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Abstract

Harmine is a naturally occurring monoamine oxidase inhibitor that has recently been shown to 

selectively inhibit the dual-specificity tyrosine-(Y)-phosphorylation-regulated kinase 1A 

(DYRK1A). We investigated the cognitive effects of 1 mg (low) Harmine and 5 mg (high) 

Harmine using the delayed-match-to-sample (DMS) asymmetrical 3-choice water maze task to 

evaluate spatial working and recent memory, and the Morris water maze task (MM) to test spatial 

reference memory. Animals were also tested on the visible platform task, a water-escape task with 

the same motor, motivational, and reinforcement components as the other tasks used to evaluate 

cognition, but differing in its greater simplicity and that the platform was visible above the surface 

of the water. A subset of the Harmine-high treated animals showed clear motor impairments on all 

behavioral tasks, and the visible platform task confirmed a lack of competence to perform the 

procedural components of water maze testing. After excluding animals from the high dose group 

that could not perform the procedural components of a swim task, it was revealed that both high- 

and low-dose treatment with Harmine enhanced performance on the latter portion of DMS testing, 

but had no effect on MM performance. Thus, this study demonstrates the importance of 

confirming motor and visual competence when studying animal cognition, and verifies the one-

day visible platform task as a reliable measure of ability to perform the procedural components 

necessary for completion of a swim task.
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1. Introduction

Harmine is a beta-carboline alkaloid found in dozens of plant species that is most well 

known as a naturally occurring inhibitor of monoamine oxidase. It has a long history of use 

among South American Indian tribes as a major constituent of Ayahuasca, a hallucinogenic 

brew used in religious rituals for its psychotropic effects [1]. Recently, Harmine has also 

been shown to be a potent and selective inhibitor of the DYRK1A protein kinase [2].

The DYRK1A protein kinase plays a key role in neurodevelopment, and has been 

hypothesized to contribute to abnormal brain development and early onset of dementia and 

neurodegeneration in Down syndrome [3]. In addition, increased DYRK1A 

immunoreactivity has been associated with neurofibrillary tangle pathology in patients with 

Down syndrome and in sporadic Alzheimer's disease [4]. DYRK1A has also been shown to 

directly phosphorylate tau protein at multiple sites [5–7]. Interestingly, DYRK1A 

haploinsufficiency has also been shown to produce cognitive impairments on both spatial 

and non-spatial tasks [8], suggesting that both over- and under- expression of DYRK1A may 

not be optimal for cognitive functioning. It is crucial to note that, in both Down Syndrome 

individuals and DYRK1A haploinsufficient mice, the over- or under- expression of 

DYRK1A is present for the entire lifespan, including during development. How 

manipulations of DYRK1A activity during adulthood might influence cognitive function 

remains unknown.

We have recently found that Harmine reduces expression of tau phosphorylated at AD-

relevant sites in vitro [9]. Whether these in vitro effects translate to learning and memory 

alterations has not yet been determined. However, it has been shown that DYRK1A 

overexpression results in impairment of hippocampal dependent memory tasks [10], 

suggesting that inhibition of DYRK1A activity could provide cognitive benefit. Thus, we 

hypothesize that Harmine, an inhibitor of DYRK1A activity, will enhance cognition in the 

rodent model. There is some evidence of this, as Harmine administration enhanced short-

term memory on the non-spatial object recognition task at doses of 1 mg/kg, 2.5 mg/kg and 

5 mg/kg in rodents [11]. It is unclear whether these cognitive benefits will extend to spatial 

working or reference memory, or tasks with higher cognitive complexity. The present study 

evaluated the effects of Harmine administration on cognition in aged rodents using spatial 

working, recent, and reference memory tasks. We tested animals on the win-stay delayed 

match-to-sample (DMS) 3-choice task to evaluate spatial working and recent memory, and 

the Morris water maze (MM) to measure spatial reference memory [12] following Harmine 

administration.

Harmine is structurally similar to the compound 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP), which creates a Parkinsonian-like phenotype in rodents via 

metabolism to the toxic N-methyl-4-phenylpyridinium ion (MPP+) [13]. MPTP dose-

dependently induces tremors in mice, rats, and rabbits [14,15] and is known for its 

psychoactive effects in humans. Because of Harmine's potential to produce impairments in 

motor function, we used both a low and high dose, and we took precautions by including a 

task to identify animals that would need to be excluded from cognitive interpretations 

because they lack the ability to perform the procedural components of the water escape 

Mennenga et al. Page 2

Physiol Behav. Author manuscript; available in PMC 2015 April 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cognitive tasks. Indeed, our goal was to determine whether cognitive benefits could be 

achieved with a dose of Harmine that was below the threshold for motor impairments. To 

accomplish this goal, we also evaluated the animals' performance using an adaptation of the 

cue-navigation visible platform version of the spatial MM task previously used to dissociate 

visual and motor acuity from place memory [12]. This task is “matched for motor 

requirements, motivation and reinforcement” to the tasks we used to test cognitive aptitude 

[12 (pp 682), 16–18], and has previously been utilized as a control measure to ensure that a 

treatment does not impact motor function or visual acuity required to navigate through an 

environment.

2. Material and methods

2.1. Subjects

Thirty 17 month-old Fischer-344 male rats raised at the National Institute on Aging colony 

at Harlan Laboratories (Indianapolis, IN) were used in the study. After arrival, rats were 

pair-housed, had food and water ad-lib, and were maintained on a 12-h light/dark cycle. 

Procedures were approved by the Institutional Animal Care and Use Committee, and 

adhered to National Institutes of Health standards.

2.2. Experimental design and drug treatments

Rats were randomly divided into three treatment groups (n at start of study, n included in 

final behavioral analyses): vehicle (10, 10), 1 mg/day (low) Harmine (10, 10), or 5 mg/day 

(high) Harmine (10, 6). There were no differences in body weights between treatment 

groups (Table 1). Nine days after arrival, animals started receiving daily subcutaneous 

injections at a volume of 0.5 ml. Harmine (Acros Organics, Geel, Belgium, Harmine 

hydrochloride hydrate 98%) was prepared daily, and dissolved in saline (NaCl 0.9%). 

Behavioral testing began after the second injection day (Fig. 1a), and testing commenced 

approximately 30–45 min after the end of injections and lasted for 6–8 h. Animals were 

divided into three testing squads. Squad 1 was tested approximately 30–45 min after the end 

of injections, Squad 2 began testing approximately 3 to 4 h after injections ended, Squad 3 

began testing approximately 6 to 7 h after the end of injections. Of critical importance, 

treatment groups were counterbalanced across testing squad; two to three animals from each 

treatment group were included in each testing squad, resulting in some of each treatment 

group being tested across the entire testing day.

2.3. Delayed-match-to-sample asymmetrical 3-choice task

Two forms of short-term memory, spatial working and recent memory, were evaluated using 

a win-stay water-escape DMS asymmetrical place-learning task. The maze was an eight-arm 

apparatus (each arm 38.1 × 12.7 cm) that was adapted as described below, filled with 

opaque, room temperature water. Four of the eight arms were blocked using plastic inserts 

that were identical to the interior of the maze (solid black) and the maze containing a 

submerged platform (10 cm diameter) in one of the four open arms (Fig. 1b). This task was 

identical to the win-stay DMS plus maze used previously [19,20], except that the four open 

arms were configured asymmetrically, rather than in a plus shape (see Fig. 1b). Animals 

were released into a different start arm at the beginning of each trial, varying semi-randomly 
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such that the animals were released from each of the three non-platformed arms twice within 

a day of testing. The platform remained in the same location within a day, but changed 

location across days. Animals received six trials/day for nine days with 90 s to locate the 

platform, 15 s on the platform and a 30 second intertrial-interval in a heated cage. Trial 1 

was the information trial, trial 2 was the working memory trial and trials 3–6 were 

considered recent memory trials. Entry into any non-platformed arm was counted as an 

error. An arm entry was counted when the tip of a rat's snout reached a mark on the outside 

of the arm(not visible from the inside of the maze; 11 cm into the arm).

2.4. Morris water maze

Spatial reference memory was evaluated using the MM. The apparatus was a round tub (188 

cm diameter) filled with opaque room temperature water containing a submerged platform 

(10 cm diameter) (Fig. 1c). The platform remained in a fixed location across all days and 

trials, testing spatial reference memory [12]. Testing consisted of six trials/day for three 

days. Animals were dropped off at different starting points (north, south, east or west) for 

each trial, varying semi-randomly. Animals had 60 s to locate the platform where they 

remained for 15 s before being placed back into a heated cage awaiting the next trial. The 

inter-trial-interval was approximately 5–8 min. To evaluate whether animals spatially 

localized the platform, a seventh probe trial was given on the third day of testing, during 

which the platform was removed and animals were given 60 s to swim freely in the maze. A 

video camera and tracking system tracked and measured each rat's swim pathway 

(Ethovision; Noldus Instruments, Wageningen, The Netherlands).

2.5. Visible platform task

Four days after MM testing, we evaluated motor and visual competence using the visible 

platform task. This was an adaptation of the cue-navigation version of the spatial MM task 

previously used to dissociate visual and motor acuity from place memory [12]. This task is 

ideal due to its similarity to other spatial water-maze tasks with respect to motor and visual 

requirements, differing only in that animals are not required to associate the location of the 

platform with distal cues [12]. Animals were given four days after completion of the DMS 

and MM tasks to rest before the visible platform task was administered; this was done to 

ensure that any differences observed on the visible platform task were due to the 

administration of the treatment, and not to exhaustion from repeated water maze testing. The 

apparatus was a rectangular tub (39 × 23 in) filled with clear room temperature water. A 

black platform (10 cm wide) was positioned 1.5″ above the surface of the water, following 

previously published methods [16]. Opaque curtains surrounded the maze to block distal 

cues (Fig. 1d). Animals were given six trials in one day. The drop off location remained the 

same across trials, and the platform location for each trial varied semi-randomly across three 

locations. Each rat had 90 s to locate the platform, where it remained for 15 s before being 

placed back into a heated cage awaiting the next trial. The inter-trial-interval was 

approximately 5–8 min.

2.6. Procedure for determining visual and motoric competence for water maze testing

Because we counterbalanced treatment groups across squads, we were able to evaluate 

Harmine treatment at different timepoints relative to when injection occurred. Two 
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Harmine-high animals had to be repeatedly removed from the first maze tested (DMS) 

because they were incapable of keeping their heads above the surface of the water. These 

animals were removed from the study before completion of the first maze task, and were 

therefore not tested on the MM or visible platform task. Two additional Harmine-high 

treated subjects demonstrated motor difficulties impacting swim ability. These animals were 

impacted to a lesser degree, such that it was not necessary to remove them from the maze 

because they could maintain their heads above the water while swimming; however, they 

were unable to swim to the platform on their own. These two animals had to be led to the 

platform on the majority of their trials, often without having entered any arms, and therefore 

receiving an error score of zero. Because these motor challenges would impact interpretation 

of performance, we removed these two animals from all statistical analyses. All four of these 

animals received Harmine-high treatment; all remaining animals were able to swim well and 

locate the platform on their own by day 5 of testing. All four of the Harmine-high treated 

animals described above that were ultimately excluded from analyses were tested at the 

beginning of the day, in close temporal proximity to injections. The two animals that were 

physically unable to complete testing were the first two animals to be tested each day and 

both showed persistent and severe motor problems during maze testing, such that they were 

unlikely to survive behavioral testing, had it continued. It is important to note that these four 

animals exclusively comprised the subset of Harmine-high treated animals in the first testing 

squad; all of these animals were tested daily within 90 min of injection. Most Harmine-high 

treated animals demonstrated similar impairments lasting roughly 1–2 h after injections, 

followed by qualitatively normal behavior until the next round of injections. Because maze 

testing continued beyond this 2-hour post-injection window of time, we were able to 

evaluate the remaining Harmine-high animals later in the day, when their swimming ability 

was no longer impacted to a degree that hindered the procedural aspects of solving a water 

escape task. We took extra caution to include only animals that either located the platform 

on their own, or made at least multiple incorrect arm entries during their allotted trial time in 

our analyses, to avoid any possibility of interpreting motor deficits as superior maze 

performance.

2.7. Statistical analyses

In an initial analysis, Harmine-low and Harmine-high groups were compared. There were no 

statistical differences between the two Harmine-treated groups for any measure on the DMS 

or MM tasks. Therefore, for final analyses, both Harmine treatment groups were combined 

so that the final treatment groups were as follows (final n in parentheses): Vehicle (10), 

Harmine (16).

DMS testing was divided into four testing blocks consisting of two consecutive days each 

(Block 1 = Days 2 and 3, Block 2 = Days 4 and 5, Block 3 = Days 6 and 7, Block 4 = Days 8 

and 9). DMS data were analyzed with an omnibus ANOVA with treatment as the between 

groups variable and total number of errors for each trial as repeated measures within each 

testing block.

MM data were analyzed with an omnibus ANOVA with treatment as the between groups 

variable, and swim distance (cm) to the platform as repeated measures. For MM probe trial 
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data, percent distance in the previously platformed (target) quadrant was compared with the 

diagonally opposite quadrant, using repeated measures (quadrant) ANOVA. Rats that 

spatially localized the platform should spend a greater percent distance in the target vs. 

opposite quadrant.

3. Results

3.1. DMS asymmetrical 3-choice task

For testing block 4, the lattermost portion of testing, there was a main effect of Harmine 

treatment for trials 2–6 (F(1,24) = 5.04, p < 0.05), with Harmine-treated animals making 

fewer total errors relative to animals treated with saline, indicating that Harmine treatment 

enhanced working and recent memory (Fig. 2). There were no effects of Harmine treatment 

for testing blocks 1, 2 or 3.

3.2. Morris water maze

There were no Harmine treatment effects for distance on days 1–3 (Fig. 3a). For the probe 

trial, a higher percent distance was spent in the previously platformed vs. the opposite 

quadrant (Quadrant main effect: F(1,24) = 154.84; p <.0001). This was in the absence of a 

Treatment × Quadrant interaction (F(1,24) = 0.03, p = 0.87; NS), indicating that all groups 

localized to the previously platformed quadrant (Fig. 3b).

3.3. Visible platform task

The visible platform task was used to confirm that animals have the ability to perform the 

procedural components of water-escape maze testing, including the visual and motor 

capacities necessary to swim toward and climb onto a platform. To verify that the animals 

excluded from analyses were experiencing treatment-induced impairments impacting 

procedural ability to perform the task, we included these animals in a separate group 

(Harmine-high early testing) for our initial visible platform analysis. There was a main 

effect of Treatment (F(3,25) = 7.49, p < 0.001), with post-hoc analyses revealing that the 

Harmine-high early testing animals had greater escape latencies than the Control (Fisher, p < 

0.0001), and Harmine (Fisher, p < 0.001) groups. Harmine-high early testing animals had 

latencies that were, on average, three times larger than those of the other animals. The 

average escape time for the Harmine-high early testing animals was outside of 2 standard 

deviations of the average escape time of the rest of the animals in the Harmine-high 

treatment group, indicating that, at the time of their behavioral testing, these animals were 

experiencing motor and/or visual impairments that precluded them from effectively 

performing the procedural components of a swim water escape task.

Harmine-low and Harmine-high treatment groups did not differ from the Control group on 

latency to reach the platform (Fisher, p > 0.05), indicating that our final groups did not differ 

in the motor or visual capacity necessary to complete a water maze task (Fig. 4). This 

finding was especially crucial for interpretation of the other water maze tasks, as we assume 

that differences in our water maze represent memory differences, and not differences on 

other factors such as motor or visual ability.

Mennenga et al. Page 6

Physiol Behav. Author manuscript; available in PMC 2015 April 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Visible platform data were further analyzed using a regression analysis with testing squad 

(1–3) as the predictor and mean escape latency across trials 1–6 as the criterion. Fig. 5 

shows average swim time across all 6 trials on the visible platform task for each subject in 

order of testing squad. For Harmine-high treated animals, testing squad (1–3) was a 

significant predictor of mean escape latency (β = −11.567, SE = 2.751, p < 0.01, R2= 0.75) 

with mean escape latency decreasing by an average of roughly 11.6 s with each squad tested, 

and testing squad accounting for 75% of the total variance in mean escape latency (Fig. 5a). 

Testing squad was not a significant predictor of mean escape latency in the Harmine-low (β 

= −2.968, SE = 2.255, p > 0.05, NS, R2 = 0.18) or Control (β = 2.696, SE = 2.619, p > 0.05 

NS, R2 = 0.12) groups. To simplify presentation, Harmine-low and Control groups are 

presented together (β = −0.08, SE = 1.702, p > 0.05, NS, R2 < 0.01) (Fig. 5b). Once the two 

remaining Harmine-high animals in testing squad 1 were excluded, testing squad was no 

longer a significant predictor of mean escape latency within the Harmine-high treated 

animals, further supporting the assertion that these animals were impaired in performing the 

procedural components of a swim task (β = −3.659, SE = 3.485, p > 0.05, NS, R2 = 0.21, 

data not shown).

4. Discussion

The current study found that: (1) Harmine is a significant enhancer of short-term working 

and recent memory, (2) Harmine does not affect spatial reference memory at doses of 1 mg 

or 5 mg per day, and (3) high doses of Harmine produce clear but transient motor side-

effects, impacting ability to meet procedural requirements of testing.

Harmine treatment enhanced working and recent memory on the DMS task on the lattermost 

portion of testing. It is noteworthy that this enhancement was only apparent for the final 

portion of DMS testing (Block 4), and did not emerge in earlier testing sessions; it is 

possible that this difference emerged on this lattermost portion of testing due to a slight 

(non-significant) increase in the error rate of the control group. However, Harmine also 

elicited obvious motoric effects within 2 h of injection. Only Harmine-high animals that 

were tested more than 2 h after injection were included in these analyses. Many of these 

animals also showed motor deficits earlier in the day, closer in time to injections, which 

were resolved by the time they were tested in the DMS and MM tasks. The plasma half-life 

of Harmine has been reported as varying from 1 to 3 h [21], which corresponds to the length 

of time that animals showed the most severe motor deficits following injections each day. 

Because we found corresponding performance effects on our water maze control task, the 

visible platform task, which was administered after the animals had several days with no 

water maze testing or otherwise physically challenging activities, we conclude that these 

motoric deficits were induced solely by the Harmine treatment. This study demonstrates the 

importance of verifying motoric and visual competence in swim tasks such as water maze 

testing and indicates the visible platform task as a task that is sensitive to non-mnemonic 

differences.

Harmine is known to inhibit a large number of protein targets, including the 5-

hydroxytryptamine receptor subtypes 5-HT2 and 5-HT1A [22], the NMDA receptor [23], 

monoamine oxidase-A (MAO-A) [24], and dopaminergic signaling pathways [25–27]. 
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While the specific functionally-relevant target(s) mediating cognitive effects of Harmine 

have yet to be fully defined, one possibility is that Harmine may be exerting cognitive 

benefits through its inhibition of DYRK1A activity.

The overexpression of DYRK1A has been shown to impair hippocampal-dependent memory 

performance [10]. In addition to cognitive phenotypes, the overexpression of DYRK1A in 

Down syndrome patients is associated with increased phosphorylation of Tau protein, 

increased DYRK1A-positive neurofibrillary tangles (NFTs), neurofibrillary degeneration, 

increased amyloid precursor protein (APP) cleavage and increased β-amyloidosis [4], 

suggesting that DYRK1A could be an important target for cognitive enhancing compounds 

relevant to Alzheimer's disease [28]. Given that Harmine is currently the most potent and 

selective known inhibitor of DYRK1A [2], further studies examining the cognitive impact of 

Harmine administration in DYRK1A and transgenic Alzheimer's disease mouse models, 

with careful consideration of potential side effects, are warranted.
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HIGHLIGHTS

• Old rats given 1 or 5 mg Harmine were tested on a maze battery.

• Motor impairment was seen 1–2 h post-treatment with 5, but not 1, mg.

• Visible platform task identified rats unable to perform maze procedural 

components.

• Harmine enhanced working and recent memory in motor unimpaired rats.

• Illustrates necessity of control tasks for accurate interpretation of maze 

cognition
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Figure 1. 
Timeline detailing study procedures and schematics of the behavioral tasks utilized.
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Figure 2. 
Mean ± SEM total errors made on each block of the DMTS task. There were no effects of 

Harmine on DMTS performance for testing blocks 1–3. For testing block 4, the lattermost 

portion of testing, there was a main effect of Harmine treatment for trials 2–6 (F(1,24)= 5.04, 

p < 0.05), with Harmine-treated animals making fewer total errors than animals treated with 

saline.
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Figure 3. 
a) Mean ± SEM total distance swam for all days of the MM. There were no Harmine 

treatment effects for distance on days 1–3. b) Mean ± SEM percent of total distance swam in 

the NE versus the SW quadrant of the MM during the probe trial. A higher percent distance 

was spent in the previously platformed vs. the opposite quadrant (Quadrant main effect: 

F(1,24) = 154.84; p < .0001) with no Treatment × Quadrant interaction (F(1,24) = 0.03, p = 

0.87; NS).
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Figure 4. 
Mean ±SEM latency to reach the platform on the visible platform task. There was a main 

effect of Treatment (F(3,25)= 7.49, p < 0.001), with post-hoc analyses revealing that the 

Harmine-high early testing animals had greater escape latencies than the Control (Fisher, p < 

0.0001), and Harmine (Fisher, p < 0.001) treatment groups. Harmine-low and Harmine-high 

treatment groups did not differ from the Control group on latency to reach the platform 

(Fisher, p > 0.05).
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Figure 5. 
Swim time across all 6 trials on the visible platform task for each subject in order of testing 

squad.
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Table 1

Mean ± SEM body weights for each treatment group. There were no body weight differences between groups.

Treatment group Control Harmine-low Harmine-high

Body weights (g) 476.10 ± 18.52 485.00 ± 10.52 480.89 ± 6.67
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