-AngIV or the following Nle1-AngIV-

related peptides: Nle1-YIHP (pentapeptide), Nle1-YIH (tetrapeptide), Nle1-YI (tripeptide), or 

Nle1-Y (dipeptide).  Rats from each of these peptide-treated groups, except the Nle1-Y group, 

exhibited improved latencies to find the platform as compared with the scopolamine followed 

by aCSF group.  None of the experimental groups differed from the scopolamine deficit group 

on day one except the vehicle control group, which received no scopolamine (mean 

latency=74.8 ± 9.1 s; F=2.51, df=6/49, p<0.05).  All peptide-treated groups, except the Nle1-Y -
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treated group, began to separate from the scopolamine group by day 3.  By day 4 of 

acquisition the groups had clearly sorted out into those exhibiting progressively improving 

search patterns, (control, scopolamine/Nle1-AngIV, scopolamine/ Nle1-YIHP, scopolamine/ 

Nle1-YIP, and scopolamine/ Nle1-YI) versus the remaining two groups (scopolamine/ Nle1-Y 

and scopolamine/aCSF), which performed poorly (F=11.75, df=6/49, p<0.0001).  The last two 

groups continued to perform poorly through day 8 of testing and were significantly different 

from the other groups regarding latency to find the platform (F=28.61, df=6/49, p<0.0001).  The 

vehicle control (aCSF followed by aCSF), the Nle1-AngIV, the Nle1-YIHP, and the Nle1-YIH 

groups were adept at finding the platform and did not differ on day 8.  Although members of 

the Nle1-YI group performed reasonably well on day 8, they did require significantly more time 

to find the platform than the vehicle control (aCSF followed by aCSF), the Nle1-AngIV, and the 

Nle1-YIHP groups. 

Given the above results we were particularly interested in further testing the Nle1-YI 

compound and reasoned that a higher dose may improve performance.  Thus, we tested three 

additional groups using doses of 0.1, 1, and 5 nmol following scopolamine pretreatment 

(Figure 1C).  The dose of 5 nmol yielded an acquisition curve that was not statistically different 

from those seen with Nle1-YIH, Nle1-YIHP, and Nle1-AngIV (Figure 1B). 

Following acquisition training on day 8 one additional trial was initiated during which no 

platform was present in the maze.  This “probe” trial assesses the time each rat spends 

searching for the missing platform in its original target quadrant and is considered a gauge of 

the strength of the learned response (Lopez et al., 2009), thus providing a second measure of 

the cognitive enhancing properties of these Nle1-AngIV-related peptides.  Figure 2A offers a 

comparison between control rats and those impaired by scopolamine application.  These data 
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indicate that control rats spent 175% more time in the target quadrant than impaired rats 

(F=37.22, df 6/49, p<0.0001).  Animals treated with scopolamine followed by aCSF (Panel A) 

spent 22.3 ± 2.8 s in the target quadrant, and differed from the Nle1-Y treated rats (Panel B), 

which spent a mean of 28.7 ± 0.6 s in the target quadrant.  Although statistically different from 

one another, it should be pointed out that these “time in quadrant values” were still below the 

chance level of 30 s (120 s divided by 4 quadrants) and thus of limited physiological 

significance.  Members of the Nle1-YI and Nle1-YIH groups (Figure 2B) exhibited means of 

36.3 ± 1.7 and 39.6 ± 3.7 s respectively, in the target quadrant, statistically above chance 

level, but not different from one another.  Even though the Nle1-YIHP and Nle1-AngIV treated 

groups differed with means of 47.2 ± 2.2 and 56.0 ± 4.0 s respectively, both groups exhibited 

effective search strategies and demonstrated persistence to remain in the target quadrant.  

The Nle1-AngIV treated rats (56.0 ± 4.0 s) did not differ from the unimpaired vehicle control 

group (58.2 ± 3.5 s, Panel A). Members of the three groups treated with the 0.1, 1 or 5 nmol 

Nle1-YI (Figure 2C) did show differences in persistence to remain in the target quadrant: 24.2 ± 

3.1, 36.3 ± 1.7, and 46.6 ± 2.9 s, respectively, with the group treated with 5 nmol indicating the 

greatest persistence. 

In order to evaluate the possible impact of scopolamine or the applied peptides on motor 

function, swim speeds were measured on day 8 of acquisition training.  No differences in swim 

speeds were evident among the 7 experimental groups presented in Figures 2A and 2B 

(F=2.01, df=6/49, p>0.05).  Swim speeds (mean ± SEM after each analogue) for those rats 

pretreated with scopolamine followed by Nle1-Y (0.33 ± 0.02), Nle1-YI (0.34 ± 0.03), Nle1-YIH 

(0.34 ± 0.05), Nle1-YIHP (0.36 ± 0.02) or Nle1-AngIV (0.39 ± 0.02) are presented in m/s.  Swim 

speeds for the scopolamine followed by aCSF, and aCSF followed by aCSF groups were 0.34 
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± 0.02 and 0.39 ± 0.02 m/s, respectively.  There were no differences in swim speeds among 

the 0.1, 1 or 5 nmol Nle1-YI groups: 0.35 ± 0.03, 0.34 ± 0.03, and 0.36 ± 0.02 m/s, respectively. 

Effects on synaptogenesis.  The cognitive enhancing ability of Nle1-AngIV related 

peptides led us to predict that these peptides could be expected to promote changes in 

synaptic connectivity resulting in augmented synaptic communication.  The known 

linkage of improved synaptic communication to the expansion of dendritic spine 

numbers and increased head size encouraged an evaluation of potential changes in 

spine morphology.  To test this hypothesis we examined the effect of these peptides on 

spinogenesis.  As anticipated the data presented in Figure 3A indicate that the average 

number of dendritic spines per 50 µm of dendrite length following 5 days of treatment 

with 1 pM Nle1-AngIV or various C-terminal truncated peptides increased significantly.  

Nle1-AngIV (mean spine numbers=32.4) treatment induced a 103% increase in spine 

numbers over control (mean spine numbers=16.0).  A similar increase was evident with 

the Nle1-YIHP (mean spine numbers= 31.4).  Treatment with Nle1-YIH (mean spine 

numbers=23.3), Nle1-YI (mean spine numbers=26.5) and to a lesser extent  Nle1-Y 

(mean spine numbers= 21.9) also yielded an increase in spine numbers when 

compared to control.  

Treatment with the AngIV-related, but cognitively inactive peptide YIHPF (Wright et 

al., 1999), which was included as a negative control, produced no change in spine 

numbers (mean spine numbers=16.0). The positive control, brain-derived neurotrophic 

factor (BDNF; 50 µM), a known stimulant of spinogenesis, induced an increase in spine 

numbers (mean spine numbers=32.7) similar to that observed with Nle1-AngIV.  Data in 

Figure 3A were normalized to the number of spines observed for the non-treated 
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controls used in each experiment.  Figure 3D Represents an original capture image in 

black and white (1), pseudo-colored red (2), and pseudo-color green-fire blue to 

demonstrate actin enrichment in the postsynaptic spine (3) images of the same dendrite 

segment. Representative pseudo-color photomicrographs of dendritic segments from 

each experimental group showing actin-labeled dendritic spines (yellow-green 

extensions) are presented in panel E.  

The dose-response relationship observed for Nle1-YI to overcome scopolamine-

induced amnesia encouraged us to evaluate the effect of dose on Nle1-YI’s ability to 

induce spines in dissociated hippocampal cultures (Figure 3B).  This study determined 

that the 10-11 M and 10-12 M doses of Nle1-YI (mean spine numbers= 30.2 and 26.3 

respectively) produced the most robust effects. Both higher and lower doses produced 

either no or only modest changes in spine numbers compared to untreated controls. 

Overall, the dose-response curve appeared hormetic in nature, which is a common 

feature of many hormone/receptor interactions (Calabrese and Baldwin, 2003).  

The temporal pattern of change in spine numbers in response to Nle1-AngIV 

exposure is shown in Figure 3C. These data indicate that significant changes in spine 

numbers are not apparent until three hours of Nle1-AngIV exposure with maximum 

alterations being observed at 24 hours of treatment. A pulse-wash out experiment in 

which dissociated neurons were treated with 1 pM Nle1-AngIV for only 30 minutes 

resulted in a significant increase in spines when observed 96 hours later (control: 16.7 ±  

0.7 spines/ 50μm of dendrite segment [mean ± SEM, n=125] vs. treated:24.0 ± 0.9 

[mean ± SEM, n=50]. 
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The width of the spine head often reflects the size of the postsynaptic density, the 

abundance of postsynaptic receptors, and the receptivity of the postsynaptic neuron to 

presynaptic signals (Kennedy et al., 2005). Thus, it is not surprising that a concomitant 

enlargement of spine head size (width) often accompanies increases in spine numbers.  

Based on this known association the ability of the Nle1-AngIV-related peptides to alter 

dendritic spine head size was evaluated.  Measurements of head width were taken from 

thin and mushroom spines within treatment groups.  A thin spine is defined as having a 

small head size that is not wider than the shaft and a mushroom spine is defined as 

having a thicker, shorter neck and a head width that exceeds its neck and is enriched in 

actin.  A pattern similar to that reported above for spine numbers was obtained for spine 

head size, the only exception being spines from Nle1-Y -treated cells which were not 

different from the negative or vehicle controls (Fig. 4A).  Analysis of these data indicated 

that the largest spine heads were apparent in the Nle1-AngIV group (mean spine head 

width=1.30 µm; 194% of control); while spine head size was smallest in the vehicle 

control (mean spine head width=0.67 µm), negative control (mean spine head 

width=0.72 µm), and Nle1-Y -treated (mean spine head width=0.72 µm) groups, which 

were not statistically different from one another.  The Nle1-YIHP-treated (mean spine 

head width=1.12 µm), Nle1-YIH-treated (mean spine head width=1.12 µm), and Nle1-YI -

treated (mean spine head width=1.03 µm) groups were intermediate in terms of spine 

head size and statistically different from controls (p<0.005).  

A common feature of dendritic spines is a maturation process in which they change 

from long thin structures with little or no discernable heads and few postsynaptic 

receptors to spines with large heads, which are both wide and thick and enriched with 
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postsynaptic receptors (Lee et al., 2004b).  As part of an effort to quantify spine shape 

changes initiated by Nle1-AngIV-related peptides, alterations in total spine length were 

evaluated following peptide treatment.  It should be noted that total spine length 

included both shaft neck length plus head thickness.  Figure 4B presents cumulative 

distribution data for each experimental group with respect to total spine length.  Data 

from each treatment group fit a standard Boltzmann distribution with curves that had r2 

values >0.99.  As expected, spines from the control group had the longest median 

length (V50=0.84 µm) and were composed primarily of thin spine shafts (Fig. 4B).  The 

morphology of the spines seen in the control group, with small heads and long thin 

spine shafts, is characteristic of immature spines (Lee et al., 2004b).  The general 

pattern for the drug treated groups was decreasing spine neck length and increasing 

head thickness (length) as the pro-cognitive capability of the peptide increased.  As 

such, spines from neurons treated with Nle1-AngIV had short shaft necks with the 

thickness of the heads accounting for most of the total spine length (Fig. 4B; V50=0.77 

µm; p<0.05 compared to control).  The Nle1-YIHP-treated group exhibited the next 

longest spines (Fig. 4B) of the treated groups (V50=0.62 µm; p<0.05 compared to 

control), which were again found to be composed almost exclusively of a thick spine 

head (Fig. 4A).  Although no statistical differences in length were observed among the 

Nle1-YIH- (V50=0.50 µm), Nle1-YI - (V50=0.52 µm), and Nle1-Y (V50=0.51 µm)-treated 

groups when compared to controls, the shape of spines in the Nle1-YIH and Nle1-YI 

groups were markedly different from the Nle1-Y -treated group (Fig. 4B).  Like the Nle1-

AngIV and Nle1-YIHP groups, the Nle1-YIH and Nle1-YI groups possessed spines with 

thick heads and short shafts; while the Nle1-Y group revealed short spines that either 
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appeared as thin filopodia or as swellings of the dendritic shaft.  Morphology similar to 

the Nle1-Y group was noted for neurons treated with the cognitively inactive 

pentapeptide YIHPF (Fig. 4B; V50=0.53 µm).  

In order to evaluate the functionality and transmitter signature of the newly formed 

spines mRFP-β-actin labeled neurons were immunostained for synapsin, a universal 

marker of presynaptic active zones (Ferreira and Rapoport, 2002) or VGLUT1 the 

vesicular transporter for glutamate that is found presynapticaly at glutamatergic 

synapses (Balschun et al.).  The hippocampal cultures employed in these studies were 

heterogeneous with regard to cell type and neuronal size represented.  The neurons 

evaluated for spine characteristics were limited to spiny neurons that were pyramidal-

like (~20 µm cell bodies and asymmetric dendrite distribution).  The results presented in 

Figure 5A indicate that the ratio of synapsin labeled synapses, juxtaposed to mRFP-β-

actin labeled spines, remained a constant whether found in control neurons or those 

treated with truncated peptides.  The colocalization of mRFP-β-actin labeled dendritic 

spines (red) with synapsin (green) in control and Nle1-AngIV treated groups can be 

seen in Figure 5D.  The data presented in Figure 5B indicate colocalization of mRFP-β-

actin and α-VGLUT1 thus demonstrating that the proportion of spines that were 

juxtaposed to glutamatergic synapses was independent of treatment.  This 

colocalization is illustrated in photomicrographs (Fig. 5E) for the control and Nle1-AngIV 

treated groups (mRFP-β-actin: red; VGLUT1: green). Thus, it appears that the new 

spines elaborated after treatment formed functional excitatory synapses. 

In concert with the immunohistochemical studies we evaluated spontaneous 

synaptic activity in Nle1-AngIV-treated hippocampal neurons using whole cell patch 
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clamp techniques.  Treatment with 1pM Nle1-AngIV was found to increase the 

frequency of mEPSCs 72% (5.27 ± 0.43 Hz, p>0.001, n=33) above control levels (3.06 

± 0.23 Hz, n=25).  This increase is reminiscent of the 101% increase in spine numbers 

observed for Nle1-AngIV treatment and supports the conclusion that the new spines 

instigated by Nle1-AngIV have functional synapses (Figure 5C&F). 

The graded behavioral and morphological responses observed for the different 

peptides induced us to ask whether the in vivo pro-cognitive potential of a compound in 

adult rats could be predicted from their effect on the spine architecture of neonatal 

hippocampal neurons in vitro. As such, a correlation analysis was carried out.  In this 

analysis the number of spines per 50 µm of dendrite, or the mean head size (width) of 

the spines, was graphed against the latency of rats to find the submerged platform in 

the water maze.  Two test days were examined: day 3 when large improvements in 

water maze learning were observed, and day 8 when maximum maze performance had 

been achieved.  Each graph was assembled from the six data points that represented 

the different treatment conditions (vehicle or peptides) and analyzed by linear 

regression.  Spine numbers data versus test day 3 (Fig. 6A; closed triangles) produced 

a highly significant correlation (r2=0.76; p<0.001).  Comparison of head size to latency 

on day 3 (Fig. 6A; open circles) also produced a tight linear fit (r2=0.96; p<0.001). These 

strong correlations were maintained on test day 8.  Total spine numbers correlated 

significantly with latency on day 8 (Fig. 6B; open triangles; r2=0.81; p<0.001), as did 

mean spine head size (Fig. 6B; closed circles; r2=0.92; p<0.001). 
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DISCUSSION 

The first goal of this study was to determine the minimum structural features 

contained within the AngIV molecule required to support its pro-cognitive activity.  The 

starting point was Nle1-AngIV, an analogue known to compete better than native AngIV 

for [125I]AngIV binding sites (Sardinia et al., 1993; Sardinia et al., 1994), exhibit pro-

cognitive activity (see Introduction), and augment long-term potentiation (LTP; (Davis et 

al., 2006).  Some years ago our laboratory determined that deletion of valine at the N-

terminal of AngIV yielded a cognitively inactive molecule (Wright et al., 1999).  Thus, 

with Nle1-AngIV acting as the parent molecule, successive truncations from the 

carboxyl-terminal were made in an effort to identify the smallest active fragment.  The 

water maze data presented indicate that the pentapeptide Nle1-YIHP and tetrapeptide 

Nle1-YIH, possessed pro-cognitive activity equivalent to the parent peptide Nle1-AngIV 

at the same dose.  To our surprise the tripeptide Nle1-YI at an equivalent 1nmole dose 

was capable of partially reversing scopolamine-induced amnesia. Dose-response 

studies further revealed that Nle1-YI was capable of complete reversal of amnesia at a 

higher 5 nmole dose.  Hence, the effectiveness of Nle1-YI, coupled with the 

ineffectiveness of  Nle1-Y, denoted the three N-terminal amino acids critical for pro-

cognitive activity.  

Persistence to remain in the target quadrant during probe trials has been utilized to 

assess the relative strength of the learning achieved during maze training (Lopez et al., 

2009).  Results from probe trials indicated that sequential removal of amino acids from 

the C-terminal of Nle1-AngIV progressively reduced the search time in the target 

quadrant, thus reflecting overall level of water maze learning.   
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Careful inspection of the acquisition data indicated that none of the peptide-treated 

groups exhibited shorter latencies than the scopolamine impaired group on day 1 of 

training.  Significant differences (i.e. improved learning) among the impaired group and 

the treated groups were not apparent until days 2-4 of acquisition, depending on the 

compound applied.  The lack of improvement seen on day 1 of training, the 

improvement seen as early as day 2, and the short interval between scopolamine 

application, peptide application, and testing suggests that molecular events, likely 

translation and/or transcription, are probably required for the observed cognitive 

improvement to manifest.  This hypothesis is further supported by data indicating that 

changes in dendritic spine morphology were not evident until 3-4 hours after Nle1-AngIV 

application and as such would not be apparent after the first day’s infusion.  

The unexpected finding that Nle1-YI possessed marked pro-cognitive activity is 

important for two reasons related to our goal of producing therapeutically relevant, BBB 

permeable, molecules.  First, one of several features typical of molecules that are 

permeable to the BBB is small size; an obvious property of the peptide.  And second, a 

synthetic template of only three amino acids significantly limits the number of possible 

structural modifications that need to be evaluated to produce the most efficacious 

compound.  

The second major objective of the present investigation was to identify the 

mechanism, which underlies the pro-cognitive ability of these compounds. An important 

insight into a possible mechanism was gleaned from past studies (Kramar et al., 2001; 

Davis et al., 2006) indicating that Nle1-AngIV augmented LTP in hippocampal slices.  

LTP is typically accompanied by changes in dendritic architecture (Kasai et al. 2010), 
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that manifest as expanded dendritic arborization, increased numbers of dendritic spines, 

and an enlargement of the spine heads that house the post-synaptic receptive 

machinery.  Further, changes in spine architecture appear to be a critical contributor to 

memory stabilization (Xu et al., 2009).  This linkage between memory stability, LTP, and 

altered dendritic morphology led us to hypothesize that active C-terminal truncated 

peptides should induce concomitant changes in dendritic spine structure.  Morphological 

analysis revealed that treatment of dissociated hippocampal cell cultures with Nle1-

AngIV, and each of the C-terminal truncated analogues except the Nle1-Y, significantly 

increased both the number of dendritic spines and the size of the spine head.   

Although spine length generally increased in concert with the pro-cognitive activity of 

the test peptide the spine shaft length markedly decreased. This difference comparing 

treated versus control groups may reflect spine maturation (Lee et al., 2004b).  The 

spines from neurons treated with pro-cognitive peptides generally appeared mushroom-

shaped with wide and thick (longer) heads, attributes correlated with mature spines that 

have strengthened synaptic connectivity (Saneyoshi et al.).  By contrast, the spines 

seen in the control group, while long, had thinner shafts suggesting an earlier stage of 

maturation.  Thus, it appears that treatment with pro-cognitive peptides not only 

stimulated an expansion of spine numbers but also hastened the maturation process.  

Both the negative control (YIHPF) and Nle1-Y groups exhibited similar effects on spine 

shape.  Although thin spines similar to those seen in the vehicle control group were also 

observed in both the negative control and Nle1-Y groups, a second type of spine, which 

manifested as swellings on the dendrite, was apparent in these groups.  Since a 

previous cognitive study demonstrated that the negative control, YIHPF, possessed 
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neither cognitive enhancing nor inhibiting activity (Wright et al., 1999), the functional 

significance of these dendritic swellings remains unclear.  

A final question posed by these studies concerned whether there is a quantitative 

relationship between a molecule’s in vivo pro-cognitive activity and its in vitro ability to 

alter dendritic spine structure.  Correlational data (Fig. 6) suggest that such a 

relationship exists, at least for these Nle1-AngIV derived peptides.  Due to uncertainty 

regarding which critical learning or spine architectural features to evaluate, four different 

correlations were examined.  In all cases these correlations were highly significant with 

a comparison of maze latency at day 3 versus spine head size yielding a correlation 

coefficient of 0.96.  These data are consistent with the prevailing notion that learning 

efficiency is directly dependent on synaptic connectivity and highlight the predictive 

value of structural dendritic spine characteristics as pertaining to spatial learning. 

Current studies are ongoing to verify the direct relationship between cognitive capacity 

and spine growth in vivo. 

 The experimental design of the dendritic spine study featured the use of both 

negative (YIHPF) and positive controls (BDNF).  As expected YIHPF failed to stimulate 

changes in spine number or size and was not different from the application of vehicle.   

BDNF, widely recognized as a strong potentiator of dendritic spine plasticity and 

synaptic strength in hippocampal neurons (Tyler and Pozzo-Miller, 2003; von Bohlen 

und Halbach et al., 2008) induced alterations in spine architecture equivalent to those 

observed with our pro-cognitive peptides. However, it should be noted that the 

concentration of BDNF required to produce equivalent increases in dendritic spines was 

seven orders of magnitude greater than that needed for the Nle1-AngIV.  
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In order to evaluate the neurotransmitter signature of newly formed dendritic spines 

immunocytochemical methods were utilized to determine whether dendritic spines were 

juxtaposed to markers of presynaptic active zones.  Data derived using synapsin, a 

general marker of pre-synaptic active zones (Ferreira and Rapoport, 2002), indicated 

that >95% of dendritic spines in the Nle1-AngIV, pentapeptide, and Nle1-YI  groups (the 

only groups examined) were associated with synapsin and thus presumed to possess 

active synapses.  Not surprisingly the vast majority of the dendritic spines were also 

juxtaposed to active zones that stained for α-VGLUT1, the most abundant isoform of 

vesicular glutamate transporters in the CNS (Balschun et al. 2010).  Although the ratio 

of synapsin and α-VGLUT1 staining to mRFP-β-actin staining was independent of 

treatment, the absolute number of glutamatergic contacts was less than the total 

number of synaptic contacts.  This suggests that some of the newly formed spines were 

receptive to non-glutamate signaling.  It is attractive to speculate that these additional 

contacts could be with either cholinergic neurons that are known to be concentrated in 

the stratum oriens (Towart et al., 2003), or abundant gabanergic neurons (Klausberger, 

2009).  Electrophysiological methods where mini-excitatory postsynaptic currents (m-

EPSCs) are monitored represent an alternative or adjunctive approach for evaluating 

the functionality of newly formed spines (Tyler and Pozzo-Miller, 2003).  As anticipated, 

our electrophysiological studies with Nle1-AngIV treated hippocampal neurons  support 

the contention that the new dendritic spines induced by Nle1-AngIV treatment contained 

functional synapses. 

This study is the first to systematically evaluate C-terminal shortened Nle1-AngIV 

analogues in an effort to identify the smallest Nle1-AngIV related molecule with 
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substantial pro-cognitive activity.  Overall the results indicate that fragments as small as 

a tetrapeptide and tripeptide are capable of facilitating the cognitive processing 

necessary to overcome scopolamine-induced amnesia.  Moreover it appears that the 

likely mechanism underlying this marked pro-cognitive activity is augmented synaptic 

connectivity.  Our next step in the development of AngIV-based cognitive enhancers will 

be to utilize Nle1-YI as a template to guide the synthesis of small molecules with 

enhanced metabolic stability and improved permeability across the gut- and blood-brain 

barriers.  Past studies from our laboratory indicated that angiotensin-related peptides 

are primarily degraded through the action of exopeptidases (Abhold and Harding, 1988).  

Thus, current synthetic efforts are being directed at stabilizing the amino- and carboxyl-

terminals of Nle1-YI and Nle1-YIH, while maintaining the desired pro-cognitive activity.  

Although still in progress these studies indicate that metabolically stable analogues with 

excellent pro-cognitive activity can be produced using several synthetic strategies 

(Harding and Wright, unpublished). 
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FOOTNOTES 

The studies described were supported by the Edward E. and Lucille I. Lainge 
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NIH grant [MH086032] and a Hope for Depression Research Foundation grant [no 
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LEGENDS FOR FIGURES 

Fig. 1.  Group latencies to find the submerged platform in the Morris water maze task of 

spatial memory. Panel A. Data from the two groups representing the maximum 

scopolamine-induced disruption of acquisition (Scop►aCSF) and the most efficient 

acquisition expected during training (aCSF►aCSF) are presented. Panel B.  Data from 

five groups of rats (N=8 each), pretreated with icv scopolamine (70 nmol in 2 μl aCSF) 

20 min prior to training followed by the  icv infusion of the designated analogue (1 nmol 

in 2 μl aCSF) 5 min prior to daily training.  Panel C.  Additional groups were pretreated 

with icv scopolamine followed by 0.1, 1 or 5 nmol of Nle1-YI (in 2 μl aCSF).  aCSF= 

artificial cerebrospinal fluid. Mean±SEM; * p < 0.01. 

Fig. 2.  Day 8 probe trials by each experimental group. Time spent in the target 

quadrant was recorded for each experimental group. Panel A. The scop►aCSF group 

performed below chance level (30 s) and was significantly different from the 

aCSF►aCSF control group (p>.001). Panel B.  The scopolamine followed by 1 nmol 

Nle1-YI, Nle1-YIH, and Nle1-YIHP groups spent significantly greater time in the target 

quadrant than the Nle-Y treated group (p<0.05).  The group treated with Nle1-AngIV 

spent significantly greater time in the target quadrant than any of the other groups 

(p>0.05).  Panel C.  The group pretreated with scopolamine followed by 5 nmol Nle1 -YI 

spent significantly more time in the target quadrant than the 1 nmol group which in turn 

spent more time than the 0.1 nmol treated group.  Mean±SEM; * p < 0.01. 

Fig. 3.  Effect of C-terminal truncated peptides on the number of dendritic spines per 

segment of dendrite.  Panel A. Percent increase in the number of spines, marked with 
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mRFP-β-actin, per 50 µm of dendrite in dissociated rat hippocampal neurons compared 

to vehicle treated control dendrites on in vitro day 12. Cells were treated for 5 days 

starting at day 7 in culture. BDNF was included as a positive control and YIHPF, an 

inactive AngIV analogue, was included as a negative control. Mean ± SEM, *** p < 

0.001 and * p < 0.05, n=200.  Panel B.  Dose response for the shortest active fragment, 

Nle1 –YI, indicating the number of treatment induced spines per 50 µm dendrite length in 

hippocampal neurons.  Mean±SEM.   Panel C. Time course response for Nle1-AngIV 

treated neurons.  The x-axis represents the time neurons were exposed to the peptide.  

Panel D. Representative image of a dendritic segment shown in gray scale (1) to 

indicate different spine morphologies, red arrow is pointing to an immature thin spine 

and the blue arrow to a mature mushroom spine and in red (2) illustrating mRFP-β- actin 

labeling and (3) the same segment is converted to the pseudo-colour green-fire-blue 

which aids in visualization of actin-enrichment in the post-synaptic spine (yellow).  

Panel E.  Pseudocolor photomicrographs of representative dendrite segments. Yellow-

green staining is mRFP-β-actin..    

 Fig. 4.  Effect of C-terminal truncated peptides on dendritic spine head size and length. 

Panel A.  Percent increases in spine head size after drug treatment compared to 

vehicle dendrites. Mean ± SEM, *** p < 0.001 and # p< 0.05 from control, n=200.  Panel 

B.  Cumulative distribution curve showing the spine length distribution for treatment 

groups from a representative experiment. Data were fit to a Boltzmann distribution.  The 

inactive AngIV analogue YIHPF was included as a negative control.   

Fig. 5.  Correlation between dendritic spines and active zone markers.  Panel A. 

Percent correlation between dendritic spines marked with mRFP-β-actin and the 
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presynaptic active zone marker synapsin in dissociated rat hippocampal neurons on in 

vitro day 12. Cells were treated for 5 days starting at day 7 in culture.  Cultured neurons 

for immunocytochemistry were untreated (vehicle control) or stimulated with 1 pM Nle1-

AngIV, 1 pM Nle1-YIHP, or 1 pM Nle1-YI. Mean ± SEM, N=50. One-way ANOVA 

indicated no differences among groups.  Panel B. Percent correlation between dendritic 

spines marked with mRFP-β-actin and the glutamatergic active zone marker α-VGLUT1 

in dissociated rat hippocampal neurons.  Panel C. Effect of Nle1-AngIV on the 

frequency of mEPSCs from dissociated hippocampal neurons.  Cultured neurons for 

electrophysiology recordings were treated with vehicle or 1 pM Nle1-AngIV for 5 days 

before recording.  Mean ± SEM, *** p < 0.001, n=25 for control and 33 for Nle1-AngIV.  

Panel D. Representative dendrite segments showing juxtaposed mRFP-β-actin (red) 

and synapsin (green).  Panel E. Representative dendrite segments showing juxtaposed 

mRFP-β-actin (red) and α-VGLUT1 (green).  Panel F. Representative traces for control 

and Nle1-AngIV treated neurons. 

Fig. 6.  Correlation analysis of water maze performance vs. dendritic spine properties. 

The number of spines per 50 µm of dendrite, or the mean head size of the spines, was 

graphed against the latency for rats to find the submerged platform in the water maze. 

Two test days were examined: day 3 when learning is most active and day 8 when 

maximum learning had occurred. Each graph was assembled from 6 data points that 

represented the different treatment conditions (vehicle or peptides) and analyzed by 

linear regression. Spine numbers data for test day 3 (▲) produced a highly significant 

correlation (r2=0.76; p<0.001). Comparison of head size to latency (○) also produced a 

tight linear fit (r2=0.96; p<0.001). Total spine numbers vs. day 8 latency correlated 
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significantly (Δ; r2=0.81; p<0.001), as did mean spine head size vs. day 8 latency (●; 

r2=0.92;  
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