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ABSTRACT 

The effects of postnatal zinc deficiency on the development of the hippocampal 
formation was assessed using the Morris water tank task. Tests at days 28,29, 
88 and 89 revealed no differences between ad libitum zinc deficient animals 
and ad libitum controls. Subjects whose food intake was restricted but was zinc 
adequate were impaired on the hippocampal version of this task but not the 
control version. These results suggest that previous reports of hippocampal 
impairment secondary to zinc deficiency should be re-evaluated. 
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INTRODUCTION 

The hippocampal formation, which includes the dentate gyrus and Ammon's 

horn, is necessary for the formation of new memories. It has also been 

suggested that it plays a key role in a variety of related behaviors, e.g., place 

learning, latent learning, spontaneous alternation (see O'Keefe and Nadel, 

1978). Numerous other theories have also attempted to explain its role in 

learning and memory (e.g., Teyler and DiScenna, 1984; Olton, Becker and 

Handleman, 1979; Sutherland and Rudy, 1989), however no one theory has 

been deemed an adequate explanation. Amidst the controversies over the 

hippocampus there is one function that is not disputed, spatial learning. 

Despite the theoretical biases, it is generally agreed that damage to the 

hippocampal formation results in spatial learning deficits. 

The hippocampal formation develops both pre- and post-natally, hence it could 

be quite vulnerable to damage from aberrant early experiences. Nutrition, in 

particular, is very important for the development of the body and brain. Deficits 

in essential nutrients or trace elements have been shown to significantly effect 

developmental processes. This study was an attempt to determine the effects of 

postnatal zinc deficiency, an essential trace element, on hippocampal function, 

which was assessed through tests of spatial learning in rats. 

Human Zinc Deficiency 

Zinc is now recognized as an essential factor in development. Humans 

experiencing extended postnatal and/or childhood zinc deficiency exhibit 
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developmental complications. Zinc deficiency has been noted to cause 

hypopituitarism with secondary arrested growth, hypogonadism, decreased 

ACTH production, and abnormal oral glucose tolerance (Prasad, Halstead and 

Nadimi, 1961; Prasad, Miale, Farid, Sandstead and Schulert, 1963; Prasad, 

Schulert, Miale, Farid and Sandstead, 1963; Prasad 1967; Sandstead, et.al., 

1967). Poor resistance to infections has been noted in zinc deficient infants and 

young children, and delayed menstruation has been noted in zinc deficient 

adolescent females (Ronaghy and Halstead, 1975) Other less severe symptoms 

attributed to zinc deficiency include impaired dark adaptation, olfactory and 

gustatory abnormalities, hair loss and prolonged wound healing (Sandstead, 

Vo-Khactu and Solomons, 1976; Ronaghy, 1987). It is unclear whether zinc 

deficient individuals also suffer from brain damage as a result of the deficiency. 

Zinc deficiency can be caused by numerous conditions, for example 

schistosomiasis - a parasitic infection, impaired absorption of zinc, dietary 

abnormalities such as geophagia (Prasad, Schulert, Miale, Farid, and 

Sandstead, 1963; Prasad, Miale, Farid, Sandstead and Schulert, 1963), stress 

due to burns, surgery or major fractures, diabetes mellitus (Prasad, 

Schoomaker, Ortega, Brewer, Oberleas and Oelschlegel, 1975), or chronic liver 

and kidney disease (Mahajan, Prasad, Rabbani, Briggs and McDonald, 1979) 

According to Ronaghy (1987) the most common cause of zinc deficiency in 

humans is an inadequate dietary intake resulting from malnutrition. Deficiency 

may also result when there is an increased dietary need such as during 

pregnancy, lactation or rapid growth periods during childhood (Jameson, 1980). 
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Dietary supplements of zinc appear to alleviate some of the symptoms of zinc 

deficiency described above (Eminians, Reinhold, Kfoury, Amirkakimi, Sharif, 

and Ziai, 1967). For example, Sandstead, et.al. (1967) found that adolescent 

boys suffering from growth retardation and hypogonadism secondary to zinc 

deficiency improved significantly following treatment with zinc for approximately 

one year. Similar findings have been reported by Ronaghy, Spivey, Gam, 

Israel and Halstead (1969) and Ronaghy et.al, (1974). The exact period of zinc 

deficiency could not be determined in these studies but it would be safe to 

conclude that the subjects had been deficient from birth. Because these human 

zinc deficiency studies used populations in nonindustrialized countries where 

many of the subjects were Nomadic in lifestyle, there was limited experimental 

control. 

Neuroanatomy 

The hippocampal formation, which includes the dentate gyrus and Ammon's 

horn (i.e, CA1-CA4), is considered to be a late developing brain structure, with a 

significant amount of neurogenesis occurring postnatally. In the rat, 

hippocampal functions emerge around postnatal day 21 (Rudy, Stadler-Morris 

and Albert, 1987). This extensive neurogenesis during the first few weeks of life 

leaves the hippocampus vulnerable to interference from numerous sources. 

Altman and Das (1965) have shown that, in the rat, approximately 85% of the 

dentate gyrus granule cells are generated after birth, with the peak period of 

proliferation occurring at the end of the second postnatal week. While the cells 

of Ammon's horn are generated prenatally, there is extensive postnatal 

synaptogenesis and dendritic branching (Pokorny and Yamamoto, 1981a; 
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Pokorny and Yamamoto, 1981b). The mossy fibres, which are the axons of the 

dentate granule cells, become evident around postnatal day nine (Amaral and 

Dent, 1981). The mossy fibres form one of the four intrinsic pathways within the 

hippocampus, connecting the dentate granule cells with the CA3 pyramidal 

cells (Blackstad and Kjaerheim, 1961). 

The mossy fibres form synapses, en passant, along the entire CA3 field and are 

considered the major afferent fiber system to this hippocampal region. These 

thin fibres have large synaptic boutons which synapse onto the branched 

dendritic spines on the proximal area of the CA3 apical dendrites. (Blackstad 

and Kjaerheim, 1961; Andersen,1975). 

Another interesting feature of these mossy fibre boutons is that they have been 

found to contain large quantities of zinc, greater than many other brain 

structures studied to date (Crawford and Connor, 1972; Danscher, Fjerdingstad, 

Fjerdingstad and Fredens, 1976; Fjerdingstad, Danscher and Fjerdingstad, 

1974). It has also been reported that the lateral distribution of zinc between the 

left and right hippocampi is highly correlated with turn preferences on the T-

maze (i.e., animals with high levels of zinc in the right hippocampus 

preferentially turn right and those with high levels in the left hippocampus 

preferentially turn left) (Valdes, Hartwell Sato, & Frazier, 1982). The role of the 

zinc in the mossy fibres is unclear. 

The CA3 region of the hippocampus also receives afferents directly from the 

entorhinai cortex, via the perforant path. Destruction of the mossy fibre input 

may therefore not leave the CA3 region completely non-functional. Hesse 



11 

(1979) has indeed found that sever zinc deficiency in adult animals impairs 

neuronal transmission through the mossy fibre pathway but not CA3 

commissural axons. The mossy fibre synaptic field potentials in the zinc 

deficient animals declined in amplitude with successive stimulation, however 

this was not seen in control animals or in the CA3 commissural axons. This 

suggest that zinc is an important component for mossy fibre synaptic 

transmission. A recent study by McNaughton, Barnes, Melter and Sutherland 

(1989) has indicated that destruction of the dentate gyrus does not significantly 

effect the spatial specific firing of the pyramidal cells in CA3, though it does 

impair the rats ability to perform a spatial task. Miller and Best (1980) found that 

lesions of the entorhinal cortex significantly reduced the number of place cells 

found in the CA3 region while also creating a deficit in spatial learning. 

Together these results suggest that the entorhinal and dentate afferents to CA3 

may have somewhat different roles. Hence, if zinc deficiency selectively impairs 

the mossy fibre input to CA3 we may see spatial behavior deficits but no 

impairments of spatial specific firing in CA3. 

The morphological effects of zinc deficiency on the hippocampus are quite 

confusing. A frequently used method of assessing the effects of zinc deficiency 

is the Timm-sulfide method (Danscher and Zimmer, 1978) which is used to stain 

the mossy fibres. This histological procedure is not very specific, staining for 

other heavy metals, as well as for zinc. Regardless of this complication, several 

studies have used this procedure to assess morphological effects. Not 

surprisingly the results are inconclusive, with some studies finding differences 

between zinc deficient and control animals (Dreosti, Manuel, Buckley, Fraser 
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and Record, 1981) and others finding no differences (Buell, Fosmire, Ollerich 

and Sandstead, 1977; Golub, Gershwin and Vijayan, 1983). Another 

neuroanatomical procedure for examining the effects of zinc deficiency is size 

comparison. Hippocampi of zinc deficient and control animals are removed, 

weighed and measured. Inconclusive results have been found with this 

procedure as well. Some investigators find that zinc deficient animals have 

smaller hippocampi (Halas and Kawamoto, 1984) whereas other have found 

that there are no size differences or that size is positively correlated with the 

total weight of the animal. Hence the ratio of hippocampal size to body size is 

equal in zinc deficient and control animals. 

Because the neuroanatomical results are inconclusive with respect to zinc 

concentrations in the mossy fibres (Dreosti, Manuel, Buckley, Fraser and 

Record, 1981; Buell, Fosmire, Ollerich and Sandstead, 1977; Golub, Gershwin 

and Vijayan, 1983) and actual morphology following zinc deficiency (Halas and 

Kawamoto, 1984) it leaves open the possibility that the behavioral impairments 

may be due to damage elsewhere in the hippocampus. We know that zinc 

deficiency results in increased levels of glucocortocoids (DePasquale-Jardieu 

and Fraksr, 1979). Whether it is due to the "stressful" nature of zinc deficiency is 

unclear. The subsequent hippocampal impairment - following postnatal zinc 

deficiency - may be a result of the toxic effects of increased glucocorticoid 

levels on cell division. Bohn (1984) has shown that increased glucocorticoid 

levels throughout postnatal days 7-18 results in premature cessation of cell 

division, inhibition of cell proliferation and a delayed genesis of some cells 

following a return to normal glucocorticoid levels. This is the period during 
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which hippocampal (dentate gyrus) granule cells are dividing and migrating 

and increased glucocorticoid levels during this time period have been shown to 

decrease the number of granule cells in this area. Should this be the case for 

these zinc deficiency studies, then the behavioral effects seen may be at least 

partly due to decreased numbers of dentate gyrus granule cells. Hesse, et.al. 

(1979) has suggested that the behavior of zinc deficient animals is more like 

that of animals experiencing increased glucocorticoid levels than that of 

hippocampal lesioned animals, lending support to the idea that the zinc 

deficiency effects are at least partially due to glucocortocoid effects. 

Should zinc deficiency effect development of the hippocampal formation it could 

be suggested that the period of lactation would be the most vulnerable. 

Developmental neuroanatomy tells us that this is when the zinc rich mossy 

fibres are developing. Should the effects be exacerbated by increased 

glucocortocoids, the dentate granule cells would be effected as well because 

this is also the period when they are developing. Because the present 

neuroanatomical procedures for evaluating the morphological effects of zinc 

deficiency are inconclusive behavioral assessments may be of more value at 

this time. 

Behavior and Zinc Deficiency 

Because the hippocampus is a postnatally developing structure the normal 

progression of its development is considered vulnerable. Early life 

experiences, specifically those from postnatal day 1 to approximately day 28, 

can have dramatic and possibly permanent effects on hippocampal functioning. 
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Stressful experiences such as handling and/or maternal separation have been 

shown to significantly alter learning processes attributed to the hippocampus 

(Wilson, 1989). Zinc deficiency may also interfere with the development of the 

hippocampus and its subsequent functioning. Because the mossy fibre boutons 

contain high zinc concentrations and are postnatally developing structures and 

in light of the impaired mossy fibre neuronal transmission in zinc deficient 

animals reported by Hesse (1979), it seems plausible to suggest that the 

development of this region could be altered as a result of postnatal zinc 

deficiency. 

Animals experiencing zinc deficiency tend to suffer from undernutrition resulting 

from a learned taste aversion to the zinc deficient food (Cannon, Crawford and 

Carrell, 1988). To control for the effects of undernutrition studies of zinc 

deficiency usually include a group of subjects which are fed quantities of food 

equal to that consumed by the zinc deficient subjects while receiving zinc 

supplements in the water. This "pair-fed" group suffers from undernutrition but 

not zinc deficiency. In general an ad libitum group is also included in studies of 

zinc deficiency. This group has access to as much food as desired and 

experiences no deficiency or undernutrition. Generally all three groups receive 

a specially prepared zinc deficient food and the two controls receive zinc 

supplements in the drinking water. Hurley, Keen, Young and Lonnerdal (1982) 

have shown that such zinc supplements are readily absorbed and adequately 

increase zinc tissue levels to normal range. 

Another important consideration of nutritional studies in which behavioral 

testing is employed is motivation. Obviously an animal must be motivated to 
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perform a task. Several paradigms are used to "motivate" animals to perform. 

They can learn that they receive a positive reward for performing a task, such as 

food in Olton's 17-arm radial maze, or they may learn that they must escape a 

punishment, such as a shock in a Skinner box, or they may be motivated by 

being placed in an aversive condition or environment in which they must 

escape, such as escaping from water (Morris water task) or escaping a brightly 

lighted area (e.g., Barnes holeboard). It is typically the case that animals must 

be food deprived to 80% or 85% of their body weight prior to a food-reward 

motivated experiment (e.g., radial arm maze or T-maze), however this is not 

necessary for tasks in which the motivation is escape from an aversive condition 

or avoidance of a punishment. Stress resulting from extended food deprivation, 

such as that used prior to radial arm maze training, has been shown to increase 

glucocorticoid levels (DePasquale- Jardieu and Fraker, 1979) which is believed 

to subsequently impair learning. It is entirely possible that the effects of zinc 

deficiency or other nutritional manipulations are exacerbated by this food 

deprivation. Putting aside the food deprivation issue, it may be the case that 

experiences early in life such as undernutrition or zinc deficiency alter not only 

the animal's ability to perform a task, but also the animal's motivational level to 

perform for food. Halas and Sandstead (1980) have reported that zinc 

deficient animals are, in fact, more "motivated" to perform for food than normal 

animals. The consequences of this finding can vary with the type of task the 

animal is required to perform. In a task, such as the radial arm maze, there are 

numerous opportunities for making errors. An animal that is highly motivated to 

obtain the food may make numerous attempts at locating food and hence 
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increase the errors on the task. While the animal may eventually learn that the 

strategy is not productive the initially high number of errors would superficially 

suggest that there is a different rate of learning between groups. There is no 

evidence, however, that there is differential motivation on tasks in which the 

subjects must escape from water (Morris water task) or escape a brightly lit area 

(Barnes holeboard). Because the majority of zinc deficiency studies use food 

rewards for motivation the results may be confounded and subsequently 

misleading. The way in which an animal is motivated to perform a task is an 

important consideration when assessing this literature. To date there have 

been no studies published which assess spatial abilities of zinc deficient 

rodents in a non-food motivated paradigm. 

The literature on zinc deficiency and behavior can be grouped into the following 

categories: gestational zinc deficiency, postnatal (until weaning) zinc deficiency, 

and post weaning zinc deficiency. Zinc deficiency during gestation is frequently 

combined with that during lactation. Behavioral testing may take place 

concurrently with the zinc deficiency and/or after a rehabilitation period in which 

the subjects receive a standard lab chow diet. 

Deficiency During Gestation and Lactation 

Behavioral studies of zinc deficiency have shown that experiencing zinc 

deficiency during an important period of brain development, such as during 

gestation and/or lactation, can seriously alter behaviors such as aggression and 

learning and memory. Halas, Reynolds and Sandstead (1977) reported that 75 

day old and 105 day old female offspring of dams who experienced gestational 
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zinc deficiency were significantly more aggressive than the female offspring of 

pair fed and control dams, however this was not evident with the male offspring. 

The ad libitum control males appeared more aggressive than the pair fed and 

zinc deficient in this study, however no adequate explanation for this finding 

was offered. Zinc deficiency throughout gestation and lactation followed by a 

rehabilitation period of at least forty days resulted in decreased avoidance 

latencies on passive avoidance tasks (Golub, Gershwin and Vijayan, 1983), 

slowed the rate of learning, significantly impaired working memory, and 

impaired reverse learning (males only) on a 17-arm radial maze (Halas, Hunt 

and Eberhardt, 1986). Mild zinc deficiency during gestation and lactation 

followed by rehabilitation, from weaning to postnatal day 90 or 100, also 

resulted in working memory deficits and deficits in learning the 17 arm radial 

maze task. It was also discovered that the experimental group had fewer 

strategy changes than the control group throughout the trials (Halas and 

Sandstead, 1982; Halas and Kawamoto, 1984; Wallwork, Halas and Milen, 

1984). Animals experiencing postnatal zinc deficiency (pre-weaning) have also 

been found to exhibit reverse learning and working memory deficits on the 17-

arm radial maze (Halas, Eberhardt, Diers and Sandstead, 1983). Halas, 

Heinrich and Sandstead (1979) also found that long term memory of a classical 

conditioning paradigm is impaired by postnatal zinc deficiency. Halas and 

Sandstead (1980) failed to find a deficit in discrimination learning in 100 day 

old rats who had experienced pre-weaning zinc deficiency, in fact the 

experimental animals performed better than the controls. They attributed these 

results to a difference in motivation and not learning ability, i.e., previously zinc 
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deficient animals are more motivated to perform a task for a food reward than 

animals never experiencing a deficiency. 

Deficiency After Weaning 

In general, the most critical brain development in the rat is complete by the time 

of weaning. Animals experiencing zinc deficiency after this period require 

significantly more trials to learn the transfer learning phase of an operant task, 

however they have no difficulties with the preliminary auditory and visual 

discrimination learning (Massaro, Mohs and Fosmire, 1982). Zinc deficient 

animals have also been found to be significantly less active in an open field 

environment and to exhibit a significantly longer startle response to an air puff 

(Gordon, Denny and Bond, 1980; Gordon, 1984). T-maze alternation and 

passive avoidance performance are not significantly different from normals, 

however (Hesse, Hesse and Catalanotto, 1979). Hesse, et. al.(1979) 

suggested that the performance of the zinc deficient animals is similar to that of 

animals experiencing increased glucocorticoid levels and not hippocampal 

lesioned animals. This may be a plausible explanation for this behavior since, 

in fact, zinc deficiency has been shown to increase glucocorticoid levels 

(DePasquale-Jardieu and Fraker, 1979). To date no studies of the effects of 

post-weaning zinc deficiency on spatial learning/memory have been published. 

As previously discussed, the literature on zinc deficiency has addressed the 

effects of postnatal zinc deficiency on hippocampal functions. The radial arm 

maze data from these zinc deficiency studies was interpreted as per Olton's 

working memory/reference memory theory of hippocampal functioning. This 
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theory suggests that "the primary function of the hippocampal system is to make 

the temporal/personal associations necessary for information to be processed 

by working memory." Procedurally this means that stimulus information that is 

useful for one trial of an experiment is not useful for subsequent trials, however 

the animal must remember which stimuli have been presented and when they 

were presented (e.g., this trial or previous trial). Reference memory on the other 

hand is not dependent on a functional hippocampal system and lacks the 

temporal component of the working memory system. Procedurally this means 

that information is useful for many trials and the animal does not need to 

remember when the stimulus was last presented (Olton, Becker & Handelmann, 

1979; Walker & Olton, 1984). This theory conflicts with the cognitive mapping 

theory of O'Keefe and Nadel (1978) which states that the hippocampus is 

necessary for learning about the spatial relationships of objects in the world and 

for the formation of a "cognitive map" of the environment. According to Walker 

& Olton (1984) working memory includes but is not limited to cognitive mapping 

functions. O'Keefe and Nadel, however disagree with this notion. The present 

studyjvas designed to assess the effects of postnatal zinc deficiency in terms of 

this cognitive mapping theory. The Morris water tank task was used to assess 

spatial learning in rats who had experienced postnatal zinc deficiency. This task 

eliminates the problems previously discussed with a food motivated task and it 

is a spatial model of hippocampal function. 
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METHOD 

Subjects 

Subjects were 48 male and female Long-Evans hooded rats bred in the 

animal laboratory at the University of Arizona. Dams of the six litters used were 

matched by weight on the initial day of breeding and assigned to a dietary 

condition. The litters were culled to 8 pups (4 male and 4 female) and weighed 

on postnatal day one (PN1) with the day of parturition designated as postnatal 

day 0 (PNO). All animals were maintained on a 12/12 hour light/dark cycle 

(lights on at 2200 hours) throughout the experiment and the dams were 

provided with standard laboratory rat chow and tap water ad libitum throughout 

pregnancy. 

Dietary Conditions - Procedure 

On the initial day of breeding all dams were weighed. Dams were matched 

according to weight and assigned to one of three dietary conditions: ad libitum-

zinc deficient (AL-ZD), restricted-control (REST-CTL), or ad libitum-control (AL-

CTL). Diets were switched from the standard laboratory rat chow and tap water 

on PNO. Dams in the AL-ZD condition received a custom prepared zinc 

deficient chow (ICN Biochemicals) and distilled deionized water ad libitum. 

Dams in the REST-CTL condition received the same chow, the amount of which 

was determined by the amount of chow consumed by the weight match in the 

AL-ZD condition on the previous day. These dams received distilled water 

supplemented with zinc sulfate at a concentration of 25 parts per million (ppm) 

ad libitum. Dams in the AL condition received zinc deficient chow and distilled 
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water supplemented with zinc sulfate (25 ppm) ad libitum. The quantity of food 

and water consumed was recorded daily between 0700 and 0800 hours. All 

pups were weaned and provided with standard laboratory rat chow and tap 

water ad libitum on PN29. 

Housing 

Care was taken to eliminate all non-experimenter controlled sources of zinc. All 

animals were housed in polypropylene cages with wire lids throughout the 

experiment. Cages were lined with wood shavings. Water was dispensed in 

polypropylene bottles with rubber stoppers and stainless steel sipper tubes. To 

prevent the animals from eating the rubber stoppers 1" x 3" x 1/4" plastic strips 

were placed between the bottles and the wire cage lids. All cages were 

cleaned on PN14 to eliminate feces with high zinc concentrations. 

Behavioral Testing 

Water Tank - Place and Cue Task 

A six-foot diameter fiberglass water tank, painted off-white, filled with water 

colored white with Crayola paint was used for this task. A submerged platform 

provided the rat with the opportunity to escape from continual swimming. There 

were four possible platform locations, one in each quadrant of the tank, located 

one foot from the inner edge of the tank. Black and white room dividers and 

posters were located around the room and remained stationery throughout the 

experiment. Mounted five feet above the center of the tank was a video camera 

that projected the image of the water tank to a computer tracking system. This 

image was in turn fed into an on-line Apple Computer which analyzed the 
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latency of the animal to locate the platform, the distance traveled in the tank, 

and percent of time spent in various segments of the tank. 

In the place version of this task, the platform remained in the same location 

throughout two days of training trials (eight trials per day), while the start 

location varied in a quasi-random fashion. The location of the platform was 

counter-balanced across litters. All possible combinations of the four start 

locations were generated and two combinations were chosen each day for 

each litter being tested. This assured that all animals started at each location 

twice and ruled out the effect of start location. Following the eighth training trial 

on the second day a probe trial was run. The platform was removed from the 

tank and the animal was placed in the water at one of the designated start 

locations and allowed to swim for sixty seconds. 

In the cue version of this task a ball was hung above the platform providing a 

salient cue for the animal. In this version the start location remained the same 

across the two days of training trials (eight trials per day), while the platform and 

cue that marked it were moved to the different locations in the tank. As with the 

platform location in the place task, the start location in the cue task was counter

balanced across litters. The order of the platform locations in this task were 

determined in the same manner as the start locations in the place task. After the 

eighth training trial on the second day a probe trial was run. The cue was 

placed above one of the four platform locations, however the platform was no 

longer in the tank. The animal was placed in the water at the usual start 

location and allowed to swim for sixty seconds. 



23 

Four animals (two males and two females) from each litter were tested on the 

place version of the task while their four litter mates (two males and two 

females) were tested on the cued version. As each animal was placed in the 

water (with the nose touching the edge of the tank) the computer tracker was 

engaged. When the animal located and climbed onto the platform the tracker 

was disengaged and the animal was left on the platform for 15 seconds. If the 

animal failed to locate the platform within sixty seconds it was placed on the 

platform by the experimenter and remained there for 15 seconds. All animals 

were tested on PN27 and PN28 and re-tested on PN87 and PN88 (+/- 1). 

Neurological Examination 

All animals underwent brief neurological examinations on PN90. Righting 

response, visual placing response, orienting to touch, and basic grooming were 

assessed. These tests were conducted in red light and the examiner wore 

heavy gloves because several of the animals were prone to biting. 

Righting Response - Subjects were picked up around the torso and turned onto 

their back. The presence or absence or slowing of the animal's ability to bring 

itself to a normal upright posture was recorded. 

Visual Placing Response - Subjects were held, by the base of the tail, above the 

surface of the examination table. A correct response is indicated by the 

stretching forward of the forelimbs as if attempting to touch the table (see figure 

A). The presence or absence of a correct response was recorded along with a 

brief description of the incorrect response if present. 

Orienting to Touch - Subjects were placed on a table, and touched with a pencil 
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eraser on the front and hind limbs and tail. Orienting or lack thereof was 

recorded. Inhibition of the orienting response in a novel environment is 

considered appropriate. 

Basic Grooming - Subjects were examined for evidence of abnormal grooming 

behavior. A lack of grooming, as evidenced by a greasy appearance or long 

nails, or excessive grooming, as evidenced by genital inflammation or loss of 

fur, were recorded and the type of abnormality briefly described. 

Due to unreliable data and assessment on the neurological examination these 

data were not analyzed. 

Motor Functioning 

Because the cerebellum develops postnatally around the same time as the 

hippocampus manipulations that affect the development of the hippocampus 

may very well effect the cerebellum. To control for the possibility that the 

cerebellum was injured in this experiment and subsequently effected 

performance on the water tank task, the ability to swim was assessed. 

Swimming movements from the sixty second probe trial on both PN28 and 

PN88 were scored utilizing a four point scale. A score of 1 indicated that the rat 

swam with alternating movements of the hind limbs, while the head, body and 

tail were always visible. The rat had the appearance of gliding through the 

water. The body generally remained straight with the tail frequently moving left 

and right. A score of 2 indicated that the rat swam with alternating movements 

of the hind limbs while the head, body and tail were always visible. The body 

remained straight however the tail end moved in a twisting motion and/or the 
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animal did not swim smoothly through the water; it appeared to move in a 

staccato fashion with alternating stop and go swimming or it swam in brief 

spurts . A score of 3 indicated that the rat swam as in 1, however it dove under 

the surface of the water one or more times. A score of 4 indicated that the rat 

was unable to swim. 

DATA ANALYSIS 

The GLM procedure (PROC GLM) from the SAS User's Guide, version 5, was 

used to analyze these data. Latency to find the platform, measured in seconds, 

was compared between groups, i.e., AL-ZD vs REST-CTL vs. AL-CTL, as was 

the swimming ability and the type of task on which the subject was tested (cued 

vs. place). Within group variables were the age at testing and trial number. 

Hierarchical general linear models were designed to test the following 

hypotheses: 

1. Performance on the swimming task is not a good predictor of performance on 

the cued or place versions of the water tank task. 

2. There is no significant difference between the RESR-CTL group's 

performance on the water tank task, both cued and place versions, and the 

performance of the AL-CTL group. 

3. The AL-ZD group requires more time, both in seconds and in number of 

trials, to learn the place task than the REST-CTL and the AL-CTL groups, 

however, there is no significant difference between the groups on the cued 

version of the water tank task. 
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4. Animals in the AL-ZD group will perform significantly worse on the place task 

than the REST-CTL and AL-CTL groups at both PN28-29 and at PN88-89. The 

60 day rehabilitation period will not alleviate the difference between the groups. 

RESULTS 

Hypothesis One - Results indicated that performance on the swimming task was 

not a good predictor of performance on either version of the water tank task. 

This indicated that performance on this task was not affected by the animal's 

swimming ability. This result supports the first hypothesis. 

Hypothesis Two - The data failed to support the second hypothesis which states 

that there is no difference between the REST-CTL and AL-CTL groups. Results 

indicated that there was a significant diet by task interaction (df 1,52, F=3.96, p= 

.053). The AL-CTL group performed significantly better than the REST-CTL 

group on the place but not the cued version of the water tank task (see figure 1). 

Hypothesis Three - The data also failed to support the third hypothesis which 

states that the AL-ZD group will perform significantly worse on the place, but not 

the cue, task than both the REST-CTL and AL-CTL groups (see figure 1). There 

was no significant difference between the AL-ZD and the AL-CTL groups. 

Hypothesis Four - While there was a significant main effect of age (older 

animals performed significantly better than younger) (df 1,52, F=10.03, p<.01) 

the fourth hypothesis was not supported by the data. The fourth hypothesis 

states that the AL-ZD animals will perform significantly worse on the place task 

than the other two groups at both ages (postnatal 28-29 and postnatal 88-89). 
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The diet by age and diet by task by age interactions were not significant, 

however. 

There was a significant main effect of trials (df 1,52, F=867.53, p<.001) which 

indicated that all subjects improved across trials. Because the data appeared to 

indicate that there was differential learning across the two tasks a trials by task 

interaction was tested. This interaction approached significance (p<.07), 

indicating that across all dietary conditions the learning curve was steeper for 

the cue task than the place. The data indicated that across trials 1 through 8 

subjects performed equally as well but as the trials progressed the animals 

tested on the cued version were able to locate the platform in fewer seconds 

than those on the place version (see figure 2). 

Because the data appeared to indicate that there was no difference between 

the AL-ZD and the AL-CTL groups these two groups were first compared to 

determine if they were different from one another. It was determined that they 

were not different from each other so they were combined into one group 

(referred to as AL) and compared to the REST-CTL group. There was a 

significant difference between the REST-CTL and the AL group (df 1,50 F=4.89, 

p<.05). As the previous model indicated there was a significant main effect of 

task and a main effect of trials (see above). 

DISCUSSION 

The effects of postnatal zinc deficiency, from the day of birth to postnatal day 29, 

on performance on the Morris water tank task were assessed. Animals were 

tested at postnatal day 28, 29, 88 and 89, on either the place or cue version of 
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the task. Results indicated that ail animals were eventually able to learn the 

task on which they were tested, and in general performance on the cued 

version of the task was better than on the place version. AL-CTL animals 

performed significantly better on the place, but not the cued, task than the 

REST-CTL animals, however contrary to what was hypothesized, the AL-ZD 

animals did not perform significantly worse than the REST-CTL or AL-CTL 

animals on the the place or cued task. In fact the AL-ZD group was no different 

from the AL-CTL group so they were combined and compared to the REST-CTL 

group. It turns out that the REST-CTL subjects were impaired when compared 

to the other two groups. The crucial factor appeared to be whether or not the 

group had free access to their food. There were no differences between any of 

the groups on the cued version of the task. 

In contrast to previous zinc deficiency studies, this study failed to show that zinc 

deficient animals are significantly more impaired than REST-CTL animals on a 

hippocampal task. These results are in contrast to what would be expected in 

light of the results from the zinc deficiency studies that assessed working 

memory (see Behavior and Zinc Deficiency, this paper). These studies 

indicated that zinc deficient animals and animals that experienced 

gestational/postnatal zinc deficiency were significantly more impaired than 

REST-CTL animals on working memory but not reference memory tasks. 

According to the working memory theory, these results suggest that the 

hippocampal system is impaired and that other hippocampal dependent tasks 

should be impaired as well. This would include the place version of the Morris 

water task. This task has been shown to be sensitive to hippocampal damage, 
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whereas the cued version has not. The cued version is therefore considered a 

"control" task. The present study did find a significant impairment on the place 

version, however only the REST-CTL group was impaired. If one were to 

assess the place and cue versions of the water tank task in terms of Olton's 

working memory procedure and reference memory procedures both tasks 

would be classified as reference memory tasks. This would suggest that there 

would be no differences between the AL-ZD, REST-CTL and control animals on 

both versions of the task. Results from the present study failed to support this 

notion and therefor, fail to support the Working Memory theory of Olton. These 

results are inconclusive with respect to the Cognitive Mapping theory of O'Keefe 

and Nadel because supporting neuroanatomical data is absent, and previous 

neuroanatomical research of zinc deficiency has shown to be inconclusive. 

These data do suggest that the pair-fed animals suffered from hippocampal 

damage, however. 

Results from malnutrition studies are inconclusive with respect to hippocampal 

impairment. Results from a T-maze reversal spatial discrimination (Smart, 

1976), 8 and 12 arm radial maze and spontaneous alternation tasks (Hall, 

1983) show no differences between early life malnutrition animals and controls. 

The animals were not tested while experiencing malnutrition, however. Castro 

and Rudy (1987) found that gestation/lactation malnutrition resulted in deficits in 

the place but not the cued version of the Morris water task for pups tested 

between postnatal days 20 and 27, but not for those tested at postnatal day 30 

(note, all animals were weaned at PN22). The important difference in this study 

is that the pups tested during the malnutrition, or five days after termination of it, 
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were impaired, whereas those tested after that were not. The present study 

examined effects both during and after the manipulation and found results 

consistent with those of Castro and Rudy (1987). 

Another factor that may have contributed to the discrepancy between previous 

zinc deficiency findings and the present is the strain of rat. Tonkiss and Smart 

(1983) have shown that the strain of rat used in a nutritional study effects the 

performance on the learning task and hence the conclusions drawn regarding 

malnutritional effects. Long Evans hooded rats were used for the present study 

whereas others have used Lister, Wistar, Long Evans or Sprague Dawley. 

Yet another possibility for the present results is stress. The AL-ZD and AL-CTL 

groups had free access to food and water, hence adequate food supply for 

these groups was not a concern. The restricted-control group, however, was 

not provided with free access to food and were only allowed to eat the ration 

provided. Loss of control over something as important as food can be 

considered a stressful event or situation. Possibly this chronic stressful 

condition effected the dam's care of her pups resulting in a stressful postnatal 

experience for her offspring. Stress early in life has been shown to increase 

levels of glucocortocoids which subsequently disrupts hippocampal 

development and future functioning. This may be what has occurred in this 

case. 

The present results bring previous zinc deficiency results into question. The 

goal of the present study was to eliminate the use of a food motivated task while 

still assessing hippocampal function. The present study indicates that changes 
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in the mechanism by which an animal is motivated may change the results of 

zinc deficiency (i.e., zinc deficient animals are impaired on food motivated 

hippocampal tasks but not non-food motivated hippocampal tasks). Hence, it 

appears that a cleaner assessment of zinc deficiency indicates that 

hippocampily controlled (spatial) behavior is not effected by this manipulation. 

Possibly the reason others have seen an effect of zinc deficiency is that in a 

food motivated paradigm the subjects must be food deprived to approximately 

80 or 85% of their normal body weight. This period of food deprivation may 

exacerbate the effects of zinc deficiency resulting in a difference between the 

groups. 

It is important to reiterate the fact that removal of zinc from the diet does not 

insure removal from the brain. The author suggests that as a model to 

investigate the role of zinc in the mossy fibres, a zinc deprived animal is quite 

inadequate. This may, however, be an acceptable model for the human zinc 

deficiency syndrome. It is suggested that future studies investigating the role of 

the zinc in the mossy fibres use an alternative method for depleting the zinc, i.e., 

a chelating agent. 

Future research should address these issues. A series of studies addressing 

such issues as the effects of stress on maternal care, the resulting "stress" on 

the offspring, and the subsequent effect on hippocampal functions are in order. 

A comparison of the effects of malnutrition to the effects of loss of control over 

access to food also may be in order. Malnutrition research often uses 

nutritionally deficient food that is available ad libitum. As we have seen in the 
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present study self-regulation of food consumption may be an important factor in 

malnutrition research. 

In summary, the results of the present study failed to replicate previous findings 

indicating that postnatal zinc deficiency impairs hippocampal functioning. 

Perhaps a within subjects comparison of these manipulations on performance 

of the radial arm maze and water tank task is in order, as well. 
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