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Abstract

16 Neonatal exposure to high levels of manganese (Mn) has been indirectly implicated as a causal agent in attention

17 deficit hyperactivity disorder (ADHD), since Mn toxicity and ADHD both involve dysfunction in brain dopamine (DA)

18 systems. This study was undertaken to examine this putative relationship in an animal model by determining if levels of

19 neonatal dietary Mn exposure were related to brain DA levels and/or behavioral tests of executive function (EF) when

20 the animals reached maturity. We used 32 newborn male Sprague–Dawley rats and randomly assigned them to one of

21 the four dietary Mn supplementation conditions: 0, 50, 250 and 500 mg per day, administered daily in water from post-

22 natal days 1–21. During days 50–64, the animals were given a burrowing detour test and a passive avoidance test. At

23 day 65, the animals were killed and brains were assayed for DA. There was a statistically significant relationship

24 (P ¼ 0:003) between dietary Mn exposure and striatal DA. On the burrowing detour and passive avoidance, greater

25 deficits were observed for animals subjected to higher Mn exposure, but these differences did not reach statistical

26 significance. However, tests for heterogeneity of variance between groups were statistically significant for all measures,

27 with positive relationship between Mn exposure and degree of within-group behavioral variability. Kendall’s non-

28 parametric test of the relationship between the three behavioral measures and striatal DA levels was also statistically

29 significant (P ¼ 0:02). These results lend support to the hypothesis that neonatal Mn exposure is related to brain DA

30 levels and neurocognitive deficit in the rodent. # 2002 Published by Elsevier Science Inc.

31 Keywords: Dopamine; Behavior; Trace minerals; Manganese; Infant
32

INTRODUCTION

34 There have been persistent reports that children with
35 learning and attention deficits have elevated levels of
36 Mn in their head hair (Pihl and Parks, 1977; Collip
37 et al., 1983; Marlowe and Bliss, 1993). We recently
38 replicated this finding in a well-characterized group of
39 children with attention deficit hyperactivity disorder

40(ADHD; Crinella et al., 1997). However, the reason for
41these findings is still unclear.
42Mn toxicity from industrial exposure has long been
43known to result in a clinical syndrome, ‘‘manganism,’’
44a Parkinson-like condition that provides evidence that
45Mn is specifically toxic to the brain’s dopamine (DA)
46systems (Donaldson and Barbeau, 1995). ADHD has
47also been linked to impaired DAergic functioning, so it
48is feasible that higher levels of Mn in ADHD children
49is a reflection of a similar neurotoxic insult. However,
50prevalence of ADHD has not been linked to environ-
51ments with elevated levels of ambient Mn. In fact, the
52prevalence rates for the disorder remains constant
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F53 (about 3–5%) across countries where there is a wide

54 variation in ambient Mn exposure (Swanson et al.,
55 1998a,b).
56 The major source of Mn for all mammalian species is
57 diet, and variations in diet have been shown to increase
58 Mn in tissues, depending on the age of the animal at the
59 time of exposure. The risk of Mn to the neonate has
60 been the topic of several studies (Keen et al., 1994; Bell
61 et al., 1989; Keen et al., 1986; Lönnerdal et al., 1983,
62 1985; Lönnerdal, 1994). Breast milk has low levels of
63 Mn, but the newborn infant still absorbs Mn in ade-
64 quate amounts because Mn homeostasis develops
65 slowly in neonatal life. Thus, while Mn absorption
66 is generally high in the first few weeks of life, it shows a
67 steady decrease with age. By the time of weaning, Mn
68 binding in tissues has diminished and/or the excretion
69 mechanism for Mn via bile has become more efficient.
70 As with other organ systems, Mn enters the neonatal
71 brain at a much higher rate than in the adult brain.
72 Neonates are, therefore, at considerable risk of neuro-
73 toxicity upon exposure to excess Mn (Kirchgessner
74 et al., 1981).
75 Formula-fed infants ingest considerably more Mn
76 than breast-fed infants. Lönnerdal (1994) has empha-
77 sized the possible clinical significance of the high Mn
78 content in commercial infant formulas, especially
79 those that are soy-based. Breast milk contains 4–
80 6 mg/l, cow’s milk formula 30–50 mg/l, and soy for-
81 mula 200–300 mg/l of Mn. Thus, formula-fed infants
82 may receive as much as 80 times more Mn per day
83 than breast-fed infants, thereby increasing the body
84 burden of Mn, since Mn homeostasis is as yet imma-
85 ture.
86 Mn concentrations in the blood of formula-fed
87 infants have been shown to be significantly higher
88 than in breast-fed infants (Collip et al., 1983). Since
89 whole blood Mn is an indicator of Mn status, the body
90 burden of Mn in formula fed-infants would be higher
91 than that of breast-fed infants. Animals that are fed
92 even small additional doses of Mn (e.g. 50 mg per day)
93 during the first weeks of life show neuroanatomical
94 damage, including abnormalities in the DAergic
95 nigrostriatal system, with biochemical abnormalities
96 of DA occurring earlier than anatomic lesions (Cawte,
97 1989).

98 Neurocognitive deficits

99 Although many studies have shown that brain tissue
100 and/or neurotransmitter activity can be altered via Mn
101 exposure, there have been few controlled studies of
102 behavioral deficits associated with dietary Mn expo-

103sure. In an unpublished report, Penland (1997) showed
104that rats fed diets that were high in Mn but low in
105calcium (Ca) showed increased aggressive behavior
106compared to animals fed other diets. This finding is
107consistent with studies showing enhanced Mn toxicity
108in Ca-deficient animals (Murphy et al., 1991).
109Studies of rat pups subjected to brain lesions at the
110time of weaning and tested on a battery of diverse
111problem solving tasks at maturity (Thompson et al.,
1121990; Crinella and Yu, 1995, 1999) have shown that the
113substantia nigra, caudate, putamen, and globus pallidus
114are critical for optimal performance on every task. It is
115noteworthy that these nigrostriatal structures are DAer-
116gic, and are thus the same structures that are damaged
117by Mn neurotoxicity.
118We have shown that the aforementioned nigrostriatal
119system is involved in a superordinate cognitive opera-
120tion that has in recent years been labeled ‘‘executive
121function’’ (EF). EF deficits are now viewed as the core
122feature of ADHD (Barkley, 1997). Moreover, brain-
123imaging studies of children with ADHD are remark-
124able for the frequency with which differences in
125nigrostriatal structures (or their phylogenetic exten-
126sions) have been found. Not unexpectedly, the presence
127of anatomical abnormalities in these areas has been
128associated with favorable clinical response to DA
129agonists and a DA receptor (D4) gene polymorphism
130has been found (Swanson et al., 1998a,b).
131To explore the potential long-term consequences of
132early Mn exposure we designed a rat model and
133evaluated the effects on brain DA and neurocognitive
134functions.

METHODS

Animals

137Pregnant (d14) Sprague–Dawley rats (n ¼ 12) were
138obtained from a commercial source (Charles River
139Laboratories, Wilmington, MA) and housed in sus-
140pended plastic cages throughout the study. Rats were
141provided rat chow and deionized water ad libitum.

142Treatments

143One day after delivery, litters were culled to 10–
14412 pups per dam. Suckling pups were orally gavaged
145with 25 ml of MnCl2 in 10% sucrose, providing 0, 50,
146250, or 500 mg per day from day 1 to 20.
147During infancy, and at the time of weaning, 60 pups
148(n ¼ 18�24 per treatment) were killed and tissues

2 T.T. Tran et al. / NeuroToxicology 145 (2002) 1–7
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F149 analyzed for trace elements. In addition, 24 rats were

150 killed at day 35 for DA analysis (the results of which
151 are being reported in a companion study (Tran et al.,
152 2002). The remaining group, consisting of 32 male
153 animals (n ¼ 8 per treatment), was fed a purified
154 control diet, with a defined level of Mn (35 mg/g).
155 Behavioral testing began at d50 post-partum, and
156 concluded at d64.

157 Behavioral methods

158 Apparatus

159 Burrowing detour. The precise dimensions of the
160 burrowing detour problem are given in Thompson
161 et al. (1989b). The runway was divided into two
162 sections by a vertical partition, which extended from
163 the top of the apparatus to within 5.8 cm of the floor.
164 The runway in section A sloped downward at 158 from
165 the threshold of the start box, while the floor in section
166 B sloped upward at 158 to the threshold of the goal box.
167 The deepest part of the runway was 5.2 cm below the
168 barrier.

169 Passive avoidance. The precise dimensions of the
170 passive avoidance box are given in Thompson et al.
171 (1989a). A larger, illuminated compartment was
172 constructed of opaque white Lexan with a trans-
173 parent Lexan lid. A smaller, dark compartment was
174 constructed of opaque black Lexan and contained a
175 metal grid floor. A guillotine door at one end of the
176 illuminated compartment was open to provide access
177 to the dark compartment. The grid floor was connected
178 to a Variac, which delivered footshocks with an
179 average intensity of 2.8 mA.

180 Testing procedure

181 Burrowing detour. Beginning at d50 post-partum, the
182 animal was deprived of water in its home cage for the
183 duration of this experiment. On d52, following 2 days
184 of deprivation, the animal was allowed to explore the
185 apparatus. A dish of water as well as a cup of food
186 (purified diet) was available in the goal box. The
187 animal was allowed to ingest water/food for 10 min,
188 and was then returned to its home cage. From day 53–
189 55, the animal was given 10 preliminary training trials
190 daily, with an intertrial interval of 90–180 s. Each trial
191 began by inserting the rat into the start box and raising
192 the start box door. In most instances, the animal would
193 readily leave the start box, traverse the runway, enter
194 the goal box, and ingest the water and/or mash. After

1955 s in the goal box, the animal was carried to a
196restraining cage to await the next trial. On the 10th
197trail, the animal was allowed to ingest the water and/or
198food for approximately 180 s. On d56, the runway was
199filled with sawdust. In order to gain access to the goal
200box, the animal was required to burrow under the
201barrier between sections A and B. Upon entering
202section A, the start box door was lowered and the
203animal was allowed 180 s to reach the goal box. If the
204animal failed to reach the goal box on the first trial, it
205was transferred to the restraining cage and sub-
206sequently given a second test trial after 90–180 s. In
207the event, the animal succeeded in solving the detour
208problem on the first or second trial, it was returned to
209its home cage and given food and water ad lib. If an
210animal was in the process of tunneling through the
211sawdust from section A to section B at the end of 180 s,
212it was allowed to continue as long as it did not return to
213section A. Animals that failed to solve the problem
214after receiving two test trials were first placed in the
215goal box, permitted to ingest the rewards for 5 s, and
216subsequently given a training trial in which the sawdust
217was partially displaced from the center of the runway,
218allowing a space for the animal to pass under the barrier
219without burrowing. Upon reaching the goal box, the
220animal was free to ingest the water and/or mash for 10 s
221and then given a third test trial, with sawdust restored to
222the level of the start box.
223On d56, the time from the moment the animal
224entered section A to the moment the animal began
225to dig was recorded (digging latency), as well as the
226time required for the animal to reach the goal box once
227digging began (running time).

228Passive avoidance. Following a 3-day rest period,
229during which time the animal was given food and
230water ad libitum, the animal began a schedule of
231one trial per day, for five consecutive days (post-
232partum d60–64), on the passive avoidance problem.
233The rat was placed in the illuminated compartment,
234and a trial was initiated by raising of the guillotine
235door. If the rat entered the dark compartment, i.e. all
236four paws being beyond the threshold, individual
237footshocks were administered at a rate of one every
2382 s until the rat returned to the illuminated com-
239partment (all four paws being over the threshold).
240No further footshocks were given unless the animal
241reentered the dark compartment. The trial was ter-
242minated when the animal refrained from entering the
243dark compartment for 5 min. The animal’s score
244consisted of the total number of footshocks received,
245over 5 days.

T.T. Tran et al. / NeuroToxicology 145 (2002) 1–7 3
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F246 Biochemical methods

247 Sample collection
248 Within 48 h of the last cognitive test, each rat was
249 killed via rapid decapitation. Brains were removed, and
250 striatal tissue was dissected out on an ice-cold glass
251 plate. The isolated tissues were flash frozen on dry ice
252 and stored at �70 8C until assay. DA levels were
253 determined by radioimmunoassay (ALPCO, Wind-
254 ham, NH). Tissues samples were homogenized in
255 0.1N HCl (10 mg/ml) on ice, and centrifuged for
256 5 min at 8000–10,000 � g until the supernatant was
257 clear. Supernatants were extracted (100 ml sample
258 buffer, 250 ml extraction buffer) on a coated macrotiter
259 plate using a cis-diol-specific affinity gel, 60 min at
260 room temperature on an orbital shaker, 600–900 rpm.
261 The bound catecholamines were acylated (250 acyla-
262 tion buffer, 50 ml acylation reagent) for 15 min room
263 temperature on an orbital shaker 600–900 rpm) and
264 eluted with 0.025 M HCl (0.75 ml). Acylated com-
265 pounds were enzymatically converted into N-acyl-3-
266 methoxytryptamine with catechol-O-methyltransfer-
267 ase (50 ml, incubation at 37 8C for 60 min) and assayed
268 in duplicate (25 ml per assay tube) by RIA. The aspi-
269 rated pellets were quantified using a gamma counter
270 (ICN Biomedical, formerly Micromedic, Isoflex
271 Gamma Counter). Results were obtained by interpola-
272 tion from the standard curve. The minimum detectable
273 dose was approximately 50 pg/ml with a reported intra-
274 assay CV of 8–15% and an inter-assay CV of 6–12%.
275 Tissue protein was measured according to the method
276 of Bradford (1976) using a commercially available
277 Bio-Rad Protein kit. Data reduction for the RIA and
278 IRMA assays was performed by a computer assisted
279 four-parameter logistics program (Rodbard and Hutt,
280 1974).

281 Statistical analysis
282 Graphpad Prism 3.0 and SPSS were used for data
283 analysis. One-way ANOVA followed by Tukey test
284 was used to behavior tests and striatal DA. Regression
285 analysis was used to compare the behavioral test results
286 to striatal DA levels.

RESULTS

Striatal DA concentrations

289 Fig. 1 shows mean striatal DA levels for each of the
290 four exposure groups. Mean DA levels for controls
291 (1.42 ng/mg) and low exposure (1.60 ng/mg) did not

292differ significantly, while the medium exposure
293(0.75 ng/mg) and high exposure (0.58 ng/mg)) groups
294were dramatically lower, the latter being only 40% of
295the mean control level. The between-group difference
296was highly significant (F ¼ 5:399; P ¼ 0:004).

297Behavioral outcomes

298Burrowing detour problem
299Fig. 2 shows mean digging latencies, and Fig. 3
300shows mean running times for the four exposure
301groups. As can be seen, there was an apparent trend
302towards increased latency at higher exposure levels,
303but the mean differences were not statistically signifi-
304cant (F ¼ 0:315; P ¼ 0:814). There was also an appar-
305ent trend towards increased burrowing completion time
306at higher exposure levels, but again the mean differ-
307ences did not reach statistical significance. (F ¼ 0:262;
308P ¼ 0:852). However, for both measures, the within-
309group variances increased rather dramatically for the

Fig. 1. Striatal dopamine levels for four groups of animals

sacrificed at post-natal day 65. Treatment reflects Mn levels in

solution, orally-administered form post-natal days 1–21.

Fig. 2. Digging latency on post-natal day 58 in the burrowing

detour problem for four groups of animals. Treatment refers to Mn

levels in solution, orally-administered from post-natal days 1–21.

4 T.T. Tran et al. / NeuroToxicology 145 (2002) 1–7
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310 higher exposure levels. Levene’s test for equality of
311 error variance was statistically significant for both
312 measures (digging latency, F ¼ 4:522, P ¼ 0:01; run-
313 ning time, F ¼ 2:96, P ¼ 0:05). Further, the dramatic
314 rise in variance with increased exposure suggests that
315 there is a treatment effect.

316 Passive avoidance problem
317 Fig. 4 shows the mean number of footshocks given in
318 the passive avoidance test over 5 days of testing, for the
319 four exposure groups. As can be seen in the figure,
320 there was an apparent trend for animals that experi-
321 enced higher Mn exposure to have had greater diffi-
322 culty with inhibition of the behavior that resulted in a
323 footshock. However, the finding was not statistically
324 significant (F ¼ 0:443; P ¼ 0:74). As with the burrow-
325 ing detour problem, the within-group variances were
326 apparently different among the groups, although this
327 finding did not reach significance using Levene’s tests
328 (F ¼ 1:140; P ¼ 0:352).

329 Concordance among outcome measures
330 Because the heterogeneity of group variances for the
331 three behavioral measures, a planned multiple regres-
332 sion analysis, using the three behavioral measures to
333 predict DA levels, would not have been legitimate.

334Because there was a trend for each behavioral measure
335to be related to exposure level, a non-parametric test of
336agreement among ranks was used, as shown in Table 1.
337Kendall’s coefficient of concordance (W) among ranks
338was 0.925, which is statistically significant (w2 ¼ 11:1;
339d:f: ¼ 3; P < 0:02).

DISCUSSION

341In demonstrating a significant relationship between
342neonatal Mn exposure levels and striatal DA levels at
343d60, we lend further support to the findings of others
344who have shown that neurotoxic damage from Mn is
345characterized by selective injuries to DAergic brain
346networks (Chandra and Shukla, 1981; Eriksson et al.,
3471987, 1992). We had additionally hypothesized that
348neonatal Mn exposure, at levels sufficient to deplete
349DA in the striatum, would produce deficits in EF, as
350evidenced by incapacity to perform tests that required
351response inhibition, mental flexibility, and shifting of
352cognitive sets.
353The connection between Mn exposure level, DA
354depletion, and EF deficit was difficult to establish
355because of extensive within-group variance for all

Fig. 3. Running time on post-natal day 58 in the burrowing detour

problem for four groups of animals. Treatment refers to Mn levels

in solution, orally-administered from post-natal days 1–21.

Fig. 4. Total number of footshocks received in the passive

avoidance apparatus, over post-natal days 60–64, for four groups

of animals. Treatment refers to Mn levels in solution, orally-

administered from post-natal days 1–21.

Table 1

Group ordinal rankings on three behavioral measures and on 65 day striatal dopamine levels

Group Digging latency Running time Footshocks DA level Sum of ranks

Mean Rank Mean Rank Mean Rank Mean Rank

Control 157 2 262 2 2.63 1 14.24 2 7

50 120 1 246 1 3.38 2 16.02 1 5

250 187 3 285 3 3.50 3 6.77 3 12

500 218 4 300 4 4.14 4 5.83 4 16

T.T. Tran et al. / NeuroToxicology 145 (2002) 1–7 5
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357 itself to be a function of Mn exposure level. This
358 finding of higher within-group variances as a function
359 of exposure levels did, in fact, achieve statistical sig-
360 nificance, and is, therefore, of some interest. It suggests
361 a greater likelihood of extreme behavioral deficit as a
362 function of Mn exposure, even though a good propor-
363 tion of the high and medium Mn exposure animals
364 seemed to have developed adequate performance
365 levels, i.e. not appreciably different from the perfor-
366 mances of the control or low exposure animals.
367 There are several possible reasons for our findings.
368 First, the treatment itself involved rather modest levels
369 of Mn, designed to mimic the dietary exposure of Mn
370 of breast-fed versus formula-fed human infants.
371 Furthermore, ingested amounts may have varied, and
372 some pups may have been more successful than others
373 in suckling, thereby receiving sufficient quantities of
374 nutrients such as iron or calcium from milk, which are
375 known to offer protection against Mn-induced neuro-
376 toxicity (Keen et al., 1994; Murphy et al., 1991). The
377 possibility that some animals were incompletely trea-
378 ted is also suggested by the results of our companion
379 study of Mn tissue absorption in these animals (Tran
380 et al., 2002) which found that these same levels of
381 treatment did not cause significant differences in tissue
382 Mn at d40, even though there were significant striatal
383 DA deficits as well as behavioral deficits (passive
384 avoidance) at d32 post-partum. Keen et al. (1994)
385 found that Mn increased in all tissues of exposed
386 animals at day 14, suggesting that there is a develop-
387 mental window for tissue absorption, but that even
388 when tissue levels are normal there can already be
389 sufficient disruption of DA systems to cause later
390 behavioral deficit.
391 It is also possible that the behavioral measures used
392 are not optimally sensitive to DA deficits of the type
393 and/or magnitude of those induced in this study. While
394 these behavioral methods have proven sensitive to
395 electrolytic and neurochemical lesions in nigrostriatal
396 and related structures (Thompson et al., 1990), the Mn
397 exposure levels employed in this study were likely to
398 have produced far less destructive lesions. In future
399 studies, this possibility will be investigated by a more
400 comprehensive battery of tests, as well as by histolo-
401 gical analysis to directly determine tissue loss in
402 critical brain structures.
403 The relevance of these results to the human clinical
404 disorder, ADHD, remains unclear. If neonatal exposure
405 to Mn has a causal relationship to an ADHD-like
406 syndrome, a more daunting challenge will be found
407 in the search for an explanation of why neonatal dietary

408Mn exposure continues to be reflected in the head hair
409in school-age children with ADHD.
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