p-Hydroxybenzyl alcohol, an active phenolic ingredient of Gastrodia elata, reverses the cycloheximide-induced memory deficit through activating adrenal gland in rats

Lung-Yuan Wu1, †, Wang-Chuan Chen1, †, Fan-Shiu Tsai1, Chin-Chuan Tsai1, 2 , Chi-Rei Wu3,*, Li-Wei Lin1, *

1 The School of Chinese Medicine for Post-Baccalaureate, I-Shou University, No.8, Yida Rd., Yanchao Township, Kaohsiung County 82445, Taiwan, R.O.C.
2 E-DA Hospital, No.1, Yida Rd., Yanchao Township, Kaohsiung 82445 Taiwan, R.O.C.
3 Department of Chinese Pharmaceutical Sciences and Chinese Medicine Resources, College of Pharmacy, China Medical University, Taichung 40402, Taiwan, R.O.C.

Running title: p-Hydroxybenzyl alcohol reverses the cognitive dysfunction

Number of pages: 19
Number of figures: 4
Number of tables: 3


Correspondence to: Dr. Li-Wei Lin, School of Chinese Medicines for Post-Baccal aureate, I-Shou University, Kaohsiung 82445, Taiwan. Tel: 886-7-6151100 ext. 7071, E-mail: lwlin@isu.edu.tw; or Dr. Chi-Rei Wu, Department of Chinese Pharmaceutical Sciences and Chinese Medicine Resources, College of Pharmacy, China Medical University, Taichung 402, Taiwan. E-mail: crw@mail.cmu.edu.tw
† These authors contributed equally to this work.

Abstract:
This present study was investigated the ameliorating effects of p-hydroxybenzyl alcohol (HBA), an active phenolic ingredient of Gastrodia elata, on cycloheximide (CXM)-induced impairment of passive avoidance response and clarified the role of adrenal glands on the effect of HBA in rats. Adrenalectomy (ADX) caused the memory deficit from 1 to 3 days after surgery. Administration of corticosterone (CORT) plus glucose completely recovered the memory deficit caused by ADX, and this effect was better than that of glucose or CORT alone. HBA ameliorated the memory deficit induced by CXM in sham and ADX rats, but ADX partially blocked it. Furthermore, plasma glucose, epinephrine and adrenal steroid levels of ADX rats significantly decreased. Sham rats received HBA had an increase in plasma glucose and adrenal steroid levels. Therefore, we suggested that reversal of CXM-induced memory deficit by HBA was partially dependent on adrenal glands through increasing the levels of plasma adrenal steroids.
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Introduction:
p-Hydroxybenzyl alcohol (HBA), an active phenolic ingredient isolated from Gastrodia elata (Wu et. al., 1996), ameliorated the memory deficit caused by cycloheximide (CXM) via suppressing the serotonergic activities in our previous report (Hsieh et. al., 1998). It is well known that the hypothalamic-pituitary-adrenal (HPA) axis plays a demonstrated role in the maintenance of some learned behaviors and the cause of some diseases complained with cognitive deficit (Martignoni et. al., 1992). Wenk suggested that the effects of some cognition enhancing drugs on memory were due to inducing the release of epinephrine and adrenal steroids, and increasing the availability of glucose for uptake and utilization in the brain which enhance energy production and the activity of the cholinergic system (Wenk et. al., 1989). Korneyev pointed out benzodiazepines and 5-HT1A agonist have dissimilar effects on memory processes due to shifting the activity of the HPA axis in opposite ways (Korneyev et. al., 1998). Häusler et al. also reported that adrenalectomy (ADX)-induced blockade in the memory-facilitating effects of some cognition enhancing agents was recovered by administration of corticosterone (CORT) and aldosterone (ALDO) (Häusler et. al., 1992). Base on the above theory and reports about the action mechanism of cognition enhancing drugs, the present study was designed to clarify whether adrenal gland and its related adrenal steroids are involved in the ameliorating effects of HBA on the CXM-induced memory deficit by ADX and biochemical assay in rats. Piracetam was used as a positive control because it belongs to nootropics and enhances the memory function via activating central nervous system, peripheral nervous system and adrenal glands (Malykh AG, Sadaie MR. Piracetam and piracetam-like drugs: from basic science to novel clinical applications to CNS disorders. Drugs. 2010;70(3):287-312.).

Materials and Methods:
Animals and Housing:
Male Sprague-Dawley rats, weighing 200-250 g, were housed in groups of six with free access to food and water, and kept in a regulated environment (231 oC), wherein a 12-h light-dark cycle (light period: 08:00 to 20:00 h) was maintained. All experiments were conducted according to the guidelines of the Committee on Care and Use of Laboratory Animals of the China Medical University.

Drug Treatment:
All drugs were purchased from Sigma-Aldrich Chemical Co. (St. Louis, USA). CXM, HBA and piracetam (PIR) were dissolved in 0.9% saline. Glucose was dissolved in distilled water. CORT was dissolved in 0.5% carboxymethylcellulose. These drugs were administered in a volume of 1 ml/kg body weight.

Groups Division and Drug Treatment:
In the first experiment, the rats were randomly assigned into 3 groups, the age-matched naïve, the sham group and the ADX group, which the number of subject each group is 8 to 12. Surgery was performed under anesthesia with pentobarbital (45 mg/kg, i.p.) after 1-week adaption in experimental room. Then, the surgery rats were divided into 2 groups again. The sham group was anesthetized, laparatomized and sutured without removing the adrenals. ADX rats were bilaterally adrenalectomized. Then, the training trials of passive avoidance performance and biochemical measurements were carried out 1, 3, 5 or 7 days after surgery.
In the second experiment, the sham and ADX rats were divided into 6 groups, respectively. Then, 3 of 6 groups were given various doses of glucose (0.1 or 1.25 g/kg, i.p.) and performed 1 or 3 days after ADX. The other 3 groups were given various doses of CORT (0.3 or 1.0 mg/kg, i.p.) or CORT plus glucose, and performed 3 days after ADX.
In the third experiment, the training trials of passive avoidance performance and biochemical measurements were carried out 5 days after surgery. All rats of the sham or ADX groups were subcutaneously administered 0.3 mg/kg CXM immediately after the training trial, and again divided into 3 groups: vehicle-, HBA- or PIR-treated groups. HBA-treated rats were orally given doses of 5 mg/kg HBA, 1h before the training trial. PIR-treated rats were orally given doses of 100 mg/kg PIR, 1h before the training trial. The used dosage of HBA and PIR was followed as our previous report (Hsieh et. al., 1998).

Passive avoidance task:
The passive avoidance task was consisted of two compartments having a steel-rod grid floor (36 parallel steel rods, 0.3 cm in diameter set 1.5 cm apart). One of the compartments (48 × 20 × 30 cm) was equipped with a 20W lamp located centrally at the height of 30 cm, and the other was dark compartment of same size, connected through a guillotine door (5 × 5 cm). The dark room was used during the experimental sessions that were conducted between 09:00 and 17:00 hours.

Passive avoidance response:
The procedure of behavioral measurements was described previously (Hsieh et. al., 1998). Briefly, each rat was placed in the light compartment with its back to the guillotine door, the door was opened and simultaneously the time (step-through latency, STL) taken by the rat to enter the dark compartment was measured. Once the rat entered the dark compartment, the door was closed. An inescapable scrambled footshock (1 mA for 2 sec) was then delivered through the grid floor by MCU-101 Controller (Muromachi Kikai Co., Tokyo). The rat was removed from the dark compartment 5 sec after administering the shock. Twenty-four hours later, the retention trial was carried out and the step-through latency was recorded.

Pain threshold and non-shock motor activity:
The threshold of flinch, jump or vocalization produced by electric shock and non-shock motor activity were also measured by passive avoidance task (Hsieh et. al., 1998). The threshold of flinch, jump or vocalization produced by electric shock was measured by using the passive avoidance task. Each rat was placed in the dark compartment of the passive avoidance task and the shock intensity was manually raised stepwise from 0.5 to 1.0 mA in increments of 0.1 mA until either a flinch, jump or vocalization was observed. Duration of shock was 2 sec and the intershock interval was 15 sec. The point at which the rat exhibited these responses was recorded.

Preparation and assay of plasma samples:
Blood samples of naive, sham and ADX rats were collected 10 min after same footshock delivered in the passive avoidance task. Blood samples were separated into two groups. One group was centrifuged, collected and used to assay plasma glucose level by Glucose Analyzer (YSI Model 23A, USA). The other group was centrifuged, collected and used to determine plasma cortisol level by fluorescence radioimmunoassay kit from Abbot (USA), and plasma epinephrine (EPI), ALDO and adrenocorticotrophic hormone (ACTH) level by radioimmunoassay kit from CIS bioindustries (France) (Häusler et. al., 1992; Hall et. al., 1990).

Statistical analysis:
All data obtained during the passive avoidance task was analyzed by Kruskal-Wallis non-parametric one-way analysis of variance, followed by two-tailed Mann-Whitney U-tests was used to analyze the data. The data about levels of plasma glucose, epinephrine, cortisol and ALDO were analyzed by unpaired Student’s t-test. The criterion for statistical significance was p < 0.05 in all above statistical evaluations.

Results:
Effects of HBA on the impairment of passive avoidance response in sham-operated and ADX rats:
The effects of ADX on the passive avoidance response were shown in Figure 1. The Kruskal-Wallis test indicated that ADX rats have a significant overall effect on the avoidance response (p < 0.001). Further Mann-Whitney U test indicated that the STL of sham operated rats was not different from that of naive rats. The STL of ADX rats was remarkably shortened compared to those of sham operated rats from 1 to 3 days after surgery (p < 0.001). But from 5 to 7 days after surgery, the STL of ADX rats was not different from those of sham operated rats (p > 0.05).
The Kruskal-Wallis test yielded a significant overall effect of glucose on the deteriorating effect of ADX (p < 0.001). Further Mann-Whitney U test indicated that glucose at 1.25 g/kg, injected immediately after the training trial, markedly prolonged the shortened STL 1 or 3 days after ADX (p < 0.01) (Figure 2). CORT at 0.3 and 1.0 mg/kg, injected immediately after the training trial, markedly prolonged the shortened STL 3 days after ADX (p < 0.05, p < 0.001) (Figure. 3). CORT (0.3 mg/kg) plus glucose (1.25 g/kg), injected immediately after the training trial, completely recovered the shortened STL 3 days after ADX (p < 0.001) (Figure 3).
The effects of HBA and piracetam on CXM-induced shortening of retention latencies in sham-operated and ADX rats are shown in Figure 4. Mann-Whitney U tests indicated that HBA and positive control piracetam significantly counteracted the retention latencies shortened by CXM in sham-operated rats (p < 0.01, p < 0.05). In ADX rats, HBA also significantly counteracted CXM-induced shortening of retention latencies (p < 0.05), but positive control piracetam did not reverse the retention latencies shortened by CXM (p > 0.05). Then, the counteracting effect of HBA and piracetam on CXM-induced shortening of retention latencies in ADX rats was weak compared with that in sham-operated rats (p < 0.05).

Effects of HBA on pain threshold in sham-operated and ADX rats:
As shown in Table 1, the flinch and vocalization thresholds of ADX rats were not different from the thresholds of naive or sham-operated rats (p > 0.05). The pain thresholds of sham-operated or ADX rats, HBA or piracetam were not different from the thresholds in Naïve or vehicle-treated rats (p > 0.05).

Effects of HBA on motor activity in sham-operated and ADX rats:
The STL of non-shocked rats were not different from the STL of naive or sham-operated non-shocked rats (p > 0.05). HBA or piracetam in combination with CXM had no effect on the STL of non-shocked rats with or without ADX in the training trial (p > 0.05) (Table 2).

Effects of HBA on plasma glucose, EPI, adrenal steroids and ACTH levels in sham-operated and ADX rats:
[bookmark: _GoBack]The plasma glucose, EPI, adrenal steroids and ACTH levels of naive, sham-operated and ADX rats treated with vehicle or HBA were shown in Table 3. Firstly, rat’s coat are slightly roughness and yellow from 5 to 7 days after ADX, but the body weight of ADX rats didn’t differ from those of naive and sham-operated rats during behavioral periods (data not shown). Plasma glucose and cortisol levels of ADX rats significantly decreased compared to those of naive and sham operated rats from 3 to 7 days after surgery (p < 0.001), and plasma glucose level of ADX rats also decreased 1 day after surgery (p < 0.001). Plasma EPI level of ADX rats significantly decreased compared to those of naive and sham operated rats from 5 to 7 days after surgery (p < 0.01). Plasma ALDO level of ADX rats slightly decreased compared to those of naive and sham operated rats from 3 to 7 days after surgery (p < 0.05). ADX rats had lower level of ACTH compared to naive and sham operated rats 3 days after surgery (p < 0.01), and then the lower ACTH level recovered normal level 7 days after surgery. Plasma glucose, cortisol and ALDO levels of sham-operated rats received HBA significantly increased compared to those of sham-operated rats (p < 0.05). Plasma ACTH level of ADX rats received HBA significantly decreased compared to that of ADX rats (p < 0.05).

Discussion:
Several investigators indicated that ADX caused the deficit of passive response in a short period (from 4 hours to 5 days) after surgery and ADX rats recovered from memory deficit in a long period (7 days) after surgery (Borrell et. al., 1983; Hall et. al., 1990). However, Bialik et al. suggested that conditioned avoidance deficits were evident 7 but not 21 days after ADX (Bialik et. al., 1984). Our present results, similar to those reported by Hall and Gold (Hall et. al., 1990) and Borrell et al. (Borrell et. al., 1990), found that ADX significantly impaired the passive avoidance response from 1 to 3 days after surgery and recovery of passive response occurred up to 5 days after ADX. In fact, alteration on sensory, motivational or motor systems during training can affect acquisition of the avoidance response. Early reports indicated that ADX reduced dose of phenobarbital to produce loss of righting reflex (Hoffman et. al., 1990) and potentiated morphine- or stress-induced analgesia (Panocka et. al., 1987; Miyamoto et. al., 1990). Our present results showed that the pain threshold and motor activity of ADX rats was similar to those of naive and sham rats. From our present data, it appeared that ADX-induced memory deficit and recovery might be related to memory processes, but not motor activity and attention.
Furthermore, we measured alteration of plasma glucose, EPI and stress hormone levels on memory deficit following ADX to demonstrate the divergence and the similarity between our results and these earlier reports (Borrell et. al., 1983; Bialik et. al., 1984; Hall et. al., 1990). Recent investigators reported ADX caused the inhibitory avoidance deficits due to decreased baseline blood glucose and glucose responses to footshock (Hall et. al., 1990). Borrell et al. indicated ADX caused memory deficits due to the absence of adrenal catecholamines (Borrell et. al., 1983). Moreover, Häusler et al. indicated ADX-induced blockade was recovered by administration of CORT and ALDO (Häusler et. al., 1992). Plasma glucose level of ADX rats, compared to those of naive and sham rats, was decreased from 1 to 7 days after surgery. Plasma EPI, cortisol and ALDO levels of ADX rats, compared to those of naive and sham rats, were also decreased from 3 to 7 days after ADX. However, plasma ACTH level of ADX rats was decreased 3 days after ADX, and recovered to normal level up to 5 days. Therefore, our present data demonstrated memory deficit following ADX might be mainly due to alteration of plasma glucose, EPI, cortisol and ALDO level and further proved the report of Hall and Gold (Hall et. al., 1990). In fact, Messier and Gagnon suggested glucose affected memory process and might be used to cure Alzheimer’s disease or cognition dysfunction (Messier et. al., 1996). CORT and its synthetic agonists also enhanced memory formation in inhibitory avoidance task or water maze (Oitzl et. al., 1992; Roozendaal et. al., 1996). Häusler et al. indicated ADX-induced blockade was recovered by administration of CORT and ALDO (Häusler et. al., 1992). We also found that glucose at high dose markedly recovered the memory deficit 1 and 3 day after ADX, and CORT at used doses markedly recovered the memory deficit 3 days after ADX. Then, CORT and glucose have a synergic effect on the recovery from memory deficit 3 days after ADX. Therefore, our present data demonstrated the decrease in plasma glucose level contributed mainly to memory deficit following ADX 1 day after ADX. Furthermore, the effect of plasma glucose depended on plasma stress hormone levels 3 days after ADX, and then combined treatment with glucose and CORT completely recovered memory deficit following ADX.
HBA, a phenolic ingredient of Gastrodia elata, reversed the CXM-induced impairment of passive avoidance response in rats (Hsieh et. al., 1998). Our present results further found that HBA reversed the CXM-induced impairment in sham and ADX rats but its effect in ADX rats was weaker than those in sham rats. The result of positive control PIR was consistent with other early report (Mondadori 1994) that ADX blocked the ameliorating effect of PIR on CXM-induced impairment of passive avoidance response. On the other hand, we found that the pain threshold and motor activities of sham or ADX rats received vehicle, HBA or PIR were grossly normal. Therefore, the result demonstrated that the beneficial effects of HBA in sham and ADX rats, similar to those in intact rats, might be related to memory processes. Then, the ameliorating effects of HBA on CXM-induced memory deficit were partially related to adrenal glands. Furthermore, we found plasma glucose, cortisol and ALDO but not EPI levels of sham rats treated with HBA were higher than those of sham rats treated with vehicle. ADX rats given with vehicle or HBA have lower plasma glucose, EPI, cortisol and ALDO levels than naive and sham rats given with vehicle. This result was consistent with other reports (Borrell et. al., 1983; Hall et. al., 1990). Therefore, the ameliorating effects of HBA on the memory deficit in sham rats might act through increasing release of adrenal steroids via adrenal medulla and the availability of plasma glucose. The weaker effects of HBA on memory in ADX rats might be due to modulating the activation of central nervous systems.
In conclusion, these present results found HBA ameliorated the memory deficit in sham and ADX rats, but the ameliorating effect of HBA in ADX rats was weaker. HBA increased the levels of plasma glucose, cortisol and ALDO in sham rats. On the other hand, our previous report found HBA reversed the impairment of passive avoidance response via central nervous system (Hsieh et. al., 1999). Therefore, the ameliorating effects of HBA in sham rats might partially act through increasing release of adrenal steroids and the availability of plasma glucose, then modulating the activities of central nervous system. As to the detailed action mechanism and relationship between the neurotrasmitters and endocrines on the ameliorating effects of HBA, we shall be further investigated.
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Figure Legend

Figure 1. Effect of ADX on the passive avoidance response at several times after surgery in rats. Each column represents the median and the range inside 5th and 95th percentile. N=8-12. *** P < 0.001 compared with sham operated group.

Figure 2. Effect of glucose (Glu) on the recovery from deficit of passive avoidance response 1 or 3 days after surgery in adrenalectomized (ADX) rats. Each column represents the median and the range inside 5th and 95th percentile. N=8-12. *** P < 0.001 compared with sham operated group. aa P < 0.01, aaa P < 0.001 compared with ADX/VEH group.

Figure 3. Effect of corticosterone (CORT) and glucose (Glu) on the recovery from memory deficit of inhibitory avoidance response 3 days after surgery in adrenalectomized (ADX) rats. Each column represents the median and the range inside 5th and 95th percentile. N=8-12. *** P < 0.001 compared with sham operated group. aa P < 0.01, aaa P < 0.001 compared with ADX/VEH group. ### P < 0.001 compared with ADX/CORT 0.3 group.

Figure 4. Effect of p-hydroxybenzyl alcohol (HBA) and piracetam (PIR) on the cycloheximide (CXM)-induced (B) impairment of passive avoidance response in sham-operated (Sham) and adrenalectomized (ADX) rats. The data represented as meanS.E.M. for 8-12 rats. * P < 0.05, ** P < 0.01 compared with sham treated with CXM group. a P < 0.05 compared with the Sham treated with CXM plus HBA group. b P < 0.05 compared with the Sham treated with CXM plus PIR group.
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Table 1. Effects of p-hydroxybenzyl alcohol (HBA) and piracetam (PIR) on the electric foot-shock in naive, sham and adrenalectomized (ADX) rats.
	Drug
	Dose
	Threshold (mA)

	
	(mg/kg, PO)
	Flinch
	Jump / Vocalization

	Naive
	
	0.79±0.02
	0.87±0.02

	Sham-VEH
	
	0.76±0.01
	0.87±0.01

	Sham-HBA
	5
	0.79±0.02
	0.88±0.02

	Sham-PIR
	100
	0.76±0.02
	0.87±0.03

	ADX-VEH
	
	0.77±0.04
	0.87±0.01

	ADX-HBA
	5
	0.77±0.02
	0.88±0.01

	ADX-PIR
	100
	0.75±0.01
	0.87±0.02


The results are expressed as mean  S.E.M. for 6 rats each group.

Table 2. Effects of p-hydroxybenzyl alcohol (HBA) and piracetam (PIR) on the step-through latency of non-shocked intact and adrenalectomized rats given cycloheximide (CXM).
	Drug
	Dose
	Step-through Latency (sec)

	
	(mg/kg, PO)
	Training trial
	Testing trial

	Naive
	
	6.02±0.33
	9.13±2.12

	Sham-VEH
	
	8.84±1.59
	9.13±1.57

	Sham-CXM
	
	9.26±2.47
	9.67±3.48

	Sham-CXM + HBA
	5
	8.89±1.57
	8.55±2.36

	Sham-CXM+PIR
	100
	7.32±1.39
	8.72±1.27

	ADX-VEH
	
	11.33±1.36
	7.96±1.60

	ADX-CXM
	
	9.98±1.13
	7.91±0.92

	ADX-CXM + HBA
	5
	8.32±1.80
	7.25±1.46

	ADX-CXM+PIR
	100
	9.15±2.37
	8.37±2.63


The results are expressed as mean  S.E.M. for 8 rats each group.



Table 3. Effects of p-hydroxybenzyl alcohol (HBA) and adrenalectomy on the plasma glucose, epinephrine (EPI), cortisol and aldosterone (ALDO) levels in rats.
	Groups
	Days
	Plasma levels

	
	
	Glucose
(mg/dl)
	EPI
(g/ml)
	Cortisol
(g/dl)
	ALDO
(pg/ml)
	ACTH
(UIU/ml)

	Naive
	
	1436
	8.41.2
	1.260.17
	16.62.1
	12.61.5

	Sham
	
	1484
	7.81.5
	1.140.12
	17.01.8
	13.31.0

	ADX
	1
	1291***
	8.60.9
	1.220.12
	13.61.7
	10.41.5

	ADX
	3
	1039***
	8.21.1
	0.260.08***
	12.71.3*
	 7.91.3**

	ADX
	5
	1168**
	2.70.3**
	0.140.03***
	13.40.6*
	18.01.5*

	ADX
	7
	1094***
	4.50.5**
	0.190.02***
	12.22.3*
	16.22.3

	Sham-HBA
	
	1613*
	5.91.5
	1.780.19*
	23.11.2*
	15.11.1

	ADX+HBA
	
	1125**
	2.50.3**
	0.140.02***
	13.72.0*
	9.71.4#


The data represented as meanS.E.M. for 6 rats. * P < 0.05, ** P < 0.01, *** P < 0.001 compared with the Sham group, # P < 0.05 compared with the ADX group (Student’s t-test).
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